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ABSTRACT

We used the SPIRE/FTS instrument aboard the Herschel Space Observatory to obtain the Spectral Line Energy
Distributions (SLEDs) of CO from J =4-3 to J = 13-12 of Arp 193 and NGC 6240, two classical merger/starbursts
selected from our molecular line survey of local Luminous Infrared Galaxies (Lg > 10'! Ly). The high-J CO
SLEDs are then combined with ground-based low-J CO, 13C0O, HCN, HCO™, CS line data and used to probe the
thermal and dynamical states of their large molecular gas reservoirs. We find the two CO SLEDs strongly diverging
from J = 4-3 onward, with NGC 6240 having a much higher CO line excitation than Arp 193, despite their
similar low-J CO SLEDs and Lgr/Lco,1-0, Luen/Lco (J = 1-0) ratios (proxies of star formation efficiency and
dense gas mass fraction). In Arp 193, one of the three most extreme starbursts in the local universe, the molecular
SLEDs indicate a small amount (~5%—15%) of dense gas (n > 10* cm~3) unlike NGC 6240 where most of the
molecular gas (~60%—-70%) is dense (n ~ (10*-10°) cm™?). Strong star-formation feedback can drive this disparity
in their dense gas mass fractions, and also induce extreme thermal and dynamical states for the molecular gas. In
NGC 6240, and to a lesser degree in Arp 193, we find large molecular gas masses whose thermal states cannot be
maintained by FUV photons from Photon-Dominated Regions. We argue that this may happen often in metal-rich
merger/starbursts, strongly altering the initial conditions of star formation. ALMA can now directly probe these
conditions across cosmic epoch, and even probe their deeply dust-enshrouded outcome, the stellar initial mass
function averaged over galactic evolution.
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1. INTRODUCTION

The discovery of bright CO J = 1-0 line emission in the Orion
nebula (Wilson et al. 1970) opened up the rich field of molecular
astrophysics with molecular lines as the primary probes of
the physical conditions of giant molecular clouds (GMCs),
the most massive structures in galaxies and the sites of star
formation. The much weaker rotational transitions from high-
dipole moment molecules of CS and CN, which probe much
denser gas, were detected soon afterward (Wilson et al. 1971).
Receiver sensitivities improved multi-J transitions of such high-
dipole molecules (mostly HCN and HCO™") were used along
with those of CO to probe the full range of physical conditions
of the molecular gas in nearby star-forming (SF) galaxies (e.g.,
Solomon et al. 1992; Gao & Solomon 2004; Gracii-Carpio et al.
2006; Krips et al. 2008; Greve et al. 2009). These observational
studies, and theoretical investigations of the supersonic turbulent
GMC:s either as individual entities (Li et al. 2003; Larson 2005;
Jappsen et al. 2005) or embedded within galaxies (Krumholz &
McKee 2005), showed the dense molecular gas (n > 10* cm™)
as the phase where stars form. Its physical conditions are thus
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the crucial input for all star formation theories and the resulting
stellar initial mass function (IMF; Larson 2005; Elmegreen et al.
2008).

However, the weakness of high-dipole moment molecular
lines (e.g., HCN J = 1-0 is ~5-100 times fainter than CO J =
1-0) that trace high density gas prevented large extragalactic
surveys of such lines, while strong atmospheric absorption
limits observations of the more luminous CO Spectral Line
Energy Distributions (SLEDs) mostly up to J = 3-2 (e.g., Yao
et al. 2003; Leech et al. 2010), i.e., the first CO transition that
starts tracing solely the dense and warm SF gas (n¢(3-2) ~
10* cm™3, E3/kp ~ 33 K). Such low-J CO line spectroscopy
has no diagnostic value regarding the conditions of the dense
gas, and little overlap with the CO SLEDs of distant SF
galaxies where CO J = 3-2, 4-3 and higher-J transitions are
mostly detected, redshifted into more transparent millimeter/
submillimeter atmospheric windows (e.g., Solomon & Vanden
Bout 2005; Weiss et al. 2007).

The importance of high-/ CO lines in probing the dense
gas physical conditions was recently underscored by a small
extension of CO SLED:s to include J = 4-3 and 6-5 for a few
local Luminous Infrared Galaxies (LIRGs: Lz > 10'! Ly).
These revealed large dense and warm gas reservoirs that are
irreducible to ensembles of Photon-Dominated Regions (PDRs)
in some merger/starbursts (Papadopoulos et al. 2012a). Such
conditions were also found in Mrk 231 and Arp 220 using
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CO SLEDs from J = 1-0 up to J = 13-12 obtained with
SPIRE/FTS and ground-based observations (van der Werf et al.
2010; Rangwala et al. 2011). Finally, high-J CO and heavy
rotor molecular lines are necessary for better estimates of the
Xco = M(H2)/Lco.1-o0 factor in merger/starbursts where,
unlike isolated spirals, the dense phase can contain much of
their total molecular gas mass (Papadopoulos et al. 2012b).

The thermal, dynamical, and chemical state of the dense gas
in SF galaxies, its mass contribution to M,(H;), the effects
of SF and active galactic nucleus (AGN) feedback, and com-
plete CO SLEDs from J = 1-0 up to high-J transitions as local
benchmarks for high-z CO observations were the key drivers for
our Herschel Comprehensive (U)LIRG Emission Survey (Her-
CULES), an open time Key program (PI: Paul van der Werf) on
the ESA Herschel Space Observatory (HSO)'" (Pilbratt et al.
2010), augmented by a large ground-based low-J CO and '3CO
line survey (Papadopoulos et al. 2012a). Here we report on
HSO SPIRE/FTS and ground-based observations of Arp 193
and NGC 6240, two prominent merger/starbursts from Her-
CULES whose similar low-J CO SLEDs, €sp.co = Lrr/Lco,1—0
(a proxy of SF efficiency SFE = SFR/M(H)) and
rHeN/co = Lyeni—o/Lco.1—o (@ proxy of fuense = M(n >
10* cm~3)/ M, (H,)) ratios, make them good testbeds for ex-
ploring differences in their dense gas properties. This work
is structured as follows. (1) We present the SPIRE/FTS
and ground-based molecular line data and their reduction
(Section 2), (2) we construct the full CO SLEDs from J =
1-0 to J = 13-12 and use them along with our 13CO, HCN,
HCO", and CS line data to find the average conditions and mass
of the molecular gas components using radiative transfer mod-
els (Section 3), (3) we determine their thermal states and energy
requirements (Section 4), and (4) we discuss general implica-
tions for the interstellar medium (ISM) in merger/starbursts,
and present our conclusions (Section 5). We adopt a flat
A-dominated cosmology with Hy = 71 km s~! Mpc~! and
Q, =0.27.

2. OBSERVATIONS, DATA REDUCTION,
LINE FLUX EXTRACTION

NGC 6240 and Arp 193 were observed with the SPIRE/
FTS on board HSO (Griffin et al. 2010) as part of the now
completed HerCULES Key project. Arp 193 was observed
on 2010 November 11 and NGC 6240 on 2011 February
26-27, using the staring mode with the SPIRE/FTS on board
the HSO with a high spectral resolution mode of §(A~!) =
0.04 cm~! over both observing bands. These were: a long
wavelength band covering (14.9-33.0) cm™! (equivalent to
A = (671-303) um or v = (467-989) GHz), and a short
wavelength band covering (32.0-51.5) cm™! (equivalent to A
= (313-194) um or v = (959-1544) GHz). For NGC 6240
the integration time was Npps = 97 repetitions with on-source
integration of T = 12,920 s, while for Arp 193 these were
Ners = 108 and T;, = 14,386 s. Dark reference measurements of
Nprs(NGC 6240) = 113 scans (15,110 s) and Ners(Arp 193) =
124 scans (16,622 s) were used to subtract the thermal emission
of the sky and the telescope/FTS. The data were processed
and calibrated using HIPE version 6.0. Interferometric CO J =
1-0 (Arp 193) and J = 2—-1 (NGC 6240) images (Downes &
Solomon 1998; Tacconi et al. 1999) yield source sizes 6, ~ 175
(Arp 193) and ~3"—4" (NGC 6240), much smaller than even the

"' Herschel is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important participation
from NASA.
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Figure 1. Full SPIRE/FTS spectra of Arp 193 and NGC 6240. The detected
lines marked are CO J = 4-3 up to J = 13-12 (red), the two fine structure lines
of [C1] 3P, — 3Py and P, — 3P, and that of [N1] (green). There is also
an unidentified line (brown). The exceptionally large line-continuum contrast
in NGC 6240 betrays the large thermal decoupling between molecular gas and
dust reservoirs (and thus dust SED and CO SLED) with Tii, > Tqus, While its
well-excited high-J CO lines contrast the much weaker ones in Arp 193, even
as the latter is one of the three most prominent merger/starbursts in the local
universe.

(A color version of this figure is available in the online journal.)

smallest SPIRE/FTS beam of ~17" at ~1500 GHz. Thus we
set the aperture-source geometric coupling factor K. ~ 1 across
the entire Fourier transform spectrometer (FTS) spectrum.'?
Finally, the two spectrometer bands in the overlap region
~(32-33) cm™! are well matched and were averaged.

In Figure 1, we show the full SPIRE/FTS spectra of
NGC 6240 and Arp 193. Besides the CO lines, several (six)

12 See Equation (1) in Papadopoulos et al. (2010) for the expression of K.
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(A color version of this figure is available in the online journal.)

water lines are also clearly detected in NGC 6240, while in both
LIRGs the fine structure lines of atomic carbon [C1] CP; — 3P,
and 3P, — 3P)), and of N 11 are detected. We use the CO lines
to extract the redshifts of z., = 0.0245 4+ 0.00013 (NGC 6240)
and z,, = 0.0231 £ 0.00015 (Arp 193), in good agreement
with the CO-deduced values from single-dish measurements
(Papadopoulos et al. 2012a). For these redshifts, the luminos-
ity distances are D (NGC 6240) = 105.5 Mpc (with 1”7 cor-
responding to 487 pc) and Dy (Arp 193) = 99.3 Mpc (with 17
corresponding to 460 pc).

The velocity-integrated line fluxes were extracted by (1)
fitting a sinc-Gaussian function to the line profile (sinc for the
FTS response and Gaussian for the line profile), (2) integrating
over the entire line (= the FTS response convolved to an
underlying line profile) without any assumptions about its
profile. Both give similar values, but for Arp 193 where a
non-Gaussian line profile is present (see Figures 2 and 3
in Papadopoulos et al. 2012a), we adopt those obtained via
the second method. The CO J = 1-0, 2-1, 3-2 (ground
observations), and J = 4-3 up to J = 13-12 (SPIRE/FTS)
velocity-integrated line fluxes and luminosities are in Table 1.

2.1. HCN, HCO* and CS Line Observations

We performed HCN, HCO" J = 4-3, and CS J = 7-6 line
observations of NGC 6240 using the 12 m Atacama Pathfinder
EXperiment (APEX) telescope'® on the Chajnantor Plateau
in Chile. Most observations were done in good (pwv <
0.6 mm) to median (pwv ~ 1 mm) weather conditions in
2011 April and August. The FLASH receiver was employed
with the lower sideband tuned to the CS J = 7-6 frequency
(Vrest ~ 342.883 GHz), and the upper sideband covering the
HCN, HCO* J = 4-3 transitions. The FTS backends are
employed in all spectral observations, with channel spacings
of ~0.4 MHz, and a bandwidth of 4 GHz for each sideband,
yielding a velocity coverage of ~3500 km s~!. Typical system
temperatures where Ty = (200-240) K, while the beam size
at 345 GHz is HPBW = 18”. Pointing checks using a strong
continuum source were made every hour yielding a typical

13 This publication is based on data acquired with the Atacama Pathfinder
Experiment (APEX). APEX is a collaboration between the
Max-Planck-Institut fiir Radioastronomie, the European Southern Observatory,
and the Onsala Space Observatory.
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Figure 3. CS J = 2-1, 3-2, and 7-6 lines obtained with the 30 m telescope
(21, 3-2) and APEX (CS J = 7-6) for NGC 6240. The spectra are smoothed
to51 kms~!, 33 kms™!, and 49 km s~! for J = 7-6, 3-2, and 2-1 respectively.

(A color version of this figure is available in the online journal.)

pointing uncertainty of 2”-3”. We estimated a main-beam
efficiency nyp = 0.7 from a continuum measurement on Mars,
and a point-source conversion factor of S,/7* = 40 Jy K.
We performed all observations in the wobbler switching mode
with a chopping frequency of 1.5 Hz and a chop throw of 2’
in azimuth yielding flat baselines. Finally, the APEX-1 SHeFI
receiver was used to observe the HCN and HCO™" J = 3-2 lines
(see Figure 2) using the same observational setup.

The CS J = 21, 3-2 spectra were obtained using the IRAM
30 m telescope at Pico Veleta (Spain) in 2011 December under
good weather conditions (z < 0.1). The EMIR receivers E90,
E150 observed the two lines simultaneously, with the FTS as
the backend. To obtain flat baselines, a wobbler switching mode
with a frequency of 2 Hz and beam throw of 120" was used.
Pointing checks were made every 30 minutes, yielding pointing
errors of ~3” (rms). The main-beam efficiencies n,, = 0.71,
0.63 at 90 GHz and 140 GHz, respectively. The beam sizes
(HPBW) are ~26" (90 GHz) and ~17” (140 GHz). In Figure 3,
we show the CS lines for NGC 6240 (Arp 193 was not detected).
The data were reduced using CLASS, with each spectrum
inspected by eye and about 5%—10% of them discarded. For
each source, the spectra were co-added, weighted by their noise.
The velocity-integrated line fluxes along with those from the
literature can be found in Table 2.

2.2. Literature Data

Our new HCN J = 3-2, 4-3 fluxes for NGC 6240 from APEX
are significantly lower than those reported by Greve et al. (2009;
whose HCN 4-3 data were used also in Papadopoulos 2007),
with our HCN J = 3-2 flux in excellent agreement with three
other such measurements (Gracia-Carpio et al. 2008, Krips et al.
2008; F. P. Israel 2013, private communication). For the HCN
J = 4-3, line we adopt our new measurement since lack of
adequate baseline of the old James Clerk Maxwell telescope
(JCMT) spectrum makes the flux obtained highly uncertain. For
HCN J =3-2, we adopt the mean of our value and those reported
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Table 1
CO, 3CO and C 1 Velocity-integrated Line Flux Densities and Luminosities for NGC 6240 and Arp 193

Line (V) Siine (NGC 6240) Liine® (NGC 6240) Stine (Arp 193) Liinc® (Arp 193)
(um) (GHz) (Jykms™") (LoD (Jykms™") (Lo)
COJ=1-0° 2600.757 (115.271) 3224+ 29 42 x10° 194 + 16 2.2 x10°
COJ=2-1° 1300.404 (230.538) 1492 + 253 3.9 x10° 850 + 130 2.0 x10°6
COJ=3-20 866.963 (345.796) 3205 + 642 1.2 x107 1294 + 171 4.5 x100
COJ=43 650.252 (461.041) 4634 + 371 2.4 x107 1603 + 266 7.4 x100
COJ=54 520.231 (576.268) 5636 + 149 3.6 x107 1366 + 143 7.8 x100
COJ=6-5 433.556 (691.473) 5913 + 82 4.6 x107 1369 + 62 9.4 x10°
CcoJ=17-6 371.650 (806.652) 6009 + 60 5.5 x107 1178 + 38 9.5 x10°0
COJ=8-7 325.225 (921.799) 5833 + 89 6.0 x107 1036 + 46 9.5 x10°
COJ=9-8 289.120 (1036.912) 4769 + 82 5.6 x107 844 + 78 8.7 x10°
COJ=10-9 260.240 (1151.985) 4162 + 67 5.4 x107 662 + 26 7.6 x100
COJ=11-10 236.613 (1267.014) 3161 + 74 4.5 x107 371 £ 56 4.7 x10°
COJ=12-11 216.927 (1381.995) 2592 + 60 4.0 x107 282 4 32 3.9 x10°
COJ=13-12 200.272 (1496.923) 2081 + 60 3.5 x107 126 + 35 1.9 x10°
BcoJ=1-0° 2720.406 (110.201) 65+1.9 8.0 x103 ... ...
Bcos=2-1° 1360.228 (220.398) 26+4 6.4 x10* 2644 5.7 x10°
BcoJ=3-2° 906.846 (330.588) <79 <2.9 x10°
Bcos=6-5 453.498 (661.067) 112 + 67 8.3 x10° ... ...
[C113P, — 3P 609.136 (492.161) 1751 + 224 9.7 x10° 636 + 146 3.1x10°
[C1]3P, — 3P, 370.415 (809.342) 3332+ 52 3.0x 107 1660 =+ 43 13 x107

Notes.

2 For z¢o = 0.0245, Dy (z) = 105.5 Mpc (NGC 6240) and z¢, = 0.0231, Dy (z) = 99.3 Mpc (Arp 193).

b From Papadopoulos et al. (2012a).
¢ From Greve et al. (2009), 30 upper limit.

Table 2
HCN, HCO*, and CS Data

Line Vrest Siine NGC 6240) References® Stine (Arp 193) References®

(GHz) (Jy kms1) (Jykms™1)
HCNJ=1-0 88.631 14+£2 1,2,3,4 6.2+0.9 4
HCNJ =2-1 177.261 417 3 .
HCN J =3-2 265.886 74 +7 3,4,5,x 123+24 4
HCNJ =4-3 354.505 41+6 X <10 (30) 6
HCO*J=1-0 89.188 21+£3 2
HCO" J=3-2 267.557 141 4 21° X
HCO*J=4-3 356.734 74 +9 2,x .
CSJ=2-1 97.980 75+1.5 X <2.1 30)
CSJ=3-2 146.969 9+2 X <3 (30)
CSJ=17-6 342.882 <32 (30) X ..
Notes.

2 1 = Nakanishi et al. 2005, 2 = Greve et al. 2009, 3 = Krips et al. 2008, 4 = Gracia-Carpio et al. 2008, 5 = F. P. Israel (2013, private
communication), 6 = Papadopoulos 2007, x = this work. All values are averages of those reported in the mentioned literature (see also

Section 2.2).

Y Our HCO* J = 3-2 flux for NGC 6240 is higher than that reported by Gracia-Carpio et al. (2008) using the IRAM 30 m telescope
(the only other such measurement in the literature). We adopt our value as some of the 267 GHz observations with the IRAM 30 m have
been affected by pointing offsets (the 30 m beam at such frequencies is ~9”).

in the literature (we do the same in all cases where multiple
consistent observations of the same line exist; see Table 2).
Finally, the CO J = 6-5 velocity-integrated fluxes obtained
with SPIRE/FTS (Table 1) are significantly larger than those
obtained from the ground using the JCMT (Papadopoulos et al.
2012a, their Table 5). We attribute this to pointing offsets of the
JCMT, now known to have affected some of the CO J = 6-5
measurements despite its overall good pointing (pointing rms ~
2"y and the corrections made to account for flux reduction due
to pointing errors.'*

14 Equation (4) in Papadopoulos et al. (2012a).

3. THE STATE OF THE MOLECULAR GAS RESERVOIRS

In Figure 4, we show the CO SLEDs of the two LIRGs,

normalized by their far-IR luminosities, L(J"Jr_l{ f) = Ly.1,7/LEr,

and by the continuum at the corresponding line rest frequency,
LYS") = Lys1.s/vss1,sLir(vys1,)). These SLEDs remain
similar up to J = 3-2 (within factors of ~1.2-2) but then diverge
significantly for higher-J lines by factors of ~5-10. The lower
excitation of the high-J CO lines of Arp 193 comes as a surprise
for a galaxy that is one of the three ULIRGs that harbor the
most extreme starburst regions in the local universe (the other
two being Arp 220 and Mrk 273; see Downes & Solomon 1998,
hereafter DS98).



THE ASTROPHYSICAL JOURNAL, 788:153 (20pp), 2014 June 20

1.5x107*[ e ]
NGC 6240 = —
| Arp 193 ]
= -
1x107*[ . o
L ' ]
N
8 -
— _al .
0.5x10 " .
= - HoH H _
— H o
0_ 'T‘ 'T' 1 1 1 1 1 1 1 1 1 1 'T' 1
0123456 78 91011121314
Rotational Quantum Number J,
0 — T —
[ H
I H
~ -1r H .
’E! [ H
S
:. —2F — H —
x =T
Y - .
N H —
Q _3 L -
2 [ NGC 6240 — ]
-4+ Arp 193 o
1 1 1 1 1 1 1 1 1 1 1 1 'T| ]

0123456 78 9101112131
Rotational Quantum Number J,
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(A color version of this figure is available in the online journal.)

The high-J CO SLED divergence and the different HCN
ratios (Table 2) imply different dense gas conditions and/or
dense gas mass fractions for these two mergers. This occurs
despite similar rycn/co = Lyen/Leo F = 1-0), and esp =
LFIR/LCOJ,Q ratios (rHCN/CO ~ 0.073 (NGC 6240) and ~0.055
(Arp 193), while esp ~ 10° for both galaxies), quantities often
used as proxies of faense = M(n = 10* Cmis)/Mtot(H2) and SF
efficiency SFE = SFR/M (H,) in galaxies.

3.1. The Dense Gas Phase: The HCN, HCO™, and CS Lines

We start the radiative transfer modeling with the HCN, HCO*
lines since (HCN/HCO")-rich gas is where the minimal high-J
CO SLEDs are set. Any additional high-J CO line luminosity
would come from warmer (FUV)-heated outer layers of GMCs
where high-dipole molecules like HCN are mostly dissociated
because of their lower dissociation potential than of CO (Boger
& Sternberg 2005), confining them deeper inside GMCs, beyond
the reach of strong FUV radiation fields (attenuated by the
outer GMC layers). In such regions, supersonic turbulence has
mostly dissipated, and only cosmic rays (CRs) heat the gas
and control its ionization and chemical state (e.g., Bergin &
Tafalla 2007). The strong molecular line cooling of dense gas
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(A color version of this figure is available in the online journal.)

(Ajine & [n(H2)]?) and the gas-dust thermal coupling with cold
dust (warmed only by the feeble IR fields able to penetrate that
deep into GMCs), “thermostate” such regions around a narrow
range of states that serve also as the initial conditions of star
formation in galaxies (Larson 2005; Elmegreen et al. 2008).

We used the public Large Velocity Gradient (LVG) code
RADEX" (van der Tak et al. 2007) to map the [1, Tyin, Kyir]
parameter space compatible with the heavy rotor lines avail-
able for NGC 6240 and Arp 193 (Table 2), with K; =
(dV/dR)/(dV /dR)i parameterizing the dynamical state
of the gas. We first examine only self-gravitating states
(0.5 < Kyir < 2), which are typical for dense gas regions inside
Galactic GMCs. Strictly speaking, only states with K = 1
can be called self-gravitating but we consider a slightly wider
range (by a factor of two) to account for the uncertainties
of cloud density profiles, geometry, and [CO/H,] abundance
that are used in extracting K,;; from the RADEX input pa-
rameter N(CO)/AV = n(H)[CO/H;]/[Kyi:(dV/dR)yi] (see
Appendix A for details of our model).

In Figure 5, we show the probability density functions (pdfs)
for [n, Txin] as constrained by the HCN line ratios, the heavy
rotor molecule with the larger number of available transitions
for both galaxies. For NGC 6240 where several HCO* lines
are also available, a nearly identical solution space is recovered
(see Figure 6). The HCN SLEDs corresponding to the solution

15 Extensive runs with RADEX revealed convergence problems (i.e., the
solutions obtained changing significantly even after many iterations). Our
solutions have been checked for this problem.
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(A color version of this figure is available in the online journal.)

space in Figure 5 are shown in Figure 7, along with those
for the HCO* and CS lines available for NGC 6240. For this
LIRG, the HCN-derived [n, Tii,] solution range is a good fit for
all the high-dipole moment molecular lines, with densities of
10* cm™ < n < 10° cm ™3 for most LVG solutions within the
15 K < Tiin < 150 K interval. Nevertheless, as expected for
radiative transfer modeling of optically thick lines like those of
HCN and HCO", considerable degeneracies remain. However,
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with the current HCN and HCO" line data containing the SLED
turnover, additional measurements of even one higher-J line
(e.g., HCN and/or HCO* J = 5-4) can greatly reduce them
(see Figure 7). For NGC 6240, our results differ somewhat from
those Greve et al. (2009) as our new lower HCN J = 4-3 line
luminosity (and a much lower CS J = 7-6 upper limit) now
exclude any significant gas masses with n > 10 cm™3.

The low HCN line ratios of Arp 193 on the other hand cor-
respond to significantly lower average gas densities than in
NGC 6240 over the entire [n, T, ] solution range (see Figure 8).
Indeed, quite unlike NGC 6240 where solutions within the
15 K < Tyin < 150 K interval have n 2, 10* cm =3, in Arp 193,
most have n < 10* cm™3, i.e., are compatible even with an
absent dense gas component in one of the three most prominent
starbursts in the local universe. This can then naturally yield
its low-excitation high-/ CO SLED. We note, however, that
the degeneracy of HCN-derived LVG solutions still leave such
HCN — CO SLED extrapolations rather uncertain. For ex-
ample, the HCN-extrapolated CO SLEDs for NGC 6240 and
Arp 193, while indeed divergent beyond J = 4-3 as proposed by
Papadopoulos et al. (2010), do not correspond well to those ac-
tually observed with SPIRE/FTS. Only the minimal CO SLEDs
of a SF galaxy can be confidently deduced in this manner (Geach
& Papadopoulos 2012).

3.1.1. Unbound States for the Dense Gas

Requiring Ki; ~ 1 for the LVG solutions of the (HCN/
HCO")-line emitting gas is appropriate for the dense regions
of ordinary GMCs in spirals. In mergers, however, GMCs,

20 ! I ! ! ! ! ! !
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Figure 7. Molecular SLEDs of the [n, Tiin, dV /d R] solutions shown in Figure 5, parameterized by their density ranges. There is good agreement with all available
high-dipole molecular lines, while additional HCN and/or the HCO" J = 54 line measurements could greatly reduce the density and thus also temperature degeneracies

(see Figures 5 and 6).
(A color version of this figure is available in the online journal.)
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if they remain as individual entities at all, may be far from
ordinary (Solomon et al. 1997; DS98). Moreover, strong gas
outflows (i.e., bonafide unbound gas) have been found in
extreme starbursts even for dense gas (Aalto et al. 2012)
while dense and unbound gas states have been inferred for the
Galactic Center and the nucleus of NGC 253 (Bradford et al.
2005, 2003). We thus search also for unbound dense gas states
compatible with the heavy rotor molecular SLEDs. The new
[n, Txin] pdfs for 0.5 < K,i; < 20 (Figure 9) now encompass
higher densities for any given Ty, (compare with Figure 5) and
extend toward colder/denser states (whether these are possible
is discussed in Section 3.2). Figure 10 shows similar effects
for the (HCO")-constrained [n, Tii,] pdfs of NGC 6240, while
the HCN-determined pdfs of the two LIRGs now significantly
overlap (Figure 11), especially for Ty, = 30 K (compare with
Figure 8).

3.2. Beyond PDRs: The Extraordinary States
of the Dense Gas in Mergers

Before extending our molecular SLED modeling to include
the two CO SLEDs, it is worth revisiting the paradigm of how
these emerge in the ISM and whether it remains adequate
in the extreme ISM conditions in merger/starbursts. In the
standard picture, low-J CO line emission (J = 1-0, 2—-1 and
some fraction of J = 3-2) arises from the entire molecular
gas mass distribution, while high-J CO lines mainly form the
FUV-illuminated warm outer layers of molecular clouds near
O, B stars, the so-called PDRs. Deeper inside GMCs, where the
(HCN/HCO")-rich gas resides, lack of strong FUV radiation
(which allows such molecules to survive) and strong gas-dust
thermal coupling with an increasingly colder dust reservoir,
leaves the gas too cold (7, ~ 10 K in Galactic HCN-bright
cores) to radiate in high-J CO lines. Turbulent heating does not
fundamentally alter this picture since is significant also in the
outer, lower density GMC layers (where turbulence is thought
to be injected), while dissipating in the inner denser regions. In
ordinary GMCs, these contain ~(1-2)% of their mass and set
the SF initial conditions and the IMF mass scale.

This simple picture of GMCs ~ [PDRs]+[cold FUV-shielded
dense cores], with most of their mass in PDRs, was recently
challenged in some merger/starbursts whose ISM states indicate
large amounts of dense (>10* cm™®) and warm (=80 K)
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(A color version of this figure is available in the online journal.)
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Figure 10. Contours: the two-dimensional probability density function (pdf) of
the [n, Tiin] LVG parameters (in steps of 0.2), as constrained by the HCO* line
ratios measured in NGC 6240 with the solution search extended to unbound

gas states (see Appendix A for details). Color: the dV/dR values for the 0.5
< Kyir < 20 range of the LVG solution search (see Section 3.1.1).

(A color version of this figure is available in the online journal.)

molecular gas (Papadopoulos et al. 2012a). Even in the absence
of such observations, a general argument for extraordinary
thermal and/or dynamic states for the dense gas in merger/
starbursts can be made starting from their typically large HCN/
CO J = 1-0 ratios of YHCN/CO ™~ 0.1-0.2 (rHCN/CO ~ 0.01-0.03
in galactic disks). Forn ~ 5 x 10* cm™3, T, ~ (10-15) K, and
K.ir ~ 1 (i.e., Galactic-type dense gas conditions), the HCN-
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bright component would have Xycn ~ (20-60) X; %) (using
expressions in Papadopoulos et al. 2012b for a thermalized
line). Then, for Lijcy,_o = (0.5-2) x10° L; ('), typical in
merger/starbursts, Mgepse ~ (1-12) x 10'0 Mg, large enough
to dominate and even surpass the typical Mgy, of their CO-
bright regions (see DS98). The dense gas in such HCN-bright
galaxies must then be much warmer and/or in unbound states
(i.e., Kyir > 1) whose smaller Xycn factors would then yield
M gense well within their Myyy,. Actually, Mgense €ven approaching
alarge fraction of Mgy, of a merger/starburst would be worrying
as one would expect ~ 50% of Mgyepse to be newly formed
stars (for a typical dense gas SF efficiency of ~ 50%), with
some room left for lower density gas and an older stellar
population. Thus, the high HCN/CO (J = 1-0) line ratios of
such galaxies can mean either unreasonably large amounts of
cold, dense, self-gravitating gas, or very different thermal and/
or dynamical dense gas states. These, as we will argue later,
cannot be maintained by FUV photons from PDRs.

The aforementioned reasoning assumes that in both merger/
starbursts and isolated spirals, HCN lines are collisionally
excited. Only then their very different HCN/CO J = 1-0
ratios reflect different dense gas mass fractions (modulo any
differences of their average dense gas conditions). Large-scale
IR pumping of HCN levels occurring only in merger/starbursts
could upset this by yielding high global HCN/CO J = 1-O ratios
and well-excited HCN rotational transitions in these galaxies,
without large amounts of their molecular gas at n > 10* cm™3.
While this may occur in some extreme systems (Aalto et al.
2012), it could not be generally important without “breaking”
the tight linear HCN-Lr correlation found across the entire
(U)LIRG population and down to individual Galactic GMCs
(Gao & Solomon 2004; Wu et al. 2005). Large-scale IR pumping
of HCN lines only in merger/starbursts would instead produce a
broken, non-linear, Lycn-Lir correlation toward ULIRGs, with
a larger dispersion, and certainly not extending smoothly down
toindividual GMCs where such pumping is negligible. The same
picture of large dense gas tracer luminosity in ULIRGs with
respect to isolated gas-rich spirals and a tight linear Lir—Ljine

16 %) = Mo(K kms~! pc?)~1.
17 1, =K kms~! pc?.
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correlation is found also for CS lines (Zhang et al. 2014), and
benchmarked for SF regions in the Galaxy (Wu et al. 2010). The
simplest explanation is that both HCN and CS are collisionally
excitated in most LIRGs.

3.3. The CO SLEDs of NGC 6240 and Arp 193:
An Inside-out Decomposition

Our previous discussion makes it clear that a significant
dense, warm and/or unbound gas component can be a general
feature of HCN-luminous merger/starbursts such as Arp 193
and NGC 6240. Such a component is then bound to significantly
contribute to their high-J CO line luminosities. The practical
importance of this is that the LVG solution space defined by the
HCN line ratios (Figures 5 and 9; also the solution space for the
CS and HCO™ lines in NGC 6240) can now be used to model
also the high-J CO SLEDs of these galaxies. Incorporating the
(HCN/HCO*/CS)-rich dense gas into the CO SLED modeling
is an imperative for merger/starbursts as it can contain a large
fraction of their M, (H>) (Solomon et al. 1992; Gao & Solomon
2004; Greve et al. 2009), and its omission may be responsible for
the often contradictory conclusions regarding their molecular
gas conditions found in the literature (e.g., Greve et al. 2009
versus Rangwala et al. 2011 regarding Arp 220). For HCN-
constrained CO SLED decompositions, Mgense/Mayn < 1 can
be used as an additional constraint on the parameter space
possible (see Appendix B for details on the aforementioned
fitting procedure and the constraints).

From Figures 12 and 13, it is obvious that for Ky ~ 1
and Tyj, < 30 K, the high Xycn values yield Myepse ~ (2-3)
x10'° My (NGC 6240) and Myense ~ 10'° My, (Arp 193). For
NGC 6240, this surpasses its Mgyn(re, < 0.60 kpc) ~ 10 10 Mg
within its CO region (Tacconi et al. 1999). However, for Arp 193
where Mayn(reo < 1.3 kpe) = 1.6 x 10 10 Mg (DS98) no such
constraint can be placed.'® For super-virial dense gas states, the
resulting lower Xycn and Mgense (see Figures 14 and 15) can
relax such dynamical mass constraints considerably by allowing
unbound states even for the high-density gas in these galaxies.

The high-J CO SLED for both galaxies can be decom-
posed to two components (A) and (B) drawn from the HCN-
defined LVG parameter space (for NGC 6240 also (HCO*/
CS)-compatible) and its Ty, > 30 K sub-region (Figures 16
and 17). A lower density component (C) from outside this
parameter space can then reproduce the remaining low-J
CO SLED up to J = 4-3, 5-4 (beyond which its contri-
bution subsides). It typically has n(C) ~ 400-10° cm~3,
Txin(C) ~ 50—400 K, with the warmest (~ 60—400 K) and lowest
densities (~400-500 cm™3) in NGC 6240. In Arp 193, most gas
is in this component ( f;;,(C) ~ 75%-95%), while for NGC 6240,
Jm(C) ~ 10%-30%. This disparity of the dense gas mass frac-
tion between the two galaxies remains for all their CO/HCN
SLED decompositions (see Table 3).

3.3.1. The >CO Lines, the [CO/”CO] Abundance Ratio,
the IMFE, and ALMA

High r = [CO/'3CO] abundance ratios of r > 150 are
necessary for reproducing the weak '*CO lines of both galaxies.

18 1n our detailed HCN /CO SLED decompositions, we actually use rqyn =
Miot(H2)/ Mayn, vir < 1.3 since in strongly evolving gas-rich galaxies where
molecular gas has yet to settle in circular motions (e.g., in mergers) the
dynamical mass computed under the assumption of exact virialization may
underestimate the true one. The value of rqy, = 1.3 rather than 1 is deduced
from numerical simulations of isolated gas-rich disks (see Daddi et al. 2010;
Equation (2)). Its value in mergers would most likely be higher still.
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Figure 12. Color: the X, Xpen factors, and Mgense (H2) for NGC 6240 obtained
for its (HCN/HCO™")-constrained LVG solution range and self-gravitating states
(Figure 5). Contours: black lines mark the 0.1 and 0.5 values of the pdf. The
white line traces the X factor (in Mo (Kkms~! pc?)~!) and the corresponding
Mgense (in 1019 M) computed from the median density within the 0.5 contour
at the corresponding 7in in the x axis. The few very large values (red color) at
the (low-n)/(high-T) end of the distribution are artifacts of non-convergence of
RADEX and are not included in our analysis.

(A color version of this figure is available in the online journal.)

For Arp 193 r ~ 150, while r ~ 300-500 is needed for NGC 6240
(see Figures 16 and 17) as its 3CO lines are the weakest found
in (U)LIRGs. Degeneracies regarding the range of [CO/'3CO]
do remain, especially between the virial (K;; ~ 1) and super-
virial (0.5 < Ky < 20) SLED decompositions. However, as
long as HCN-constrained states are used to obtain the high-
J CO SLEDs, such high abundance ratios are necessary. This
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Figure 13. Colors and contours as in Figure 12, but for Arp 193 and using
the HCN-constrained parameter space shown in Figure 5. The X factor in
Mo (Kkm s7! pcz)*1 and M gense in 1010 M.

(A color version of this figure is available in the online journal.)

becomes more evident from Figure 18 where the '*CO SLED
of the most mass-dominant component of the decomposition is
shown for NGC 6240 and r = 80 (the highest abundance ratio
in the Galaxy). The corresponding '*CO lines are ~2.5-5 times
brighter than observed.

The CO line emission samples most of the metal-rich molec-
ular gas in galaxies and thus the aforementioned large [CO/
13CO] ratios concern the bulk of the molecular gas in the two
metal-rich merger/starbursts. A lower limit of [C/!*C] > 150
was placed also for the inner 500 pc of the starburst M 82, using
several groups of C/!3C isotopologues (Martin et al. 2010).
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(A color version of this figure is available in the online journal.)

High ['2CO/'3CO] isotopic abundance ratios of >200 have
also been recently uncovered in the eastern nucleus of the
merger VV 114 (Sliwa et al. 2013) Selective photodissocia-
tion of 3CO with respect to CO, infall of unprocessed gas with
large [CO/'*CO] from large galactocentric radii of the progen-
itor spirals, or nucleosynthesis by a larger number of massive
stars of a top-heavy stellar IMF can all yield the high CO/
13CO line ratios in (U)LIRGs (Casoli et al. 1992; Henkel &
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Figure 15. Colors and contours as in Figure 14, but for Arp 193 and using the
HCN-constrained LVG parameter space that now includes unbound gas states
(see Figure 9). The X factor in Mo (Kkms™! pc?)~! and Mgense in 1010 M.

(A color version of this figure is available in the online journal.)

Mauersberger 1993). However, rather strong arguments against
selective dissociation of 3CO as a principal cause can be found
in Casoli et al. (1992). Moreover, this process can only take
place near PDRs, which may contain only small fractions of
the molecular gas in merger/starbursts (see Section 3.2). Infall
of large amounts of unprocessed gas to the central regions of
merger/starbursts is difficult given the molecular gas outflows
in starburst galaxies like NGC 6240 (Cicone et al. 2012).
Selective nucleosynthesis by massive stars (i.e., a top-heavy
IMF) can yield high [CO/'*CO] abundance ratios. However,
to do so for the large amounts of molecular gas sampled by
the CO lines such a top-heavy IMF would have to be sustained
long enough as to recycle most of the molecular gas into being
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Figure 16. NGC 6240: the two CO SLED decompositions allowed by the Mgy, constraint (see Table 3, Section 3.3). The dense components (A) and (B) (red and blue
dotted lines) are drawn from the LVG solution space compatible with the HCN, HCO*, and CS SLED:s of this system (see Section 3.1 and Figures 5, 6, and 7), while a
lower-density component (C) (pink) accounts for the low-J CO line emission. The 13CO SLED was fitted using an r = []ZCO/”CO] abundance of r = 300 (Kyj ~ 1

decomposition) and r = 500 (1 < Kyir < 20 decomposition).
(A color version of this figure is available in the online journal.)

dominantly enriched by the different [CO/'*CO] abundance
ratios. Alternatively a top-heavy IMF may have been there from
the beginning of a galaxy’s evolution. Either scenario calls for
a top-heavy time-averaged stellar IMF (t-IMF) rather than such
an IMF prevailing only for the starburst episode occurring at the
observed epoch.

A CR-driven mechanism inducing a top-heavy IMF, and
triggered by the high star formation rate (SFR) densities of
merger/starbursts, has been identified (Papadopoulos et al.
2011). Such an IMF would then strongly alter the isotopic ratios
of carbon, oxygen, nitrogen, and sulfur (Henkel & Mauersberger
1993). Such atoms are then “locked” in numerous molecules
whose rotational transitions span a vast range of n¢jc and Ey / kp
values, and thus of molecular gas phases. A large [C/!3C] ratio
injected by a top-heavy IMF prevailing during the main SF
episodes in a merger would then “contaminate” most of these
phases, and thus boost all the corresponding isotopologue line
ratios probing them (e.g., CO/'3CO, HCN/H!3CN). However,
whether such a top-heavy IMF indeed prevails during most main
SF episodes of a merger and whether it can “erase” the likely
more ordinary isotopologue abundance ratios in the ISM of the
spiral disk progenitors remains an open question.

How much [C/'3C] is boosted by selective massive star nu-
cleosynthesis remains unclear (Henkel & Mauersberger 1993),
as is the effect of the delayed release of '*CO by longer-lived
lower-mass stars with respect to '2CO synthesized by the mas-
sive ones (Wilson & Matteucci 1992; Henkel et al. 2010). These
issues must be tackled before isotopologue ratios can be used to
constrain the observed-epoch IMF and the t-IMF in the heavily
dust enshrouded environments of merger/starbursts. In that re-
gard, the several other isotopologues available (e.g., based on N,
O, and S) can provide powerful constraints on the galaxy chem-
ical evolution models used to interpret their relative abundances
in terms of the IMF and t-IMF (Wilson & Matteucci 1992;
F. Matteucci 2013, private communication). Using millimeter/
submillimeter isotopologue lines to measure isotope ratios and
then use those to set constraints on the IMF and t-IMF of heavily
dust-enshrouded SF galaxies in the universe is however the next
best thing other than using their faint dust-absorbed starlight.
The huge leap in sensitivity and correlator flexibility of ALMA
will allow determination of any given isotopic abundance ratio
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using several molecular lines of its isotopologues. Double-rare
isotopologues (e.g., [?CO'30/!*C'80]) can much reduce the
optical depth uncertainties of extracting relative abundances
from such line ratios (Langer & Penzias 1990). On the prac-
tical side, the similar frequencies of same-J isotopologue lines
greatly facilitate the imaging of their intensity ratios with ALMA
since such observations will always have nearly identical u-v
coverage.

3.4. The Molecular Gas in Arp 193:
Terminal SF Feedback at Work?

Itis remarkable that in Arp 193 there seems to be little mass at
n > 10* cm™3 given that (1) such high-density gas is the actual
SF “fuel” in galaxies, and (2) this merger hosts one of the three
most extreme starbursts in the local universe. Star formation and
its feedback (via radiative pressure and/or supernova remnant
(SNR) shocks) may have rapidly dispersed/consumed much
of its initial (pre-burst) dense gas reservoir during a nearly
“coherent” SF event whose O,B stars are still present (thus
maintaining the large Lr that makes Arp 193 a LIRG). In this
non-steady state situation, the dense gas reservoir within the
compact SF region of Arp 193 is yet to be resupplied by the
ongoing merger, with SF expected to shut down as a result until
this happens. In this regard, this extreme starburst may have
been “caught” during a rare phase of a terminal feedback event.

Strong SF feedback may have acted as both a SF-
synchronization “trigger” and a fast disperser of the dense gas
reservoir inside the central SF region of Arp 193. The solutions
with K > 1 (see Table 3 and Figure 17) may then be the more
relevant ones since unbound average gas motions are possible if
strong mechanical or radiative SF feedback affects the bulk of
the dense gas reservoir to the point of unbinding it. Such extreme
events may be the triggers of the strong molecular gas outflows
found in merger/starbursts (Cicone et al. 2014). Interestingly,
Arp 193 is one of the few merger/starbursts where a ring with
an inner radius of ~220 pc rather than a disk best fits its CO
J = 2-1 line velocity fields (DS98), a geometric configuration
expected if strong SF feedback cleared out the inner parts of its
gas disk.

The short lives of O,B stars will make such starbursts very
rare since such “coherent” SF events must have: T,/ Tsny < 1
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Figure 17. Arp 193: the two CO SLED decompositions (see Table 3 and Section 3.3). The dense components (A) and (B) (red and blue dotted lines) are drawn from
the LVG solution space compatible with the HCN SLED of this galaxy (see Section 3.1 and Figure 5), while a lower-density component (C) (pink) accounts for the
low-J CO line emission. The '>CO J = 2-1 line in both cases was fitted using r = ['2CO/'3CO] = 150.

(A color version of this figure is available in the online journal.)
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Figure 18. Solid line: the '3CO SLED of component (A), the most massive of the HCO*/HCN/CO SLED decomposition of the NGC 6240 (see Table 3), for
[CO/'3CO] = 80. Dashed line: its scaled-down version by a factor of G so that it comes roughly to the level of the observed '3CO line strengths. Note that,
counterintuitively, it is the super-virial decomposition that presents the largest discrepancy (i.e., the higher densities help maintain high line optical depths despite the
higher K;; values that act to lower them).

(A color version of this figure is available in the online journal.)

Table 3
CO SLED Decompositions for NGC 6240 and Arp 193
Galaxy (Kyir)? Component (A)° Component (B)P Component (C)P Mo (Hy)/ Mayn© X (ch )d
NGC 6240 (0.5-2) [4.1,1.6,0.9,77%, 11.7/ /] [3.8,2.5,1.2,8%, 1.9/ /a] [2.7,2.6,2,15%, 0.8/ /c] 2.1/ﬁ(*) 3.2/
”r (0.5-2) [4.6,1.5,1.2,82%, 18.9/ /] [3.8,2.5,1.2,5%, 1.9//a] [2.6,2.5,2,13%, 0.8/ /] 3.4/ﬁ(*) 5.3/ J/a
" (0.5-2) [3.8,1.8,0.8,58%, 5.9//a] [3.8,2.5,1.2,11%, 1.9/ /a] [2.7,2.4,2.0,31%,0.9//a] 1.4/ /a 2.2/ o
"o 0.5-20)  [4.4,15,0.8, 88%, 23.8//a]  [4.3,2.6,8.7,1%,2.1/J/a]l  [2.9,2.0,3.0,11%, 1.0/ /a] 5.5/ /a™ 8.6//a
" (0.5-20) [5.0,1.5,4.9,67%,7.5//a] [4.3,2.6,8.7,2%,2.1//a] [3.0, 2.0, 1.5, 30%, 1.4//a] 1.8/ /a 2.8/ /a
" (0.5-20) [3.8,1.7,0.8,70%, 7.4/ /] [3.8,2.5,1.2,7%, 1.9//a] [3.0, 1.8, 3.0, 23%, 1.1/ /a] 2.4/ﬁ(*) 3.8/ /a
Arp 193 (0.5-2) [3.5,2.5,1.7,8%, 1.3//a] [4.0,1.7,2.0,15%, 3.7//a] [2.9,1.7,1.7,77%,1.7//a] 0.38//a 1.7/«
" (0.5-20) [3.9,2.6,14,3%, 1.2/ /a] [4.4,1.5,3.9,4%,4.8//a] [3.0,1.5,3.1,93%, 1.6//«] 0.38//a 1.7/«
Notes.

2 The galaxy and the K, range of the LVG radiative transfer solutions.

(comp)

> The gas component [log(n), log(Tkin), Kvir, Mcomp/Miot(H2), ngmp)] where X
Equation (1) in Papadopoulos et al. (2012b, where o ~ 0.6-2.4).

¢ The ratio of the total gas mass to the mass contained within the CO-bright regions, estimated using Mgyn = 1.3Mayn vir (see Section 3.3). The values marked
with (¥) are those for which M (H2)/Mayn remains significantly above unity even for & = 2.4, and thus excludes the corresponding CO SLED decompositions.

d The effective X(Ceg) =(Ms+ Mg+ Mc)/L’CQFO factor of the SLED decomposition.

(in units of X; Mo(Kkms~!pc?)~!) is computed from
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where T, is the time interval during which most O,B stars of
the burst were formed, and Tgy ~ (1-5) x 10 © yr the time for
them to become supernovae (SNe; and thus cease to be FUV
emitters). The expected rareness of (U)LIRGs in such an evolu-
tionary stage can be set in perspective using the ISM evolution
model for LIRGs by Baan et al. (2010), and specifically their
Figure 1(c) that shows the short timescale during which IR lu-
minosities remain high (so the object is selected as a (U)LIRG),
while the dense gas mass is being rapidly depleted. A random
ergodic sampling of the ISM evolution curve in their Figure 1(c)
by alarge set of evolving mergers will then yield very few galax-
ies during such a stage. We note, however, that unlike Baan et al.,
our “delay” between Lg and the dense gas mass fraction evolu-
tionis ~T, (i.e., not due to any delayed impact of low-mass stars
on LR).

Synchronizing star formation and the dispersal/consumption
of the dense gas reservoir that fuels it over timescales of
T, ~ (1-5) Myr requires a triggering mechanism with at least
as short of a crossing time over the SF region of Arp 193. Using
Feo ~ (740-1300) pc for the gas disk revealed by CO J = 21
imaging (DS98) means that the speed for an SF-synchronization
“signal” initiated from a star formation burst in the disk’s center
would have to be AVsp 2 1c0/Tsn ~ (240-420) km s~ (for
T, = 3 Myr). Such high velocities correspond to ~ o X Vi
with @ = 1-2 (Vo the rotational velocity of the CO-bright
gas disk (or ring) in Arp 193; see DS98). Such a starburst
would then consume/disperse its molecular gas disk within
1/Q2ra)Tioe ~ (0.08-0.16)T;y! This is possible for strongly
evolving merger/starburst systems, especially if SF feedback
initiates strong non-gravitational gas motions (K > 1) that act
to both trigger fast star formation and unbind/disperse the gas
disk. Moreover, recent observations indicate that the SF region
of Arp 193 is much more compact than indicated by low-J
CO imaging (which trace both SF and non-SF molecular gas).
Indeed, recent e-MERLIN and very long baseline interferometry
imaging revealed recent starburst activity indicated by SNe and
SNR taking place within a region with a radius of r ~ 120 pc
(Romero-Canizales et al. 2012). For such compact region, a
“coherent” starburst event becomes much easier to induce.

The extremity of a starburst event that can disperse/consume
the massive dense gas reservoir necessary to fuel star formation
in LIRGs like Arp 193 can be viewed also in terms of
the molecular outflow this would imply. A typical pre-burst
dense gas reservoir of Myense ~ (1/10—-1/5)Mgia(Hp) ~ (1-2)
x10° (for Mo:(Hy) ~ 10'0 Mg), with ~1/2Mgepse consumed
by the SF burst itself (i.e., a Galactic SFEges of 50%),
leaves ~(0.5-1) x10° M of dense gas mass to be dispersed
within 7, ~ 3 Myr. The implied molecular gas outflow then
is: ~(165-330) M, yr~! (which can be higher still if the
SFEense under extreme SF feedback conditions is less than its
Galactic value). Such strong molecular outflows from merger/
starbursts have been recently observed (Cicone et al. 2012).
High-resolution imaging of HCN, H'*CN, and high-J CO,
13CO line emission in Arp 193 can be used to verify both
the compactness of its SF region and the presence of a strong
molecular gas outflow affecting high-density gas.

Finally, Arp 193 and NGC 6240 with their similar Lyn/L¢o
J = 1-0 ratios but different actual dense gas mass fractions cau-
tion against using such ratios as simple proxies of fyense(H2) for
galaxy-galaxy comparisons. The same goes for Lgr/Lycn of-
ten used as a proxy of the dense gas SF efficiency. Nevertheless,
the expected scarcity of objects like Arp 193, would retain the
statistical usefulness of such proxies for large galaxy samples.

13

PAPADOPOULOS ET AL.

4. THE HEATING SOURCES OF THE MOLECULAR GAS
IN NGC 6240 AND ARP 193

The CO and HCN SLED decomposition for these two LIRGs
can now be used to examine in detail whether FUV photons
from PDRs can maintain the thermal state of the components
that make up their molecular gas reservoirs. The energy balance
equation for molecular gas heated only by photoelectric heating
and cooled by line emission and gas-dust coupling is

ey

where I, denotes photoelectric heating, and Aco, Ag,,
Acuis8um, and Aoie3m the CO, Hy, C11, and O1 line cool-
ing (see Appendix C). For the dense FUV-shielded regions
of Galactic GMCs where Ty, ~ 10 K, neither the H, lines
(Ew/kp 2 510 K) nor the C1ur and O1 fine structure lines
(Ew/kg ~ 92 K (Cu) and ~230 K (O1)) are appreciably
excited. Nevertheless, we must now include them since such
regions can now be much warmer (Section 3.3). The C1r line
in particular can remain a powerful coolant even within FUV-
shielded regions where C 11 abundances are maintained only by
CRs. The continuum term A,_, denotes cooling due to the ther-
mal interaction of the gas with colder concomitant dust (see
Appendix C). For CO line cooling, we use the observed CO
SLEDs and the luminosity fractions per component obtained
from our decomposition. These are lower limits if significant
line power remains beyond the CO J = 13-12 transition.

Here, we must note that while Ty, = Tyus for concomitant
dust and gas is found by a number of detailed PDR models (e.g.,
Hollenbach & Tielens 1999; Papadopoulos et al. 2011), all of
them use approximations regarding the radiative transfer of the
re-radiated FIR /IR continuum from the (FUV /optically)-heated
dust. The validity of these approximations may break down for
the ISM in (U)LIRGs where significant dust optical depths pre-
vail out to FIR/IR wavelengths. In such environments, a strong
IR radiation background within molecular clouds, underesti-
mated by current PDR models, may warm the dust above Ty,
and make A,_; a net gas-heating term in Equation (1). This
is possible even in ordinary PDRs where T4,y can dip below
Tyin by ~(5-15)K in FUV-shielded regions (see Hollenbach &
Tielens 1999, their Figure 16).

Nevertheless, if Tqys values significantly larger than Ty, were
to prevail for large dust and molecular gas masses in the high
FIR/IR optical depth ISM of (U)LIRGs, it would yield strongly
suppressed high-J CO lines, even in absorption against the
corresponding dust continuum. This is not observed in the FTS
high-J CO line spectra of (U)LIRGs, and NGC 6240 in particular
has the highest line/continuum ratios observed among them,
even up toJ = 13-12. For a column density of ~10**~10% cm™2
(typical in ULIRGs), dust optical depths of ~0.1 would prevail at
the rest frequencies of such high-J CO lines, suggesting that Ty
cannot be much greater than Ty;,. However, establishing this in
detail would require more detailed modeling of the combined
dust plus line radiative transfer throughout the galaxy in tandem
with more robust estimates of the total column density and
dust optical depth, which are beyond the scope of this paper.
Finally, the high CR energy densities and strong turbulence
in the ISM of (U)LIRGs directly heat the gas but not the dust
(unlike photoelectric heating). This will raise Ty, above the Ty,
of the concomitant dust (e.g., Papadopoulos et al. 2011, 2012a).
For turbulence, such an inequality has been recently shown
for the very turbulent molecular clouds in the Galactic Center
(often used as local analogs of ULIRG-type ISM conditions),

I'pe = Aco + Ag—q + An, + Acu 158 um + Ao163 jums
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Figure 19. Dust SEDs corresponding to the molecular SLEDs decompositions of the two galaxies (see Section 4.1). The blue-dashed, magenta-dotted, and green-
dashed/dotted curves show the SLED-deduced dust SEDs of the three gas components (their Txin and Mg,s shown inside the plot) for the Kyir ~ 1 decompositions (see
Table 3). For Tqust = Tkin, the corresponding total dust SED greatly exceeds the observed one (black line), especially for NGC 6240. For Arp 193, this also happens
but is due only to the warmest (and least massive) of its three components. In such cases, only Tqust < Tkin allows the computed dust SED (solid red line) to match
the far-IR /submm part of the observed one (black line, with orange rectangles denoting observations). The arrows mark the lowering of Tyt from the Ty, for each of

the three gas components.
(A color version of this figure is available in the online journal.)

where dust with Ty, ~ (15-20) K (Pierce-Price et al. 2001;
Rodriguez-Fernandez et al. 2004; Garcia-Marin et al. 2011)
coexists with dense gas (ZIO4 cm™) having Ty, ~ (60-100) K
(Rodriguez-Ferndndez et al. 2004; Ao et al. 2013 and references
therein).

4.1. Average Photoelectric Gas Heating

In order to compute I'p. (see Equation (C1)), we need the
GFYY) intensity (in Habing units) of the average interstellar
radiation field in the ISM of the two merger/starbursts. An
effective foff) can be obtained from the Ty, of each ISM

component by using
1 um 006/ ~(eff) 1/6
o K,
) ()

which is the average value for graphite and silicate grains for an
emissivity law of & = 2. The formula is insensitive to the grain
size, which we set to a = 1 um. In terms of G©™ it is

Tiust = 55 ( ()

6
G ~ 5645 Taust ) *
50K

For Tyuse = (10-15) K, G ~ 0.4—4, typical for the dust in the
Galaxy. We can now obtain an approximate estimate of Ty for
the dust mass content of the three gas components that make up
the molecular SLEDs of NGC 6240 and Arp 193 by setting a
gas/dust ratio of 100 and Ty = (1/f)Tiin (f = 1) per ISM
component. We then find the corresponding total dust spectral
energy distribution (SED) and adjust f’s so that it matches the
observed one in the far-IR /submillimeter range (see Figure 19).
The estimated Ty, is then used to find foff) per ISM component
and its Tpe.

This method yields a G®® per ISM component that is
G©M > GFUY) thus its use in Equation (C1) yields an upper
limit for I'e. This is because in the very high-extinction ISM of
compact merger/starbursts the average FUV /optical radiation

3
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field is strongly attenuated (see also Section 4.2.1), leaving only
IR radiation to heat their concomitant dust. Thus, unlike ordinary
ISM environments, in merger/starbursts the observed dust SED
and equivalent Ty, can have a strong contribution from IR
heating, making the corresponding G (from Equation (3))
mostly a G, and a strict upper limit of the strongly attenuated
FUV radiation field. Moreover, even if a correction could be
made and the true average G™UY) computed, the latter would
still be higher than that within the CO-rich part of molecular
clouds where the molecular SLEDs emerge. This is simply
because FUV-heated warm dust from their H1and CO-poor/H;-
rich outer cloud layers also contributes to the total dust emission,
biasing the global dust SED (and its effective Ty, ) toward these
warmer outer GMC regions. This would then make the average
GTY) (from Equation (3)) higher than that actually prevailing
inside the (CO/HCN)-rich regions of molecular clouds.

4.2. (FUV Photon)-deficient Thermal States
in Arp 193 and NGC 6240

We can now estimate the Y = T'e/Ajine,s—a factor for each
gas component making up the CO SLED, where Ajipe g—q iS
the total cooling power expressed in Equation (1). We label
states with ¥ < 1 as (FUV photon)-deficient, indicating
other dominant gas heating mechanisms. For Arp 193 Y, ~
0.04-0.5 only for the low-density component with the highest
temperatures (Tyxin ~ (300-400) K, and containing ~(3-8)%
of its M (Hy) ~ 8 x10° My (see Table 3). For the other
two cooler components, Ypc > 1 (i.e., FUV photons can
maintain the thermal state). For these most massive components
of Arp 193, the Y factors could be larger still (thus placing them
even more comfortably within the domain of FUV-maintained
thermal states) if dust optical depth effects rather than only dust-
gas temperature differences contribute to the small difference
found between the observed dust SED and their SLED-deduced
ones.

In NGC 6240, however, large fractions of My (H,) are clearly
in (FUV photon)-deficient thermal states. More specifically,
as in Arp 193, we find the warmest component (in this case



THE ASTROPHYSICAL JOURNAL, 788:153 (20pp), 2014 June 20

component B) to have Yp < 1(~0.04-0.2). However, unlike
Arp 193, we obtain Y < 1 also for either (A) or (C) components
(specific values depending on the adopted C 11 abundance and
set of solutions). Together with component (B), the fraction
of the molecular gas mass in such thermal states then rises to
Mp aorc/Mio(Hy) ~ (40-70)%. There are even cases where
all three components have ¥ < 1 (e.g., for xcy = 10 and
the SLED decomposition in the 0.5 < K,;; < 20 domain),
placing the entire molecular gas mass in NGC 6240 in such
thermal states. This is consistent with recent results reported
by Meijerink et al. (2013) where the entire CO SLED is
attributed solely to shock-heated gas. In that work, the large
line/continuum ratio of the observed CO SLED of NGC 6240
(see Figures 1 and 4) is a direct result of a large Tiin/Tqust
ratio, itself a signature of globally shock-heated molecular gas.
The ultimate power source of such galaxy-wide shocks can
be readily found in the time-evolving gravitational potential
expected within compact mergers, a power source unavailable
for the molecular gas in isolated spirals.

Finally, returning to issue of IR-heated dust as a potential
molecular gas heating source, we note that for states with Y < 1
typically [Ag_g4|/Tpe ~ (0.01-0.20). Thus, even reversing the
sign of Ag_y (so that the entire |[Ag_g4| becomes a net heating
term) is not enough to elevate Y up to 21 values. Moreover, such
areversal would imply improbably high T, given that in states
with Y < 1, Ty, (as constrained solely by the molecular SLEDs)
is already high (~(65-300) K). In practice, the small numerical
coefficient of A,_; ensures that gas heating by a warmer
dust cannot compete with I,e in typical SF environments
(e.g., for GFYY) =100, €y, = 0.01 and n(Hy) = 10* cm™:
IAg—al/Tpe ~ 7 x 1075(f — 1)/fITL), which remains <1
even for Ty, = 100 K unless f < 0.075, i.e., dust 13x warmer
than the gas).

4.2.1. Strong Suppression of the Average FUV Radiation
Fields in Merger/Starbursts

The Y factors estimated in the previous section will be
generally lower still if the propagation of FUV light in the
heavily dust-obscured SF regions of merger/starbursts is more
realistically treated. Using the formalism by Wolfire et al. (1990)
for galactic centers, the average FUV radiation field incident on
molecular clouds randomly mixed with the forming stars has an
intensity

L
GTYV) ~ 3 x 10%1.(pc) R
1010 L,

-3
% Rsp - e*(RSB/M)]’
100 pc

where A, is the mean distance FUV photons propagate before
being absorbed. The size of the starburst responsible for the
observed Lir is denoted by Rgg and can be as compact as
~(200-300) pc (see our Section 3.4; Sakamoto et al. 2008). For
the dust-enshrouded ISM of merger/starbursts, with its high
average densities of (n(H,)) = 10° cm™3 clumpy PDR models
give A, < 1 pc (Meixner & Tielens 1993). For Arp 193 and
NGC 6240 where Lig ~ (2-4) x 10 ' L, Equation (4) yields
GFUY) ~ 220-1500, which is ~3—4 times and up to an order
of magnitude lower than the values derived in 4.1. Moreover,
Equation (4) yields an estimate of the average FUV field incident
on molecular cloud surfaces, which will be lower deeper inside
their (CO/HCN)-rich inner regions. The fundamental role of the

“
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FUYV radiation in gas heating in PDRs but also the limitations
placed by its strong dust absorption can be further highlighted
by the archetypal PDR in Orion’s Bar. Its thickness is only
~(0.2-0.5) pc (Tielens & Hollenbach 1985), leaving the bulk
of the Orion molecular cloud cold (Sakamoto et al. 1994). The
large suppressions of the average FUV radiation fields expected
in the ISM of dusty mergers further accentuate the need for (non
FUV photon)-driven gas heating mechanisms in such galaxies.

5. THE GAS HEATING MECHANISMS IN LIRGs:
TOWARD A COMPLETE DIAGNOSTICS

Similar investigations of the thermal/dynamical states of the
dense molecular gas have already been made for the Galactic
Center (Bradford et al. 2005; Ao et al. 2013) and the nucleus
of NGC 253 (Bradford et al. 2003; Hailey-Dunsheath et al.
2008). These were the first to establish CRs and/or turbulence
as dominant gas heating mechanisms in these regions using
energy balance criteria similar to ours in Section 4. Another
criterion they used was the PDR-expected warm gas mass
fraction, finding a much larger one than could be maintained
by FUV photons from PDRs (e.g., Bradford et al. 2003). This
can be so even as the molecular line ratios could still be fitted
by PDR ensembles. Indeed, molecular line ratios alone cannot
discern the dominant molecular gas heating mechanisms in
LIRGs. This was shown in Mrk 231 where hot and dense PDRs
can reproduce its CO line ratios up to J = 13—12 but cannot
contain much molecular gas mass without their warm dust
“outshining” the observed dust SED, and an X-ray dominated
region (XDR) is necessary (van der Werf et al. 2010). Such
“normalization” tests, whether using the warm molecular gas
mass fraction, its concomitant dust mass and SED, the dust
IR-brightness (Rangwala et al. 2011), or the observed high-
J CO line luminosities (Bradford et al. 2003), are crucial for
discerning whether PDR ensembles can truly account for the
molecular line emission in LIRGS or not.

5.1. New Gas Heating Mechanisms in Merger/Starbursts:
A General Argument

A “normalization” criterion based on the warm gas fppr =
Mppr/ Mioai(H1+H;) mass fraction expected in PDRs can be
readily used for the ISM of merger/starbursts. An approximate
Jfepr value in FUV-irradiated GMCs can be found by computing
the mass of the outer atomic H1 layer marking the H1 — H,
transition as it is comparable to the warm PDR H, layer ex-
tending further inward. Thus, the PDR-residing column density
N(H1+H,) ~ 2 x N(H1). For a given GTYV), metallicity Z (Z =
1, solar) and average gas density n, this column density can be
computed in units of optical extinction as (see Pelupessy et al.
2006 for details)

with k, = 4 x 107! s7! the H; dissociation rate (for GFYY) =
1), Ry ~ 3 x 107" em™ s7! its formation rate on grains (for
typical CNM H1), and ® = 6.6 x 1070 /7 Z!/?&pyy is the H,
self-shielding function over the Hi/H, transition layer, with
Eruv = opyv/oy ~ 2-3 the dust cross section ratio for FUV
and optical light. The PDR-related gas mass fraction per GMC

then is
440N
~2x|1=(1= ,
Joor ™ 2 % ( 3<Au>)

(FUV)},
A" = 1.086&5y In [1 +—=——0

nR; ©)

(6)
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assuming spherical and uniform GMCs that do not cross-
shield and hence each receives the full FUV radiation field.
These simple assumptions make the computed fppr(H1+H>) a
maximum since the denser substructures existing within GMCs,
and the inevitable cloud—cloud cross-shielding, will lower its
actual value as denser gas deeper inside will have even thinner
PDR layers, and cloud cross-shielding will reduce the actual
GV (see Section 4.2.1).

The mean optical extinction (A, ) per GMC is a function of the
ambient ISM conditions, mainly the average gas pressure (dom-
inated by supersonic non-thermal gas motions). The empirical
Galactic (average density)—(size) relation n o (2R)~!, along
with its normalization in terms of cloud boundary pressure P,,
yields (see Pelupessy et al. 2006)

n, P./kg '
(Au) ~ 0222 (IOOcm—3><lO4cm—3K> - D

where n, ~ 1500 cm™3. For average GMC densities of
~100 cm™3, solar metallicities, &ruv = 2, and foUV) = 5-10
(for ordinary SF environments), Equation (5) yields Af}r) ~
0.50-0.75, while for typical ISM pressures in galactic disks
P,/kg ~ (1-2) x 10 * K cm™3: (A,) ~ 3.3-4.7. Under
such conditions, the Hi+(warm H,) PDR gas phase contains
fepr ~ 0.74—1 (from Equation (6)), and thus most Hr and
H, gas is indeed in PDRs, as is often stated (Hollenbach &
Tielens 1999). In merger/starbursts however the highly tur-
bulent molecular gas can reach pressures of P,/kp ~
(107-10%) cm™3, conditions recently inferred even in a distant
ULIRG at z ~ 2.3 (Swinbank et al. 2011). In such an ISM,
(AyyuLirg ~ 100-330, creating an environment where FUV
photons do not penetrate deep. Indeed, even for a high GFUY) =
10* and average densities of n = 10* cm™ (typical for merger/
starbursts), AW ~ 1.4-1.9, and thus fppr ~ 0.03-0.15, with
only half of that as molecular gas (fppr.u, ~ 0.015-0.075).
In reality, average FUV radiation fields irradiating the dense
molecular gas in ULIRGs will have GFYY) ~ 10>-10° (Sec-
tion 4.2.1), for which A™ ~ 0.15-0.77 (for n = 10* cm™?) and
fPDR(H I+H2) ~ 0.0035-0.06.

Thus, for the high average densities and pressures of the
molecular gas in merger/starbursts, PDRs will be confined in
very thin layers per molecular cloud with fppru, < few%,
essentially undoing the effects of stronger radiation fields
(which act to “thicken” PDR layers). Hence, any molecular
SLED decomposition that yields much larger warm gas mass
fractions cannot be attributed to PDR ensembles. We note that
we assumed metal-rich ISM (Z ~ 1), which may not be so
for merger/starbursts at high redshifts. The expected fppr u,
must then be computed for their average metallicities and can
be substantially larger for Z <1. In metal-poor environments, a
particularly luminous C* line can be expected, with a larger
L(C*)/Lg from the much “thicker” CO-poor envelopes of
PDRs around molecular clouds.

5.2. Turbulence and CRs as New Global Molecular
Gas Heating Mechanisms

In compact merger/starbursts, high SF rate densities boost
their average CR energy density by ~(10°-10%) x Galactic,
while highly supersonic turbulence (fueled by the merger
process) is typical. In such environments, it has already been
shown that CR and turbulent heating (I'ck and T'y,) alone
can maintain warm gas states even in the complete absence
of photoelectric heating (Papadopoulos et al. 2010, 2012a).
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In reality, they can easily surpass I'p. for large amounts of
molecular gas mass even as all three processes take place.

For CRS, FCR/Fpe ~ [0038—0075] (;CR/CCR,GaD[GgFUV)]_l
exp(A,/1.086) (for photoelectric efficiency epn = (1-2)%, and
using the expressions in Appendix C). For a constant average
ratio GTYY) /¢y at cloud boundaries (GFYY) and ¢cg both being
proportional to the local SFR density), we find that for A, =
34, T'cr/Tpe ~ 0.6-3, i.e., CR heating becomes comparable
and overtakes photoelectric heating as the ambient FUV field
becomes strongly attenuated. In the Galaxy, such optical depths
still include most of a typical GMC’s mass, but in the high-
pressure ISM of mergers, these include only small mass fractions
(see Section 5.1).

For turbulence, Tyb/Tpe ~ (0.15-0.30) x [(P./P.)**
G;lLééz] (using expressions in Appendix C). For Galactic
GMCs with boundary pressures, P, /kz ~ P,/kz =10* Kcm™3
and sizes of L,. = (10-20) pc (turbulence driven at the largest
scales): Ty /Tpe ~ (0.47-1.34) GO_', which remains <1 for
GFYY) ~ 10?-107 typical in starbursts. However, for the high-
pressure ISM of merger/starbursts, P,/ kg ~ (10’-10%) K cm™3
and Ty /Tpe ~ (85-1340)[GFUV)]~!. Turbulent heating can
then overtake photoelectric heating, except in the outer GMC
layers near O,B stars where GFUY) remains high (we consid-
ered no attenuation of the average GFYY), making the com-
puted 'y /Tpe @ minimum). For a “bottom”-driven turbulence
in merger/starbursts (i.e., injected at small scales and high-
density regions, Papadopoulos et al. 2012a), turbulent heating
may be strong even for the densest and most FUV-shielded
molecular gas, quite unlike Galactic GMCs where turbulence in
such regions has dissipated.

5.3. Future Prospects in the Age of ALMA and JVLA

The divergence of the IR-normalized high-/ CO SLEDs of
two IR-luminous starbursts with otherwise similar low-J CO
SLEDs and LIR/L/CO,I—O’ Lo.1—o/ Len,1—o ratios highlights
the uncertainties of assuming the high-J CO line excitation in the
absence of appropriate observations as it has been the practice
at high redshifts (e.g., Tacconi et al. 2006). As Arp 193 and
NGC 6240 demonstrate, similar “proxies” of SF “efficiencies”
and dense gas mass fractions can still correspond to different
dense gas conditions and thus high-/ CO SLEDs. Moreover, a
strong decoupling of molecular gas and dust temperatures with
Txin > Tyust, maintained deep inside FUV-shielded regions, is
expected where turbulent and/or CR heating dominate. These in
turn induce very different initial conditions for star formation,
making molecular line diagnostic of FUV-shielded dense gas
crucial for star formation theories.

Molecular line diagnostic of (non FUV)-photon gas heating
will become readily accessible with ALMA (Papadopoulos
2010; Bayetetal. 2011; Meijerink et al. 2011), with arecent such
study done for the dense molecular gas in the Galactic Center
(Aoetal. 2013). In the absence of very high-J CO SLEDs, which
for the local universe are accessible only from space, multi-J CO
and 3CO lines up to J = 6-5, 7-6 and large dipole moment
molecular lines are adequate for revealing non-photon gas
heating. Extreme thermal and dynamical states in the dense gas
of merger/starbursts can be powerfully probed using imaging
of line emission from high-dipole molecules (e.g., HCN) and
one of its rare isotopologues (e.g., H*CN). ALMA, with its
large sensitivity, correlator versatility, and wide bandwidths
(allowing multi-line observations), can routinely conduct such
investigations in SF galaxies in the coming decades. Finally,
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with the determination of My, (H;) being a necessary step for
finding what fraction of it is warm and dense (and whether PDRs
can account for it), the JVLA with its access to the low-J CO
SLEDs at high redshifts remains indispensible.

On the theoretical front, discrete-component decompositions
of molecular SLEDs like those used in this work and throughout
the literature (e.g., Rangwala et al. 2011; Panuzzo et al. 2010;
van der Werf et al. 2010) must be replaced by continuous
(n, Tyin) distributions that represent more realistic renderings of
the conditions inside molecular clouds. This can then yield much
more powerful, physically motivated, “continuous”’-component
decompositions of molecular SLEDs of galaxies with fewer
degeneracies than the discrete decompositions, while containing
more information about the underlying physical conditions of
turbulent molecular clouds (see also Appendix B). The recent
shock model of the CO SLED of NGC 6240 by Meijerink
et al. 2013 is a step toward such a “continuous”-component CO
SLED modeling based (in this case) on the underlying physics
of shocked gas. The large molecular line data sets that ALMA
will deliver for the extragalactic ISM will then set much more
powerful constraints on such SLED models, and on the physical
conditions of the molecular gas in merger/starbursts where the
most decisive tests for SF theories may lie.

5.4. Conclusions

We present a large set of molecular line observations of
Arp 193 and NGC 6240, two prominent merger/starbursts, us-
ing the SPIRE/FTS instrument on board the HSO, the IRAM
30 m telescope at Pico Veleta (Spain) and the 12 m APEX tele-
scope in the Atacama Desert (Chile). These two LIRGs, selected
from our Herschel Comprehensive (U)LIRG Emission Survey
(HerCULES), have similar low-J CO SLEDSs; €spco =
LR/ Leo,1—0 and raenyco = LhCN,lfo/L,co,po ratios (proxies
of SF efficiency and dense gas mass fraction) are good bench-
marks for studying the dense gas in mergers where this compo-
nent may dominate. Our analysis of the molecular SLEDs yields
the following results.

1. The two IR-normalized CO SLEDs markedly deviate from
J = 4-3 onward with NGC 6240 having a highly excited
SLED with large line/continuum ratios up to J = 13-12
while Arp 193 has a significantly lower global high-J CO
excitation (and line/continuum ratios) despite being one of
the three most intense starbursts in the local universe.

2. Only ~(5-15)% of the H,; gas mass in Arp 193 is
at n > 10* cm™ (the primary star formation “fuel”),
while in NGC 6240 this rises to ~(70-90)%, more typ-
ical for a merger/starburst. Terminal SF feedback, with
Arp 193 “caught” during a short-timescale gas-(dispersal/
consumption) maximum of its duty cycle, can induce such
a disparity.

3. We deduce [CO/'*CO] > 150 (Arp 193) and up to
~300-500 (NGC 6240), much higher than in the Galaxy.
A top-heavy galactic IMF sustained over long timescales
in merger/starbursts can produce such high [CO/'*CO]
abundances. By measuring several isotope ratios of atoms
like C, N, and S using a multiplicity of corresponding
isotopologue molecules and their rotational transitions
ALMA can now powerfully probe the IMF in galaxies
where very high dust extinctions render the use of starlight
for such a task nearly impossible.

4. In both galaxies, the gas component responsible for their
luminous heavy rotor SLEDs can account also for their
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high-J CO SLEDs from J = 54, 6-5 up to J = 13-12. In
NGC 6240, most the H, gas mass is in states irreducible to
self-gravitating and photoelectrically heated gas, and this
is also the case for the warmest gas phase in Arp 193.

Finally, we give a general argument on why the FUV ra-
diation from PDRs is unlikely to encompass large molecular
gas masses in merger/starbursts and maintain the extraordinary
thermal states often found for their dense gas. Turbulent and/
or CR heating can readily do so, unhindered by the large dust
extinctions, and without destroying the complex heavy rotor
molecules like HCN as FUV radiation from PDRs does. Such
heating mechanisms will then alter the initial conditions of star
formation away from those in the Galaxy and isolated spirals,
making starbursts/mergers critical testbeds of star formation
theories. ALMA and the JVLA, with their exceptional sensitiv-
ity, can play a leading role in determining the initial conditions
of star formation in dust-obscured galaxies across cosmic epoch.
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APPENDIX A

THE LVG RADIATIVE TRANSFER MODEL AND
TYPICAL DEGENERACIES

For each gas component, a three-dimensional parameter grid
with regularly spaced temperature Tyi,, density n(H,), and
fractional abundance versus velocity gradient X,o/(dV /dR)
is used as an input to a LVG radiative transfer code. Xy, is
the molecular abundance ratio with respect to H,. In this work,
Xuen =2 x 1078 (Greve et al. 2009), Xycor = 8 x 1072 (Jansen
1995), and Xcs = 1 x 107 (Greve et al. 2009). The parameter
grid spans Ty, = (10%°-10%) K, n(Hy) = (10>-10%)cm 3,
and (dV/dR) = (10°-10%) km s~! pc~!. We sample it using
logarithmic steps of 0.1 and generate the model grids with
RADEX (van der Tak et al. 2007).

For each individual model, a x2 value is calculated us-
ing the ratios of line brightness temperatures obtained from
the models and the observations. We then compute x> =
% (1/0:)*[Robsiy — Rmodel)]*> Where Rgps is the ratio of the
measured line luminosities, o; the error of the measured line
ratio, and Ry,oqel the ratio of the line brightness temperatures
calculated by the LVG model. We then obtain the Bayesian pdf
for a given set of observational data with respect to a model p

using
P(p)P
P(pllx) = LPPIP)

P(x) (AD
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where P(p) is the prior probability of the model. We assume
flat priors (P(p)) for n(H,), (dV/dR), and Ti;, with P(p) = 1,
and set P(p) = 0 for solutions outside the prior criteria.
We calculate the probability for each observation P(x| p)
of obtaining the observed data with model p, which follows
Gaussian distribution, using

P(xlp) = Zilexp(—x(x)/2)]/ P(x),

where x is the measurement set, P(x) the normalization, and
x2(x) calculated for each model. We set line optical depths
T < 100 as required by the RADEX manual. Finally, we search
two solution classes classified by the gas dynamical state, self-
gravitating, 0.5 < K,j; < 2, and unbound states, 0.5 < Kj; <
20 (see Section 3.1.1).

An obvious degeneracy inherent in all our solutions, and in-
deed present in all LVG radiative transfer models, is that between
the assumed molecular abundance X,,,; and (dV/dR) since an
LVG model always uses the Xy,,1/(dV /d R) combination. Only
radiative transfer models that solve for the chemical networks
while also computing the gas thermal state (since it strongly
affects the reaction rates) can avoid such degeneracies. Since
1985 (Tielens & Hollenbach 1985), all such models have been
developed for PDRs and only much later expanded to include
XDRs expected near AGNs (Meijerink & Spaans 2005), and
CR-dominated regions (CRDRs; Papadopoulos et al. 2011).
None yet employs an LVG approximation, necessary for model-
ing line emission from macroturbulent molecular clouds. We are
currently developing a multi-component (PDR/XDR/CRDR)-
LVG code to be used in the future.

Another degeneracy common among LVG models is that
of the K,i parameter. Unless one sets a probability prior
to restrict the [Ziin, n(Hz), (dV /dR)] grid to self-gravitating
gas states (K,i ~ 1), solutions with K,;; > 1 are nearly
always possible for a given set of CO/HCN SLEDs besides
the self-gravitating solutions. This particular degeneracy direct
impacts the corresponding Xycn and Xco factors (compare
Figures 12 and 13 with Figures 14 and 15). We nevertheless
also consider unbound states, even for the dense gas, as these are
possible in the extreme ISM environments of merger/starbursts
(see Section 3.1.1). In our HCN/CO SLED decomposition, we
list both types of solutions (see Table 3 and Figures 16 and
17). Finally a n(H,)-Tii, degeneracy exists in all our (HCN/
HCO")-constrained LVG solutions (see Figures 3, 6, 9, 10).

(A2)

APPENDIX B

THE FITTING PROCEDURE AND FUTURE
DEVELOPMENTS

In supersonically turbulent molecular clouds, a wide range
of densities and temperatures is expected, and the n(H)—Tiin
parameter space defined their HCN SLEDs will be “populated”
by them. In our modeling, this is used to obtain the CO SLEDs
as a superposition of states drawn from the n(H,)—Txi, space as
constrained by the luminous global HCN SLEDs (for NGC 6240
also the CS and HCO* SLEDs). The ISM physics behind this
choice is outlined in Section 3.3. Dynamical mass constraints
can yield additional restrictions toward the cold/dense “corner”
of this n(H,)-Ti, parameter space (see Sections 3.2 and 3.3).
Future higher-J HCN and HCO* measurements and of their rarer
isotopologues (e.g., H*CN) can also do this for its (high-Tii,)/
(low-n) domain.

Our fitting process starts from the (high Tii,)/(low-n) end of
the parameter space shown in Figures 5 and 9, producing all
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the corresponding CO SLEDs within the regions of maximum
probability. Once a template SLED whose shape matches the
largest possible segment of the high-J CO SLED is found, its
mass scaling factor is determined so the observed and the model
SLED are brought to the same scale. The resulting scaled-
up SLED template is then subtracted from the observed one,
and the process is repeated for obtaining the next component
needed to match the remaining global CO SLED. We use a
discrete grid to produce the aforementioned sets of template
CO SLEDs, and given its dense sampling we do not expect
the main features of the CO SLED decomposition (n(Hy), Txin,
relative mass contributions of the components) to depend on
the grid characteristics. This is currently the practice in all such
studies (e.g., van der Werf et al. 2010), but it does contain a
degree of arbitrariness. Moreover, a discrete set of components
is a poor, unphysical, description of supersonically turbulent
molecular clouds. A physically motivated, continuous mass
weighting function w(n, Tyi,) would be much more realistic.
Currently, only d M (n)/dn can be obtained in this fashion from
simulations of isothermal turbulent molecular clouds (Padoan
& Nordlund 2002). Such an approach, apart from reducing the
arbitrariness and the number of free parameters of discrete-
component decompositions of molecular SLED, will allow more
information to be extracted for the underlying conditions of the
turbulent gas from such modeling.

APPENDIX C

THE HEATING AND COOLING FUNCTIONS
FOR MOLECULAR GAS

The heating and cooling functions used to compute the energy
balance (Equation (1)) of the LVG-derived gas states making
up the CO and HCN SLEDs of NGC 6240 and Arp 193
are given below (see Papadopoulos et al. 2011 for details on
these functions). For photoelectric heating, the corresponding
expression is

Tpe = 2 x 107 [epnn(H)GFYV ] ergem ™ 571, (CD

where €, is the photoelectric heating efficiency, given by

4.9 x 1072

3.65 x 1072 (Tygn/104)"
= +
1+4 x 107307

1+2x 104

€ph (C2)

andy = (GFUV) Tklir/lz) /n. is a factor that determines the balance
between photonization and electron recombination. We obtain
the electron density by setting n. /[2n(H;)] equal to the assumed
abundance of C11 (i.e., ionized carbon as the sole source of free
electrons in molecular clouds). The cooling due to gas-dust
interaction (since Ty, > Tgust for concomitant gas and dust
phases) is given by

3/2 =3 -1
T\, ergcm " s™

Ag—q = 1.4 x 107 [n(H)]? (J%)

(C3)
where Tyxin = fTas (f = 1) for the temperatures of the
molecular gas and dust mass reservoir. CO rotational lines
provide substantial cooling, especially for the dense gas phase
deep inside GMCs. To compute Aco, we use the observed CO
SLEDs from J = 1-0 up to J = 13-12. Thus, for each phase
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k = 1,2... (whose sum makes up the observed CO SLEDs)), it is

ZJ ()PJ+1 gLy

(k)
ACO - AVk

ZJ O'OJ+1 gLy

, C4
M;.(Hy) ()

= pumy,ni(Hy)

where P(Jk+)1,1 = L1,y (k-phase)/L 41, is the CO line lumi-

nosity fraction corresponding to (k)-phase, 1 = 1.34 the mean
molecular weight, my, the H, molecule mass, and ng(Hy),
M, (H,) the density and mass of the corresponding (k) compo-
nent (obtained via our CO SLED decomposition). Inserting the
various quantities and converting to astrophysical units yields

Aco = 8.77 x 1073 n(Hy)

12
L L
D J—0 Pi+1J g+1,1( ) ergem s,
M(H;)/(10° M)

(C5)

where we have omitted subscript (k) for simplicity as the
meaning of computing Aco per component is now clear.

The Cu line at 158 pum can remain powerful coolant of
molecular gas even in the absence of far-UV radiation, as
C1 can be maintained by CRs deep inside molecular clouds
(Papadopoulos et al. 2011). The corresponding cooling power
is given by

Acuissum = 7.9 x 1072 xey[n(Hy)Pe™ >/ T ergem™ s 7",

(Co)
where xc,; = [C1/H]is the C 1 abundance. In a similar fashion,
the cooling due to the O1 line fine structure line at 63 pm is
given by

0.32

Aor63um = 2.27 x 107 xo [n(H)* T2

-3 —1

x ¢~ 228/ Tian ergem TS, (C7)

where o, = [O/H] is the oxygen abundance (see Papadopoulos
et al. 2011 for a derivation of these two expressions). We
assume xo = 2.9 x 107* for the abundance of oxygen not
locked in CO. For C11, we set three abundance values, namely,
Xcu = 3 x 107 (all carbon ionized), and xc, = 107>, 107°
corresponding to CR-maintained abundances inside (far-UV)-
shielded gas regions and compute its cooling (and Y factors)
accordingly.

Finally we include the two lowest H, rotational lines:
S(0):J,~, = 2-0, S(1):J,—~J; = 3-1, the only ones that will
be excited for Tij, ~ (100-1000) K. The cooling function then
is

H
An, = 2.06 x 10724 <M>
I +rop
1 no !
x [1 + — 10K/ T (1 + >:|
5 n(Hy)

3.1

X (1 + Rjp)ergem s, (C8)

with ng ~ 54 cm™ the critical density of S(0):2-0, r,, the
ortho-H; /para-H, ratio (= 1-3), and

SI0K/ Tign (1 4 0
1+ (1/5)e510K/ T (1 + n(}{"z))

n(Hz))

R]() = 26.8r0p

(C9)

1+ (3/7)e845K/ T (1 +
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expresses the relative cooling contributions of the two rotational
lines considered here (with #n; ~ 10 3 cm™3 the critical density
of the S(1):3-1 line).

CRs and turbulence can also deposit large amounts of energy
into the molecular gas, unaffected by extinction. For CRs, the
corresponding heating function is

Tcr = 1.5 x 1077 n(Hy) (¢cr/¢cr,ar) ergem ™ s™!,  (C10)

where we used the expressions found in Papadopoulos et al.
(2011) for fully molecular gas. A Galactic CR ionization rate
of ¢cr.Ga = 5 x 1077 s7! has been assumed. For turbulent
heating, we use the work of Pan & Padoan (2009), as it has
been reformulated by Papadopoulos et al. (2012a), eventually
yielding

P 3/4
T = 3.3 x 107 'n(Hy)o, (i) L[Pergem™s7!,

P,
(C11)

where 0,, = 1.2kms~!and P,/kz = 10* K cm™3
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