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ABSTRACT

Context. Understanding the dominant heating mechanism in the nuclei of galaxies is crucial to understanding star formation in
starbursts (SBs), active galactic nuclei (AGN) phenomena, and the relationship between star formation and AGN activity in galaxies.
Analysis of the carbon monoxide (>CO) rotational ladder versus the infrared continuum emission (hereafter, '>?CO/IR) in galaxies
with different types of activity reveals important differences between them.

Aims. We aim to carry out a comprehensive study of the nearby composite AGN-SB galaxy, NGC 4945, using spectroscopic and
photometric data from the Herschel satellite. In particular, we want to characterize the thermal structure in this galaxy using a multi-
transition analysis of the spatial distribution of the '>’CO emission at different spatial scales. We also want to establish the dominant
heating mechanism at work in the inner region of this object at smaller spatial scales (<200 pc).

Methods. We present far-infrared (FIR) and sub-millimeter (sub-mm) '2CO line maps and single spectra (from Jup =3 to 20) using
the Heterodyne Instrument for the Far Infrared (HIFI), the Photoconductor Array Camera and Spectrometer (PACS), and the Spectral
and Photometric Imaging REceiver (SPIRE) onboard Herschel, and the Atacama Pathfinder EXperiment (APEX). We combined the
2CO/IR flux ratios and the local thermodynamic equilibrium (LTE) analysis of the '>CO images to derive the thermal structure of the
interstellar medium (ISM) for spatial scales raging from <200 pc to 2 kpc. In addition, we also present single spectra of low- (‘2CO,
13CO and [CI]) and high-density (HCN, HNC, HCO*, CS and CH) molecular gas tracers obtained with APEX and HIFI applying LTE
and non-LTE (NLTE) analyses. Furthermore, the spectral energy distribution of the continuum emission from the FIR to sub-mm
wavelengths is also presented.

Results. From the NLTE analysis of the low- and high-density tracers, we derive gas volume densities (10°~10° cm~3) for NGC 4945
that are similar to those found in other galaxies with different types of activity. From the '>CO analysis we find a clear trend in the
distribution of the derived temperatures and the >CO/IR ratios. It is remarkable that at intermediate scales (360 pc—1 kpc, or 19”-57")
we see large temperatures in the direction of the X-ray outflow while at smaller scales (<200 pc—-360 pc, or ~9”7-19"), the highest
temperature, derived from the high-J lines, is not found toward the nucleus but toward the galaxy plane. The thermal structure derived
from the '2CO multi-transition analysis suggests that mechanical heating, like shocks or turbulence, dominates the heating of the ISM
in the nucleus of NGC4945 located beyond 100 pc (35”) from the center of the galaxy. This result is further supported by published
models, which are able to reproduce the emission observed at high-J (PACS) '2CO transitions when mechanical heating mechanisms
are included. Shocks and/or turbulence are likely produced by the barred potential and the outflow observed in X-rays.

Key words. ISM: molecules — infrared: galaxies — galaxies: ISM — galaxies: starburst — galaxies: kinematics and dynamics —
galaxies: active

* The reduced spectra and maps are only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/642/A166

** Observations based on Herschel and the Atacama Pathfinder EXperiment (APEX) data. Herschel is an ESA space observatory with
science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. APEX is
a collaboration between the Max Planck Institut fiir Radioastronomie, the European Southern Observatory, and the Onsala Space
Observatory.
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1. Introduction

Galaxy interactions and mergers play important roles in the for-
mation and evolution of galaxies; they are able to trigger mas-
sive starbursts (SBs) and also feed super massive black holes
(SMBHs). The study of active galactic nuclei (AGNs) and star-
burst phenomena is key to our understanding of the relationship
between star formation and AGN activity in galaxies.

The presence of powerful outflows is believed to play an
important role in the evolution of galaxies. These are able to reg-
ulate both star formation and the growth of the SMBH through
“positive” or “negative” feedback in young galaxies (e.g.,
Hopkins et al. 2009; Cresci et al. 2015). Recently, evidence of
massive molecular outflows in AGN and SB galaxies has been
found, strongly supporting the study of outflowing molecular gas
as a process able to quickly remove from the galaxy the gas that
would otherwise be available for star formation (negative feed-
back on star formation; Sakamoto et al. 2009; Alatalo et al. 2011;
Chung et al. 2011; Sturm et al. 2011; Spoon et al. 2013; Cicone
et al. 2014; Garcia-Burillo et al. 2014).

The molecular gas plays not only a key role as fuel in the
activity process but should also, in turn, be strongly affected by
the activity. Depending on the evolutionary phase of the activ-
ity, different physical processes can be involved, changing the
excitation conditions and the chemistry: strong ultraviolet (UV)
radiation coming from young massive stars (i.e., the photon-
dominated region or PDR; e.g., Wolfire et al. 2010), highly ener-
getic X-ray photons coming from an AGN (i.e., X-ray dominated
region (XDR); Meijerink et al. 2006), as well as shocks and out-
flows and inflows (see Flower et al. 2010). X-rays can penetrate
more deeply into the interstellar medium (ISM) than UV photons
(Maloney et al. 1996; Maloney 1999; Meijerink & Spaans 2005):
X-rays are able to heat the gas more efficiently, but not the dust,
and they are less effective in dissociating molecules (Meijerink
et al. 2013). On the other hand, PDRs are more efficient than
XDRs in heating the dust. For this reason, AGNs are suspected
to create excitation and chemical conditions for the surrounding
molecular gas that are spatially quite different from those in SB
environments. Knowledge of the composition and properties of
the molecular gas in such environments is essential to character-
ize the activity itself, and to differentiate between AGN and SB
mechanisms.

We focus our analysis on the nearby (D ~ 3.8 Mpc;
Karachentsev et al. 2007), almost edge-on (i=78°) galaxy,
NGC 4945, known to be a remarkable prototype AGN-SB com-
posite galaxy. Its proximity (1” ~ 19 pc) makes this object an
excellent target for studies of molecular gas at the center of an
active galaxy. It is also one of the closest galaxies in the local uni-
verse that hosts both an AGN and a starburst. The black hole mass
estimated from the velocity dispersion of 150kms~! obtained
from the water maser is around ~10° M, similar to that of our
own Galaxy and a factor of ten smaller than the black hole hosted
in the Sy2 galaxy NGC 1068 (1.5 x 107 M; Greenhill & Gwinn
1997). Together with Circinus, it contains a highly obscured
Seyfert 2 nucleus (Iwasawa et al. 1993; Marinucci et al. 2012;
Puccetti et al. 2014) with associated dense molecular clouds,
bright infrared emission, compact (arcsec) radio source, bright
H,0 “megamaser” (~15 mas; Greenhill et al. 1997), a strong Fe
6.4 KeV line, and variable X-ray emission (Schurch et al. 2002).
These observations reveal a Compton-thick spectrum with an
absorbing column density of Ny ~ 2.4—4 x 10?* cm~? (Guainazzi
et al. 2000; Itoh et al. 2008). The nucleus of NGC 4945 is one
of the brightest extragalactic sources at 100keV (Done et al.
1996), and the brightest Seyfert 2 AGN at >20keV (Itoh et al.
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2008), whose emission is only visible through its reflected emis-
sion below 10keV due to the large column density that com-
pletely absorbs the primary nuclear emission. The emission at
higher energy is still visible, though heavily affected by Comp-
ton scattering and photoelectric absorption. The nuclear emission
between 2 and 10keV is enclosed in a region of 12" X 6”, consis-
tent with the SB ring observed using molecular gas tracers (e.g.,
Moorwood et al. 1996; Marconi et al. 2000; Curran et al. 2001;
Schurch et al. 2002).

From IRAS observations we know that about 75% of the
total infrared luminosity of the galaxy (Lig =2.4 x 10'° Ly) is
generated within an elongated region of <12” X 9" centered on
the nucleus (Brock et al. 1988). This structure, as shown in high-
resolution HST-NICMOS observations of the Paa line, is con-
sistent with a nearly edge-on SB ring of ~5”-10" (100-200 pc;
radius ~2.5”"-5", Marconi et al. 2000).

Recently, the very inner regions of NGC 4945 were stud-
ied in radio by Henkel et al. (2018), who find a complex
structure composed of a nuclear disk of 10” x2” enclosing a
spatially unresolved molecular core of <2”, consistent with the
X-ray source size observed with Chandra (Marinucci et al.
2012). According to the results obtained by Marinucci et al.
(2012), the nuclear emission between 2 and 10 keV enclosed
in a region of 12" X 6” (i.e., “cold X-ray reflector”) is in good
agreement with the molecular disk observed by Henkel et al.
(2018). Furthermore, using high-density gas tracers (e.g., HCN,
CS), these latter authors also observed two bending spiral-like
arms connected by a thick bar-like structure extending in the
east—west direction from galactocentric radii of ~100pc out to
300 pc.

A conically shaped wind-blown cavity has been observed
to the northwest at different wavelengths, extending out of the
galaxy plane from the nucleus and probably produced by a
SB-driven wind (Moorwood et al. 1996). In particular, it has
been detected at soft X-ray (i.e., the “plume”'), optical, and
infrared (IR) wavelengths (Nakai 1989; Moorwood et al. 1996;
Schurch et al. 2002; Mingozzi et al. 2019). The extension of
the outflow ranges from »2” in the X-ray band from Chan-
dra (Marinucci et al. 2012) reaching ~30” in the optical band,
observed with MUSE/VLT (Venturi et al. 2017), and in the
X-ray band (Schurch et al. 2002).

Figure 1 (left panel) shows a composite view of this galaxy
using optical and X-ray emission from Marinucci et al. (2012).
The right panel of Fig. 1 shows a sketch of the observed
structures in the inner regions of NGC 4945 at different
wavelengths.

Here, we study the molecular composition as well as the
excitation temperature and column density of the ISM in the
nucleus of NGC 4945. We apply a local thermodynamic equi-
librium (LTE) multi-transition analysis to a dataset of several
molecules observed using the Heterodyne Instrument for the
Far Infrared (HIFI) onboard Herschel satellite and the single
dish Atacama Pathfinder EXperiment (APEX; diameter D =
12 m; Gisten et al. 2006) antenna. The LTE analysis was also
applied to 2D imaging spectroscopy of '>CO data obtained with

' This structure is observed at soft X-ray band, showing a limb-
brightened morphology in the 1-2 keV band, which correlates well with
the Ha emission. The limb-brightened structure can be attributed to
highly excited gas with a low volume-filling factor produced by an inter-
action between the SB-driven wind and the dense ISM surrounding the
outflow (as in NGC 253 in which the plume is apparent down to 0.5 keV;
see Strickland et al. 2000). The uniform emission observed below 1 keV
might be direct proof of a mass-loaded superwind (e.g., Strickland &
Heckman 2009) coming out from the nuclear SB (Schurch et al. 2002).
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Fig. 1. Left: combined image of X-ray emission from Chandra (low energy: magenta, high energy: blue) overlaid on an optical image from ESO.
Credits from NASA/CXC/Univ degli Studi Roma Tre/Marinucci et al. (2012), Optical: ESO/VLT & NASA/STScl. Right: cartoon of the central
region (<1 kpc) of NGC 4945. The optical image shown in the left panel is used as the background. The size (diameter) of the different components
observed in the (soft and hard) X-ray, NIR, and radio bands are highlighted: the limb-brightening “plume” in soft X-rays as well as the nuclear
hard X-ray emission region (Marinucci et al. 2012), the starburst ring in Pae (Marconi et al. 2000), and the nuclear molecular disk along with the

unresolved molecular core (Henkel et al. 2018).

the Photoconductor Array Camera and Spectrometer (PACS)
and the Spectral and Photometric Imaging REceiver (SPIRE).
We focus on the LTE analysis applied using the whole sub-
millimeter (sub-mm) and far-infrared (FIR) range for studying
12CO, which allows us to characterize the distribution of the
heating at different spatial scales: from large (35", ~ 700 pc)
down to small scales (9.4”, ~200pc). The aim of this work
is to characterize the thermal and density structures at differ-
ent spatial scales in NGC 4945. Furthermore, the determina-
tion of the dominant heating mechanism and the origin of the
observed heating pattern in the inner regions of this object
are also analyzed. The photometric data allow us to derive the
mass of dust and the corresponding mass of gas (once assumed
a specific gas-to-dust ratio) and compare with the expecta-
tions from the heating mechanisms inferred from the '>CO
analysis.

The paper is organized as follows: in Sect. 2 we intro-
duce the observations and the data analysis applied for each
instrument. In Sect. 3 we present the spectral energy distri-
bution (SED) results derived from analyzing photometric data
obtained from different instruments, from the FIR to sub-mm
wavelengths. Section 4 is dedicated to the derivation of the col-
umn densities and the excitation temperatures obtained using the
high-spectral-resolution HIFI and APEX data for all molecules
(*2C0, *CO, HCN, HNC, HCO*, CS, [CI], CH) for spatial
scales between 20" and 30" (~400-700 pc). In Sect. 5 we focus
our analysis on the thermal and column density structures of
12CO using 2D imaging spectroscopy: from SPIRE (2700 pc)
down to smaller spatial scales using PACS (5200 pc). Section 6
is devoted to a discussion of the results in order to under-
stand the origin of both gas- and dust-heating mechanisms.
Our main conclusions are summarized in Sect. 7. Appendix A
presents detailed information on the derivation of the flux den-
sities used in the SED fitting analysis (Sect. 3). Throughout
the paper we consider Hy=71kms™' Mpc™', Q) =0.27 and
QA = 073

2. Observations and data analysis
2.1. Observations

2.1.1. Heterodyne Instrument for the Far Infrared and the
Atacama Pathfinder EXperiment

The HIFI observations are taken in the pointed dual beam
switch (DBS) mode covering the frequency range between
480 GHz and 1270 GHz (band 1-5; see Jackson & Rueda 2005)
and from 1410GHz up to 1910GHz®> (bands 6 and 7; see
Cherednichenko et al. 2002) at high spectral resolution (R = 10°—
107). The half-power beam width (HPBW) of the telescope was
37" and 12" at 572 GHz and 1892 GHz, respectively. The HIFI
Wide Band Spectrometer (WBS) was used with an instantaneous
frequency coverage of 4 GHz and an effective spectral resolu-
tion of 1.1 MHz. Two orthogonal polarizations (horizontal, H,
and vertical, V) were recorded and then combined together to
end up with a higher signal-to-noise ratio (S/N). We used the
standard Herschel pipeline Level 2.5 which provides fully cali-
brated spectra (de Graauw et al. 2010; see Table 1). In particu-
lar, the HIFT Level 2.5 pipeline combines the Level 2 products
into final products. Single-point data products are stitched spec-
tra for each of the polarizations and backends applicable to the
observation. The spectra were produced using the pipeline ver-
sion Standard Product Generation (SPG) v14.1.0 within HIPE.
For further information see Shipman et al. (2017).

In addition to the HIFI data we obtained sub-mm data of
lower transitions (Ju, =3, 4) of '2CO, '3CO, HCN, HNC and
HCO" using the FLASH+® receiver at 345 GHz at APEX (see
Table 2). The HPWB ranges from 21” down to 177 at 272
and 354 GHz, respectively. The spectral resolution provided by
a Fourier Transform Spectrometer (FTS) was smoothed to a

2 The whole frequency range corresponds to a wavelength range
between 157 to 625 um.

3 https://www.eso.org/public/teles-instr/apex/
flash-plus/
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Table 1. General properties of the HIFI, PACS, and SPIRE 12CO observations.

Instrument Type Obs 2CO trans (J + 1 — J) or band (um) Obs ID (1342) Level data PI

(H (2 (3) ) (5) (6)

HIFI Spectroscopic 5-54t09—-8 200939, 200989, 200944 2.5 R. Giisten
PACS Spectroscopic 15—-14;20—19 247789 2 C. Hailey
PACS Photometric 70; 100; 160 223660; 203022 2.5 E. Sturm
SPIRE Spectroscopic 4—-53t08—-7;9-8t013—>12 212343 2 E. Sturm
SPIRE Photometric 250; 350; 500 203079 2 E. Sturm

Notes. Col. (1): instrument; Col. (2): type of observation; Col. (3): '2CO transitions or band; Col. (4): ID of the observation. The code “1342” has
to be added before the number; Col. (5): level of the data used (see text for details); Col. (6): principal investigator of the observation.

velocity resolution of 20 MHz. The data reduction was initially
performed using CLASS* and then imported in MADCUBA’ (Rivilla
et al. 2016; Martin et al. 2019).

2.1.2. Photoconductor Array Camera and Spectrometer
(PACS)

PACS is a photometer and a medium-resolution spectrometer®. In
imaging dual-band photometry, PACS simultaneously images the
wavelength ranges 60-90 um, 90-130 ym, and 130-210 um over
a field of view (FoV) of 1.75’ x 3.5’. Its grating imagining spec-
trometer covers the 55-210 um spectral range with a spectral res-
olution between 75 and 300 km s~! over a FoV of 47" x 47",
resolved into 5 X 5 spaxels, each with an aperture of 9.4”.

PACS data were provided from the Herschel archive’ using
Level 2 and 2.5 products (see Table 1). The PACS Level-2 spec-
troscopy products can be used for scientific analysis. Processing
to this level involves actual spectra and is highly dependent on
the observing mode. The result is an image of cube products (for
further details see Poglitsch et al. 2010). The Level-2.5 photo-
metric products are maps (produced with JScanam, Unimap and
the high-pass filter pipelines) generated by combining scan and
cross-scan observations taken on the same sky field. The PACS
products were produced using the pipeline version SPGv14.2.2
within HIPE.

2.1.3. Spectral and Photometric Imaging REceiver (SPIRE)

SPIRE consists of a three-band imaging photometer and an
imaging Fourier Transform Spectrometer (FTS). The photome-
ter carries out broadband photometry (1/AA = 3) in three spec-
tral bands centered on approximately 250, 350, and 500 yum with
an angular resolution of about 18”, 24" and 35", respectively
(see Table 3). The spectroscopy is carried out by a FT'S that uses
two overlapping bands to cover 194-671 um (447-1550 GHz)
simultaneously, the SSW short-wavelength band (190-313 um;
957-1577 GHz) and SLW long-wavelength band (303-650 um;

4 CLASS is a data reduction software, which is part of Gildas (e.g.,
Maret et al. 2011).

3 Madrid Data Cube Analysis has been developed at the Center for
Astrobiology (CAB, CSIC-INTA) to analyze single spectra and dat-
acubes: https://cab.inta-csic.es/madcuba/index.html. More
details in Sect. 2.2.

6 PACS was developed and built by a consortium led by Albrecht
Poglitsch of the Max Planck Institute for Extraterrestrial Physics,
Garching, Germany. NASA is not one of the contributors to this
instrument.

7 http://www.cosmos.esa.int/web/herschel/
science-archive
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Table 2. Line transitions and instrument used.

Line (Transition) Rest frequency v Instrument
(GHz)

(1) 2 3)
2c07=3-2 345.79 APEX
2C0J=5—4 576.27 HIFI
2c0J=6-5 691.47 HIFI
2C0J=9->8 1036.91 HIFI
BcoJs=3-2 330.59 APEX
BCOJ=6-5 661.07 HIFI
BCcoJ=9-8 991.33 HIFI
HCNJ =4 -3 354.50 APEX
HCNJ=6—->5 531.72 HIFI
HCNJ=7—-6 620.30 HIFI
HCNJ =12 > 11 1062.98 HIFI
HNCJ=3-2 271.98 APEX
HNCJ =43 362.63 APEX
HNCJ=6->5 543.89 HIFI
HNCJ=7-6 634.51 HIFI
HCO*J =4 -3 356.73 APEX
HCO*J=6->5 356.73 HIFI
HCO*J=7-6 356.73 HIFI
CSJ=6->5 293.91 HIFI
CSJ=7-6 342.88 HIFI
CSJ=10-9 489.75 HIFI
CSJ=12->11 538.69 HIFI
CSJ/=13->12 587.62 HIFI
[CI]3P, =3 Py 492.16 HIFI
CH 211y, J =3/2-1/2 532.72 HIFI
CH 2I1;, J =3/2-1/2 536.76 HIFI
CH I3, J =5/2-3/2 1656.97 HIFI

Notes. Col. (1): line and rotational transition (J); Col. (2): frequency
of the molecule in giga hertz (GHz); Col. (3): instrument used for the
observation.

461-989 GHz). The SPIRE-FTS is a low-spatial- and spectral
(1.2 GHz)-resolution mapping spectrometer. In particular, the
beam full width at half-maximum (FWHM) of the SSW bolome-
ters is 18”, approximately constant with frequency. The beam
FWHM of the SLW bolometers varies between ~30” and 42"
with a complicated dependence on frequency (Swinyard et al.
2010).

We use SPIRE Level-2 spectroscopic and photometric prod-
ucts for our analysis. These data are processed to such a level
that scientific analysis can be performed. The SPIRE Level-2
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Table 3. SPIRE beams in the photometric and spectroscopic modes.

Sub-instrument Photom SPectr

PSW PMW PLW SSW SLW
Band (um) 250 350 500 192-313 303-671
Beam (FWHM) 17.6”7 23.9” 352" 177-21" 297-42"

photometer products (maps) are calibrated in terms of in-beam
flux density (Jybeam™')®. The photometric and spectroscopic
SPIRE data Level-2 were produced using the pipeline version
SPGv14.1.0 within HIPE.

Our data have been achieved with an intermediate spatial
sampling: in such a case, the pixel size for the SLW and SSW
bolometers are 35” and 19", respectively. The '>CO ladder
(from Jy, =4 to 13) is the most prominent spectral feature in
this frequency range. These mid-J '>CO emission lines probe
warm molecular gas (upper-level energies ranging from 55 K
to 500 K above the ground state) that can be heated by ultra-
violet photons, shocks, or X-rays originating from the AGN or
in young star-forming regions. In the SPTRE-FTS range, besides
the 2CO transitions we also detected the prominent [CI]492 um,
[CI]809 um, and [NII]205 um transitions across the entire sys-
tem along with several molecular species observed in absorption
(see Fig. 2). A baseline (continuum) subtraction of second or
third order has been applied to these spectra. Detailed informa-
tion on the SPIRE observations is summarized in Table 1.

2.2. Data analysis

Using high-spectral-resolution HIFI and APEX data, we carried
out a multi-line analysis of 12CO, BCO, HCN, HCN, HCO",
CS, [CI], and CH, which were all detected in emission. Other
molecules such as NH, NH,, OH*, HF, and H,O were detected
in absorption and they will be analyzed in a future study. HIFI
and APEX products are calibrated in antenna temperature (7'y).
This was converted to main beam temperature (Tyg) according
to the relation:

i
Ty = -1

Tx, (1
IMB A

where 7¢ is the forward efﬁciency9 of the telescope and nyp is
the main beam efficiency. For the HIFI data, nyp ranges from
0.69 to 0.76 with ny =0.96, while for the APEX data we used
nvs = 0.73 and 77;' = 0.97. The main beam temperature Tg has
been corrected for beam dilution according to the relation:

) 62 + 62
Tyg = T MB» 2)
S
where 6, and 6, are the source size and the beam size'!, respec-

tively. For this object a source size of 20" has been considered
(Wang et al. 2004).

8 For further details see http://herschel.esac.esa.int/
hcss-doc-15.0/print/pdd/pdd.pdf

° The forward efficiency, 77;, measures the fraction of radiation received
from the forward hemisphere of the beam to the total radiation received
by the antenna.

10 The APEX beams and main beam efficiencies are taken from the web-
site http://www.apex-telescope.org/telescope/efficiency/
"' The value of the HIFI beam are taken from the website
http://herschel.esac.esa.int/Docs/HIFI/html/ch0®5s05.
html#table-efficiencies

The HIFI spectra were smoothed to a resolution of
20kms~!. When needed, further smoothing and baseline correc-
tions were applied to the spectra to improve the S/N.

The molecular emission was modeled with the SLIM'? pack-
age within MADCUBA (Martin et al. 2019). In the model, SLIN fits
the synthetic LTE line profiles to the observed spectra. The fit is
performed in the parameter space of molecular column density
Nmol, €xcitation temperature Tex, velocity v sr, and width of the
line (FWHM) to the line profile and source size. SLIM allows
the presence of different components (“multi Gaussian fit”),
which can be differentiated using different physical parameters
(e.g., column density, excitation temperature, velocity). In cases
where multiple transitions are fit, two (or more) T can also be
assumed (“multiple excitation temperature”, see Sect. 3.3.2 in
Martin et al. 2019). To properly account for the beam dilution
factor, a source size was fixed as an input parameter.

3. Continuum analysis

3.1. Intrinsic source size of the dust emission from PACS and
SPIRE photometry

Here we present the intrinsic (deconvolved) size of the differ-
ent components of the dust emission in NGC 4945, as small
and large grains along with polyaromatic hydrocarbons (PAHs;
Lisenfeld et al. 2002; da Cunha et al. 2008), which we derived
using the photometric data from PACS (70, 100, 160 um) and
SPIRE (250, 350, 500 um). These photometric images were
retrieved from the Herschel archive (see Table 1). We measured
the FWHM sizes of the peak emission and deconvolved them
with the relevant PSF sizes assuming Gaussian shapes for both.
At these moderate resolutions the galaxy shows the presence of
a compact source plus a disk component: at these wavelengths
the contribution of the compact source emission dominates over
the disk component within the beam. The results of the intrinsic
source size are listed in Table 4.

We then computed the flux density enclosed in the observed
source size. For the PACS data the maps are in units of
[Jy pixel~'] while the SPIRE maps (point source calibrated) are
in units of [Jy beam™']. Therefore, to compute the total flux den-
sity included in the (observed) source size, we treated the two
dataset as follows: for the PACS data we simply sum all fluxes
of each pixel within the estimated source size while for the
SPIRE data we multiply the sum of all values within the source
size by a factor of (pixel size/PSF)? at the corresponding wave-
length (Table 4). From these results the emission of NGC 4945 is
resolved in both directions at all but one PACS and SPIRE wave-
length: in particular, at 500 um the emission is resolved in one
direction and unresolved in the perpendicular direction. The pho-
tometric PACS and SPIRE maps are shown in Fig. 3.

3.2. Spectral energy distribution of NCG 4945

We derived the SED combining PACS and SPIRE data with those
obtained at sub-mm wavelengths from Weif et al. (2008) using
Large APEX Bolometer Camera (LABOCA) and from Chou et al.
(2007) using the Submillimeter Array (SMA) within an aperture
of 40” x40” (see Fig. 4). This is a reasonable value to con-
sider most of the emission from the inner regions of the galaxy
at all wavelengths: the aperture considered is shown in Fig. 3

12 SLIM stands for Spectral Line Identification and Modelling of the
line profiles. It identifies the line using the JPL, CDMS and LOVAS
catalogues (Lovas 1992; Pickett et al. 1998; Miiller et al. 2001) as well
as recombination lines.

A166, page 5 of 23


http://herschel.esac.esa.int/hcss-doc-15.0/print/pdd/pdd.pdf
http://herschel.esac.esa.int/hcss-doc-15.0/print/pdd/pdd.pdf
http://www.apex-telescope.org/telescope/efficiency/
http://herschel.esac.esa.int/Docs/HIFI/html/ch05s05.html#table-efficiencies
http://herschel.esac.esa.int/Docs/HIFI/html/ch05s05.html#table-efficiencies

A&A 642, A166 (2020)

250 — = . :T: 3
C - o 9 g ]
— . F 3 ® ® Bo o5 =hoz]
% 2001 ¥ o Lold L8 - ©2%]
— r T T SO s 5 9= © -~ £ -
> = N 5 | e Lo L + = Moo
o 150~ S L A e 5 e
< F o~ N ¥ 3 o 3 : -
o w2 * g < : D
° 100+ 9 151 - * : 3 b
x - = — T Q . . o0 T
2 E8 = o F ‘ s =
“ osofn & ni 3 =
O: A N I R N A S . ‘\:‘ ‘:‘ 1 ‘:
500 600 700 800 900 1000

Dresf [GHZ]
800; ‘g N - - E
E B = N - - E|
700E ~ Tos 7 N = T
— E 'N = 78 N — i wa E
3 B600E & & o T o o, °© o Iz 3 =
— E [ S ol T T - | 5 g E
-az\ 500é gN _: - +CLOI71 1C|) - <\8 - : E
@ E N To R - E
S ,oob X 3 I ‘
o 400 ‘ : P T E
x E A 3
3 300F =
L E E|
200 & =
100; L [ [N | | N g

1000 1100 1200 1300 1400 1500
Z/resf [GHZ]

Fig. 2. SLW (upper panel) and SSW SPIRE (lower panel) spectra corresponding to the peak emission in the same FoV in the rest-frame frequency.
12CO lines are shown in blue while fine structure lines, such as [CI] and [NII], are indicated in red. Other molecular species observed in emission

and/or absorption are shown in green.

for both PACS and SPIRE bands. The flux density obtained in
Weil} et al. (2008) in an aperture of 80" X 80" has been scaled
to our aperture, deriving a flux density of 9.05 (£1.3) Jy (see
Appendix A for details). We also added one FIR data point from
MSX at ~20 um. Other data at shorter wavelengths were avail-
able from MSX, IRAC, and 2MASS catalogs but they were not
included in this analysis because their emission (in the range
~3-17 um) is strongly affected by several emission features from
PAH molecules (see Povich et al. 2007; Pérez-Beaupuits et al.
2018). In Table 5 the derived flux densities are shown.

From the SED fitting we are able to constrain the source size,
Q;, the dust temperature, Ty, and the total mass of dust, Mgy
(as done in Weil} et al. 2008). To properly fit the dust emission
an attenuated black body function (i.e., modified black body) is
considered. The source function, S, of the dust is related to the
Planck’s blackbody function (B,) at the dust temperature (Ty),
the dust opacity (7,) and the source solid angle (€25) according
to the formula:

S, =B, Tg) x (1 —e™) x Q, A3)
while the dust optical depth was computed as

M us
T, = k() % D;‘Q:, @

where D is the distance to the source and k4(v) is the dust absorp-
tion coefficient in units of m*kg~' (Krugel & Siebenmorgen
1994). Here, xq4(v) is related to the 5 parameter according to the
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Table 4. Intrinsic source size using PACS and SPIRE photometric data.

Band- Nominal Intrinsic Flux PSF
Instrument  pixel size source size density

(um-) @) (" x") dy) @)

€)) @) 3) “ (5)

70 PACS 1.6 7.4%3.5(0.5) 258 (5) 55

100 PACS 1.6 8.1x3.7(0.8) 340 (9) 7.2
160 PACS 32 9.3%x2.8 (1.6) 329(19) 115
250 SPIRE 6 13.9%5.8 (2.0) 235(6) 17.6
350 SPIRE 10 21.7x3.8 (3.3) <95@ 239
500 SPIRE 14 163 x <35(4.7) 34(0.3) 352

Notes. Column (1): photometric band and instrument; Col. (2): nomi-
nal pixel size of the instrument for the specific band; Col. (3): intrin-
sic source size (and uncertainty) obtained deconvolving the observed
source size for the corresponding point spread function (PSF) value;
Col. (4): flux density enclosed in the observed source size; Col. (5):
PSF in the different bands. ‘“Lower limit value due to the presence of a
bad pixel enclosed in the observed source size.

relation: kq(v) = 0.04 X (v/250 GHz)?. In this work, 8 was com-
puted using SPIRE, LABOCA, and SMA data, obtaining a value of
2.0 from the linear fit. A source size of 20" X 10" was assumed.

In Fig. 4 the best-fit SED (y2. ~ 4.6; red solid line) is
derived when two component temperatures are considered in the
dust model: a cold dust component at 28 K to fit the shorter
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Fig. 3. Photometric images of NGC 4945 at the PACS (70, 100 and 160 um; fop) and SPIRE (250, 350 and 500 um; bottom) wavelengths. The flux
units have been converted to Jansky for both the PACS and SPIRE data (see text for details). The black circle in each panel identifies a beam of
40” x 40”. From PACS 70 um to SPIRE 500 um wavelengths, an aperture of 40" corresponds to 25, 25, 12.5, 6.7, 4, and 3 pixels, respectively. The

black cross represents the peak emission in each band.

AT
oy |

Fig. 4. SED-fitting results for NGC 4945. The best-fit solution (red solid
line) is obtained when two dust components with temperatures of 28 K
(blue MBB) and 50 K (green MBB) are needed, assuming a source size
of 20” x 10”. The total dust mass obtained from the fit is <107 M. The
SPIRE and PACS data are shown using red and violet squares, respec-
tively. Additional data used in the fit are shown in filled black squares. In
particular, at shorter frequencies the SMA (Chou et al. 2007) and LABOCA
(Weil} et al. 2008) data were added (see text for details) obtaining a 8
parameter of 2.0. At higher frequencies the MSX data point is considered
in the fit while two IRAC data points are only shown for completeness

(in gray).

frequencies and a warm component at 50 K to fit the higher
frequencies. A total mass of dust of ~8 x 10° My, is derived.

Table 5. Continuum flux density values in the FIR and sub-mm wave-
lengths range.

Data Wavelength  Frequency Flux Flux density
density MBB
() (GHz) dy) dy)
&) ) (3) “ ®)
MSX 21.34 14058 6(2) 7
PACS 70 4286 694 (138) 620
PACS 100 3000 988 (198) 1020
PACS 160 1875 753 (151) 845
SPIRE 250 1200 430 (86) 370
SPIRE 350 857 142 (28) 150
SPIRE 500 600 44 (9) 45
LABOCA 870 345 9.1(1.3) 7
SMA 1300 230 1.0 (0.3) 1.4

Notes. Column (1): instrument; Col. (2): central wavelength in
pum; Col. (3): values of Col. (2) in frequency, given in GHz;
Col. (4): flux densities (and uncertainty) in Jansky computed in an aper-
ture of 40” x40”. For the SPIRE and PACS data we consider uncer-
tainties of 20% of the flux density. Col. (5): flux density values of the
total modified black body (MBB) modeled emission (red solid line in
Fig. 4).

Assuming a gas-to-dust ratio between 100 and 150 (see Weil3
et al. 2008), we derived a total gas mass of 7.6-11.4 x 108 M,,.
We found good agreement with the results obtained from
previous works. Indeed, Weil} et al. (2008) derived a total mass
of gas in the central region using an aperture of 80" x 80" of
1.6 x 10° M. Comparing the results of these latter authors with
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Table 6. Results obtained from the SED fitting and from the literature.

T dust M gust Mgy GDR Notes
(K) (10° M) (10% Mo)
() (2 3 )
This work 28+1,50+2 7.6+03 114+05 150
Chou 2007 40 2.4-3.6 3.6+0.7 100 a
Chou 2007 30 3.1-47 47+09 100 a
Weig 2008 20 8-12 158+1.6 150 b

Notes. Column (1): temperature of the dust component in kelvin; Col. (2): mass of dust in units of 10° M. In italic font are shown the two M.
values derived applying gas-to-dust ratios of 100 and 150, respectively, to the Mg, values taken from the literature. Column (3): mass of gas in
units of 108 M,,. Column (4): gas-to-dust ratio considered; Col. (5): notes with the following code: (a) the gas mass was derived using the dust
emission at 1.3 mm according to the Hildebrand (1983) formula (assuming a gas-to-dust ratio of 100); (b) the gas mass of the central region was
derived considering the cold (20 K) and warm (40 K) contributions in an aperture of 80" x 80".

ours, we can conclude that most of the total emission (70%) is
included in a region of 40" x 40”.

On the other hand, Chou et al. (2007) estimated the mass
of molecular gas from the inferred dust emission at 1.3 mm
(i.e., 1Jy; see Fig. 4), assuming a gas-to-dust ratio of 100.
These latter authors assumed a dust temperature Tq, ~ 40K
as inferred from FIR measurements (Brock et al. 1988), then
deriving Mg,s = 3.6 X 10% My, according to their Eq. (1), which
corresponds to a mass of dust in the range ~2.4-3.6 x 10° M.
The mass of dust derived by Chou et al. (2007) is a factor of
between two and three lower than that derived here, and can be
considered as a lower limit. The results of our SED modeling are
summarized in Table 6.

4. Density and temperature determination.
Resolved spectra from HIFI and APEX

4.1. LTE results using MADCUBA

We apply the LTE analysis using MADCUBA (Martin et al. 2019)
to 12CO, 13CO, HCN, HNC, HCO*, CS, [CI], and CH molecules
observed using the high-spectral-resolution HIFI and APEX data.
A source size of 6=20" was assumed (see Sect. 2.2). The
observed spectra and the simulated emission from the LTE
model are shown in Fig. 5. All molecules except '>CO were
properly fitted using one temperature component. Indeed, in the
specific case of '2CO, the emission was fitted using two temper-
ature components (top left panel in Fig. 5): one cold and more
dense, and the other warm and less dense. The cold component
(~20 K; in blue) dominates the emission characterizing the low J
transitions while the warm one (~90 K; in green) dominates the
emission at higher J. The need for two different (LTE) excitation
temperatures Tex to fit all the line profiles is a clear indication
of NLTE excitation due to temperature and/or density gradients.
The physical conditions required to explain the molecular exci-
tation are discussed in the following section.

The combination of low rotational transitions (J=3-2 or
4-3) from APEX with higher rotational transitions from HIFI
(J=5-4 up to 9-8) allows us to better constrain the molecu-
lar column density Ny and excitation temperature 7.x param-
eters for each species (see Sect. 2.2). The typical value of Ny
derived for '>CO with MADCUBA ranges from 4 x 10'® cm™2 up
to 3.2 x 10'7 cm™2, for the warm and cold components, respec-
tively. The Ny and Tex values for the different molecules are
shown in Fig. 6.

According to the LTE analysis, we derived the following
results (see Table 7) for all molecules:
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1. We found three distinct kinematic components for all
molecules: these identify the nuclear bulk (~560 km s7h
and the rotating disk structures which show one blueshifted
(~450kms™") and one redshifted (~690 km s~!) component.
Our result is an agreement with the kinematics derived in pre-
vious works (e.g., Ott et al. 2001; Henkel et al. 2018).

2. All species except '2CO and [CI] were properly fitted
using a single excitation temperature of about 20 K. '2CO needs
two components with excitation temperatures of 20 K and 90 K
while [CI]'? needs one component with a high excitation tem-
perature, Tex ~ 150 K.

3. The typical value of Ny, derived for low-density gas trac-
ers such as '2CO, '3CO, [CI] ranges from 3 x 10'cm™ up to
5% 10" cm™2. For the low-density tracer CH the lowest column
density is achieved (Npoi ~ 10" cm™2). The derived Ny, for the
high-density gas tracers such as HCN, HNC, HCO* and CS has
a lower value of the order of 10'* cm™2. If a smaller source size
were considered (i.e., 6 = 10”), as in Henkel et al. 2018, the col-
umn density values would be increased by a factor of <3.

4.2. NLTE results using the RADEX code

As mentioned above, the need for two different LTE excitation
temperatures Ty to fit all the >CO line profiles (from Jy, =3 up
to 9) is a clear indication of a NLTE excitation of this molecule.
We therefore applied the NLTE RADEX code to derive the volume
gas density of the collisional patter, n(H), in NGC 4945 for each
molecular species'4, and to confirm the molecular column den-
sities, Nmol, and the excitation temperature, Tex, values derived
with MADCUBA LTE analysis, restricted to the rotational J transi-
tions of the specific molecule involved in the analysis (Sect. 4.1).

The RADEX code is based on a NLTE analysis taking advan-
tage of the velocity gradient (i.e., Nyol/Av, the ratio between
the column density, in cm~2, and line width, in km s~'). This
code was used to predict the line emission from all molecules
using all lines simultaneously, and considering a kinetic temper-
ature of 200 K. This assumption is based on the T4 derived for
CO and [CI] (i.e., ~150 K; see previous section). In fact, in the
case of 12CO, we carried out the analysis for two different kine-
matic temperatures: Ty, = 50 K when fitting the cold component
and Ty, =200K for the warm component. A lower Ty;, would
not be able to properly reproduce the line profiles of the '>CO

13 For the [CI] molecule we assumed an extended source size (6, >
207).

14 We excluded the CH molecule because it is not available in the online
version.
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Fig. 5. High resolution molecular spectra from APEX and HIFT for all molecules analyzed in this work. The observed spectra and LTE fit obtained
using MADCUBA are shown in black and red, respectively. For the '>CO molecule, we highlight a cold (blue) and a hot (green) component because
two temperature components were needed to properly fit the emission. For each APEX (J, < 4) and HIFI (J,, >5-9) spectrum, the J transitions
are identified. Other detected molecular species like CH, '*CH and '2CO (in the image band) are shown in green. For each molecule the range in
temperature is the same for all J (APEX and HIFI) transitions with the exception of '>?CO and HCN, which show different ranges to better appreciate
the fainter emission of the HIFI data. The emission is shown in main beam temperature (7yg) in kelvin.

transitions at higher frequencies (e.g., J=6-5). For most of the
transitions observed in this work, except those involving '2CO
levels with energies below 50 K, the choice of the Ty, has a
marginal effect on the derived H, densities and the molecular
column densities.

To derive the H, densities and the molecular column densi-
ties, Niol, from RADEX we tried to fit all the observed 2CO lines
with an isothermal and uniform cloud but did not find a unique
solution. At least two clouds with different densities and/or tem-
peratures were needed to fit all the lines. These results indicate
the presence of molecular clouds with a range of densities and
temperatures within the beam, as expected for the complexity of
the NGC 4945 nucleus. The predicted NLTE '>CO column den-
sities for the two different H, density regimes are similar to those
derived from the LTE analysis. The comparison of the predicted
NLTE T, with the derived LTE values is more complicated as
there is no single NLTE T, but a range of T¢x depending on the
excitation requirements for each transition. The situation is even
more complicated for the case of a nonuniform molecular cloud
with H, density gradients exciting different '>CO lines in differ-
ent regions. As illustrated by the NLTE analysis, lower J lines
will be more sensitive to low densities than the high-J lines. We

subsequently compared the average of the predicted NLTE T¢x
with the LTE T for the range of transitions that dominates the
12CO emission. We find a reasonable agreement between both
temperatures for the low- and the high-J lines corresponding to
the low- and high-density components, respectively.

As expected from the typical density of the ISM in galaxies
over the scales of hundreds of parsecs, most of the high-dipole-
moment molecules (e.g., HCN, CS, HCO") usually have a criti-
cal density much larger than the average H, density of the ISM.
We then derived subthermal excitation (T, > Tex) for all den-
sity gas tracers.

According to our results, we derive a moderate volume gas
density n(H,) for most of the molecules, in the range 10> cm™3
up to 10® cm™. Lower densities are obtained when considering
the low-density gas tracers (e.g., '>CO, [CI]), while higher densi-
ties are derived when studying the high-density gas tracers, such
as HCN, HNC, HCO* and CS (see Table 8). We reproduce the
intensities of all transitions for each molecule with RADEX rea-
sonably well; this is also the case when considering a nonuni-
form cloud (i.e., two H; densities), in agreement with the results
derived using MADCUBA, as in the case of the two-component
model applied to >CO.
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Fig. 6. LTE results derived with MADCUBA for each individual molecular species. From left to right: excitation temperature, T, in kelvin, along
with the molecular column density, Ny, in units of cm™2.

Table 7. Line parameter results derived using MADCUBA.

Line ULSR AU]/Z T;)/[e]z;k Area Notes
(kms™h) (kms™h) (K) (Kkms™h
@ @) 3) “ &) (©)
CO(3-2) 451; 566; 706  90; 109 (20); 90 3.05; 3.58; 2.28 294; 456 (75); 220 a
CO(5-4) 0.19;0.26; 0.13 18;33 (6); 13 a
CO(6-5) 0.052; 0.08; 0.035 5:10(3); 3 a
CO(9-8) - - a,d
CO(3-2) 455; 578; 683  90; 119 (16); 90 0.64; 0.32; 0.64 57.4;34.4(5); 574 b
CO(5-4) 0.35;0.18; 0.35 334;21.1(3);334 b
CO(6-5) 0.44; 0.24; 0.44 42.4;27.7 (4); 42.3 b
CO(9-8) 0.344;0.21; 0.34 33.0; 24.4 (4); 32.6 b
3C0o3-2) 446; 566; 685  90; 148 (21); 90 0.36; 0.31; 0.30 35; 48 (9); 29
BCo(6-5) 0.028; 0.015; 0.020 2.7;2.4 (0.40); 1.9
13CO(9-8) <0.06 <8 c
HCN(4-3) 446; 574; 683  90; 169 (19); 90 0.12; 0.095;0.13 11.33; 17.04 (3); 12.39
HCN(6-5) 0.008; 0.004 ; 0.008 0.90; 0.84 (0.3); 0.90
HCN(7-6) 0.0035; 0.0012; 0.0035 0.34;0.22; 0.34
HCN(12-11) <0.1 <1 c
HNC(3-2) 448; 572; 683  90; 138 (18); 90 0.064; 0.043; 0.063 6.2; 6.4 (0.9); 6.0
HNC(4-3) 0.056; 0.04; 0.059 5.4;5.9 (0.96); 5.7
HNC(6-5) 0.002; 0.002; 0.002 0.22; 0.34 (0.09); 0.22
HNC(7-6) <0.06 <6 c
HCO*(4-3) 450; 580; 685 90; 176; 90 0.13;0.11; 0.14 12.2;21.3; 124
HCO*(6-5) 0.004; 0.004; 0.004 034; 0.66; 0.34
HCO*(7-6) <0.02 <2 c
CS(6-5) 444;564; 671  90; 129 (28); 90 0.023; 0.029; 0.027 2.24;3.92 (1.07); 2.61
CS(7-6) 0.021; 0.028; 0.027 2.03; 3.82 (0.97); 2.54
CS(10-9) <0.02 <2 c
CS(12-11) <0.02 <3 c
CS(13-12) <0.03 <4 c
[CI] 3P, — 3P, 448;568; 688 90; 152 (23); 90 0.24; 0.24; 0.20 23; 39 (8); 20
[CI] P, — 3P, 0.33;0.32; 0.38 33; 52 (10); 37
CH(3/2-1/2) 438; 556; 698  90; 150 (18); 90 0.041; 0.023; 0.037 4.59;4.29; 4.14
CH(3/2-1/2) 0.041; 0.024; 0.037 4.59;3.13;4.14
CH(5/2-3/2) <0.06 <5 c

Notes. Column (1): molecule and rotational transition (J); Col. (2): centroid of the Gaussian component (local standard of rest velocity, v sr)
in kms™'; Col. (3): FWHM of the Gaussian in kms~'. The error values were computed only for the central component for which the FWHM
has been let free to vary. For the blue and red components, the FWHM was fixed to 90kms™!; Col. (4): main beam peak temperature of

—1.

each Gaussian in kelvin; Col. (5): area of the Gaussian component in Kkms™; Col. (6): notes with the following code: (a) cold component;
(b) hot component; (c) 30~ upper limit; (d) the cold component does not exist for this transition.
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Table 8. Results derived from LTE (MADCUBA) and NLTE (RADEX) anal-
yses using Herschel/HIFI and APEX data.

Molecule log Nmol Tex n(Hy) log Npmei Notes
RADEX
(cm™) K)  (em?)  (em™)
(D 2 3) 4 5 6)
2co 16.6-16.8 84-92 59x10* 16.75 a,b
17.4-17.8 16-18 7.3x10° 1741
Bco 16.39-16.59 22-25 3.8x10° 16.35 c
HCN 13.28-13.58 1721 1.2x10° 13.39 d
HNC 13.03-13.05 17-18 14x10° 13.00 d
HCO* 13.29-13.53 15 50x10° 13.76 d
CS 13.11-13.39  26-39 8.0x10° 13.15 d
[CT] 17.57-17.77 103-174 1.0x10° 17.56 e, f
CH 14.32-14.50 10-13 — — e g

Notes. Column (1): molecule; Col. (2): molecular column density (log-
arithmic value) in units of cm™2; Col. (3): excitation temperature in
kelvin; Col. (4): hydrogen volume density obtained using RADEX in
units of cm™3; Col. (5): molecular column density derived with RADEX
in units of cm~2; Col. (6): notes with the following code: (a) two (i.e.,
cold and warm) components fit; (b) all transition detected; (c) J=9-8
not detected; (d) HIFI transitions not detected; (e) only HIFI data; (f)
extended source (>20"); (g) n(H,) and Ny, cannot be derived since this
molecule is not present in the RADEX online code. The kinetic temper-
ature and the source size considered in the RADEX analysis are, respec-
tively, Ty, = 200K and 6, = 20”.

5. Thermal and column density structures from the
12C0 emission at different scales

We study the distribution of the thermal balance and the column
density distribution at different spatial scales using the 2D PACS
and SPIRE data through the analysis of the '>?CO emission over a
wide range of rotational transitions. In particular, the '>CO tran-
sitions at wavelengths from 55 ym to 650 yum were covered: this
molecule is the most abundant in the ISM after H, and there-
fore considered a good tracer of the properties of the bulk of
the molecular gas phase. As shown from the analysis of a lim-
ited number of '2CO transitions (Sect. 4.1), the wide range of
physical properties expected in the nucleus of NGC 4945 cannot
be described by either LTE or simple NLTE modeling. To deal
with the full range of '>CO transitions and the wide range of spa-
tial scales addressed in this work, in what follows we will apply
a “transition-limited” LTE analysis to a given range of transi-
tions sampling specific physical conditions (density and temper-
atures) of the molecular gas. This analysis will allow us to derive
the spatial distribution of transition-limited Ty and Ny, Which
describes the different phases of the molecular gas in NGC 4945.

5.1. Mid-J "2CO at large spatial scale (700 pc—2 kpc)

In this section, we study the warm component using the mid-
and high-J of '?CO rotational transitions from SPIRE long wave-
lengths (SLW; transitions from J,, =4 to 8), and from SPIRE
short wavelengths (SSW; Jy, =9-13). For our study we mainly
focus on the very central regions of the whole FoV, where the
strongest '>CO emission is observed. In particular, a maximum
region of 3 x 3 spaxels at a resolution of 35” (~2 x 2kpc?; see
left panel in Fig. 7) in the SLW map is considered. For each SLW
spectrum we combined the contribution at higher frequencies of

3 x 3 SSW spectra at a resolution of 19” (~1 x 1kpc?) to match
the beam of the SLW spectrum (middle panel in Fig. 7).

When applying the LTE analysis to all SPIRE data, we
derived the excitation temperature and column density for each
(combined) spectrum at the resolution of 35" (~700 pc). From
this analysis, we found higher T in the center and in the north
part of the galaxy possibly affected by the presence of the out-
flow at large scales (see Sect. 1). Lower temperatures are found
in the remaining regions. The column density peaks in the center
showing higher values in the south (middle panels in Fig. 8). At
this spatial resolution the LTE analysis gives good results when
using one temperature component15 .

In order to study the spatial distribution of the heating in this
galaxy we compare the emission in the peak with the emission
integrated in an annular ring around the peak (one spaxel width)
using the same beam for all transitions. We computed the ratio
between the '>CO flux density peak and the corresponding IR
continuum emission at each frequency of the '>CO as a function
of J (hereafter referred to as CO/IR) as shown in Fig. 8 (right
panel). For a spectroscopically unresolved line, as in this case,
the flux density peak (given in W m=2Hz™!, or Jy) is proportional
to its line total flux (W m~2). We then multiply the IR flux density
by the spectral resolution to derive the total integrated IR contin-
uum flux at the wavelength of each line. As all '>CO transitions
have similar line widths'®, CO/IR corresponds to the flux ratio
of each emission line: i.e., Flux(CO)/Flux(IR Continuum). Thus,
the ratio is a dimensionless quantity. Instead of using the total IR
flux, as is usually considered in the literature (see Meijerink et al.
2013), we consider the continuum underlying each '>CO transi-
tion to characterize the '>CO/IR ratio at the specific continuum
value and specific frequency to take into account changes in the
shape of the SED.

We find that the CO/IR values derived in the peak position
are higher (of a factor of <2, within the errors) than those derived
in the ring for all rotational transitions up to Jy, = 10. This trend
changes for J,, > 11 transitions where the emission in the ring
becomes higher (or similar) than that of the peak. This result
suggests the presence of mechanisms able to increase the emis-
sion of '>CO at higher frequencies. In what follows, we study
this issue in detail using higher resolution data, moving from
intermediate to small scales in order to unveil the origin of this
mechanism.

5.2. Mid- and high-J'2CO data within the inner 700 pc (large
to intermediate scales)

‘We now combine SPIRE (SSW and SLW) and PACS data at a res-
olution of 35" (~700 pc). These instruments have different PSFs
(19" and 35” for SPIRE SSW and SLW data, respectively, and
9.4” for PACS). To properly analyze all the '>CO spectra over
the whole frequency range we smoothed all data to the largest
PSF (35”). The reference spectrum in the SLW SPIRE data cube
is the one corresponding to the '?CO peak emission (central
spaxel).

15 In the specific case of the central spaxel, an excitation temperature
of Tex =141 K and column density of log Nco = 16.3 are derived. For
this spectrum a good fit would be also achieved when including a sec-
ondary component, characterized by lower Tex and Nco similar to that
derived for the main component. We finally considered one component
temperature because the flux contribution of the secondary component
was irrelevant (i.e., $10% of the main component flux).

16 In the SPIRE spectra the spectral resolution (FWHM) is proportional
to the wavelength (given in micron), according to the formula: FWHM
[kms™!] ~1.45 x (1/[um]) (see SPIRE manual).
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Fig. 7. From left to right: schematic view of the different FoVs involved in the analysis of SLW, SSW SPIRE, and PACS data. Left: in the SLW
SPIRE map the green square highlights the FoV considered in the analysis (~100”). These data are characterized by a beam of 35" identified by
the yellow small square. Middle: in the SSW SPIRE map the yellow square represents the 3 X 3 spaxels area involved in the analysis. The map
is characterized by a beam of 19” (small black square). Right: in the PACS map the black square identifies a FoV of ~19” (i.e., one SSW SPIRE
spaxel) while the yellow square identifies a FoV of ~35”. The star symbols represent those spaxels where the '2CO emission is observed: in
particular, white stars highlight the spaxels characterized by stronger '>CO emission than that observed in the remaining spaxels marked using
yellow stars. PACS data are characterized by a beam of 9.4”.
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Fig. 8. Left: 12CO(8-7) emission map showing a FoV of 3 X 3 spaxels (35" each; light green square) considered when combining the SSW and SLW
SPIRE data at the same resolution (i.e., 35", large spatial scale). The peak emission (in red) and a ring of one spaxel width around that maximum
(green area) are identified. Middle: excitation temperatures (7.y) and the (logarithmic) column densities (Nco) are derived for each spaxel using
the rotational diagrams. The yellow boxes represent the spectra characterized by high T, and N¢o values. Right: >CO/IR flux ratios computed for
the different J transitions in the SPIRE domain. In red are shown the values derived at the position of the flux density peak (spaxel #5 in the left
panel) while in green the ratios derived integrating the emission in the ring. The ratio between the maximum peak and the ring for each transition
is also shown (i.e., “peak-to-ring ratio”, in blue) divided by 100 (a factor of 100 has to be applied to obtain the real values). The dashed gray
lines identify the lower and upper limit values of the peak-to-ring ratios computed within the errors. Higher >CO/IR values are derived for high J
(Jup =11-10) in the ring structure, implying lower (<1) peak-to-ring ratios.

The SPIRE data were combined as explained in the previous
section while for the PACS data we only combined the emission
observed in eight!” spaxels. Figure 9 shows the SPIRE and PACS
12CO spectra (rotational transition from Jy, =4 up to Jy, =20)
of the central spaxel at a resolution of 35”.

The LTE analysis accurately reproduces the observed '2CO
emission (see Fig. 9 and table below), giving rise to the following
results:

1. Two temperature components are needed to properly fit
the spectra: one warm at ~80 K and the other hot at 330 K.
The hottest temperature is characterized by the lowest molec-

17 The '2CO emission is observed in 12 spaxels in the PACS FoV, as
shown in Fig. 7 using star symbols, but we only combined those spaxels
for which the '>CO emission is stronger (white stars).
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ular column density (Nco ~ 5.2 x 10'® cm™2) while the warm
component is characterized by a higher column density value
(Nco ~ 9 x 10'6 cm_z).

2. Two different source sizes characterize the warm and hot
components: for the warm component a source size of 20" was
assumed (see Sect. 2.2) while for the hot component a source
size of ~7"" was derived from the fit.

5.3. Heating at intermediate scales (360 pc—1 kpc) from SSW
SPIRE and PACS data

In this section we first focus on the analysis of the emission
observed at intermediate scales described using SSW SPIRE
data. At these scales the differences in '>CO/IR found in the ring
(0.36-1 kpc, or 19”-57"") and those derived in the central spaxel
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Fig. 9. Top: averaged SLW, SSW SPIRE (J,, =4 up to 13), and PACS
12CO spectra (Jy,=15 up to 20) of the central region combined
together at the same resolution (35”). The original spectra are shown in
black while the total simulated 2CO emission obtained from the LTE
approach is shown in blue. Other molecular species like [CI] and OH
are identified in emission (green). Bottom: table from MADCUBA showing
the output parameter values (i.e., column density Nco, excitation tem-
perature Ty, vsr, FWHM of the line as well as the source size) deriving
different source sizes for the cold and hot components.

(<360 pc) become significant. A FoV of 3 x 3 spaxels (~1’ x 1)
is considered, which corresponds to the observed extension of
the high-J '2CO emission in this galaxy (mainly found in the
disk plane). The '>CO/IR distribution in each'® spaxel is shown
in Fig. 10: an increase in '>CO/IR is apparent in the central
spaxel (spaxel #5) and in the northwest direction (spaxel #3)
for the rotational transitions Jyp, =9 and 10. This increase at
higher J seems to follow the direction of the outflow observed
in the X-ray band by Chandra (see Sect. 1). Assuming that the
X-ray outflow is responsible for such an increase in these direc-

18 The spaxels were numbered according to their position in the FoV.
Those for which no data are shown implies that no '?CO emission was
detected.

tions, we normalize the emission of each spaxel to the central
one. In the ring we then derived the highest 2CO/IR in the disk
plane of the galaxy for Jy, =12 (i.e., northeastern (#1), west-
ern (#6) and southern (#8) spaxels; see Fig. 10 right panel). At
these spatial scales the increased emission at higher frequen-
cies (Jup = 11-12) suggests that other mechanisms, like shocks,
could also be at work. In principle, we excluded the (pure) PDR
process as responsible for this increase at such high frequencies
(see Sect. 6.1 for further details).

In the next step, we combine the SSW SPIRE spectra with
those from PACS at higher frequencies, smoothing the PACS
data to the SSW SPIRE resolution (beam 19”). In this case, for
each SSW spectrum we combined (averaged) ~3—4 PACS spectra.
Unfortunately, only half of the PACS spectra presented detections
to be considered in the data. In particular, for the spaxels #1, #5,
and #8, the 2CO emission from SPIRE and PACS were consid-
ered, while for the remaining spectra (#3, #4 and #6) we only
considered the SPIRE emission (Fig. 11, bottom). For all of them
we applied the LTE analysis which allowed us to derive the Tex
and Ny, parameters in each spaxel (Fig. 11, top panel) at the
resolution of 19”. From this analysis we found high T in the
disk and in the south direction where a maximum value is found.
For these spaxels (#1, #5 and #8), two component temperatures
are needed to properly fit the spectra.

The column density Nco shows a maximum in the central
spaxel for both the warm and hot components (Nco =5 X 10'°
and 6.3x 10" cm™2) and slightly lower values in the south
(Nco = 10" and 2x 10'7 cm™). In the disk plane column den-
sities <10'® cm™2 are derived.

5.4. Heating and density distribution at small scales
(<200 pc) using PACS

We now focus our attention on the >CO emission observed at
higher frequencies with PACS. At this resolution (9.4”) we are
covering spatial scales of the order of <200 pc. The observed
PACS spectra along with the simulated LTE results obtained with
MADCUBA'® are shown in Fig. 12. From the rotational diagrams
(Fig. 13) we obtained the Tex and Ny, for each spaxelzo. From
this analysis we found that the highest temperatures (846 K and
871 K) are not found in the nucleus but in two spaxels located
closed to the nucleus in the northern and southern spaxels. These
are mainly located in the disk plane of the galaxy. On the other
hand, the nucleus is characterized by T.x ~ 360 K. Lower T
are found above and below the disk plane (from ~240K up to
~330K).

According to this result, mechanical heating seems the most
probable mechanism able to explain the spatial distribution of
the excitation temperature at this scale. Indeed, if the X-ray emis-
sion were dominating the nuclear region one would expect the
highest excitation temperature in the nucleus. In order to exclude
the presence of a XDR in the central spaxel, we derived the
intrinsic excitation temperature, correcting the observed T for
the nuclear extinction. We thus apply the extinction law:
Iilnt — I;)bs % e'r/{’

&)

19 The fit results were obtained applying the Gaussian line fit (see
Martin et al. 2019).

20 The uncertainties on T, and Nco were computed considering the
worst possible case (i.e., half the difference between the two extreme
slopes), and so they can be considered upper limit errors (30).
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Fig. 10. Bottom left: SPIRE SSW '>CO emission maps showing the nine spaxels involved in the analysis. Top left: hard (green) and soft (red) X-ray
emission from Chandra from Marinucci et al. (2012) of the outflow observed in the central region (~1’ x 1’) in NGC 4945. Middle: '>CO/IR results
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where 7, can be derived following the relation:

B
100,um) . ©

TA = T100um X ( 1

The optical depth 7109,m is derived at 100 um from the con-
tinuum SED fitting (i.e., T100,m ~ 1.2) with £=2.0 (Sect. 3.2),
assuming that the gas is homogeneously mixed with the dust. For
each PACS spectrum of the nuclear spaxel we applied the extinc-
tion law associated to the specific wavelength. The corrected
excitation temperature of the central spaxel is ~470 K, far below
the values obtained in the surrounding regions (~850K). We
therefore deduce that the dust opacity does not play an impor-
tant role in our overall conclusions. Even the AGN interaction
does not seem to have a strong impact on the thermal structure
of the source at large spatial scales.

According to the results obtained from large to small scales
we summarize the distribution of T in Fig. 14 (top panel). The
excitation temperature distribution of PACS data is in good agree-
ment with that derived using SSW SPIRE data.

For what concerns the molecular column density Nco, the
highest values are found in the nucleus corresponding to mod-
erate excitation temperatures, while lower column densities are
found to correspond to maximum temperatures in the disk. In
Fig. 14 (bottom panel) we report the distribution of N¢g at dif-
ferent spatial scales. In Table 9 we summarize all the excitation
temperature T.x and column density Nco values derived at dif-
ferent spatial scales.

5.5. The dust and gas in a multi-phase ISM

The trend we find in our '2CO column densities, Nco, as a func-
tion of the rotational levels J involved in the LTE analysis shows
a gradient in both the H, density and the kinetic temperature,
and a decreasing column density of the hot gas for increasing
J, as expected from a multi-phase molecular clumpy medium.
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As the quantum number J of the transitions used in the analy-
sis increases, the physical conditions required for their excita-
tion change according to their critical densities and the energy
above the ground state of the levels involved in our study. Indeed,
we see large changes in temperature from 20 K for the mid-J to
400 K for the high-J transitions (see Table 9). This is consis-
tent with the picture of the multi-phase molecular ISM described
above. Therefore, the '>CO column densities, Nco, will decrease
from the HIFI to the PACS data analysis because the amount
of dense and hot gas measured by the high-J transitions is
much smaller than the cold-warm gas measured from the low-J
transitions.

We could use the ratios between the column densities from
the different instruments to roughly estimate the fraction of
the warm-hot molecular component to the cold component. In
particular, the cold-warm component at ~20K is character-
ized by N('2?CO¢olg—warm) = 10'7° cm™2, the warm component at
90 K shows N("2COyqm) < 10'7 cm™2 , while the hot component
at ~370K is characterized by N('>?COpy) ~ 10" cm~2. In addi-
tion, the coldest component traced by the J=1-0 and J=2-1
transitions has a '>CO column density of 9.6 x 10'8 cm2 for a
source size of 20” x 20" (Wang et al. 2004), about one order
of magnitude larger than the cold—warm component. Thus, the
ratio between the cold—warm (CW) and hot (H) components
with respect to the cold (C) component is CW/C=0.05 and
H/C =107*: these values correspond to a larger column density
of the cold—warm component than that of the hot component
(CW/H) by a factor of ~500.

From our results we can also estimate the total molecu-
lar hydrogen column densities, N(H;). From the SED fitting
analysis we derived a total molecular mass of 7.6 10% M, for
the typical GDR =100. Furthermore, the Ny, obtained for the
size of the dust emission of 20” x 10” corresponds to Ny, ~
7 x 10?* cm=2. To properly account for the total column den-
sity Nco we need to consider the '>CO column densities derived
for all the components discussed above and scale them (i.e.,
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Fig. 12. Left: observed '2CO PACS spectra (black) along with the sim-
ulated Gaussian fit results (blue). The respective rotational transition
(J +1 — J) is shown for each spectrum. The flux emission is shown
in main beam temperature (7). The OH emission lines close to the
12C0O(16-15) transition are also observed (see Fig. 9).

multiply by a factor of approximately two) to the size of the
dust emission of 20" x 10”. After the correction for the different
source sizes, the total >CO column density is ~2 x 10! cm™
which translates into a molecular hydrogen column density of
Ny, ~ 2 x 10% cm™2 for the '>CO fractional abundance of 107,
This is a factor of approximately three lower than that derived
from the SED fitting analysis which is likely within the uncer-
tainties in the sizes, the dust absorption coeflicient, the fractional
abundance of '2CO, and the GDR we have considered. Assum-
ing the standard conversion:

Ny, = 9.4 x 10°Ay [cm™], (7)

from Bohlin et al. (1978) (see also Kauffmann et al. 2008; Lacy
et al. 2017), we derive very large visual extinction in both cases
(>200 mag) as a result of the derived column densities.

We therefore find that the hydrogen column densities derived
from the SED fitting approach and '>CO analysis are in good
agreement. These values are higher than those derived for some
local AGN- and starburst-dominated galaxies like NGC 1068
(Garcia-Burillo et al. 2014; Viti et al. 2014) and NGC 253
(Pérez-Beaupuits et al. 2018), but similar to those derived for
Compton-thick type 2 Seyfert galaxies like Mrk 3 and NGC 3281
(Sales et al. 2014).
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Fig. 13. Rotational diagrams derived for PACS data. The excitation tem-
peratures (Tex) and the (logarithmic) column densities (Nco) with their
respective uncertainties are derived for each spaxel.

Furthermore, the typical molecular fractional abundances
observed in starburst galaxies derived using high-density gas
tracers like [HCN]/[Hz] (=Xucn) are of the order of 107° (see
Wang et al. 2004; Martin et al. 2006). The derived column den-
sities between '2CO and HCN from our LTE analysis are of the
order of Nco/Nucn ~ 10'7/10'3 ~ 10*. This is the same ratio as
that obtained when considering the fractional abundances rela-
tive to Ha: Xco = 107* and Xgen = 1078 (see Martin et al. 2006).

6. Discussion
6.1. Gas heating mechanisms

Distinguishing among the heating mechanisms, such as for
example the photoelectric effect by UV photons (PDRs) or
XDRs and mechanical processes like shocks, stellar winds, and
outflows, is not straightforward, and in most cases a number of
mechanisms coexist with different contributions depending on
the spatial scale. Many works have addressed this issue by mod-
eling the effect of different mechanisms and comparing the pre-
dictions with '>CO observations of galaxies with different types
of activity like SB galaxies, such as M 82 (Panuzzo et al. 2010;
Kamenetzky et al. 2012) and NGC 253 (Rosenberg et al. 2014a;
Pérez-Beaupuits et al. 2018), AGN-dominated galaxies, such
as NGC 1068 (Spinoglio et al. 2012; Hailey-Dunsheath et al.
2012) and Mrk 231 (van der Werf et al. 2010; Mashian et al.
2015), and composite AGN-SB galaxies, like NGC 6240 (e.g.,
Meijerink et al. 2013). The '>CO emission is strongly affected
by the specific mechanism(s) (or by the combinations of them)
at work in each galaxy, and some differences can be highlighted
between them. For example, when PDRs dominate the emission,
the 2CO emission increases up to rotational transition Jy, =5
and then decreases. In the presence of XDRs or shocks the con-
tribution of the >CO emission increases up to high (J,, > 10)
frequencies.
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Fig. 14. Excitation temperature and (logarithmic) column density distributions at different spatial scales as derived using SPIRE (SLW, SSW) and
PACS data. The yellow squares identify the spaxels with high values for each parameter.

Table 9. Summary of the several T, and N values derived for the '>CO molecule at different resolutions.

Spatial scale Spatial resolution Instrument Jup levels Number of Tex Nco Figure/
(arcsec, pc) components (K) (cm™?) Table
) (2) 3) “) (5) (6) ) (3)
Intermediate 207, <400 APEX, HIFI 359 2 17,90 17.6, 16.7 F5/T8
Large 35", <700 SPIRE SLW & SSW 4513 1(2@) 141 16.3 F8, F14
Large—intermediate 35", <700 SPIRE SLW & SSW, PACS 4—-20 2 82,330 ~17,16.7 F9
Intermediate 19”7, <400 SPIRE SSW, PACS 9—-20 2 48,323 17.8,16.7 Fl11,F14
Small 9.4”, <200 PACS 15—-20 1 364 (470 ®) 149 (14.86) F12,F13,F14

Notes. Columns (1-2): spatial scale and spatial resolution of the data analyzed; Col. (3): instrument with which the analysis was performed;
Col. (4): (upper) rotational transition J,, range involved in the analysis accordingly to the instruments considered, listed in Col. (3); Col. (5):
number of components used in the fit; Col. (6): excitation temperature of '>’CO molecule in kelvin; Col. (7): column density of 2CO molecule
in cm™2; Col. (8): figure (F) and/or table (T) showing the results in each specific case; @see Sect. 5.1 for details; ®see Sect. 5.3 for

details.

The '?CO spectral line energy distribution (hereafter, '2CO
SLED) for a large variety of systems has been used in the litera-
ture as a powerful tool to derive the physical parameters charac-
terizing the molecular gas phase. The left panel of Fig. 15 shows
the 12CO SLEDs for different kinds of galaxies; most of the 2CO
fluxes shown are taken from the work by Mashian et al. (2015,
and references therein). This plot can be used for direct compar-
ison of the '2CO SLEDs of the different systems up to high J
transitions.

We selected three different kinds of galaxies for compari-
son: (1) AGN-dominated, (2) SB-dominated, and (3) AGN-SB
composite galaxies. Among the AGN-dominated systems, we
selected the prototype (Sy2) NGC 1068 and (Syl) Mrk 231. The
former shows strong '2CO line emission above J,, =20 while

Mrk 231 shows a '>CO SLED shape that is relatively flat for the
higher-J transitions. In both cases, Mashian et al. (2015) and van
der Werf et al. (2010) claim that the results are consistent with
the presence of a central X-ray source illuminating the circum-
nuclear region. Hailey-Dunsheath et al. (2012) also found that in
NGC 1068 the gas can be excited by X-rays or shocks although
they were not able to differentiate between the two. For repre-
sentative SB galaxies, we selected M 82 and NGC 253. Panuzzo
et al. (2010) found that the '>CO emission in M 82 peaks at
Jup =7, quickly declining towards higher J. These latter authors
argued that turbulence from stellar winds and supernovae may be
the dominant heating mechanism in this galaxy. Rosenberg et al.
(2014a), studying NGC 253, concluded that mechanical heat-
ing plays an important role in gas excitation, although heating
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Fig. 15. Left: comparison of '2CO SLEDs (normalized to the '>CO(1-0) flux of each specific source) obtained from different sources. Starburst,
AGN, and AGN-SB sources have been considered. A >?CO SLED of a SMG at high-z analyzed by Cafiameras et al. (2018) is also shown. Different
colors identify the galaxies while different symbols indicate the types of objects. In each group, the following galaxies have been selected: M82
and NGC 253 as SB, NGC 6240 and NGC 4945 as AGN-SB composite galaxies, and NGC 1068 and Mrk 231 as AGN-dominated galaxies. The
galaxy G244.8+54.9 has been chosen as representative of SMG at high-z, for which the authors derived log ngs ~ 5.1cm™ and log Gy ~ 3.7
(Habing units). Right: results of the '2CO SLED of NGC 4945 from J = 1-0 through 20-19 applying the Kazandjian et al. (2015) mechanical
heating models. The black points are the observed '2CO fluxes obtained from ground-based observations (Hitschfeld et al. 2008) while in green
are the data from this work. The fit was constrained to three PDR models, all of them with some contribution of mechanical heating (mPDR),
displayed in green, magenta, and blue. Dashed gray lines show the other best-fit results for the three PDRs. The dashed blue line is also shown
to represent a model with the same n,,; and G, parameters as those characterizing the PDRIII model but with no mechanical heating contribution
(@ =0). The red line represents the best fit with the minimum szed (~0.8) while the light red area shows the combination of other best fits with
slightly higher y? (<1.4). The H, density (i.e., ng, in logcm™), Gy (log Habing flux), and percentage of mechanical heating @ values are shown

in the legend for the three best-fit components.

by UV photons is still the dominant heating source. The results
from Pérez-Beaupuits et al. (2018) are also in agreement with
those presented by Rosenberg et al. (2014a). We then selected
the AGN-SB composite galaxy NGC 6240 for our analyses. Its
12CO SLED shows a similar shape to that of Mrk 231 but this
is characterized by clear evidence of both shocks and mechan-
ical heating (Meijerink et al. 2013). The '>CO SLED of one
high-z dusty starburst sub-millimeter galaxy (SMG) analyzed by
Canameras et al. (2018) has been also considered.

We then derived the '>CO SLED for our AGN-SB com-
posite galaxy NGC 4945 (Fig. 15). Comparing the different
12CO SLEDs normalized to the '2CO(1-0) flux of each indi-
vidual galaxy, NGC 4945 seems to show a similar behavior to
that found in Mrk 231 (AGN-dominated object) and MS82 (SB
galaxy) up to Jy, ~ 8; it then resembles Mrk 231 at 8 < Jy, < 13,
before finally showing a trend in between those shown by Mrk
231 and NGC 6240 (AGN-SB galaxy) in the range 14 < J,, <
20. The similarity of the '>CO SLED shape at higher J transitions
to those characterizing Mrk 231 and NGC 6240 provides clues
as to the presence of X-ray or shock mechanisms dominating at
higher frequencies.

6.1.1. The dominant heating in NGC 4945

In order to quantify the contribution of the different heating
mechanisms in NGC 4945 we applied the Kazandjian et al.
(2015) models to investigate the effects of mechanical heating on
molecular lines. According to their models, these latter authors
found that the emission of low-J transitions alone is not good
enough to constrain the mechanical heating (hereafter, I'yech)
while the emission of ratios involving high-J (and also low-J)
transitions is more sensitive to I'yech. The strength of T'ipecn 1S
parametrized using the parameter @, which identifies the ratio
between the mechanical heating, ['yecn, and the total heating rate

A166, page 18 of 23

at the surface of a pure PDR (no mechanical heating applied),
[sure. This ratio can take values between 0 and 1. In particu-
lar, @ =0 corresponds to the situation in which no mechanical
heating is present in the PDR, while o = 1 represents the model
where the mechanical heating is equivalent to the heating at its
surface (see Rosenberg et al. 2014a; Kazandjian et al. 2015).
In their models, Kazandjian et al. (2015) assume that mechani-
cal feedback processes like young stellar object (YSO) outflows
and supernova (SN) events are able to heat the dense molecular
gas. The former inject mechanical energy into individual clouds,
while the latter inject mechanical energy into the star-forming
region amongst the PDR clouds by turbulent dissipation. The
mechanical energy liberated by these events is then deposited
locally in shock fronts (see Loenen et al. 2008; Kazandjian et al.
2015).

For NGC 4945 we considered the observed 'CO fluxes up
to Jup = 16 (PACS data). In order to properly constrain the '*CO
SLED, we complement our SPIRE and PACS data with ground-
based data obtained by Hitschfeld et al. (2008) at lower J tran-
sitions (J < 4) using NANTEN2. The angular resolutions used in
their work for the '>CO transitions from Jup =1 to 4 vary from
45" to 38" (see Table 2 in their work). We scaled all these data
using the largest angular resolution of 35" as derived from the
Herschel data.

The model which better reproduces our data has been iden-
tified by the use of the minimum reduced chi-square®! value

2 ~0.8). The results are shown in Fig. 15 (right panel).

red

According to the best-fit result we find that NGC 4945 is

2l The x?%, has been computed according to the formula x?2, =

M2 . .
Zﬁ’l (%) /N,. Here, N, is the number of degrees of freedom (i.e.,
the number of observed data points used in the fits), O; and M; are the
observed '?CO fluxes and the flux model values for the ith point, and o-;

is the corresponding observed flux error.
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characterized by medium to high gas density (log ng.s =3.0—
5.0cm™3) and FUV incident flux, Go??, ranging from 10 up
to 10%. We properly fit the observed '>CO emission using
three PDR functions (mPDRI, mPDRII, mPDRIII), all of them
requiring additional mechanical heating. Two of them (mPDR,
mPDRII) have @ =0.1 while the third model (mPDRIII) has
a=1.0 (or 0.75 according to the second-best fit value). For
mPDRY, the « value translates into [peep ~ 4 X 10724 erg sl em
while mPDRII is characterized by ey ~3 X 1072 ergs™! cm™2.
For mPDRi, the highest mechanical heating is achieved,
Cech ~ 3 x 10719 erg s~lem™2. According to these results, it is
apparent that mechanical heating is needed to reproduce the
observed data. Indeed, in contrast to the results derived for the
SB galaxies NGC 253 (Rosenberg et al. 2014a; Pérez-Beaupuits
et al. 2018) and Arp 299 (Rosenberg et al. 2014b), the shape of
the '2CO ladder of NGC 4945 is flatter at higher J transitions
(PACS; left panel in Fig. 15). In our case, the contribution of
shock (or turbulent) heating is the main source of excitation for
12CO emission at Jup >9-10. On the other hand, photoelectric
heating seems to be the main source of heating at low- and mid-J
transitions (Jyp < 10).

These results confirm that at a resolution of 35", physical
processes like turbulent motions or shocks are able to excite
the gas mechanically in the central region of NGC 4945. In the
following section, we propose a plausible interpretation of the
mechanical heating able to explain the emission of the high-J
12CO lines detected with PACS.

Cafameras et al. (2018) analyzed a sample of sub-mm galax-
ies at high-z, deriving the Go and ng,s parameters. For their
sample, they derived a typical gas density and a FUV radia-
tion field in the range log ng,s ~ 4-5.1 cm™ and log Gy ~2.2-4.5
(in Habing units), comparing their values with those derived by
Malhotra et al. 2001 for normal star-forming galaxies, namely
log ng,s =24 cm™ and log Gy ~2.5-5 (in Habing units), and
with those derived by Davies et al. 2003 for local ultra luminous
infrared galaxies (ULIRGS): 10g n1g,s =45 cm™ and log G ~ 3—
5 (in Habing units). The values shown in Fig. 9 in their work
can be used to compare our results with those obtained for these
samples. For instance, in the case of the SB galaxy NGC 253
(Rosenberg et al. 2014a), a (mean) density of log ng, ~ 5.1 cm™
and FUV radiation field of log Gy ~5.0 can be derived. For
NGC 4945, we obtained (mean) values of log ng,s ~ 4.6 cm~ and
log Gy ~5.5. Our results place NGC 4945 in the region covered
by local SB galaxies (as NGC 253) and ULIRGs with similar
density but characterized by higher FUV radiation.

From the results presented by Hollenbach et al. (1991) we are
also able to derive a first-order estimate of the incident FUV flux
radiation, Gy, assuming FUV heating from the dust properties
derived in Sect. 3.2 following the equation:

Go=37%x10" Tipoum T ®)

We used the opacity 7 computed at 100 um (7100um ~ 1.2)
estimated from the SED fitting assuming that the dust temper-
ature is similar to the equilibrium dust temperature at the sur-
face of the emitting region. Based on the SED fitting results
(Sect. 3.2), we obtain two dust temperature components from
which we derive log Gy~ 5.8, similar (slightly higher) to that
found for the cold component in NGC 253 (i.e., log Gy ~5.5;
see Pérez-Beaupuits et al. 2018) and consistent with that found
from the models (~5.5).

22 Gy is expressed in “Habing units”: Gy = 1.6 x 103 ergs™' cm™ (see
Habing 1969).

On the other hand, the ny, densities derived from the LTE
and LVG models applied to the '>CO molecule using HIFI and
APEX data are in the range of ny, < 10*-~10° cm=3. These values
are in good agreement with the densities derived with the PDR
model (ng, ~ 10°~10° cm™3).

6.1.2. Mechanical heating: the bar potential

According to the results derived in the 2D thermal structure anal-
ysis performed at different spatial scales (from <200 pc to 2 kpc)
and focusing on the emission of the '>CO molecule from the
J=4-3 to 20-19 transitions we can make the following conclu-
sions for the four regions:

— 700 pc-2kpc: The '*CO/IR ratio of the low-J lines (Jup <
10) is larger by a factor of <2 in the inner 700 pc than
in the surrounding region (2 kpc). However, for mid-J lines
(Jup = 11-13), the 2CO/IR values are similar in both regions.

— Inner 700 pc: The LTE analysis of the inner 700 pc, which
includes the whole range of '2CO lines (from J,, =4 to 20),
shows that the '>CO emission can be explained by a two-
component model with temperatures of 80 K and 330 K and
source sizes of about 20" (400 pc) and 7" (~150 pc), respec-
tively.

— 360pc-1kpc: The '>CO/IR ratios peak at the mid-J
(Jup =9, 10) lines in the central and northwest spaxels: this
is in very good agreement with the distribution of the X-ray
outflow (i.e., perpendicular to the disk of the galaxy, in the
northwest direction). Normalizing for this contribution, we
derive increased '>CO/IR ratios for the highest mid-J lines
(Jup =11 and 12) in the ring structure, in particular along the
galaxy plane and toward the west. This result lets us argue
that shocks probably dominate at these frequencies.

— Inner 200pc-360pc: The LTE analysis of the high-J
12CO lines confirms the trend found at larger scales. The
highest temperatures (~560 K) are found around the nucleus
(T ~ 360K, after correcting for the nuclear extinction), in
the north—south direction along the galaxy disk.

We thus find a clear trend in the distribution of the excitation
temperatures and the '>CO/IR ratios. At large scales (>700 pc),
the highest temperatures are found toward the nucleus and the

north, with moderate temperatures in the south. The high tem-
peratures in the north might be related to the large-scale X-ray
outflow. It is remarkable that, at almost all scales <700 pc,
the highest temperatures are not found toward the nucleus but
toward the disk. As found at large scales, at intermediate scales
(360 pc—1 kpc) we also see high temperatures in the direction of
the X-ray outflow. At the smallest scales (~200 pc), we clearly
see that even if the largest column density is found in the nucleus,
the highest temperatures are found in the disk.

This result is an agreement with that derived by Lin et al.
(2011). In their work these latter authors analyzed the 2co2-
1) emission of the central region (20" x 20”) of this galaxy in
detail using SubMillimeter Array (SMA) data, mainly focusing
on its circumnuclear molecular gas emission. They showed that
the S-shaped structure of the isovelocity contours can be well
reproduced by the bending generated by a shock along the spi-
ral density waves, which are excited by a fast rotating bar. As
a result, their simulated density map reveals a pair of tightly
wound spirals in the center which pass through most of the ring-
like (claimed to be a circumnuclear SB ring by other authors)
high-intensity region and also intersect several Pac emission line
knots located outside the ring-like region (Fig. 16). According to
their scenario, the inner region of NGC 4945 is characterized by
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Fig. 16. Comparison between the results obtained at small scales using PACS (left) with those derived in Lin et al. (2011) (right). Left: excitation
temperature (7y; red colors) and column density (log Nco; blue colors) values derived using PACS data for the inner spaxels. The highest temper-
atures are found in correspondence of the two spaxels closed to the nucleus, in the northern and southern directions, while the peak in the column
density is found in the central spaxel. Right (back): simulated spiral density waves overplotted to the velocity structure (Lin et al. 2011) in a FoV
of 20” x 20”. High density values are in red while lower values are in blue. Right (front): corresponding PACS spaxels overplotted onto the same
FoV to show the respective excitation temperature distribution derived from PACS data. Higher values of the simulated density map reveal a pair of
tightly wound spirals in the center which correspond to the highest Nco and lower T in PACS data. On the other hand, lower values in the surface
density correspond to higher T, and lower N¢o according to PACS. North is at the top and East to the left.

high column density surrounded by lower values in the nearby
spaxels. As shown in Fig. 16, high-density regions correspond to
low temperatures, and vice versa, in very good agreement with
our PACS results.

Our data do not have the high angular resolution required
to reveal the distribution of the thermal structure of this region.
However, Henkel et al. (2018), using ALMA data, find their
results to be in good agreement with the simulated results pre-
sented by Lin et al. (2011). As mentioned in Sect. 1, Henkel
et al. (2018) find the presence of a dense and dusty nuclear disk
(10" x 2") which encloses an unresolved molecular core with a
radius of <2” (of the same size as the X-ray source observed with
Chandra). At scales larger than those shown by Lin et al. (2011),
Henkel et al. (2018) also observed the presence of two bending
spiral-like arms (one in the west turning toward the northeast
and one in the east turning toward the southwest) at a radius of
~300 pc (~15”) from the center. The arms are connected through
a bar-like structure with a total length of < 20" along the east—
west direction. These latter authors also propose the presence of
an inflow of gas from 300 pc down to 100 pc through the bar (see
Fig. 26 in their work).

At the spatial scales sampled by our data, we find good
agreement between the presence of a bar-like structure and
tightly wound spiral arms (see Ott et al. 2001; Chou et al. 2007,
Lin et al. 2011; Henkel et al. 2018 and our results). Accord-
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ingly, the mechanical heating produced by shocks, and possibly
also driven by the outflow and by the bar potential, dominates in
NGC 4945 at scales 520" (<5360 pe).

6.2. Dust heating

Understanding the nature of the source that heats the dust in the
nuclear regions of NGC 4945 is a topic under discussion. Many
works suggest that the circumnuclear starburst, rather than the
AGN activity, is the primary heating agent of the dust.

From the work by Brock et al. (1988), we know that <80% of
the total infrared emission of this object is enclosed in a region
no larger than <12” x9”. This size is comparable to the contin-
uum source we derived from the multi-wavelength SED fitting
analysis (20" x 10”") and for which we find two dust tempera-
tures of 28 and 50 K. Within this area we find a total mass of dust
of <107 My, in agreement with previous works (Weil} et al. 2008;
Chou et al. 2007). The dust temperature we obtain is lower than
the excitation temperature of the mid-J '>CO, characterized by
energies from 55 K to 500 K above the ground state, as expected
from mechanical heating.

Similar continuum source sizes at millimeter wavelengths
have been derived by Chou et al. (2007) and Bendo et al. (2016).
Chou et al. (2007) derived a deconvolved continuum source size
of 9.8 x5.0” at 1.3 mm and slightly smaller (~7.6"” x2.0"”) at
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3.3 mm. These emissions are not aligned with either the starburst
ring or the larger galactic disk observed in Paa by Marconi et al.
(2000).

The size of the continuum source derived by Chou et al.
(2007) at centimeter wavelengths is much smaller (i.e., 7.4” X
3.4 at 21 cm) than that measured at 1.3 mm. Furthermore, the
centimeter continuum source size and inclination are compara-
ble with those of the starburst ring (i.e., ~5”” or 100 pc-scale and
position angle ~45 degrees). Chou et al. (2007) proposed that
at cm wavelengths the star formation activity (as SN events) in
the SB ring can produce the nonthermal (synchrotron) emission
which dominates at these wavelengths. They conclude that the
dust emission dominates at 1.3 mm (and at 3.3 mm, with a radius
of 4.9”), mainly heated by the star formation activity. The dif-
ferent origin of the dust emission at mm and cm wavelengths
helps us to understand the different continuum source sizes
obtained.

On the other hand, Bendo et al. (2016) analyzed the con-
tinuum emission at 85.69 GHz and the H42a emission line
deriving a comparable size (~7” %X 1.7"") to those measured by
previous works at similar frequencies and emission lines (Ott
et al. 2001; Cunningham & Whiteoak 2005; Roy et al. 2010).
Bendo et al. (2016) support the hypothesis that if the gas around
the nucleus were photoionized by the AGN then they would
expect to see a central peak excess in their exponential disk
model (with scale length of 2.1”). Indeed, the spatial extent of
the emission derived in their work, and the absence of the peak
excess and of any broad line emission, suggest that both (con-
tinuum and line) emissions originate from the gas photoionized
from the circumnuclear SB, and not from the AGN.

Our results suggest that star formation (in the circumnuclear
SB) is the main driving activity able to heat the dust. Unfortu-
nately our data do not have the high angular resolution required
to reveal the distribution of the thermal structure of the inner
region. Continuum observations at higher angular resolutions,
such as those feasible with the Stratospheric Observatory For
Infrared Astronomy (SOFIA; Young et al. 2012) airborne obser-
vatory, are required to obtain photometric measurements of the
dust continuum in the FIR in order to disentangle and character-
ize the contributions from the SB and the central AGN.

7. Summary and conclusions

We used data from the HIFI, SPIRE, and PACS instruments
onboard the Herschel satellite and APEX to study the properties
of the molecular ISM in the nearby galaxy NGC 4945, a remark-
able prototype AGN-SB composite galaxy. The spectroscopy
data presented in this paper include a combination of low- and
high-density molecular gas tracers such as '>CO, '*CO, HCN,
HNC, CS, [CI], HCO" and CH. The main focus of the paper is
to study the spatial distribution of '>CO emission over a large
frequency range covering transitions from J=3-2 to 20-19 by
combining all data available from the instruments mentioned
above. We also preset the SED of the dust continuum emission
from 20 um to 1.3 mm.

Under the assumption of LTE (analysis using MADCUBA) exci-
tation, we derived the excitation temperature 7.x and the molec-
ular column density Ny, for 2CO, 3CO, HCN, HNC, CS, [CI],
HCO" and CH by combining HIFI and, when available, APEX
data. The highest column densities are found for 12c0, BCo,
and [CI], ranging between log Ny ~ 16.5-17.5 cm~2. For the
remaining molecules, we derived a column density in the range
log Npyoi =13-14 cm~2 and T,y between 20 and 30 K. Accord-
ing to the NLTE approach (using RADEX) we derived moderate

volume gas densities, with n(H,) in the range 10°-10°cm™.

Lower values are derived for >CO, '3CO, and [CI], while higher
values are obtained for the high-density gas tracers such as HCN,
HNC, HCO™" and CS. From the low and high-density tracers in
NGC 4945 we derived gas volume densities (10°~10° cm™3) sim-
ilar to those found in other galaxies with different types of activity.

We used the SPIRE and PACS spectroscopic data applying the
LTE (multi-line transitions) analysis to derive the thermal and
column density structures of the molecular gas '>CO for scales
raging from <200pc up to 2kpc. We also analyzed the '2CO
SLED applying the Kazandjian et al. (2015) models. Our main
results can be summarized as follows:

— At large scales (700 pc—2 kpc), as obtained from SLW SPIRE,
we find that high temperatures are mainly found in the north-
ern part of the galaxy as well as in the disk plane. This
suggests that the presence of the outflow might affect the tem-
perature observed in the northwest direction. Column densi-
ties are higher in the center and towards the south direction.

— Atintermediate scales (360 pc—1 kpc), such as those obtained
from the SSW SPIRE data, the heating is distributed along
the disk plane and in the south direction as well. The column
density follows a similar trend to that shown at larger scales,
and is characterized by high values in the center and towards
the south.

— When moving to smaller scales (~200 pc), using PACS data,
we find a peak in the column density in the central spaxel
surrounded by lower column density but higher excitation
temperatures. This result is an agreement with that derived
by Lin et al. (2011), who proposed the presence of tightly
wound spirals in order to explain the distribution of the sur-
face density and the related velocity field in a 20" x20”
region.

— The thermal structure derived from the '>CO multi-transition
analysis suggests that shocks seem to dominate the heating of
the ISM in the nucleus of NGC 4945 located beyond 100 pc
from the center of the galaxy. This result is confirmed by
the mechanical heating models, which suggest the existence
of PDRs but mainly dominated by mechanical heating (i.e.,
feedback from SNe) in the inner regions of NGC 4945. We
propose that shocks are likely produced by the barred poten-
tial and the outflow observed in the optical and X-ray bands.
The high temperatures in the north and northwest directions
found at larger scales might be related to the outflow.

— The SED in NGC 4945 was obtained by combining photo-
metric data from FIR (MSX, PACS and SPIRE) and sub-mm
(LABOCA) and mm (SMA) data. From the SED fitting analy-
sis we find that the source is resolved at these wavelengths.
We find a good fit when two modified black-body functions
are considered, characterized by a cold (T ~ 28K) and a
warmer temperature component of 50 K and a source size
of Qg =20" x10". Assuming a gas-to-dust ratio of between
100 and 150, for NGC 4945 we derive a total gas mass in the
range ~8—11 x 108 M, in aregion of 40" x 40”. This result is
consistent with the gas mass estimations derived in previous
works (Weil} et al. 2008);

— The hydrogen column density derived from the SED fitting
is in good agreement with that derived by Wang et al. (2004)
using '2CO(1-0) and '>CO(2-1) transitions. NGC 4945 is
characterized by N(H,) ~ 5 x 10%* cm™2: this value is larger
than those obtained for local SB galaxies (e.g., NGC 253)
and similar to those obtained for Compton-thick Seyfert 2
galaxies.

The results obtained in this work seem to confirm that the pres-
ence of the AGN in NGC 4945 has little impact on the thermal
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properties of its nuclear SB. Infrared observations at higher spa-
tial resolution are required to characterize both the dust and
molecular line emissions. Spectroscopic and photometric obser-
vations, such as those that could be achieved by the instruments

onboard SOFIA (e.g., HAWC+, CASIMIR and/or GREAT), are
needed in order to characterize the physical conditions of the

emission itself in the very inner regions of NGC 4945, such as
the temperature, density, and structure.
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Appendix A: Deriving the flux density values for the
SED fitting analysis

In this Appendix we explain how the flux densities used in the
SED fitting in Sect. 3.2 are computed for the different wave-
lengths. The additional data are given in different units. We then
summarize the several conversion factors applied to transform
the flux densities into Janskys as well as the formula applied for
the conversion. In Table A.1 we show the computed flux density
values (with their associated errors), the conversion factors, and
the pixel sizes for each band.
— For the MSX catalog we used the following formula:

(A1)

pixel 27 \’
3600360

F(40") = Fops - CF - (

The conversion factors (CFs) are used to transform the
[Wm=2sr2] into [Jysr~!] and they have been taken from
the website?3.

— Taking into account the LABOCA data from Weilf} et al. (2008)
we considered the flux density of 15.8 (+1.6) Jy computed
in a beam of 80 x 80”. From their work we also know that
in a beam of 19” X 15” (average beam 17”) the flux density
is 7.2 (£0.8) Jy. If we assume uniform emission outside the
beam of 17" (<80”) we are able to compute the flux density
in an annular beam with a size in between 17" and 40”:

(15.8-7.2)[Jy]
(802—172)[arcsec]

- (40*-17)[arcsec] = 1.85[Jy].  (A.2)

2 http://irsa.ipac.caltech.edu/applications/MSX/MSX/
imageDescriptions.htm

Table A.1. Flux densities derived from the archive and from the litera-
ture for the additional data.

Data band Flux Conversion Pixel  Ref.
density factor size
(pm) (AU) )
1 2 (3) G 5) (6)
MSX 2134 027(0.07)x1073 2476 x10"3 6 a
LABOCA 870 9.05 (1.3) Eq. (A2) - b

Notes. Column (1): data considered; Col. (2): central wavelength of the
band; Col. (3): flux density (and uncertainty) in the aperture in arbitrary
units (see text); Col. (4): conversion factor to derive the flux density in
Jansky; Col. (5): pixel size in arcsec; Col. (6): reference considered to
get the data: (a) MSX Archive, (b) Weil} et al. (2008).

This can be considered a reasonable assumption according to
the LABOCA data from which we derived that half of the total
flux density emission is enclosed in a beam $20”, while the
remaining emission is diluted in the annular beam between
~20" and 80”.

Finally, to derive the flux density in a beam of 40", we added
the flux density value obtained in the annular beam to the
flux density obtained in a beam of 17”. This gives a total
flux density (in a beam of 40”) of 7.2 Jy + 1.85 Jy = 9.05
(1.3) Jy.
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