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ABSTRACT

NGC 4945 is one of the nearest (D ~ 3.8 Mpc; 1” ~ 19 pc) starburst galaxies. To investigate the structure, dynamics, and composition
of the dense nuclear gas of this galaxy, ALMA band 3 (1 ~ 3—4 mm) observations were carried out with ~2” resolution. Three HCN
and two HCO" isotopologues, CS, C5H,, SiO, HCO, and CH;C,H were measured. Spectral line imaging demonstrates the presence
of a rotating nuclear disk of projected size 10” X 2" reaching out to a galactocentric radius of r =~ 100 pc with position angle PA =
45° +2°, inclination i = 75° +2° and an unresolved bright central core of size $2”. The continuum source, representing mostly free-
free radiation from star forming regions, is more compact than the nuclear disk by a linear factor of two but shows the same position
angle and is centered 0”739 + 0”14 northeast of the nuclear accretion disk defined by H,O maser emission. Near the systemic velocity
but outside the nuclear disk, both HCN J = 1 — 0 and CS J = 2 — 1 delineate molecular arms of length 215" (2285 pc) on opposite
sides of the dynamical center. These are connected by a (deprojected) = 0.6 kpc sized molecular bridge, likely a dense gaseous bar
seen almost ends-on, shifting gas from the front and back side into the nuclear disk. Modeling this nuclear disk located farther inside
(r <100 pc) with tilted rings provides a good fit by inferring a coplanar outflow reaching a characteristic deprojected velocity of
~50kms~'. All our molecular lines, with the notable exception of CH3C,H, show significant absorption near the systemic velocity
(=571 kms™"), within the range ~500-660 km s~!. Apparently, only molecular transitions with low critical H, density (7. S 10* cm™)
do not show absorption. The velocity field of the nuclear disk, derived from CH;C,H, provides evidence for rigid rotation in the
inner few arcseconds and a dynamical mass of M, = (2.1 +0.2) x 10® M, inside a galactocentric radius of 2”745 (~45 pc), with
a significantly flattened rotation curve farther out. Velocity integrated line intensity maps with most pronounced absorption show
molecular peak positions up to =175 (=30 pc) southwest of the continuum peak, presumably due to absorption, which appears to be
most severe slightly northeast of the nuclear maser disk. A nitrogen isotope ratio of “N/'N ~ 200-450 is estimated. This range of
values is much higher then previously reported on a tentative basis. Therefore, because '*N is less abundant than expected, the question
for strong "N enrichment by massive star ejecta in starbursts still remains to be settled.

Key words. galaxies: starburst — galaxies: structure — galaxies: ISM — nuclear reactions, nucleosynthesis, abundances —
galaxies: individual: NGC4945 — radio lines: ISM
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1. Introduction

Observing the optically highly obscured central regions of galax-
ies hosting an active supermassive nuclear engine is fundamental
to our understanding of galaxy evolution. The transfer of mass
into sub-parsec scale accretion disks and the feeding of the
nuclear engine and its feedback, which potentially affect the
large-scale appearance of the parent galaxy, are basic phenom-
ena to be studied. The nearby, almost edge-on H,O megamaser
galaxy NGC 4945 is such an active galaxy. Its central region
is known to show a rich molecular spectrum hosting not only
a nuclear starburst but also an active galactic nucleus (AGN;
see, e.g., Marconi et al. 2000; Yaqoob 2012). Past molecular
single-dish studies include Henkel et al. (1990, 1994), Dahlem
et al. (1993), Mauersberger et al. (1996), Curran et al. (2001),
Wang et al. (2004), Hitschfeld et al. (2008), Pérez-Beaupuits
et al. (2011), and Monje et al. (2014). As an outstanding galaxy
in the Cen A/M 83 group at a distance of only D = 3.8 Mpc
(e.g., Karachentsev et al. 2007; Mould & Sakai 2008; 1" corre-
sponds to =19 pc), NGC 4945 hosts one of the three brightest
Infrared Astronomical Satellite (IRAS) point sources beyond the
Magellanic Clouds (Wang et al. 2004).

Although this Seyfert 2 galaxy has an infrared luminos-
ity a few times that of the Milky Way, it nevertheless suffers
from a lack of interferometric studies of molecular high density
tracers, a consequence of its southern location. Greenhill et al.
(1997) used the 22 GHz H,0O maser lines to map the circumnu-
clear accretion disk at a galactocentric radius of rgc = 0.45 pc
(07025), which shows a similar position angle as the large-scale
disk, revealing a binding mass of order M = (1-2) x 10° My,
More recently, 183 and 321 GHz H,O and even Class I methanol
maser emission has also been detected (Hagiwara et al. 2016;
Humphreys et al. 2016; Pesce et al. 2016; McCarthy et al. 2017).
Cunningham & Whiteoak (2005) mapped the A ~ 3 mm lines of
HCN (partially), HNC, and HCO* with an angular resolution of
5”6 x 3’5 and found an elongated morphology, with a position
angle consistent with the inner H,O and the outer large-scale
disk. If this gas were to trace a rotating disk, its radius would
be rgc = 57 pc, with a rotational velocity of Vi, = 135 kms™!,
enclosing a mass of M ~ 2.5 x 10% M. Also based on Australia
Telescope Compact Array (ATCA) data, more recently Green
et al. (2016) published HCN, HCO™", and HNC spectra, maps of
integrated intensity, and the velocity field with ~7” resolution.

A basic concern for the present study is the morphol-
ogy of the dense molecular gas. In the following, we try to
improve our understanding of the interplay between the AGN,
the surrounding dense gas environment, and its connection to
clouds at larger galactocentric radii. After providing a com-
prehensive view on measured spatial and kinematical compo-
nents we look (1) for the presence of a molecular hole or
the opposite, a molecular hotspot, at the very center; (2) for
the presence of a rotating molecular disk; (3) for the exis-
tence of a molecular bar; and (4) for the development of spiral
patterns. Radial motions, frequently observed in other galax-
ies (e.g., Turner 1985; Feruglio et al. 2010; Bolatto et al.
2013; Garcia-Burillo et al. 2014) are another phenomenon to be
addressed.

While trying to bridge the gap between the well-known large-
scale structure (e.g., Dahlem et al. 1993; Ott et al. 2001) and
the sub-parsec maser disk, we also compare observed morpholo-
gies with that of the simultaneously measured radio continuum,
mainly representing free-free emission from star forming regions
(Bendo et al. 2016). Furthermore, we analyze our images in the
light of data taken at other wavelengths and briefly compare
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encountered structures with those from other (carefully selected)
prominent nearby starburst galaxies. A superficial first look into
chemical properties is also included. Finally, a relatively simple
kinematical model of a particularly well ordered component of
the dense molecular gas is presented.

Initially, the origin of the rare nitrogen isotope >N was the
major motivation to carry out the present study. Traditionally
assigned to low mass stars including novae, more recent models
of stellar nucleosynthesis, describing the evolution of massive
rapidly rotating stars, also permit the production of significant
amounts of N through mixing of protons into helium burning
shells (e.g., Woosley et al. 1995; Timmes et al. 1995). Direct
confirmation of this scenario can be obtained by measuring a
low (=100) “N/"N ratio in a well-developed starburst galaxy,
in which enrichment of the interstellar medium (ISM) by ejecta
from massive stars must have occurred. Chin et al. (1999) tenta-
tively reported such a ratio for NGC 4945 based on observations
with the 15m Swedish-ESO Submillimeter Telescope (SEST).
Making use of the higher sensitivity and resolution provided
by the Atacama Large Millimeter/Submillimeter Array (ALMA)
this result can now be checked.

The focus of this article is the molecular gas. Describing the
observations in Sect.2, overall distributions of molecular line
emission (and absorption), including the continuum, are pre-
sented in Sect 3. Section 4 provides the analysis, while main
results are summarized in Sect. 5. The H42« radio recom-
bination line, which also lies within the covered frequency
range, has already been discussed by Bendo et al. (2016) in an
accompanying paper.

2. Observations and data reduction

Band 3 (1 = 3—4mm) images of NGC 4945 (project code:
2012.1.00912.S) were acquired in Cycle 1 with ALMA in a com-
pact 32 antennae configuration on 2013 January 24. The minimal
and maximal baseline lengths were 20 m and 420 m. Among
the 32 antennas only one antenna, DV 11, had to be flagged (band-
pass). Four spectral windows were placed in Band 3: two in the
lower sideband (LSB) and two in the upper sideband (USB); the
centers of the sidebands are separated by 12 GHz. The data were
obtained using spectral averaging from:

(1) an H'2C!N (hereafter HCN) window centered at a sky
frequency of 88.462948 GHz (rest frequency: 88.6316 GHz) with
a bandwidth of 468.8 MHz (1588 km s~') and 480 channels with
a spacing of 3.3kms™!,

(2) an H">’CPN (hereafter HC®’N) window (this also
includes H'3C“N (H!3CN) and other lines) centered at
85.891221 GHz (86.05497 GHz) with a bandwidth of 1875 MHz
(6545kms~!) and 1920 channels with a spacing of 3.4kms™',

(3) a '2C*S (hereafter CS) window centered at
97794508 GHz (97.980950 GHz) with a bandwidth of
937.5GHz (2874kms™') and 960 channels with a spacing
of 3.0kms™!, and

(4) a continuum window (see also Sect.3.1) at
99.809726 GHz (100 GHz) with a bandwidth of 1875 MHz.
The spacing of each of the 128 channels is 44.0kms™'.

The systemic velocity is only known to an accuracy of about
+25kms™! (e.g., Chou et al. 2007; Bendo et al. 2016). We adopt
a barycentric velocity of Vi = cz = 571 kms™" (optical con-
vention; see, e.g., Dahlem et al. 1993). The differences between
radio and optical velocities, Viag — Vop = 1.1 km s7!, and between
the barycentric and local standard of rest reference systems,
Vbarycentric — VLsr = 4.6 km s~!, are too small to play an important
role in the following analysis.
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Amplitude calibration was obtained by observing the quasar
J1107-448. A flux density of 1.4Jy was taken from the ALMA
calibrator data base. Bandpass and phase calibrators were J1427—
4206 and J1248-4559, respectively. While in the following
relative, not absolute intensities are mainly addressed, we nev-
ertheless estimate an absolute flux accuracy of +10% (e.g.,
Fomalont et al. 2014; Wilson et al. 2014).

The phase tracking center was ajyoo = 13P05™27528 and
6]2000 = —49°28'04"’4 (a31950 = 13h02m32507 and 6]3]950 =
—49°12’01"70; compare with Greenhill et al. 1997). The full
width to half power (FWHP) field of view is #60”. To investi-
gate basic morphological properties we used Briggs weighting
with a robustness parameter of 0.0 (approximately half way
between natural and uniform weighting) for a reasonable trade
off between sensitivity and resolution. Full synthesized half
power beam sizes are then =276 X 1”5 with position angles
of =42°. In those cases in which we intended to include emis-
sion from spatial scales as large as possible, that is, for moment
1 and 2 and position-velocity (PV) plots (Sects. 4.6.1 and 4.6.2),
we applied Briggs weighting with a robustness parameter of +2.0
in order to come close to natural weighting. This leads to almost
circular full half power beam sizes of 2”71 to 2”/3. According
to the ALMA Cycle 1 Technical Handbook (their Fig. 6.1), the
largest accessible angular scales are, at a 50% intensity level,
close to 20”.

The observations lasted almost an hour with an on-source
integration time of about 30 min. Five full cycles between phase
calibrator and NGC 4945 were performed, integrating on the lat-
ter source for about ~6 min per cycle. Sensitivities in the HCN-
and HC'"N-related windows are 0.6 mJy beam™! in ~25kms™!
wide channels and 0.7 mJybeam™' in ~30kms~' wide chan-
nels of the CS window. We derived an rms noise level of
~0.13 mJy beam™! for the continuum emission near 100 GHz in
a 310 MHz wide window (100.15-100.46 GHz, see also Fig. 1).
Two versions of image cubes were created. One included the
continuum emission. The other was continuum subtracted based
on a linear fit to the line-free regions given in the caption to
Fig. 1. The data were reduced, calibrated, and imaged with the

275 27°.0 26%5 26°0

0.09
0.08
0.07
Fig. 1. Image of the 4 = 3mm continuum
0.06 emission from the central region of NGC 4945

(1” corresponds to a projected linear scale
of ~19pc). The map is based on the line-
free sky frequencies of 88.27-88.38 GHz and
88.54-88.70GHz in the H'C'"N window,

0.042 4560 86,01 GHz and 86.28.86.42 GHz in the
H'>?CN window, 97.35-97.72 GHz and 98.01—
0.03 98.24GHz in the CS window, and 100.15-
100.46 GHz in the continuum window (see
0.02 Sect.2). The beam size is 2755 x 1734
(0.1Jybeam™! is equivalent to ~6.8 K) with a
0.01 position angle of 44°2. Contour levels are 0.5,

1,2,5, 10, 20, 40, 60, and 80% of the peak flux

0 density of 96 mJy beam™!. The restored beam is
shown in the lower left corner. In view of the
limited extent of the emission, no primary beam
correction has been applied.

Common Astronomy Software Application (CASA)!, version
4.0 (see McMullin et al. 2007).

3. Results
3.1. Continuum emission and position of H, O maser disk

Figure 1 shows the 3mm nuclear continuum emission of
NGC 4945 obtained from the line free parts of the four mea-
sured bands (see also Sect.2). Most of this emisison (84% =+
10%) originates from free-free emission (see Bendo et al. 2016
for a detailed analysis, which also suggests that missing flux is
not a problem here). This is the only detected source of contin-
uum emission inside the area covered by the ~1’ sized primary
beam. The integrated continuum flux density is 310 + 1 mJy with
a peak of 88.6+ 0.3 mJy beam™!. We note that the errors given
are those of the fit and do not include the estimated calibration
uncertainty (=10%, see Sect. 2). The beam deconvolved size (full
width to half maximum) is well described by an ellipse, centered
at ay000 = 13h05m27 84930 and 6]2000 =-49°28’05"7229. Because
of the high S/N of several 100 (rms noise: ~0.13 mJy beam™!,
see Sect. 2) the nominal position error is only ~07”003. In view
of changing weather conditions, the angle between phase cal-
ibrator and the target (=5°4) and the level of errors in the
antenna position measurements, we cautiously estimate that the
absolute position uncertainty (compare, e.g., with Chou et al.
2007 and Lenc & Tingay 2009) is of order 0”1 See also the
ALMA knowledge base®, which provides (in the Recent Arti-
cles column, question 8) an absolute rms position uncertainty
of 0°704).

Using the Very Long Baseline Array (VLBA) Greenhill
et al. (1997) determined the position of the circumnuclear
22 GHz H,0 maser disk, obtaining agj9so = 13"02™m32528 and
OB1oso = —49°2’01”79 for the core of the curved line with
a radius of =~ 07025, formed by the maser hotspots. In the
J2000 system this accretion disk is then centered at ajygpy =

I http://casa.nrao.edu
2 https://help.almascience.org/snoopi/index.php?
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Table 1. Detected spectral features toward NGC 4945.

Line Vrest SEST“ ALMA“ SEST ALMA? Comments to the ALMA profiles®
(GHz) (mly) (Jykms™)

HCBO*J=1->0 85.16222 —/— 20/20 — 27+04 weak, with absorption

c-C3Hy 215104 85.33889 180/130 130/130 60+6 21.4+0.7 strong, absorption NE of nucleus

CH;C,H 504 85.45727 —/— 40/40 — 75+0.5 strong, only emission

c-C3Hj 43,493 85.65642 —— — — — weak, blended, see Sect. 4.6.2

H42« 85.68840 —— 40/40 — 12.9+0.8 strong, only emission

HCPNJ=1-0 86.05497 207 20 10? 1.1+0.2 weak

HBCNJ=1-0 86.33992 65/75 50/60 21 £2 9.4+0.8 strong, with absorption

HCO 1g;— 0y 86.67076 —f— 30/30 — — weak, blended

HBCO*J=1-0 86.75429 —/— 40/40 — — strong, with absorption, blended

SiOJ=2—>1 86.84696 —/— 40/40 — — strong, with absorption, blended

HCNJ=1-0 88.63116 1300/1100 1300/1000 495+9 249.3+3.0 strong, with absorption

CSJ=2->1 97.98095 880/770 650/500 375+20 1124+ 1.2 strong, with absorption

Notes. For the integrated flux density and other information on the H42¢ line, see Bendo et al. (2016). @ Approximate flux densities for the blue-
and redshifted line peaks, obtained from the 15 m SEST (Wang et al. 2004) and ALMA. Uncertainties in the ALMA data are ~5-10 mJy from the
noise level and 10% of the flux density from the calibration, while differences in the chosen area (>>10 arcsec) do not lead to significant changes.
For the SEST, rms uncertainties are of order 40 mJy (c-C3H,), 12mJy (H*CN/HC"N), 150 mJy (HCN), and 100 mJy (CS). As indicated by a
question mark, the SEST detected HC'>N only tentatively. HCO provides a quartet of hyperfine components among which the strongest feature
is seen by ALMA. ®From Gaussian fits (see Wang et al. 2004 for the SEST data). “For the weak lines, it is not clear whether absorption is not
observed because of a signal-to-noise ratio (S/N) that is too low or whether it is truly absent. In the case of HC'’N, which has two more abundant
isotopologues showing weak absorption in a specific velocity interval and because HC'*N is not seen within exactly this velocity range, absorption

is likely present.

13P05™27548 and o000 = —49°28’05”76 and coincides within
the limits of our resolution with the dynamical center (see
Sect.4.6.1). In the following the position of the maser disk is
therefore taken as synonymous for the dynamical center. The
offset to our continuum peak is (Aa,Ad) = (0713, -07737),
with estimated uncertainties of 0”1 in either measurement. This
2.80 discrepancy is right at the limit of our sensitivity, but
supporting evidence for its reality is provided in Sects.4.1.2
and 4.6.1.

Beam deconvolved angular dimensions of the continuum
source in NGC 4945 are 5783 = 0”701 x 17732+ 001 (projected
~110pc x 25 pc) along the major and minor axes with a posi-
tion angle of 4124 + 0?1 (compare with Bendo et al. 2016 and, for
A= 13 cm and 1.3 mm, with Lenc & Tingay 2009 and Chou et al.
2007, respectively).

3.2. Brief summary of spectral line properties

In this Sect.3.2, we provide information on spectral proper-
ties, referring exclusively to the ALMA data presented here.
The basis for detected spatial features is provided by Fig. 2.
Additional information related to this image and its positions
indicated by white crosses is listed in Table 2, which also
provides relevant radial velocities. For those mainly interested in
the more general discussion of these data, also including results
from other studies, we refer to Sect. 4.

As expected, no spectral lines were found in the continuum
spectral window and there are also no detected features close
to those of HCN and CS (cf. Sect.2). Table 1 summarizes the
spectral features encountered in the three measured frequency
bands containing molecular lines and coarsely characterizes their
strength and line shape (i.e., exclusively emission or emission
and absorption). The next subsections discuss estimates of the
recovered flux for individual spectral features and provide a
detailed description of the HCN J = 1 — 0 morphology. Finally,
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a short characterization of other lines is also presented. As a gen-
eral rule, molecular lines from the nuclear region of NGC 4945
tend to show relatively strong emission at blueshifted velocities
in the (barycentric) velocity interval V ~ 400-475km s~ south-
west of the dynamical center, less emission near the systemic
velocity (Vgys ~ 571 km s71) and a second spectral peak of line
emission near V = 710kms~! northeast of the dynamical cen-
ter. Also worth noting in this context is that the front side of the
galactic plane is crossing the minor axis slightly southeast of the
nucleus (e.g., Marconi et al. 2000).

3.2.1. Recovered flux density

A basic problem, when analyzing interferometric data is the
amount of missing flux. Since our largest accessible angular
scale is rather large, with ~20” at a 50% intensity level (Sect. 2),
the amount of missing flux from the nuclear region should
be either negligible or small (see, e.g., the single-dish maps
of Dahlem et al. 1993, Henkel et al. 1994, and Mauersberger
et al. 1996). Table 1 (Cols. 3 and 4) provides peak flux densities
derived from the 15m SEST and those obtained by our mea-
surements for the blue- and redshifted line peaks. It is apparent
that at the peak velocities most of the flux has been collected
by the ALMA observations. The only discrepancy, which may
be significant, is that of CS, where the ALMA data suggest
peak flux densities ~30% lower than those obtained with the
SEST. However, even here the discrepancy does not reach the
30 level.

Cols. 5 and 6 of Table 1 list our integrated intensities from
two-dimensional Gaussian fits. A comparison with SEST data
obtained with a 1 arcmin beam size indicates that we have col-
lected ~30, 36, 44, and 50% of the total SEST emission for
CS, C3H,, H3CN, and HCN. Uncertainties in these percentages
range from ~15% to 35% of the given values, depending on the
strength of the respective line.
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Table 2. HCN J = 1 — 0 line features toward NGC 4945 (see also Fig. 2).

Velocity Source Aa,Aé Comments
(kms™h) (arcsec)
~350 1 -3 -7 Peak 1, becoming detectable at 315 km s™!; strongest feature there
2 -1 -1 Peak?2,at350kms~! strongest feature, slightly SW from the center
3 -8 -4 Peak 3, weak, southern extension at V > 360 km s~/
390 1,23 -1 -1 Peak 2 emission extends to the SW, Peaks 1 and 3 join the forming NE-SW ridge
420 2 -1 -1 Peak 2 dominant, the molecular ridge expands toward the SW
460 2 -1 -2 Peak 2 dominant, position angle of ridge changes from ~40° to ~60°
4 -6 -5 Appearance of a secondary peak
480 2 -1 -2 Peak 2 (inner SW ridge) gets weaker, appearance of weak extended arms
500 2 -1 -2 Peak 2 not dominant, appearance of an extended arm in the NW
515 -1 -2 Absorption, surrounded by emission in the SE, NW, and SW
5 +6 -8 Weak extended arms in the NW; given offset marks a hotspot in the SE
530-570 The morphology of the core emission resembles a ¥ at position angle ~40°
575 6 —2 -3 Absorption SW of the dynamical center, appearance of an extended arm in the SE
600 6 -2 -3 Absorption SW of the dynamical center, widespread weak line emission
7 +2 +2 A second region exhibiting absorption, located in the NE
8 -1 +2 Prominent (at this velocity) but not a particularly strong emission peak
5 +6 +8 Prominent (at this velocity) but not a particularly strong emission peak
620-665 9 0 0  Absorption dominates, morphology similar to that of the continuum emission (see Fig. 1)
Widespread weak line emission, strongest on the NW side of the absorbing region,
from there extensions to the NE; also extended emission SE of the center
5 +6  +8 The SE hotspot (see 515 kms™") fades
650-675 Absorption fades
665 10 +1 0 Appearance of an emission component slightly NE of the center
665-700 10 +1 0  While the position of the line peak is kept, the emission spreads toward the NE
710 11 +3 +2 At this position emission becomes most intense, at higher velocities
line intensities start to decrease, disappearance of the extended arms
in the NW and SE
745 0 0 SW edge of the ridge of line emission
12 +4 +3 NE edge of the ridge of line emission
770 9 0 0 Weak line emission peak
13 +5 +9 Weak line emission peak

Notes. The table presents the positions of the main HCN J = 1 — 0 hotspots. The numbers of the molecular hotspots given in Col.2 can be
visualized in Fig. 2 (white crosses). In the table they follow, from top to bottom, the barycentric velocity axis of the data cube. Therefore the table
is best read from top to bottom. Position offsets given in Cols. 3 and 4 are relative to our A ~ 3 mm continuum peak at a099 = 13"05™2755, 62000 =

—49°28’05” (Sect. 3.1). The value 1” corresponds to ~19 pc (Sect. 1).

While our data apparently represent most of the flux at veloc-
ities near the line peaks, only 30-50% of the total velocity
integrated flux density has been recovered. This can be explained
by the fact that the area covered by our ALMA data encompasses
only #10% of the SEST beam. Emission, mainly arising at near
systemic velocities from the outer parts of the galaxy, is not cov-
ered by our data. As a consequence, we assume in the following,
that our calibration is correct within the previously estimated
10% limits of uncertainty and that missing flux is not relevant
within the central 10” (190 pc) discussed below. Line ratios, dis-
cussed in Sect. 4.3, may be even less affected as long as spatial
distributions are similar.

322.HCNJ=1-0

As already mentioned, HCN J = 1 — 0 is the strongest spec-
tral feature that we observed. Therefore we use it as a reference
for all other molecular lines. Table 2 and Fig. 2 reveal some
basic information on detected spectral components. Figure A.1
provides channel maps with a spacing of 25 kms~!, Fig. 3 (upper
left) shows a map of integrated HCN J = 1 — 0 emission, and
Fig. 4 shows line profiles.

The spectrum (Fig. 4) was obtained from an area of size
30” x30” (=570pc X 570pc). In comparison with the SEST
spectra (Henkel et al. 1990, 1994; Curran et al. 2001; Wang et al.
2004), the spectral intensity dip near V = 630kms~! is more
pronounced. This is readily explained by the large SEST beam,
~1’, and the confinement of the HCN absorption (see below)
to a small region and does not indicate substantial amounts
of missing flux near the systemic velocity in our data. The
absorption component, discussed below, was already identified
by Cunningham & Whiteoak (2005) and by Green et al. (2016),
using ATCA with beam sizes of 576 x 3”5 and 77 x 7",
respectively.

Most of the emission follows a narrow ridge, hereafter
termed the nuclear disk, near position angle PA ~ +45° east of
north, with line peaks detected at low velocities slightly to the
southwest and at high velocities slightly to the northeast of the
center. At the outermost velocities, V ~ 350 kms™! (spatial Peak
2 in Fig. 2 and Table 2) and 770 km s~! (spatial Peak 11 in Fig. 2
and Table 2), these peaks show an offset of 3”5 in right ascen-
sion and 3"’5 in declination. The offset corresponds to =100 pc.

At more intermediate blue- and redshifted velocities with
respect to the systemic velocity, the nearly edge-on viewed
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Fig. 2. Distribution of the main spatial HCN J = 1 — 0 features with integrated HCN intensity as background. Assigned numbers are also presented
in Col. 2 of Table 2, together with additional information. This includes the offset from position 9, the peak of the 1 ~ 3 mm continuum emission
(see Fig. 1), which is responsible for the absorption features seen in most spectral lines. For the three quadratic areas surrounded by white dashed
lines, see Sect. 3.2.5. The value 1” corresponds to a projected linear scale of ~19 pc. The beam size (2”771 X 1”56, position angle 43°) is given in

the lower left.

(Sect.4.5 and 4.6.2) nuclear disk becomes visible, directed
from the center toward the southwest with its approaching and
toward the northeast with its receding part. Combined, the mor-
phology of the ridge emission resembles to some degree the
millimeter-wave continuum distribution shown in Fig. 1, but the
line emission is with ~10” (190 pc) more extended.

As already mentioned, the trough in the spectrum around
V = 630kms~' (Figs. A.l1 and 4) is caused by absorption.
Absorption is seen toward the center and slightly northeast
over the widest velocity range, V ~ 510-565kms~! and 575-
660kms~! (Fig. A.1). Toward the southwest, absorption is also
seen, but only between 600 and 660 km s~!. Between 620 and
660km s~!, both absorption components are spatially connected
and reveal together a morphology that closely resembles that
of the millimeter-wave continuum (Fig. 1). Overall, most of
the absorption is seen at velocities redshifted with respect to
the systemic velocity (see Figs. A.l and 5 and the discussion in
Sect.4.7). Absolute HCN J = 1 — 0 absorption line intensities
reach 50% of the peak continuum flux density (Sects. 3.1
and 3.2.5).

No absorption is seen beyond the extent of the central con-
tinuum source. However, emission is also observed well outside
the ridge (Table 2, Figs. 2 and A.1). Peak 1 at V < 400kms™!
belongs to these features, while Peak 3, also seen at low veloc-
ities, delineates the southwestern edge of the nuclear disk well
displaced from the very center (for details, see Table 2). Already
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slightly below V = 500kms~!, weakly emitting clouds appear
to form a secondary central ridge, approximately perpendicu-
lar to the position angle of the main body of the galaxy. At
V ~ 500-700kms~!, arms can be seen at the ends of this sec-
ondary ridge, ~10” (projected 190 pc) from the center, directed
toward the northeast from its northwestern edge, and toward the
southwest from its southeastern edge (Fig. A.l and, for further
discussion, Sect. 4.7).

3.2.3. Rare HCN isotopologues

The H*CN J = 1 — 0 line (see Fig. 3, upper right, and Fig. A.2)
shows, with smaller amplitudes and lower S/Ns, a similar behav-
ior as HCN J = 1 — 0. Similar to HCN, absorption is apparent
in the channels between V = 525 and 650kms~!. Again, we
find more absorption at velocities slightly redshifted relative
to the systemic velocity, but the clear asymmetry apparent in
the HCN J = 1 — 0 line is only seen in case of the redshifted
northeastern part of the nuclear disk (Fig. 5 and Sect. 4.7 for
further discussion). As for the main isotopologue, the absorption
is confined to the extent of the nuclear continuum source, while
the surrounding gas exhibits emission.

Figures 3 and A.3 show that we also detected the SN bear-
ing isotopologue. While S/Ns are low, HC'®N is detected in
the low velocity channels and then again at V ~ 710kms~!,
displaced by a few arcseconds to the northeast, following the
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Fig. 3. Maps of primary beam corrected velocity integrated intensity (moment 0), obtained with a robustness parameter of 0.0 (Sect.?2). Data
reduced with a parameter of +2.0 (close to natural weighting) do not reveal any additional features. The value 1” corresponds to a projected linear
scale of ~19 pc. Upper left: HCN J = 1 — 0 emission with a restored beam of 2”771 X 1’756 and position angle PA = 43° (see the red spot in the
lower left corner of the image). Contour levels are 5, 10, 20, 40, 60, and 80% of the integrated peak flux density of 24.0Jy kms™! beam™'. Upper
right: H3CN J = 1 — 0 with a restored beam of 27772 x 157, PA = 42°. Center, left: HC'N 1— 0 (only V > 400kms™") with 2”772 x 1757,
PA = 42°. Center right: CS J = 2 — 1. Contours are 5, 10, 20, 40, 60, and 80% of the integrated peak flux density of 14.1 Jykms~! beam™'.
Restored beam: 2”757 x 17738, PA =41°. Lower left: C3H, 21, —1¢; with 27772 x 17757, PA = 42°. Lower right. C3HC,H 59 — 4. Restored beam:
27772 x 1757, PA = 42°. To convert Jy kms~' beam™ into K km s~ beam™', multiply by ~37 (HCN), 39 (H'*CN, HC"N, C3H,, and CH;C,H), or

36 (CS).

overall kinematics of the central region (Sect. 3.2.1). Therefore,
HC'®N is seen in those parts of the spectrum where the more
abundant isotopologues show relatively strong emission. In the
velocity range, where HCN and H'3CN are affected by weak
absorption, no HCBN signal is seen; this is consistent with the
overall weakness of HCN and H'3CN in this velocity interval.
Figure 6 also shows this effect. While the line is seen in the

total (lowest panel), central and also, tentatively, in the south-
western spectrum, the northeastern spectrum (upper panel) from
the receding part of the galaxy does not show any significant
peak. The spectra of the more abundant HCN isotopologues
are contaminated by absorption mostly in this part of the spec-
trum and it is very likely that this also holds in the case of
HC'SN.
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Fig. 4. Upper panel, black: HCN J = 1 — 0 spectrum with a channel
spacing of 3.3kms™! from the central 0.25 arcmin? of NGC 4945. The
covered area is limited by a0 = 13"05m26° and 13"05™29° and by
0000 = —49°28"50” and —49°28'20"”. The ordinate displays unweighted
average values from pixels of the entire area (moment —1) as a function
of barycentric velocity in units of mJy beam™"'. For spatially integrated
flux densities, multiply by 200 + 20. Lower panel, black: ACS J =2 —
1 spectrum with a channel spacing of 3.0km ' from the same region is
shown. Ordinate and abscissa: same units as for HCN. For spatially inte-
grated flux densities, multiply by 240 + 24. Applied pixel size for both
spectra: 1”7 x 1”. Overlayed spectra (red) with lower velocity resolution
and larger beam size (=1), matched to the amplitude of our spectra, are
taken from Wang et al. (2004).

324.CSJ=2->1

After HCN J =1 -0, CS J = 2 — 1 is the strongest molecular
transition in our spectral windows. With respect to the velocity
integrated HCN line, the integrated CS emission (Figs. 3 and 4
and, for the channel maps, Fig. A.4) shows overall a similar spa-
tial distribution (Fig. 3). However, because it is weaker than the
HCN line and because all lines are measured with approximately
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Fig. 5. Lower panel: HCN J =1 — 0 spectra with a channel spacing
of 3.3kms™!. The black line indicates the spectrum from the north-
eastern region (peak near V = 710 kms~!) showing absorption. The red
line indicates the spectrum from the southwestern region (peak near
V = 430kms™") showing absorption. The separation between the two
regions is the line perpendicular to the nuclear disk crossing the peak
of the radio continuum emission (see Figs. 2 and A.1). Upper panel:
the same is shown for H*CN J = 1 — 0, but with a channel width of
24kms™!. The ordinate provides average flux densities per beam over
the covered area. The systemic velocity of the galaxy is close to V =
571 kms™'.

the same sensitivity (Sect.?2), the emission outside the nuclear
ridge is near the detection threshold. Therefore, the observed
ridge appears to be narrower. A two-dimensional Gaussian fit
reveals for CS J = 2—1 a beam deconvolved FWHP size of
878 + 0”77 x 1”79 £ 0”1 at a PA = +43?2 + 1?1. Obviously,
the emission from the nuclear ridge or disk is, as in the case
of HCN J = 1 — 0, more extended than that of the continuum
(Sect. 3.1).

Because of the morphological similarity between the 1 =
3mm radio continuum and the integrated CS J = 2 — 1 line
according to Figs. 1 and 3, we might expect that CS is even more
affected by the continuum radiation than HCN and its weaker
isotopologues. However, we find the opposite. While CS line
intensities near the systemic velocity are also weaker than in the
line wings near V = 430 and 710kms~! (Figs. 4 and A.4), the
dip near the systemic velocity only amounts to about one-third
of the peak flux density near 430kms~' (and not to more than
two thirds), indicating a much smaller influence of the under-
lying nuclear 3 mm radio continuum emission. Inspection of
individual channels confirms this view.

3.2.5. Other lines

Cyclic C3H; (c-C3H;3) 215 — 1 is our third strongest line. Its
emission is shown in Figs. 3, 6, and A.5. No strong emission is
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Fig. 6. Spectra from the broad HC'*N window with seven contiguous channels smoothed, yielding a channel spacing of ~23 kms~'. The molecular
species related to detected spectral features are given in the two fop panels and are described in more detail in Table 1. For H42a, see Bendo et al.
(2016). Because almost 2 GHz are covered, leading to a complex correlation between velocity and frequency, amplitudes are presented as a function
of observed frequency. Lowest panel: spectrum from the central 0.25 arcmin?, similar to the spectra shown in Fig. 4. Three upper panels: spectra
from smaller areas, visualized by dashed white lines in Fig. 2, and include (from top to bottom) regions to the northeast of the center, close to
the nucleus, and to the southwest of the center. The four numbers in parenthesis on the right-hand side of each of these designations provide the
eastern and western edge (in time seconds of right ascension) and the southern and northern edge (in arcseconds of declination) of the chosen area
(compare with the moment 0 maps of Figs. 2 and 3). The ordinate represents unweighted average flux densities per beam size for all pixels in the
given areas, such that the values for the largest region (lowest panel), encompassing most areas with weak (or even absent) emission, are smallest.
Multiply by 40 + 4 (upper three panels) and 250 + 25 to obtain spatially integrated flux densities. The applied pixel size is 1”7 X 1”.

seen outside the nuclear disk in the moment 0 map. However,
the outer arms are still weakly present in the channel maps of
the Appendix. With respect to absorption, the line shows prop-
erties that are intermediate between those of HCN J = 1 -0
and CS J =2 — 1. c-C3H; 2, — 11 does not exhibit absorption
over the entire extent of the continuum source. We find instead
weak absorption northeast of the center at those velocities,
where HCN shows more widespread absorption. A comparison
of the overall spectra (lower panels of Figs. 4 and 6) and indi-
vidual channels also shows that the deficit in emission (with
respect to the line wings) at near systemic velocities (=520—
620kms™!) is larger than that of CS but smaller than that of
HCN.

There are still a few weaker molecular spectral features
to be mentioned (see Fig. 6, where the top three panels
(from the areas delineated by dashed white lines in Fig. 2)
demonstrate the shift in radial velocity when moving along
the plane of the galaxy from the southwest to the northeast
with rising velocities). As is apparent from the channel maps
(Fig. A.6), the CH3C,H 5) — 4 transition shows no indica-
tion for absorption. Unlike CS J = 2 — 1, which still shows a
dip in the overall emission spectrum near the systemic velocity

(Fig. 4), the CH3C,H profile is flat-topped and a detailed inspec-
tion of individual channels shows no pixel with negative flux
densities.

While HCO is too weak for a detailed analysis, both SiO
J =2-1and H3C'®O" J = 1 -0 (hereafter H'*CO™) show
strong absorption. Because of heavy line blending and because
this does not play a major role in the discussion (Sect. 4), we
briefly note, rather than show in figures, the following: Select-
ing the most extreme pixels, for SiO and HCO* isotopologues
absolute flux density levels for absorption in 23 kms~! channels
reach values similar to the emission peaks. For SiO, these lev-
els are +9 mJy beam™'; for H'*CO" we find +14 mJy beam™'.
The latter is corroborated, although with lower S/Ns, by the
H"2C80* J = 1-0 line near 85GHz (hereafter HC'®0™;
see Fig. 6), where the values become about +5mJybeam™!.
This is more extreme than in the cases of HCN and H'3CN
J = 1—0, where we find (again for the most extreme pixels)
absorption levels down to —48 and —9 mJy beam™!, but peak
emission at 235 and 14 mJy beam™' in 3.3 and 23kms~! wide
channels, respectively. For completeness, the corresponding
values for CS J =2 — 1 (3.0kms~! channels), c-C3H; 21, — 1¢;
and CH3C,H 50— 4¢ (*23kms~! channels) are 95 versus

A155, page 9 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732174&pdf_id=0

A&A 615, A155 (2018)

—-2mJybeam™!, 30 versus —2mJybeam~!, and 9 mJy beam™!
versus no pixel with significant negative flux density.

4. Discussion
4.1. Spatial morphology
4.1.1. Nuclear core

The molecular emission we observed near the center originates
primarily from a highly inclined rotating nuclear disk (Sects. 3.2
and 3.2.5). If it were a ring as suggested by Bergman et al. (1992)
or Wang et al. (2004), we should be able to define an inner
radius. Similar to Bendo et al. (2016) for the H42a recombina-
tion line, however, we see no evidence for a central hole in our
data, suggesting that any such hole in the disk is smaller in size
than the synthesized beam, which measures 2.6" (=50 pc) along
the major axis of the disk. This is consistent with Chou et al.
(2007), who could not identify such a central void in their CO
and 3CO J = 2 — 1 maps either. We note, however, that their
data were obtained with a synthesized beam size of 571 x 2”8.
Our measurements have higher resolution and may trace higher
density gas.

Instead of a void we find a central region with strongly
enhanced integrated emission. This region is not larger than
our beam size and may still be unresolved. It encompasses
only <40pc, which agrees with the less tight upper size limit
obtained by Chou et al. (2007), =55 pc, and is seen in all our
maps of integrated intensity (Fig. 3). The cold X-ray reflector
(200 pc x 100 pc, with 50% of the X-ray emission arising from
the innermost 30 pc) reported by Marinucci et al. (2012) agrees
well with the sizes of our dense and dusty nuclear disk and the
unresolved central core. The feature with a steep velocity gradi-
ent identified in CO J = 2 — 1 by Lin et al. 2011; their Fig. 4)
may also arise from this core. Only the c-C3H; 21, — 1¢; line
(Fig. 3) shows a peak that is more extended than our beam size
along the minor axis of the galaxy, possibly because it is trac-
ing more diffuse gas (e.g., Thaddeus et al. 1985) in spite of its
rather high critical density (see Sect. 4.2 for details) or because it
is enhanced by photon-dominated-regions (PDRs; for the chem-
istry, see, e.g., Aladro et al. 2011) associated with the starburst
ring proposed by Marconi et al. (2000; see below). The central
<40 pc appear to host dense gas with particularly high column
densities. While there is clearly molecular gas associated with
the starburst ring of radius ~2"’5 (=50 pc), proposed by Marconi
et al. (2000) on the basis of near-infrared Paa data, this putative
ring is not associated with peaks of molecular emission (with
c-C3H; as the possible exception; see Fig. 3). In this context we
should note that the proposed Pac ring is actually a sequence of
line peaks along the main axis of the galaxy with similar extent
as the nuclear disk that we observed (see upper and middle left
panels of Fig. 2 in Marconi et al. 2000).

For a better understanding of the central region, the radius of
the sphere of influence of the nuclear engine is also of interest.
With

Msnpa ) (200 kms™! )2 (20 Mpc

~0.11
& (108 M, o D

) arcsec,

(e.g., Barth 2003), the mass of the nuclear engine Mgypy = (1-
2) x 10° M, (Greenhill et al. 1997), distance D = 3.8 Mpc (e.g.,
Karachentsev et al. 2007; Mould & Sakai 2008), and adopting
o, = 120kms™" as the stellar velocity dispersion (Oliva et al.
1995), we obtain rg = 07016-0"7032 or 0.3-0.6 pc. Obviously,
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Fig. 7. Angular offsets (along the main axis with position angle 225°
toward the southwest) of molecular vs. continuum centroid position
(obtained from two-dimensional Gaussian fits) as a function of depth of
the spectral dip near the systemic velocity in percent of the line peaks
at V ~ 430kms~!. The percentages given refer to a covered area of
0.25 arcmin? as described in Fig. 4. Molecular species are indicated.
For details, also including line assignments, formal uncertainties and
rest frequencies, see Sect. 4.1.2 and Table 1.

this scale is far smaller than our resolution and resembles that of
the size of the H,O megamaser disk (Greenhill et al. 1997).

As already mentioned, the centrally peaked molecular line
intensity distributions (Fig. 3) contradict the previously proposed
molecular ring structure originally discussed by Bergman et al.
(1992; see also Fig. 6 in Wang et al. 2004) on the basis of single-
dish '>CO/'*CO line intensity ratios as a function of velocity.
The same also holds for the molecular ring with an inner radius
of 200 pc, reported on the basis of single-dish CO J = 1—-0
and 2 — 1 observations by Dahlem et al. (1993). In our denser
gas tracers, we clearly see peaks in molecular line emission near
V =430 and 710kms~!, which potentially form a circumnu-
clear ring at radius ~5” (95 pc) that encloses the nuclear disk
(see also Sect.4.7). The nuclear disk itself extending from this
radius toward the unresolved nuclear core provides a rich molec-
ular environment, giving rise to strong emission from a multitude
of molecular high density tracers.

4.1.2. Peak positions

Table 3 provides the coordinates of some relevant peak posi-
tions, i.e., those from the continuum and from the redshifted,
systemic, and blueshifted emission of the CH3C,H line, which
does not appear to be affected by absorption. Table 4 presents
the central positions of our unblended lines that are obtained
by two-dimensional Gaussian fits using the CASA viewer. The
scatter in these positions encompasses +0°%07 in right ascension
and + 0”4 in declination and the weakest line, HC'®N, is not an
outlier. We do not see large differences between the peak posi-
tions of the various lines. However, there appears to be a small
offset relative to the peak of the continuum emission. For the
seven transitions listed in Table 4, we obtain an average offset of
(A, AS) = (0760 07749, 0”760 + 0”/33). Excluding HCN,
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Table 3. Relevant CH;C,H and continuum coordinates.

Feature a, o Accuracy
(J2000)

V ~ 665kms™! 13 05 27.60/—49 28 03.8 072

3 mm continuum 13 05 27.49/-49 28 05.3 071

V ~570kms™! 13 05 27.47/-49 28 06.2 072

V ~475kms™! 13 05 27.18/-49 28 08.4 072

Notes. Approximate peak positions of the 3 mm continuum emission
(see Sect.3.1) and the three locations of maximal line width of the
CH;C,H 5 — 4 transition, where the first column provides the associ-
ated barycentric radial velocity. The positions are close to the midline
of the inclined nuclear disk of NGC 4945.

average and sample standard deviations change insignificantly to
(-0768 £0749, 0768 +-0"'32). While the standard deviations
of the mean seem to imply that the offset is not significant, we
note that all seven molecular peaks lie slightly to the southwest of
the maximum of the continuum emission, apparently following
the main axis of the projected disk. The molecular peak clos-
est to the position of most intense continuum emission (0”2,
toward the south; for formal position uncertainties see Table 4)
is that of CH3C,H, showing no absorption (Sect. 3.2.5). Bendo
et al. (2016) obtained 0’2 for their H42« line, which is also not
showing absorption.

Keeping in mind that all data were obtained simultaneously
so that relative positions should be very accurate (possibly more
precise than the 0”1 mentioned in Sect. 3.1 for absolute posi-
tions), we may thus ask, whether there is a connection between
the offset and the degree of absorption a line is showing. This
correlation is shown in Fig. 7. Since we do not know the depth
of the absorption trough in the HC'N line (footnote ¢ of Table 1
and Sect.3.2.3), this spectral feature has not been included.
Errors in the depth of the dip near the systemic velocity may
amount to +8% while systematic position errors are difficult
to quantify. We therefore refrain from showing a fit to the data
but conclude that there appears to be a change in central posi-
tion with increasing absorption depth. As already mentioned,
this drift points to the southwest. In view of this trend, shown
by Fig. 7, the effect may be attributed to absorption predomi-
nantly occurring northeast of the dynamical center, shifting the
fitted center of the molecular emission to positions southwest
of the 3 mm continuum peak. This supports, in addition to the
discussion of coordinates in Sect.3.1 (and the moment 2 map
of CH3C,H 59 — 4 provided and discussed in Sect.4.6.1), our
notion that the continuum peak is slightly displaced from the
dynamical center of the galaxy.

It is remarkable that HCN and H'3CN show similar offsets in
Fig. 7, even though their optical depths are likely quite different.
HC'80*, which is even more affected by absorption, has its peak
at a lower offset with respect to the continuum. Whether this is
due to a lower S/N (the line is weak, see Table 1 and Fig. 6) or the
consequence of a different spatial distribution remains an open
question.

Table 4 also provides results from the A = 3 mm lines of HNC
and HCO* J = 1 -0, taken from Cunningham & Whiteoak
(2005). While the sensitivity and uv coverage of these data do
not match those of our ALMA images, we nevertheless note
that their HCO* profile, showing strong absorption, appears
to peak southwest of the continuum peak, while HNC, less
affected by absorption, appears to peak closer to the continuum
position.

4.1.3. Beyond the nuclear disk

Off the central ridge (i.e., the nuclear disk), our map of inte-
grated HCN J = 1 — 0 emission (Figs. 2 and 3) shows a distinct
secondary peak at a0 = 13"05™28%1, 1000 = —49°28713”,
(Aa,AS) = (+6”,-8") toward the southeast with respect to the
continuum peak. The ratio of flux densities between the sec-
ondary and primary peaks is 0.15 = 0.03. Near this offset posi-
tion, at (+3”,-6"), lies Knot B, following the nomenclature
of Marconi et al. 2000, their Fig. 2). Knot B is a region of
enhanced near infrared Pac emission, related to star formation,
and is located above the galactic plane of NGC 4945, toward the
observer. We speculate that both objects are connected; Knot B
represents merely the star forming front side of a giant molecu-
lar complex, while our data (not affected by obscuration) reveal
the entire cloud. In this context it is important to note that the
region encompassing the Paa and the secondary molecular peak
is not seen in H42« (Bendo et al. 2016). There the 30- H42« limit
is 0.15 times its flux at the center of the galaxy. This may sug-
gest that massive star formation is limited to the front side also
accessible by near-infrared spectroscopy.

The huge cavity, #5” (=100 pc) in diameter, discovered by
Marconi et al. (2000) a few arcseconds northwest of the center
(see again their Fig. 2 and Pérez-Beaupuits et al. 2011) might
also be apparent in some of our channel maps. The northwestern
part of the W-shaped structure, encountered between barycentric
V ~ 530 and 570 kms~! (see Table 2 and Fig. A.1) may confine
the bubble on its western, southern, and eastern sides. Knot C
(Marconi et al. 2000) is not clearly seen in our molecular line
maps. For the connection between nuclear core, nuclear disk,
and the outer arms mentioned in Sect. 3.2.2, see Sect. 4.7.

4.2. Why are some lines absorbed and others not?

There are several possible reasons why we measure some lines
with signifiant amounts of absorption, while at least one of our
molecular transitions (the CH3;C,H 59 — 4 line) and the H42«
recombination line (for this, see Bendo et al. 2016) appear to
be seen entirely in emission. This may be caused by (1) differ-
ent levels of line excitation, (2) different frequencies leading to
changes in continuum flux density and morphology, (3) optical
depth effects, (4) drastically different, directly detectable spa-
tial distributions, (5) different chemical properties, or (6) a wide
range of associated critical densities. In the following we briefly
discuss these possibilities.

(1) Excitation: All molecular lines analyzed here connect
levels up to 10K above the ground state. This upper limit is
likely much smaller than the kinetic temperature throughout the
nuclear disk, and therefore no effect due to excitation is expected.

(2) Frequencies: The frequency range of our lines is too small
to allow for a strong influence of variations in continuum mor-
phology and intensity on the strength of the absorption features.
Strongest absorption is seen in the HCO™ isotopologues and
SiO. HC'¥O* J = 1—0 and SiO J = 2— 1 are characterized
by frequencies above that of CsH, 21, — 1p; and below HCN
J=1—-0and CS J =2 — 1, which are less affected by absorp-
tion. Considering HCO* and HCN isotopologues, the amount
of absorption appears to be molecule dependent and does not
change significantly when considering different isotopologues at
slightly different frequencies (Fig. 7).

(3) Line saturation: Optical depth effects capable of reduc-
ing the effective critical density by a factor of 7 in the optically
thick case do not make a notable difference. This is most
apparent in our data, when considering HCN, H'3CN, and
HCN (Sect.3.2.4). The same holds for H*CO* and HC'?0
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Table 4. Parameters of velocity integrated molecular lines.

Line Beam PA a, 072000 Source size PA Inclination Lol Integrated
undeconvolved peak flux
("x")  (deg) (") (deg) (Jykms™) (Jykms™!
beam™)
HC 80+ 2.72x1.57 42 13052744 -492806.1 70x14 44 78 2.7 0.73
(1.3x0.3) (03) (03) 0.4) (0.09)
c-C3H, 2.72x1.57 42 13052744 -492805.8 10.5x2.7 45 75 21.4 2.73
(0.4x0.1) (01) (01) 0.7) (0.08)
CH;C,H 2.72x157 42 13052749 4928054 10.0x2.1 43 78 715 1.17
(0.8 x0.1) (01) 02) (0.5) 0.07)
HCYBN  2.72x1.57 42 13052748 -492805.5 6.0x1.3 31 77 1.1 0.36
(1.5x0.5) (05) (04) (0.2) (0.05)
HB3CN  2.72x1.57 42 13052735 -492806.0 99x54 49 57 94 0.70
(0.8 x0.4) (05) 02) (0.8) (0.05)
HCN 271x156 43 13052738 —492806.3 11.4%x5.9 47 59 249.3 14.78
(0.2x0.1) (01) (01) (3.0) (0.17)
CS 2.57x138 41 13052744 -492805.7 10.3x3.3 47 71 112.4 10.47
(0.3x0.1) (01) 01 (1.2) (0.10)
HNC 5.59%x3.54 15 13052748 —-492805.5 8.5x4.2 36.80
(0.5x0.5)
HCO* 559%x3.54 15 13052739 —492806.9 14.4x4.8 33.00
(0.5x0.5)
3 mm 2.55%x1.34 44 13052749 —492805.3 5.8x1.3 41 76.9
<071 (0.1) 0.1)
H,O VLBA 13052748 —492805.6 ~45

Notes. HCO, H*CO, and SiO (see Table 1 and Fig. 6) are severely blended and therefore excluded from the list. Our remaining seven molecular
lines are presented on top, following increasing frequency. For most transitions, integrated intensities (/mo1; Col. 9) provide the difference between
emission and absorption. Only CH;C,H appears to be entirely free of absorption. Formal accuracies of the peak positions in Cols.4 and 5 are
+074, £071, £072, £074, =073, £075, and £075 from top to bottom for our ALMA data with ~2” resolution (see Col.2). Numbers in
parentheses indicate standard deviations of the two-dimensional Gaussian fits to the original (not beam deconvolved data) and do not include
the 10% calibration uncertainty given in Sect. 2. For comparison, we also included parameters from the HNC and HCO* data of Cunningham &
Whiteoak (2005), from our 4 ~ 3 mm continuum data (see Sect.3.1), and from the 22 GHz (1 = 1.3cm) H,O megamaser disk discovered by
Greenhill et al. (1997). The uncertainty in the Cunningham & Whiteoak (2005) positions is ~0"'4; that of the megamaser disk is 0"’ 1. The uv
coverage of the Cunningham & Whiteoak data is limited, leading for example to a position angle of 29° for the continuum. Therefore their PA

values are not included and we also do not derive rotating disk inclinations from their data.

(our data), when a spectrum from the main species (HCO*;
Fig. 6 in Cunningham & Whiteoak 2005) is added.

(4) and (5) Chemistry and morphology: Aspects related
to spatial distribution and molecular chemistry have to be
considered together, because the chemistry may strongly affect
observed morphologies in different molecular lines, and sim-
ilarly, different environments may exhibit different chemical
compositions. According to Table 4, all tracers show a similar,
elongated distribution, as the main axis is consistent with the
position angle of the nuclear disk and there is a tendency to
have slightly smaller sizes for weaker lines. The latter is likely
due to the noise level, which is (in absolute terms) similar for
all lines (see Sect.2). There is, however, one notable exception.
While CS J = 2 — 1 is clearly stronger than c-CsH, 21, — 1o
(compare Figs. 4 and 6), c-C3H, appears to be equally extended.
This is consistent with the fact that c-C3H, is abundant in dif-
fuse low density clouds (e.g., Thaddeus et al. 1985), while CS
is more concentrated near sites of massive star formation (e.g.,
Mauersberger et al. 1989; Shirley et al. 2003). Possibly
representing more diffuse gas and being more widespread
than CS, c-C3H, should be less affected by the compact
nuclear region with strongest continuum emission. Nevertheless,
absorption in the c-C3H; 21, — 1¢; line is more pronounced than
in CS J =2 — 1 (cf. Figs. 4 and 6).
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(6) Critical densities: Using the Leiden Atomic and Molecu-
lar Database (LAMBDA; Schoier et al. 2005; van der Tak et al.
2007) and for CH3C,H Askne et al. (1984), we can obtain crit-
ical densities (where rates of spontaneous radiative decay are
matched by collisional de-excitation) for all observed molecular
transitions. Accounting only for the Einstein-A coefficient and
the collision rate (downwards) related to the measured transition
in the LAMBDA database, we obtain in order of increasing rel-
evance of absorption for CH3C,H, CS, C3H,, HCN, SiO, and
HCO™ density values of ng; ~ 1 X 10%, 3x 10, 1 x 10, 2 x 109,
2% 10, and 2 x 103 cm™3, respectively. For example, CS shows
a critical density similar to that of HCO™*, but only HCO* shows
deep absorption that is comparable to that of SiO (Sect.3.2.5).
Thus we do not see a dependence between critical density and
absorption depth in most molecular lines. The inclusion of the
HNC J = 1 — 0 data by Cunningham & Whiteoak (2005) with
Neie 3% 103cm™ and a systemic velocity emission level of
order 25% of the line peak does not make the problem more
transparent. We note, however, that CH3C,H has a significantly
lower critical density than all the other lines that we observed
such as the CO J = 2 — 1 line measured by Chou et al. (2007);
in both cases, no absorption is apparent.

To summarize, notable absorption appears to be only found
when critical densities are well in excess of ngi ~ 10*cm™.
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Table 5. Peak flux densities in single 1” sized pixels.

Species Peak flux
430kms™'  710kms~!
mJy beam™!

HCN 235.0 200.0
CS 95.0 80.0
HC'®O 5.5 5.5
c-C3H, 27.0 30.0
CH;C,H 6.5 9.0
H'3CN 14.0 13.5
H*CO* 7.0 14.0
SiO 9.0 9.0

Notes. For the specific transitions and frequencies, see Table 1. Given
flux densities may be accurate to +10% (see Sect.2 and, for given
values, also the end of Sect.3.2.5). Flux density ratios should not be
affected by calibration errors (estimated to be of order 10%; see Sect. 2)
but only by noise. In Sect. 4.4 we therefore conservatively adopt for such
ratios a +10% uncertainty as well.

This is likely due to different spatial distributions, which how-
ever cannot be assessed with the angular resolutions attained
by Chou et al. (2007) and our study. With 84% + 10% of the
continuum caused by bremsstrahlung (Bendo et al. 2016), the
higher density tracers are likely concentrated close to the many
individual continuum sources related to massive star formation,
while those with low critical densities should emit from more
extended regions. While we think that this is the most plausi-
ble explanation, there still may be a caveat. CH3;C,H 59 — 4
line emission is weaker than that of HCN/HCO* J = 1 — 0 and
CS J = 2— 1 emission and therefore its optical depth may be
lower. More severe photon trapping in the stronger lines may
reduce their effective critical densities below those given here
(e.g., Shirley 2015). However, this is not supported by our low
estimate of the HCN J = 1 — 0 optical depth in Sect. 4.4. In
any case, subarcsecond resolution is required to reveal the dif-
ferences in the small-scale distributions of the molecular tracers
and the millimeter-wave continuum (for comparison, see, e.g.,
the high resolution 2.3 GHz continuum data presented by Lenc &
Tingay 2009).

4.3. Line intensity ratios

Single dish observations have already addressed a number of
chemical fingerprints of the central region of NGC 4945 (e.g.,
Henkel et al. 1990, 1994; Curran et al. 2001; Wang et al. 2004;
Monje et al. 2014). The second-to-last of these studies contains
a particularly large collection of molecular tracers between 81
and 355 GHz. However, because of a lack of interferometric
data these studies could not account for the influence of absorp-
tion onto overall line profiles and integrated intensities and, in
addition, detailed comparisons with spectral properties of other
galaxies were not yet possible more than a decade ago. Our study
only covers a small frequency interval, but has superior sensitiv-
ity and angular resolution. In addition, we can refer to spectral
line surveys of other galaxies. We focus on the line wings of
NGC 4945 near barycentric V = 430 and 710 km s~!, where
absorption does not play a role.

With respect to the molecular species that we measured, the
CS/HCN ratio has been claimed to be a possible starburst/AGN
tracer (Meijerink et al. 2007; Izumi et al. 2013, 2016), while
CH;C,H, ¢c-C3H,, and HCO have been identified as tracers of

Table 6. Integrated line intensity ratios.

Species NGC 4945 NGC 253
430kms~! 710kms™!
I(HCN)/I(CS) 25+03 25+03 20+0.2
I(HCN)/I(c-C3H>) 8.7+0.9 6.7+0.7 11.4+02
I(HCNY/I(H"3CN) 16.7+17 148+15 145+04
I(c-C3H,/I(HC'30™) 49+0.5 55+0.6 71+0.5
I(HCN)/I(Si0O) 261+2.6 222422 144+0.2
I(CS)/1(Si0O) 10.6 +1.1 8.9+0.9 71+0.1
1(c-C5H,)/I(CH;C,H) 42+04 33+0.3 23+0.1
IHBCNYIHBCO™) 2.0+0.2 1.0+0.1 1.2+0.1

Notes. For the specific 4 * 3mm transitions and frequencies, see
Table 1. For the NGC 4945 ratios, derived from Table 5, an uncertainty
of 10% has been conservatively adopted. For NGC 253, see Table A.2
of Aladro et al. (2015).

UV fields in galaxies (e.g., Garcia-Burillo et al. 2002; Martin
et al. 2009; Aladro et al. 2015). SiO can highlight the pres-
ence of shocks (e.g., Gusdorf et al. 2008; Guillet et al. 2009;
Duarte-Cabral et al. 2014).

In the following we compare line intensities / (see Table 5) at
the positions of strongest emission of the southwestern blue- and
northeastern redshifted line peaks. We note, that the values differ
from those given in Table 1, where area integrated intensities are
derived; taking flux density or temperature ratios is not critical
in this context. Since a detailed discussion of chemical issues is
well beyond the scope of this article, the following offers merely
some highly superficial first insights into the chemical complex-
ity of the gas in the nuclear disk of NGC 4945. Following Fig. 17
of Meijerink et al. (2007), our I(HCN)/I(CS) line peak inten-
sity ratios of =2.5 with an estimated uncertainty of 10% (see
Table 6) are consistent with a PDR of density n(H,) ~ 10° cm™3
and ~10? times the local interstellar radiation field as well as with
an X-ray Dominated Ragion (XDR) of density 10*+° cm™. But
a more detailed discussion on physical and chemical boundary
conditions is clearly still required.

A comparison with the eight galaxies covered by the A =
3mm line survey of Aladro et al. (2015) provides additional
insights. Our 4 = 3mm I(HCN)/I(CS) line intensity ratios are
in line with seven of the eight targets studied by Aladro et al.
(2015). Among these seven, NGC 253 is outstanding. It is the
strongest molecular line emitter outside the Local Group and has
a distance, inclination, and infrared luminosity similar to that
of NGC 4945 (see also Sect. 4.8). It is therefore selected as the
representative one of the seven for Table 6. Only in M 51, the
ratio is, at 5.2 + 0.1, significantly higher. M 51 is a Seyfert galaxy
in which the inner spiral arms were also part of the measure-
ment. This adds complexity but the high ratio is likely related
to the presence of a nuclear jet leading to shock enhanced HCN
(Matsushita et al. 2015). Our I(HCN)/I(H'3CN) peak flux den-
sity ratios are, at 15, smaller than for most of the galaxies of the
Aladro sample, indicating a relatively high optical depth. This
makes sense because the data from Aladro et al. (2015) were
taken with ~25” resolution, while in NGC 4945 we consider
exclusively those two compact ~2” (=40 pc) sized regions with
highest unabsorbed intensity. Nevertheless, the ratios for the two
ULIRG:S in their study, Arp 220 and Mrk 231, are even smaller
(4-7) in spite of particularly large '>C/!3C isotope ratios (Henkel
et al. 2014), indicating that there the bulk of the molecular gas
is assembled in a compact volume of very high opacity (e.g.,
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HCN J=1-0 Velocity Field
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Fig. 8. Moment 1 velocity field of HCN J = 1 — 0, clipped at the
50 level. Contours are 440, 520, 600, and 680 km s~' from lower right to
upper left. Primary beam correction and Briggs weighting (robustness
parameter +2.0) have been applied. The restored beam (27752 x 217,
PA = 78°) is shown in the lower left corner of the image. The cross
indicates the A ~ 3 mm radio continuum peak.

Rangwala et al. 2011; Aalto et al. 2015a,b; Martin et al. 2016;
Scoville et al. 2017).

The galaxy with a similar /(HCN)/I(H'"*CN) ratio in the
Aladro et al. (2015) sample is NGC 253, which is also sup-
posed to have a similar >C/'3C ratio (see Wang et al. 2004;
Henkel et al. 2014) of =40 versus 40-50. Therefore opacity
effects should not be significant when comparing the NGC 253
and NGC 4945 data sets. From Table 6 we find that ratios are
qualitatively similar, but nevertheless there are some notable
differences. Following Martin et al. (2006) the chemistry in
the nuclear region of NGC 253 is dominated by low veloc-
ity shocks, which can be traced by SiO. Our line ratios from
NGC 4945 indicate that SiO is less prominent with respect to
other tracers, so shocks may still play an important but slightly
less dominant role. Surprisingly, the “ubiquitous” (Thaddeus
et al. 1985) c-C3H; is less prominent in NGC 253 than in our
NGC 4945 molecular hotspots. In view of the large region stud-
ied in NGC 253, this result appears to be counterintuitive. It
can possibly be explained by massive star formation and a more
pronounced dominance of PDRs in NGC 4945. Another inter-
esting feature is the underabundance of CH3;C,H with respect
to c-C3H, in NGC 4945 (Table 6). If high temperatures sup-
port the formation of CH3C,H as suggested by Aladro et al.
(2015), this may hint at higher temperatures in the central region
of NGC 253 than in our two selected locations of NGC 4945. We
conclude that the AGN in NGC 4945 (NGC 253 is devoid of an
AGN) does not have a great influence. The greater dominance
of PDRs in NGC 4945, a possibly higher Ty, in the nuclear
region of NGC 253, and the small radius of the sphere of influ-
ence of the nuclear engine in NGC 4945 (Sect. 4.1.1) all suggest
that the presence or absence of an AGN does not dominate the
differences outlined above.

The I(HCN)/I(H'3CN) ratios at barycentric V = 430 and
710km ™! are, near 15, identical within uncertainties. If the gas
is well mixed, this indicates similar opacities, in apparent dis-
agreement with the strong gradient in /(CO 2 — 1)/I(CO 1 — 0)
along the major axis, from 0.9 to 1.6, obtained by Dahlem et al.
(1993, their Fig. 6). CO 2 — 1/1 — 0 line ratios much larger than
unity, as seen near 700 km s~!, are indicative of (1) highly excited
gas with low CO opacity, (2) partially displaced CO J =1—-0
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Fig. 9. Moment 1 velocity field of CS J = 2—1, clipped at the
50 level. Contours are 440, 520, 600, and 680 km s~! from lower right to
upper left. Primary beam correction and Briggs weighting (robustness
parameter +2.0) have been applied. The restored beam (2722 x 17799,
PA = 78°) is shown in the lower left corner of the image. The cross
indicates the A ~ 3 mm radio continuum peak.

and 2 — 1 emitting regions with different levels of excitation or
(3) relative pointing errors betweenthe COJ =1 —0and2— 1
line data. Very high excitation is indicated by the detection of
the 321 GHz line of H,O near v = 700kms~" (but not at other
velocities), about 1850 K above the ground state (Pesce et al.
2016). Similar JHCN)/I(H'3CN) ratios and drastically different
CO 2 — 1/1 — 0 ratios near barycentric V = 400 and 710 kms~!
(0.9 versus 1.6) would suggest in the absence of CO-pointing
errors that, unlike our data from high column density positions,
the single-dish CO data of Dahlem et al. (1993) include large
amounts of more diffuse gas.

4.4. Nitrogen isotope ratio

As already mentioned in the introduction, Chin et al. (1999)
reported a tentative detection of HC'>N J = 1 — 0 emission,
suggesting an H'*CN/HC'SN ratio of order two. This has been
interpreted as a hint of efficient stellar >N ejection into the ISM
of starbursts from rotationally induced mixing of protons into
the helium-burning shells of young massive stars (e.g., Woosley
et al. 1995; Timmes et al. 1995). NGC 4945, with its nuclear
starburst, is an ideal target to test this scenario.

In view of the weakness of the HC'>N line, single pixel peak
flux densities, as shown in Table 5, cannot be used. Covering
the entire measured region, we find for the J = 1 — 0 lines from
Table 1 (Col.6) and Table 4 (Col.9) velocity integrated inten-
sities of I(HCN)/I(H'*CN) = 26.5+2.3, I(HCN)/I(HC""N) =
227 + 41, and I(HCN)/I(HC®N) = 8.5 + 1.7; the errors do not
include calibration uncertainties (for these uncertainties, see
Sect. 2). For '2C/'3C ~ 40-50 (Wang et al. 2004; Hitschfeld et al.
2008; for NGC 253, see Henkel et al. 2014), this would imply
a plausible average HCN opacity of two and a '“N/'>N ratio
of ~400. The latter matches the value encountered in the local
Galactic disk (Dahmen et al. 1995) and is much higher than that
tentatively deduced by Chin et al. (1999).

Nevertheless, in view of the possible influence of absorption
and differences between the northeastern and southwestern edge
of the inner disk (see, e.g., the huge difference in the CO J =
2 — 1/1 — O ratio as a function of velocity —Dahlem et al. 1993,
their Fig. 6), a closer inspection is warranted. Smoothing seven
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Fig. 10. Map of the HCN J = 1 — 0 moment 2 velocity dispersion,
clipped at the 5o level. Primary beam correction and Briggs weight-
ing (robustness parameter +2.0) have been applied. The restored beam
(2752 x 217, PA =78°) is shown in the lower left corner of the image.
The cross indicates the 4 ~ 3 mm radio continuum peak, while the posi-
tion of the secondary maximum in the south (also seen in Fig. 11) is
inconspicuous in all other aspects.

contiguous channels as in Fig. 6, we obtain peak flux densities of
13.9 (H'3CN-southwest), 13.5 (H'*CN-northeast), 3.5 (HC">N-
southwest), and 2.2 mJy beam™! (HC'’N-northeast). The latter is
barely above the noise level and does not necessarily imply dif-
ferent abundance ratios in the southwest and northeast. Adding
and dividing the respective flux densities, we obtain with this
method an I(H'3CN)/I(HC'®N) ratio of order five. Again, this
is well above the ratio deduced from the tentative detection of
Chin et al. (1999) and would imply a '"“N/N value similar
or slightly below that of the solar system, 270 (e.g., Dahmen
et al. 1995), where some enrichment from massive star ejecta
may have played a role (Chin et al. 1999). To summarize, the
measured range of ratios, N/ISN ~ 200-500, which we find in
NGC 4945, is not in contradiction with the traditional view that
5N is mainly synthesized in low mass stars. More recently, this
has been also proposed by Adande & Ziurys (2012) based on
Galactic data (see also Ritchey et al. 2015 and Furuya 2017).

While our observations demonstrate that the ratio is > 100,
it remains to be seen whether it is 200 or ~450. This will
await ALMA measurements with higher sensitivity than those
presented in this work with 30 minutes of on-source integration
time. Furthermore, in subsequent studies I3C/15N ratios should
be quantified in more than one molecular species to account
for possible fractionation effects as modeled by Roueff et al.
(2015; see their Fig. 3), even though they may not be significant
because of the high kinetic temperatures likely characterizing the
molecular gas in the nuclear disk of NGC 4945.

4.5. Inclinations

Assuming that the observed emission arises from a flat disk with
azimuthal symmetry, the ratio of the lengths of the minor to the
major axis of our two-dimensional Gaussian fits provides a direct
measure of the inclination. Such an estimate is not biased (as at
optical or near-infrared wavelengths) by extinction due to dust.
The resulting inclination angles are given in Col. 8 of Table 4.
For the outer disk, i = 78° +3° (Ott et al. 2001), while for the
nuclear region (Chou et al. 2007) proposed i = 62° +2° on the
basis of CO J = 2 — 1 data. We also get inclinations below, or

CS J=R2—1 Velocity Dispersion
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Fig. 11. Map of the CS J = 2 — 1 moment 2 velocity dispersion, clipped
at the 5o level. Primary beam correction and Briggs weighting (robust-
ness parameter +2.0) have been applied. The restored beam (2722 X
1799, PA = 79°) is shown in the lower left corner of the image. The
cross indicates the A ~ 3 mm radio continuum peak, while the secondary
peak in the south (also seen in Fig. 10) is inconspicuous in all other
aspects.

even far below, those of the large-scale disk for some lines, i.e.,
71° from CS J = 2 — 1 and values close to that of Chou et al.
(2007) from HCN and H'*CN J = 1 — 0. However, the lines also
collect emission from outside the nuclear disk (Sects. 3.2.2,4.1.3
and in particular 4.7) and thus broaden the extent of the emission
along the minor axis, yielding unrealistically low inclinations.
Our other four lines, HC'®O* J = 150, ¢-C3Hy 212 — o1,
CH;C,H 5¢ — 49 and HC'’N J = 1 — 0, which are too weak to
trace much of the less intense emission outside the nuclear disk,
yield instead i = 75°-78°, i.e., values perfectly consistent with
the inclination on larger scales. We conclude that the inner disk
still retains the inclination of the outer one, while some molec-
ular lines are contaminated by emission from regions outside
the inner ~10” X 2 sized region representing the nuclear disk.
While this is an obvious explanation for CO (Chou et al. 2007),
HCN, and CS, it is remarkable that the optically thinner H'3CN
(but not HC'N) is following HCN. We conclude that four of our
seven analyzed transitions show the same inclination as the outer
disk, which would not be the case if the inclinations were dif-
ferent. Furthermore, the radio continuum arising predominantly
from bremsstrahlung related to star formation with associated
molecular clouds (Bendo et al. 2016), provides with its extent
given in Sect.3.1 an inclination of i = 76.9° +0.1° (see also
Sect.4.6.2 for a modeled inclination). In this sense NGC 4945
is remarkable because a correlation between nuclear and large-
scale disk inclination is absent in statistically relevant samples
of active spirals (e.g., Ulvestad & Wilson 1984 and Sect.4.7
below).

4.6. Kinematics
4.6.1. Observational constraints
Figures 8—11 provide images of the intensity (/;) weighted line-

of-sight velocity distributions (I = Z1;)
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Fig. 12. CH;C,H 5¢ — 4 velocity field clipped at the 5o level. Unlike
in Figs. 8 and 9, the emission is confined to the nuclear disk. Primary
beam correction and Briggs weighting (robustness parameter +2.0) has
been applied. The contours start at 470kms™' and reach 695kms™';
their spacing is 25 kms™'. The restored beam (2765 x 2728, PA = 80°)
is shown in the lower left corner of the image. The cross indicates the
A =~ 3 mm radio continuum peak.

CH3CCH Velocity Dispersion
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Fig. 13. Map of the CH3C,H 5¢ — 4 velocity dispersion clipped at the
50 level. Primary beam correction and Briggs weighting (robustness
parameter +2.0) has been applied. The restored beam (2765 x 2728,
PA = 80°) is shown in the lower left corner of the image. The cross
indicates the A ~ 3 mm radio continuum peak.

(moment 1) and the intensity weighted velocity dispersions

LV, - V)2
Av:,/¥

(moment 2) of the two strongest lines, those of HCN and CS. We
emphasize not only basic morphological features, but we also
try to account for as much large-scale structure as possible, and
thus these figures present Briggs weighted images (weighting
robustness parameter +2.0) to come close to natural weighting.
While they are affected by different degrees of absorption, the
velocity fields of HCN and CS look very similar and are at first
order consistent with rotation of a disk around a central source.
Furthermore, in spite of this absorption, the systemic velocity
contour passes within the limits of accuracy (1) through the
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center of the galaxy (see also Cunningham & Whiteoak 2005).
However, our isovelocity contours are not as regular as those
of the H42«@ recombination line. There, isophotes are approxi-
mately perpendicular to the main axis of the galaxy (PA ~ —45°;
see Bendo et al. 2016), giving rise to the impression that the
innermost gas is rotating like a rigid body. A comparison with
the H91a+H92« data of Roy et al. (2010, their Fig. 2), obtained
with an even smaller beam size (1”74 x 172 instead of the
2”70 to 2”5 used here) also reveals this difference. While in the
innermost =4 (=75 pc) their isovelocity contours are roughly
parallel to each other and perpendicular to the position angle
of the galaxy, their contours in the northeast (particularly the
680km s~! contour) are displaced northward from the main axis.
This also holds in the case of CO J = 2 — 1 (Chou et al. 2007).
However, our HCN data (Fig. 8) show instead a twist to the south,
while CS (Fig. 9) is neutral in this respect. While it might be that
absorption significantly affects the observed velocity fields, the
main cause of the differences may be emission from outside the
nuclear disk (Sect. 4.7).

When considering the distribution of line widths, there
is another notable feature: The region with largest dispersion
(280kms~! in Figs. 10 and 11) is, as expected, located at the
center of the galaxy. Perhaps a part of this could be related to the
nonthermal source with jet-like morphology detected by Lenc &
Tingay (2009) at an offset of ~1” from the dynamical center.
However, a detailed inspection of the spectra indicates that the
fits of the central region are questionable because of absorp-
tion near systemic velocities (see, e.g., Sect. 3.2.2 and Table 2).
Toward the northwest and southeast slightly off the region
exhibiting absorption (e.g., Fig. A.1), wide line emission is seen,
because here parts of the approaching and receding disk are seen
simultaneously. Toward the absorbing region itself, the near-
systemic velocities are blocked, thereby inhibiting meaningful
fits of the line widths.

In view of the line contamination by absorption and, likely
even more importantly, by gas arising from outside the nuclear
disk (Sects.3.2.2, 4.1.3, and 4.7), we thus prefer to choose the
CH3C,H 59 — 4 line. While its emission is =35 times weaker
than that of HCN J = 1 —0, it is not significantly affected by
absorption and traces solely the nuclear disk. Figures 3 and
12-13 show the distributions of velocity integrated intensity,
velocity, and velocity dispersion exclusively for the nuclear disk.
The velocity field turns out to be highly regular, similar to that
derived for the H42a recombination line (Bendo et al. 2016).
Twists to the north or south (e.g., Chou et al. 2007) are absent
and the most blueshifted and redshifted velocities are found in
the outermost regions of the nuclear disk along its major axis.

While the velocity field is very regular, the velocity disper-
sion looks more complex. Instead of one peak extended along
a southeast-northwest axis (Figs. 10, and 11), we find three
(Fig. 13). The central one, elongated along the main axis of
the galaxy and not perpendicular to it, is accompanied by two
additional regions with wider lines to the northeast and south-
west, separated by a total of 579 +0”2. At these locations we
observe the transition between rigid body rotation and steep rota-
tion curve to a flat one (see also Chou et al. 2007). At a radius
of 2”745 (~45pc) and with a rotation velocity of 140kms™!
we obtain with Eq. (1) of Mauersberger et al. (1996; n = 1) an
enclosed mass of M» 45 = 2.1 x 108 M, with an estimated error of
10%, in good agreement with Cunningham & Whiteoak (2005).
For comparison, Roy et al. (2010) obtain with the H92«a line
3x 107 My, for the mass inside a radius of 1” (x~19pc). Fur-
thermore, we note that the nuclear region is slightly lopsided:
The center of the line connecting the two outer peaks of line
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width is located ~1”74 southwest of the continuum peak (see
Table 3). Systemic velocities (Vparycentric =571 km s are found
about 0”79 (=15-20pc) southwest of the continuum peak and
may be closer to the position of the maser disk (Greenhill et al.
1997) given in Sect. 3.1. While uncertainties with respect to the
value of the systemic velocity (Sect. 2) and the relative positions
of the continuum peak and the maser disk are significant, most
of the star formation represented by the continuum emission
(see Bendo et al. 2016) appears to originate slightly northeast
of the dynamical center. The lopsidedness of the central region
of NGC 4945 also explains why molecular lines with signifi-
cant absorption show integrated intensity peaks slightly shifted
to the southwest: With the bulk of the continuum arising from
the northeast, line emission is likely more quenched by absorp-
tion at this side of the center than in the southwestern part of the
inclined nuclear disk (see Sect. 4.1.2 and Fig. 7).

Figure 14 shows a PV diagram along the major axis, which
may be compared with the CO based diagrams of Chou et al.
(2007) and Lin et al. (2011). At a 3mJybeam™! level, no
structure can be recognized except particularly prominent emis-
sion near 710kms~' and a less prominent enhancement near
430kms™!. Atlevels >4.5 mJy beam™! the clumpiness of the gas
becomes apparent. The size of these condensations at a given
velocity is of order 2", roughly corresponding to 40 pc, which
is not only the linear size of our beam but is also a characteris-
tic linear scale of giant molecular clouds (see, e.g., Rosolowski
et al. 2003 for M 33). Furthermore, the high intensity backbone
of the rotation curve is steeper between barycentric V = 500 and
570 kms~! and is flatter between ~470 and 500 kms~! than over
the entire velocity range. Overall, the PV diagram from CH;C,H
shows much less complexity than that of CO J = 2 — 1 (compare
with Figs. 1 and 4 of Lin et al. 2011).

4.6.2. Kinematical model of the nuclear disk involving
tilted rings

From the data cube (e.g., Fig 12) it is evident that NGC 4945
contains a rather well-behaved, regularly rotating nuclear disk
that is best seen in our CH3;C,H 5¢ — 4 line (1) because of an
absence of significant absorption and (2) because weaker spa-
tial components outside the disk are below our sensitivity limit.
It is in principle straightforward to perform a parametrization
of this (and other) line(s) in terms of a (tilted-) ring analysis
(Rogstad et al. 1974). As, however, the disk is observed to be
at high inclination and the half power width of the point spread
function is large compared to the diameter of the disk along the
minor axis, a kinematical analysis on a velocity field might fail:
line of sight and smearing effects render a velocity field unre-
liable. In addition we are interested in the radial profiles of the
line strengths of the detected lines and we want to test the feasi-
bility of simultaneous fits of several lines. This is only possible
with a three-dimensional modeling approach, in which an obser-
vation is simulated, based on input parameters, to then adjust
the parameters based on a comparison of observed and modeled
data. Here we hence attempt a (tilted-)ring modeling with the
software TIRIFIC (J6zsa 2007, 2016).

The naturally weighted data cube was primary beam cor-
rected and converted to radio velocity using 85.45727 GHz
(see Table 1) as reference frequency. Accordingly, the CH;C,H
line is tracked at the correct velocity, while in addition the
c-C3H; 215,101 line and H42« (for the latter, see Bendo et al.
2016) are also part of this analysis. Furthermore, the analyzed
PV plots show weak emission from lines likely belonging to
HOCO* 404 - 303 (Vrest = 85.53148 GHZ) and C-C3H2 432 - 423

(Jy/beam)
—2x10™% 0  2x10™° 6x1073
I 2002

CH3C2H Main Axis PV—Diagram
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-8 -6 —4 0 2 4 6 8 10
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Fig. 14. Position-velocity plot of CH3;C,H 59 — 4, along the major
axis with the abscissa scaled relative to the continuum peak. Contour:
7 mJy beam™!. The plot emphasizes (1) the clumpiness of the gas, (2) the
steepening of the rotation curve between barycentric V ~ 500 km s~! and
the systemic velocity of V ~ 571 kms~! and (3) its flattening between
470 and 500 km s~

(Vrest = 85.65642 GHz), which are too inconspicuous to be
apparent in the spectra shown in Fig. 6. To accelerate the analysis
the data cube was binned along the spatial axes (still providing a
pixel size fully sampling the synthesized beam).

The fitting strategy follows an established path (see, e.g.,
Zschaechner et al. 2012; Gentile et al. 2013; Kamphuis et al.
2013; Schmidt et al. 2014; de Blok et al. 2014). Including a large
set of parameters in the model (e.g., inward or outward motion,
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vertical motion, and several modes of surface brightness inho-
mogeneities) necessarily leads to a good fit at the expense of
a more and more arbitrary model parametrization. Too many
parameters can be degenerate to some degree. We hence intend
to find the simplest model that compares well to the data. We
point out that both the definition of simple and the notion of a
good fit is subjective. We also cannot guarantee to have found
a unique solution. On the other hand we tested a wide range
(see below) of parameter combinations, such that the solution
presented is rather well established.

Fitting started with a flat-disk model, assuming a flat rota-
tion curve. The number of nodes between which the model is
interpolated using an Akima interpolation is varied from param-
eter to parameter. Beyond a radius of 15”, there is no meaningful
observational contribution to any model. Near 2, we are limited
by our angular resolution. The rotation curve rises steeply at the
center, which is why we choose a denser sampling there.

A simple rotating disk model already gives a reasonable fit
to the data. In the following we fit four disks simultaneously
to the data, also with the aim to check whether CH;C,H and
H42a model parameters are consistent with those of Cs;Hj
215 = 1j9 (hereafter c-C3H,-2) and the line assigned to c-C3H;
J = 43, — 453 (hereafter c-C3H,—4). It is assumed that all lines
share rotation velocity, inclination, position angle, and central
position. Notably, the c-Cs;H,—4 and H42qa lines have some
channels in common, which is why the weak C;H, J = 4
feature had to be included in the model. Otherwise TIRIFIC’s
x?-minimization would be pushed into a wrong minimum. The
parameterization of the c-C3H,—4 disk is however unreliable.
c-C3H,-2 shows strong absorption, which is why the model
surface brightness (Fig. 15, upper panel) is unreliable near the
center.

Both a radially varying scale height and a radially varying
velocity dispersion can improve fits to the data. These parameters
were found to provide best fits if varied independently from each
other for each line.

TiRiFiC allows us to test the following kinematic behavior:
A central radial (in- or outward) motion (parameter VRAD) can
vary linearly with height |z] above or below the plane (parameter
DVRA, see also Schmidt et al. 2014), i.e.,

Vexp = VRAD + || X DVRA.

This motion is performed parallel to the main disk. We
tested the following scenarios, keeping parameters identical for
all lines: (1) radially varying radial motion in addition to radi-
ally varying vertical gradients of the radial motion, (2) constant
radial motion at all radii, and (3) constant radial motion at a given
vertical height at all radii and a constant vertical gradient of the
radial motion at all radii.

As the latter provided a comparable fit to the other solutions
and was slightly favorable compared to a model with a constant
radial motion throughout the disk, we used this model to reduce
the numbers of nodes for the rotation curve to obtain the final
solution (Figs. 15-18). Fitting started with a flat-disk model,
assuming a flat rotation curve. Initial parameters (constant sur-
face brightness, inclination, position angle, rotation speed) were
based on a rough inspection of the cube. While TiRiFiC in
the chosen nested-interval mode depends on an initial guess of
parameters, it generally converges quickly starting from a rough
guess if the number of initial parameters is low. Consecutively,
the number of parameters were increased to allow, for example,
an implementation of a radial surface brightness profile, a rota-
tion curve, and additional parameters. When it was found that
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Fig. 15. Final parametrization: surface brightness. Negative values
might reflect statistical errors, but might also be due to absorption.
From top to bottom we present c-C3H, J =2, — 119 (SBR), CH;C,H
50 — 4o (SBR-2) and, overlapping, c-CsH, J =43, — 4,3 (SBR-3) and
H42a (SBR-4; see Table 1 for details to the transitions). The abscissa
shows galactocentric radii and the ordinate shows emission in units of
Jykm s~ arcsec2. Further information is given in Sect. 4.6.2.

the introduction of additional parameters did not visibly improve
the model, we chose not to use those parameters. Errors were
estimated by fitting the two (in the model identical) halves of the
galaxy independently (segments 1, 2, 3, and 4 on one and seg-
ments 5, 6, 7, and 8 on the other side, covering in this way the
four lines) and taking the average deviation from the final solu-
tion averaged over this and the one or two neighboring nodes as
the error.

Representing the results for modeled segments 1, 2, 3, and
4, Fig. 15 shows the surface brightness of the various tracers
as a function of galactocentric radius, indicating peak values
in the inner 5”. Figure 16 provides the rotation curve (upper
panel), rising fast and settling between 130 and 180kms~! at
larger radii, consistent with, for example, Ott et al. (2001). Posi-
tion angle and inclination could be kept constant, the latter
to a slightly lower value than that favored in Sect.4.5, which
was based solely on the ellipticity of the measured distribu-
tions and the assumption of azimuthal symmetry. An inclination
of 75° to 78° (see Sect.4.5) would correspond to deviations of
order 2.5-5.50, given the error bars in Fig. 16. Figure 17 pro-
vides scale heights of order 20-30 pc at galactocentric radii of
5”-15", while the velocity dispersion (Fig. 18) is of order
20kms~! except for our C3H,—4 line, where S/Ns and blending
with H42« likely lead to unreliable results.

Using the obtained model parameters, we created PV
diagrams along the most important lines, one cut along the
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Fig. 16. Final parametrization (from top to bottom): rotation veloc-
ity, vertical velocity gradient DVRA (see Sect.4.6.2), inclination, and
position angle as a function of galactocentric radius. These are the
parameters, which are assumed to be shared by all the lines included
in Figs. 15, 17, 18 and 20.

major axis and three perpendicular to it crossing either the
dynamical center of the galaxy or the southwestern 430kms™!
and northeastern 710kms~! peaks (Fig. 19). Figure 20 shows
both the observed (blue contours) and the modeled (red con-
tours) distributions in the form of PV-diagrams along these
four cuts from the northeast to the southwest (upper left panel)
and from the southeast to the northwest (other panels). The
overall agreement is good. A careful comparison of the minor
axis PV diagrams shows that particularly the c-C3;H,—2 and
CH3C,H lines (some and likely no absorption, respectively; see
Sect. 3.2.5) provide evidence for noncircular motion. In Fig. 20,
from left to right, rising velocities (and not merely widened
line widths) are encountered along the minor axis. With the
southeastern (left) parts of the minor axis cuts representing
the near and the northwestern (right) parts the far side of the
galaxy (Sect. 3.2), the rising velocities toward the far side imply
radially outflowing gas. The second panel of Fig. 16 provides
the absolute value of the DVRA parameter, where we set
VRAD = 0. A careful inspection of the velocity gradients
in Fig. 20 along the minor axis reveals outflow velocities of
order 50kms~!. This corresponds in the model to the DVRA
value at 1” above or below the plane of the galaxy (Fig. 16,
second panel), which is roughly consistent with the modeled
thickness of the nuclear disk (Fig. 17). Higher sensitivity
and resolution measurements of various tracers would be
worthwhile to obtain more information on the distribution, kine-
matics, mass, momentum and energy of this gas in the nuclear
disk.
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Fig. 17. Final parametrization: full scale height. From top to bottom:
in the same order as in Fig. 15, c-C3H, (SCHT), CH;C,H (SCHT-2)
and, overlapping, c-C3H, (SCHT-3) and H42a (SCHT-4). The ordinate
on the left-hand side shows scale height in arcseconds; the ordinate on
the right-hand side denotes scale height in pc, both as a function of
galactocentric radius.

4.7. The bar

From systematic observations of spiral galaxies with high reso-
lution it is known that the orientation of the outer large-scale disk
is not connected with that of the innermost accretion disk (e.g.,
Ulvestad & Wilson 1984). This has been established in a particu-
larly convincing form for those H,O megamaser galaxies, where
the 22 GHz water vapor hotspots form a close to edge-on circum-
nuclear disk with Keplerian rotation and a characteristic size of
1 pc, providing direct information on the innermost geometry of
the galaxy. NGC 4945 (Greenhill et al. 1997) and NGC 1068
(see below and, e.g., Greenhill et al. 1996; Gallimore et al. 2001)
belong to this class of objects.

For the gas to travel from kpc scales to the accretion struc-
tures at ~1 pc, almost the entire angular momentum must be lost
to feed the central monster. Gravitational torques may provide
an efficient mechanism. The bars within bars model proposed
by Shlosman et al. (1989) postulates the presence of a series
of embedded bars, gradually removing the angular momentum
from the gas, distorting its orientation and funneling it into the
central region of a galaxy. While the determination of disk orien-
tations in the central parsec requires interferometric observations
at radio wavelengths, measurements of such galaxies on larger
scales down to ~100 pc are possible thanks to the Hubble Space
Telescope (HST). Greene et al. (2013) and Pjanka et al. (2017)
have investigated the orientation of 18 such disk-megamaser
galaxies and have found that structures on a =100 pc scale are
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Fig. 18. Final parametrization: Intrinsic dispersion (see Sect.4.6.1) as a
function of galactocentric radius (this may be compared with Fig. 13).
From top to bottom we show as in Fig. 15 ¢-C;H, (DSP), CH;C,H
(DSP-2) and, overlapping, c-C;H, (DSP-3) and H42a (DSP-4; see
Table 1).

consistent with being randomly distributed with respect to both
the kpc-sized large-scale and the pc-sized megamaser disks.

Based on H1 and CO data with 23" resolution from
NGC 4945, Ott et al. (2001) found systematic departures from
uniform circular motion and S-shaped velocity contours sug-
gesting the presence of a large-scale kpc-sized bar at position
angle ~35° and approximate azimuthal angle (counterclockwise)
of 40° extending out to ~150” from the nucleus.

Lin et al. (2011) modeled the inner few 100 pc of NGC 4945,
which is closer to the scales discussed in this work. These
authors demonstrated that S-shaped CO iso-velocity contours
can be reproduced by a shock along spiral density waves,
which are excited by a rapidly rotating bar. In view of the
radio recombination line analysis of Bendo et al. (2016) and
the CH3;C,H velocity field presented in Fig. 12, we cannot
confirm the presence of S-shaped iso-velocity contours in the
10” x 2” sized nuclear disk. Furthermore, their adopted incli-
nation for this nuclear disk (62°) appears to be too low by
at least 10° (Sect.4.1.1 and Fig. 16). Nevertheless, making
use of our most intense line, that of the high density tracer
HCN J = 1 -0, we can study the connection between the
nuclear disk and its dense surrounding gas in unprecedented
detail.

We do not find outer rings or tori off the major axis of the
nuclear disk, in a broad velocity range (~100kms™!) around
the systemic velocity; instead we find two arms, the western
one bending to the north and northeast, the eastern one bend-
ing toward the south and southwest (Figs. A.l1 and 21). Each
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Fig. 19. Slice positions of PV-diagrams in Fig. 20 overlaid on a velocity
integrated intensity map of the CH;C,H 59 — 4 line (see, e.g., Table 1
and Fig. 3.) The PV-diagrams in Fig. 20 are all directed from left (east)
to right (west).

of these arms extends mainly along the declination axis over at
least ~15”; this is close to the largest accessible angular scale of
our measurements (see Sect.2), corresponding to 250-300 pc.
Length, orientation, and curvature are in impressive agreement
with the two spiral arms proposed by Lin et al. (2011; their
Figs. 4 and 6), except near the center, where the arms do not wrap
around the nucleus, but appear to start on their respective side.
Near the systemic velocity there is a narrow velocity range,
where absorption toward the nucleus is relatively weak and emis-
sion can be viewed partially also in between the inner starting
points of the arms. We may recognize in the HCN J = 1 =0
image a direct connection between the two arms (Fig. 21 and
also Fig. A.1). While the CS J = 2— 1 line is overall weaker
(e.g., Tables 1 and 4 and Fig. 4), it is less affected by nuclear
absorption (Fig. 4 and Sect. 4.2) and therefore provides a clearer
view onto the connection between the arms and the nuclear disk.
We find (Fig. 22) a broad east-west connection, extending (due
to a lesser influence of absorption) more to the south than in
the HCN J = 1 — 0 image. This is the signature of a bar-like
feature having a total length of slightly less than 10” (=150 pc
linear size, corresponding to ~600 pc at i ~ 75°). This connect-
ing bar-like feature (hereafter termed the bar, which is smaller
than the bar proposed by Ott et al. 2001) apparently touches the
nuclear disk at its near and far side at a galactocentric radius
of =100 pc (assuming azimuthal symmetry for the nuclear disk)
and may allow for substantial inflow of gas. In projection, the
bar is not located exactly perpendicular to the nuclear disk, but
is elongated roughly along the east-west direction and may form
an azimuthal angle of ~60°, counterclockwise, to the midline
of the nuclear disk in the plane of the sky. The eastern side,
which is the front side of the bar, is located partially in front of
the northeastern side of the continuum source and might there-
fore provide more severe absorption there than in the southwest.
Such an enhanced absorption is not clearly seen by our HCN and
H'3CN J = 1 — 0 spectra (Sect. 3.2.2 and Fig. 5). However, most
of the northeastern absorption of HCN and H3CN J = 1 =0
(Figs. A.1, 5 and A.2) is seen at receding velocities with respect
to the systemic velocity and therefore suggests inflow. These are
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43, — 4,3 and H42a. The velocity scale refers to that of the CH;C,H line (see Sect. 4.6.2 and Table 1). Dark: low intensity; light gray: high intensity.
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major axis crossing the 710km s™! peak from the southeast toward the northwest. Bottom left panel: cut C perpendicular to the major axis, central
line. Bottom right panel: cut D perpendicular to the major axis crossing the 430kms~! peak. A, B, C or D are displayed in the upper right corner

of their respective panels. Blue contours: original data cube. Red contours: model data cube with constant vertical gradient in radial motion and

-1

final rotation curve (see top two panels of Fig. 16). Contours: 0.1, 0.2, 0.4, 0.8 mJy beam™".

the kinematics expected in the case of a bar. Using the Her-
schel Space Observatory and analyzing HF J = 1 — 0 absorption
lines toward the nuclear region of NGC 4945, Monje et al.
(2014) found a velocity component centered at ~640 kms~!, red-
shifted with respect to the systemic velocity of the galaxy. This
was interpreted as inflow from radial distances <200 pc, which
agrees with our much higher resolution data. The scenario result-
ing from our measurements including Sects.4.6.2 and 4.7 is
schematically shown in Fig. 23.

The recently detected 36 GHz Class I methanol maser
(McCarthy et al. 2017), located ~10” southeast of the center, is
(if part of the plane of the galaxy) several 100 pc off the AGN
and is thus likely either part of the front side of the bar or part
of the southeastern arm. This agrees well with the findings of
Ellingsen et al. (2017) that the 36 GHz Class I methanol masers

in NGC 253 are located at a projected distance of order 300 pc
off the center.

To summarize, we propose that there is an inflow of gas
through the bar from galactocentric radii of ~300 to =100 pc
toward the nuclear disk. On the other hand, the rotation of the
nuclear disk, reaching galactocentric radii of up to ~100 pc at
azimuthal angles ~60° off the bar, is disturbed by outflowing
gas. The strong emission from the outer edges of the nuclear
disk, seen at 430 and 710km s, may thus not merely be caused
by its geometry, with tangentially viewed locations of a highly
inclined rotating disk yielding particularly large column densi-
ties near Viys £ Vio. Instead, the peaks in line emission may be
further enhanced by the fact that inflow from the bar meets out-
flow from inside the nuclear disk, leading to the formation of a
ring near r = 100 pc.
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Fig. 21. Primary beam corrected HCN J = 1 — 0 emission (Briggs
weighting with a robustness parameter of 0.0) integrated over the veloc-
ity interval 585-612kms™', the near systemic velocity range, where
nuclear absorption is not as strong as at adjacent velocities. The arms
(mainly green, see Sect.4.7) are visible in the northwest and southeast,
likely connected by the elongated region of strong emission along an
east-west axis. See Fig. 22 for an even clearer image, where absorption
plays a lesser role.
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Fig. 22. Primary beam corrected CS J = 2— 1 emission (Briggs
weighting with a robustness parameter of 0.0) integrated over the veloc-
ity interval 585-612kms~!, the near systemic velocity range, where
nuclear absorption is not as strong as at adjacent velocities. Contours
are 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8 times the integrated peak flux
density of 2.48 Jykm s~ beam™'. Overall, line absorption plays a lesser
role than in Fig. 21. While the southern region of enhanced emission is
part of the southeastern arm, the hotspot around 7” farther to the east is
(as in Fig. 21) a separate feature, possibly related to Knot B of Marconi
et al. (2000; see our Sect. 4.1.3).

4.8. Specific case of NGC 4945

To place our analysis in a slightly broader context, we compare
our findings with respect to the properties of the nuclear region
of NGC 4945 with those of two additional nearby galaxies. One
of these was selected on the basis of being as similar as possible
with respect to NGC 4945. Furthermore, it can be considered as
the template for star forming galaxies outside the Local Group.
This galaxy has been observed with a linear resolution similar to
ours and is, like NGC 4945, also suitable for a comparison with
the less active central molecular zone (CMZ) of our Galaxy. The
other target is a slightly more distant object that is even more
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Fig. 23. Sketch of the central parts of NGC 4945 viewed from a position
above the plane and on top of the center of the galaxy. The blue arrows
indicate modeled or observationally suggested radial motions of the gas.

active than NGC 4945, which allows us to check how differ-
ences in overall activity (i.e., infrared luminosity) may influence
central regions on =100 pc sized linear scales.

The first of these two galaxies is NGC 253. NGC 4945
and NGC 253 share many properties. Both are starbursting
galaxies with similar infrared luminosity, distance, inclination
and position angle (e.g., Henkel et al. 1986; Engelbracht et al.
1998; Walter et al. 2017) and also appear to show similar
12C/13C ratios and HCN J = 1 — 0 optical depths (Sect. 4.3).
Even the position angles of their bars are not far apart (=<90°
for NGC 4945 and ~65° for NGC 253; Canzian et al. 1988;
Engelbracht et al. 1998; Iodice et al. 2014). However, projected
sizes of their nuclear disks are very different with 10” versus
30" (=200 versus 600 pc). The more widespread dense gas in
NGC 253, not containing an AGN, does not show the kind of
nuclear concentration seen in NGC 4945. The NH; data from
Lebron et al. (2011) and the multiline images from Meier et al.
(2015) and Walter et al. (2017) provide good examples for the
morphology of the dense gas in NGC 253. Maps of these non-
CO molecular tracers reveal no overwhelmingly strong emission
from the nucleus of NGC 253, but exhibit instead a chain of
blobs along the plane of the galaxy, extending over more than
half a kpc. We note, however, that if the bar in NGC 4945 were
not seen ends-on but from the side, we would see molecular
emission along a similarly extended ridge as toward NGC 253.
NGC 253 also hosts a (likely starburst-driven) wind with a rate
of roughly 9 M, limiting nuclear star formation activity (Bolatto
et al. 2013), as well as a spectacular 1.5 kpc sized OH plume
also indicating outflowing molecular material from the nuclear
region (Turner 1985). The above similarities and the molecu-
lar outflow in NGC 253 suggest that both galaxies, NGC 4945
(see Sect.4.6.2) and NGC 253, share outflowing molecular
gas in their central parts and possibly inflowing molecular gas
associated with their respective bars farther outside.

NGC 1068, the other galaxy, shows a much higher degree of
activity. Recent ALMA studies were obtained by Garcia-Burillo
et al. (2014, 2016, 2017) and Viti et al. (2014). This LIRG (to our
knowledge the nearest one) hosts a slightly off-centered molec-
ular disk of size =350 pc with a warped innermost disk-like
structure of a few parsec in length. Outside the disk, CO traces
two elongated filaments parallel to the major axis of a large-scale
bar, while a pseudo-ring consisting of two arms is encountered
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at its outer end. Inflow is found inside this ring and the outer bar
region. However, further inside the kinematics of the circumnu-
clear disk and a bow shock at a galactocentric radius of 400 pc
reveal an outward flow perturbed by rotation. The molecular
outflow rate is much higher than the star formation rate and is
therefore likely AGN driven.

Apparently, in NGC 1068 the boundary between inner out-
flowing and outer inflowing gas is located at much larger radii
than in NGC 4945, which is possibly related to the different
activity levels of their respective AGN. To summarize, all three
well-studied galaxies, i.e., NGC 253, NGC 1068, and NGC 4945,
share outflowing gas in their inner regions, while farther out at
least NGC 1068, likely along with NGC 253 and NGC 4945
(because of their bar-like structures) experience inflow. In this
context we still have to emphasize that the outflow that we see in
the nuclear disk does not include the spatially unresolved molec-
ular core of size $2”, which is much smaller in linear size than
the nuclear disk in NGC 1068. Again, a stronger AGN activity in
NGC 1068 might be responsible for this difference.

As already mentioned, bars can change the orientation of
parts of their parent galaxies and the presence of several bars can
distort the geometry in a way that even on intermediate (=100 pc)
scales there is little connection to the orientations at largest and
smallest scales (e.g., Pjanka et al. 2017). However, NGC 4945
does not show any such change in spite of the suggested presence
of a bar (Figs. 21 and 22) reaching the nuclear disk at a galacto-
centric radius of ~100 pc and the more extended bar at a different
azimuthal angle farther out proposed by Ott et al. (2001). This
is a puzzle that remains, for the moment, unexplained, leaving
NGC 4945 as one of the few known megamaser galaxies (Pjanka
et al. 2017) forming a pc-scale 22 GHz H,O disk, a nuclear
200 pc scale disk and a large-scale disk with similar orientation.

5. Conclusions

We have observed the dense molecular gas with linear resolu-
tion of ~40pc in the nuclear region of the prominent southern
starburst galaxy NGC 4945 using 32 ALMA antennas in com-
pact configuration during Cycle 1. 1 3 mm (Band 3) spectral
line imaging in the range (rest-frame) 85.1-86.9 GHz and around
88.6 and 98.0 GHz led to the following main results:

(1) While showing a higher degree of activity, the central
part of NGC 4945 is viewed with a similar inclination as our
Galactic center region (i ~ 75° versus 90°) and with a similar
position angle (45° versus 63°). The receding side is also located
in the northeast and a bar is only a few 10° off our line of sight.
In addition, the central part of NGC 4945 may exhibit a sim-
ilar lopsidedness as the central molecular zone (CMZ) of our
Galaxy (e.g., Ginsburg et al. 2016) with star formation most vig-
orously occurring slightly northeast of the center (for NGC 4945
defined in this work as the location of the maser disk — Greenhill
et al. 1997). The radio continuum mainly representing free-free
emission from star forming regions appears to peak slightly (less
than an arcsecond) northeast of the central megamaser disk of
the galaxy. This is corroborated (a) by a comparison with the
position of the megamaser disk, (b) by a comparison with molec-
ular line peak positions, (c) by a comparison with the moment 2
distribution of our CH3;C,H 59 — 4 map, and (d) by a com-
parison with the line of systemic velocity in the corresponding
moment 1 map.

(2) Most molecular lines that we observed are affected by
absorption toward the nuclear millimeter-wave continuum source
at velocities from about —60 to +90kms~! relative to the

systemic velocity (taken as 571 kms~! on a barycentric scale).
The only line that is not affected by significant absorption is the
CH;3C,H 59 — 4y transition, likely due to its low critical den-
sity with respect to the other molecular lines studied in this
work. With the radio continuum apparently peaking slightly
northeast of the maser disk, line emission being affected by
absorption against this continuum component is shifted toward
the southwest.

(3) Inside the roughly 10” x2” (=200 pc X 40 pc) sized nuclear
disk there is a spatially unresolved molecular core of size <2
(40 pc) with particularly intense molecular line emission that
is consistent in size with the core of the nuclear X-ray source
detected by Chandra (Marinucci et al. 2012). Outside, starting
at deprojected galactocentric radii of ~300 pc (adopting an incli-
nation i = 75°), we find two spiral-like arms: one in the west
turning toward the northeast and one in the east turning toward
the southwest. The front and back sides of the nuclear disk are
connected to the arms by a thick bar-like gaseous feature extend-
ing (again adopting i = 75°) from galactocentric radii of ~100 pc
out to =300 pc. This bar-like structure is seen almost ends-on
at a position angle of #90° east of north; the eastern section is
the front side. This configuration may be responsible for the fact
that the northeastern part of the continuum source is absorbed
over a wider range of velocities than the southwestern one. If
the bar-like component were seen from the side, the extent of
the central molecular ridge would approximately triple from 10”
to 30” and would then be similar in size to the nuclear region
encountered in NGC 253. But this central molecular ridge would
contain a prominent compact core that is absent in NGC 253.
Considering molecular line intensity ratios between NGC 253
and the molecular peak positions in NGC 4945, notable dif-
ferences are found with respect to SiO, c¢-C3H,, and CH3;C,H
in the 4 = 3 mm band. The recently detected Class I methanol
maser in NGC 4945 (McCarthy et al. 2017) is likely either part
of the front side of the bar or part of the southeastern spiral-like
arm and thus, similar to the corresponding masers in NGC 253
(Ellingsen et al. 2017), very far from the dynamical center of the
galaxy.

(4) Position-velocity cuts perpendicular to the plane of the
galaxy, following the minor axis, reveal outflowing gas with a
characteristic deprojected velocity of 50kms~! for the nuclear
disk. Farther out, if the bridge between the outer arms and the
nuclear disk represents a bar, gas should be inflowing. Thus the
430 and 710 km s~' components at the outer edges of the nuclear
disk at galactocentric radii of ~100 pc may not only be promi-
nent for geometric reasons but also because inflow from outside
may meet outflow from inside the nuclear disk, possibly forming
aring confining the nuclear disk.

(5) It is remarkable that on all scales, from the extended disk
encompassing >20kpc to the H,O megamaser disk highlighting
the central parsec, position angle and inclination do not appear
greatly changed. While the assumption of azimuthal symmetry
suggests i = 77° for the nuclear 10” x 2" disk, the application
of a ring model leads to a best value of 72°-73°.

(6) Initially designed to prove that the rare >N isotope is mainly
synthesized in massive rotating stars, our project does not pro-
vide a clear-cut result in this respect. Instead of confirming a
previous tentatively obtained very low '*N/°N ratio of ~100
(Chin et al. 1999) explained by large amounts of N being
ejected by rotating massive stars in the starburst region, we
obtain a much higher ratio in the more common range between
those of the solar system and the local interstellar medium
(200-500). Thus, "N being mainly formed by lower mass
(<8 M,,) stars, as proposed by Adande & Ziurys (2012) for
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Galactic sources, is a viable alternative in view of the data from
NGC 4945 as well.

(7) A position-velocity diagram of the nuclear disk in the
CH3C,H 5 — 4 line indicates slight deviations from a straight
line in the southwestern part. Furthermore, individual molec-
ular complexes of size $S40pc could be identified, possibly
representing giant molecular clouds.

(8) We neither find a pronounced molecular counterpart to the
star forming ring at r ~ 50 pc proposed by Marconi et al. (2000)
and based on near infrared Pac line data nor emission from their
Knot C, northwest of the nuclear disk. Their Knot B in the south-
east, however, is likely detected delivering the strongest HCN
J=1—-0and CS J =2 — 1 emission peak outside the nuclear
disk. Furthermore, the northwestern part of the ¥-shaped
structure encountered in HCN J = 1 — 0 between barycentric
V ~ 530 and 570kms~! (Table 2 and Fig. A.1) may confine the
supernova-driven superbubble reported by Marconi et al. (2000)
in the east, south and west.

Now that we know which tracer can provide a realistic
description of the distribution of dense molecular gas in the
innermost regions of NGC 4945 without being strongly affected
by absorption, more sensitive measurements of CH3;C,H with
similar resolution as those presented in this work are not only
mandatory but will also be feasible by making use of the
high sensitivity of ALMA. An essential part of such studies
would be a characterization of the outflow, for example, AGN
or starburst related, and the properties of the gas in the bar-
like structure. To achieve these goals, measurements of the
excitation conditions of the gas would also be desirable. Most
urgent, however, are observations with significantly higher res-
olution, aiming to resolve the <2” molecular core. This core,
giving rise to strong quasi-thermal emission, has so far not
been studied but has the potential to close the main remain-
ing gap in our knowledge between the large-scale properties
and the nuclear pc-scale 22 GHz H,O maser disk in one of our
nearest and most prominent extragalactic molecular goldmines,
NGC 4945.
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Appendix A: Channel maps

Complementing the various molecular moment 0, 1, and 2 maps in the main text (Figs. 2, 3, 8—13), here channel maps of the most
prominent unblended spectral features are presented. These are the HCNJ =1—-0, HI3CNJ=1—-0, HCI5SNJ=1—-0,CSJ =
2—-1,c-C3H2 2}, — 1y; and CH3C2H 5, — 4 transitions in order of decreasing line intensity of the main isotopic species.
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Fig. A.1. HC"N (HCN) J = 1 — 0 channel maps with the crosses indicating (as in case of Figs. A.2—A.6) the position of the radio continuum
peak. The spacing between tick marks along the y-axis corresponds to 10”. Central barycentric velocities in kms™' are given in the upper left
corners of each map. The systemic velocity is near 571 kms™' (Sect.2). The wedge provides intensities in units of Jy beam™'. We note the dark
areas between 525 and 650 km s~!, where the line is seen in absorption. The large-scale rotation of the highly inclined galaxy is such that emission
at low velocities is mainly originating from the southwest of the center, while high velocity emission arises from the northeast. The value 0.1 Jy
corresponds to ~4.0 K main beam brightness temperature. The value 1” represents a projected linear scale of 19 pc. The beam size is shown in the
lower right corner of the figure.
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Fig. A.2. H®C*N (H¥*CN) J = 1 — 0 channel maps. For the units of velocity, ordinate, and wedge as well as for the position of the crosses, see
Fig. A.1. As in case of the main isotopic species, absorption is present near the systemic velocities between 525 and 650 km s~'. The value 0.01 Jy
corresponds to ~0.42 K. The beam size is shown in the lower right corner of the figure.
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Fig. A.3. H'2C'>N (HC"N) J = 1 — 0 channel maps. For the units of velocity, ordinate, and wedge as well as the position of the crosses, see
Fig. A.1. We note that the signal seen is very close to the noise level. This or a weak transition of SO or CH;OH may explain the emission at V ~
350kms~!. Near the systemic velocity, where the more abundant HCN isotopologues exhibit weak absorption, no signal is seen, which is likely also
a consequence of S/Ns that are too low. The value 0.002 Jy corresponds to ~85 mK. The beam size is shown in the lower right corner of the figure.
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Fig. A.4. '2C32S (CS) J = 2 — 1 channel maps. For the units of velocity, ordinate, and the wedge as well as for the position of the crosses, see
Fig. A.1. The value 0.1 Jy corresponds to ~3.3 K. The beam size is shown in the lower right corner of the figure.
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Fig. A.5. c-C3H, 2, — 1¢; channel maps. For the units of velocity, ordinate, and the wedge as well as for the position of the crosses, see Fig. A.1.
The value 0.02 Jy corresponds to ~0.85 K. The beam size is shown in the lower right corner of the figure. The emission seen at an apparent c-C3H,
velocity of ~300kms™! is caused by the redshifted part of the CH;C,H J = 59 — 4 line, emitting near 710 km s~! (see also Figs. 6 and A.6).
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Fig. A.6. CH;C,H 50 — 4, channel maps. For the units of velocity, ordinate, and wedge as well as the position of the crosses, see Fig. A.1. The
value 0.01 Jy corresponds to =0.42 K. The beam size is shown in the lower right corner of the figure.
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