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8 Núcleo

de Astronomı́a de la Facultad de Ingenierı́a, Universidad Diego Portales, Av. Ejército Libertador 441, Santiago, Chile
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ABSTRACT
12

We present ALMA Band 6 CO(2–1) line and rest-frame 232 GHz continuum observations of the nearby Comptonthick Seyfert galaxy NGC 5643 with angular resolutions 0.11 − 0.2600 (9 − 21 pc). The CO(2–1) integrated line map
reveals emission from the nuclear and circumnuclear region with a two-arm nuclear spiral extending ∼ 1000 on each
side. The circumnuclear CO(2–1) kinematics can be fitted with a rotating disk, although there are regions with large
residual velocities and/or velocity dispersions. The CO(2–1) line profiles of these regions show two different velocity
components. One is ascribed to the circular component and the other to the interaction of the AGN outflow, as
traced by the [O iii]λ5007Å emission, with molecular gas in the disk a few hundred parsecs from the AGN. On nuclear
scales, we detected an inclined CO(2–1) disk (diameter 26 pc, FWHM) oriented almost in a north-south direction. The
CO(2–1) nuclear kinematics can be fitted with a rotating disk which appears to be tilted with respect to the large
scale disk. There are strong non-circular motions in the central 0.2 − 0.300 with velocities of up to 110 km s−1 . In the
absence of a nuclear bar, these motions could be explained as radial outflows in the nuclear disk. We estimate a total
molecular gas mass for the nuclear disk of M (H2 ) = 1.1 × 107 M and an H2 column density toward the location of
Corresponding author: Almudena Alonso-Herrero
aalonso@cab.inta-csic.es
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the AGN of N (H2 ) ∼ 5 × 1023 cm−2 , for a standard CO-to-H2 conversion factor. We interpret this nuclear molecular
gas disk as the obscuring torus of NGC 5643 as well as the collimating structure of the ionization cone.
Keywords: galaxies: Seyfert — galaxies: active — molecular data — galaxies: individual (NGC 5643)

The nuclear obscuring disk in the Compton-thick Seyfert galaxy NGC 5643
1. INTRODUCTION

The key piece of the Unified Model for active galactic nuclei (AGN) is the torus of dust and molecular gas
that obscures the direct view of the AGN along certain
lines of sight and explains the observational properties of
AGN (Antonucci 1993). ALMA observations detected
the torus in the nearby Seyfert NGC 1068 in both cold
dust and molecular line emission (Garcı́a-Burillo et al.
2016; Gallimore et al. 2016; Imanishi et al. 2018). The
measured torus diameter at different ALMA molecular
transitions and dust continuum (7 − 13 pc) is approximately a factor of two larger than the size derived from
the modelling of the nuclear unresolved near-to-mid infrared emission (Ramos Almeida et al. 2011; AlonsoHerrero et al. 2011; Ichikawa et al. 2015) and midinfrared interferometry (Tristram et al. 2009; Burtscher
et al. 2013; López-Gonzaga et al. 2014). Therefore,
the full extent of the torus is larger than that of the
warm dust probed by the near and mid-infrared continuum. Indeed, Fuller et al. (2016) showed that when
including data to ∼ 40 µm the parameterization of the
torus does indeed alter, further demonstrating the need
for a broad wavelength sampling of the torus emission.
Cold molecular gas is detected in the nuclear and circumnuclear regions of nearby Seyfert galaxies on physical scales of tens to hundreds of parsecs (e.g., Tacconi
et al. 1994; Schinnerer et al. 2000; Krips et al. 2007;
Garcı́a-Burillo et al. 2005, 2014; Sani et al. 2012;
Combes et al. 2013; Izumi et al. 2016; Lin et al. 2016;
Zschaechner et al. 2016; Salak et al. 2017). This gas
is believed to be associated with the AGN fuelling processes. Indeed, in local AGN the hot (T ∼ 1000−2000 K,
see Mouri 1994) molecular gas, as traced by the near-IR
rovibrational 2.12 µm 1–0 S(1) H2 line, is more centrally
concentrated than in non active galaxies and believed to
be related to the Unified Model obscuring torus (Hicks
et al. 2009, 2013).
A natural consequence of the accumulation of material
in the central regions of active galaxies is the presence of
nuclear (< 100 pc) on-going/recent star formation activity (e.g., Davies et al. 2007; Esquej et al. 2014). Since
the nuclear star formation rate is found to be correlated
with the velocity dispersion of the nuclear hot molecular
gas disks (Hicks et al. 2013), then the nuclear molecular
gas disks could be maintained by inflows of material into
the nuclear region and/or by intense, short-lived nuclear
star formation through stellar feedback.
We have started several ALMA programs to observe
the cold molecular gas in the nuclear and circumnuclear
regions of a hard X-ray selected sample of nearby Seyfert
galaxies drawn from the X-ray Swift/BAT all sky 70
month catalog (Baumgartner et al. 2013). The goal
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of these ALMA programs is to understand the connections between the cold and hot molecular gas, the AGN
torus and nuclear/circumnuclear star formation activity in AGN. As explained above, the near-infrared H2
lines provide useful information about the morphology
and kinematics of the hot molecular gas in the nuclear
regions of Seyfert galaxies. However, they only probe
a small fraction of the total molecular gas fraction in
galaxies (see e.g., Dale et al. 2005).
In this work we present ALMA Band 6 continuum and
12
CO(2–1) observations of the nearby (D = 16.9 Mpc,
100 = 81.9 pc) Seyfert 2 galaxy NGC 5643. Although this
galaxy is classified as an SAB(rs)c, it has a large-scale
stellar bar identified in the near-infrared (Mulchaey et
al. 1997; Jungwiert et al. 1997). It is a Compton-thick
(see Guainazzi et al. 2004; Ricci et al. 2015; Annuar
et al. 2015) galaxy with a moderate intrinsic X-ray luminosity (L2−10keV ∼ 1042 erg s−1 ). Optical broad lines
in polarized light have not been detected in this galaxy
(Ramos Almeida et al. 2016). These authors explained
it as a combination of its Compton-thick nature and relatively low AGN luminosity or different properties of the
scattering material.
The 2.12 µm 1–0 S(1) H2 hot molecular gas in the central region of NGC 5643 shows anomalous kinematics in
an area at about 200 northeast of the nucleus with high
velocity dispersion (Davies et al. 2014). This might be
a signature of the presence of molecular gas being excited near the edge of the ionization cone traced by the
optical [O iii]λ5007Å line (Simpson et al. 1997). The
radio emission of NGC 5643 shows an almost east-west
orientation extending for about 3000 on both sides of the
nucleus (Morris et al. 1985; Leipski et al. 2006). This
radio structure appears to be impacting on the disk on
the east side of the galaxy producing positive feedback as
revealed by the presence of H ii regions at approximately
5 and 1000 east of the nucleus (Cresci et al. 2015). The
soft X-ray emission is also extended and mostly detected
in the east side of the galaxy following the [O iii] emission (Bianchi et al. 2006; Gómez-Guijarro et al. 2017).
The paper is organized as follows. Section 2 describes
the ALMA observations as well as archival optical integral field spectroscopy. In Sections 3 and 4 we present
the analysis of the ALMA CO(2–1) morphology and
kinematics of the circumnuclear and nuclear region of
NGC 5643, respectively. In Section 5 we discuss the
results and give our conclusions.
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2. OBSERVATIONS

2.1. ALMA Band 6 observations
We obtained Band 6 ALMA observations of NGC 5643
on 24 December 2016 and 18 July 2017 using the 12-m
array in compact (baselines between 15 and 492 m) and
extended (baselines between 17 and 3700 m) configurations through the project 2016.1.00254.S (PI: A. AlonsoHerrero). The on-source integrations times were 11 and
36 min, respectively. We defined two spectral windows
of 1.875 GHz bandwidth (3.9 MHz ∼ 5 km/s channels),
namely one at ∼228 GHz at the observed frequency of
the 12 CO(2–1) transition and the other at observed frequency of ∼230 GHz to measure the sub-millimeter continuum.
We calibrated the data using the ALMA reduction
software CASA (v.4.7; McMullin et al. 2007). For both
configurations, we used J1427-4206 as bandpass and
phase calibrator. The amplitude was calibrated using
J1427-4206 for the extended configuration assuming a
flux density of 1.92 Jy at 228.6 GHz and a spectral index of –0.59. For the compact configuration, we used
Callisto as amplitude calibrator assuming the ButlerJPL-Horizons 2012 model.
For the CO(2–1) spectral window, we subtracted the
continuum (rest-frame 232 GHz) in the uv plane by fitting the continuum with a constant in the line free channels. Then, we combined and cleaned the data from the
two configurations using the CASA clean task. The output frequency reference frame was set to the kinematic
local standard of rest (LSRK).
We produced three sets of cleaned data For the first
one we used natural weight to emphasize the large scale
emission of NGC 5643. For the other two we used the
Briggs weighting (Briggs 1995), with robustness parameters of b = 0.8 and b = −0.5 to increase sequentially the angular resolution at slightly decreased sensitivity. For the b = −0.5 data set we kept the original spacings of the frequency channel whereas for the
b = 0.8 set we rebinned the data by a factor of 3 in
frequency to increase the signal-to-noise ratio. This resulted in an approximate resolution in velocities of 5
km s−1 and CO(2–1) full-width half-maximum (FWHM)
of 0.00 16×0.00 11 with beam position angle (PAbeam ) of –
67◦ for the b = −0.5 data set, and 15 km s−1 and FWHM
of 0.00 26×0.00 17 with PAbeam = −58◦ for the b = 0.8 data
set. For the continuum images, the beams FWHM are
0.00 16×0.00 10 at PAbeam = −65◦ for b = −0.5 and and
0.00 23×0.00 13 at PAbeam = −68◦ for b = 0.8. The pixel
sizes were set to 0.00 03 and 0.00 04 to properly sample the
beam sizes, for the b = −0.5 and b = 0.8 data sets, respectively. The achieved 1σ sensitivities are ∼1.2 and

∼0.5 mJy beam−1 channel−1 in the CO(2–1) cubes and
∼76 and ∼37 µJy beam−1 in the continuum images for
the b = −0.5 and b = 0.8 data sets respectively. For
all three data cubes we produced maps of the CO(2–
1) integrated intensity, mean velocity field and velocity
dispersion. For all these maps we used pixels at all frequencies with detections > 3σ. We applied the primary
beam (FWHM=2700 ) correction to the data.
In Figure 1 (lower panel) we show the integrated
CO(2–1) molecular line map created with the naturalweight data. The field of view (FoV) is approximately
39.900 × 19.900 (∼ 3.3 kpc × 1.6 kpc) with an angular resolution of 0.2600 × 0.1700 at PAbeam = −69.6◦ . We note
that the primary beam of the observations is smaller
than this FoV. However, most of the detected emission
is well inside the FoV of the primary beam. The line map
shows a bright nuclear source, a nuclear two-arm spiral
already seen in optical to near-IR color maps as a dusty
nuclear spiral extending for several arcseconds (Quillen
et al. 1999; Martini et al. 2003; Davies et al. 2014) as
well as emission in the spiral arms on larger scales. We
measure a CO(2–1) line intensity over a region 4000 ×4000
of 480 Jy km s−1 . For comparison the single-dish measurement for a beam size of 3000 is 912 ± 60 Jy km s−1
(Monje et al. 2011). Thus we recovered approximately
50% of the single-dish observation flux which is typical
of this kind of comparisons.

2.2. Archival VLT/MUSE integral field spectroscopy
NGC 5643 was observed with the Multi Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010) on the
Very Large Telescope (VLT) of the European Southern
Observatory (ESO) on 12 May 2015. These observations
were part of the program 095.B-0532(A) (PI: Carollo).
We downloaded the pipeline processed data cube from
the ESO data archive. We estimate a seeing of ∼0.00 5
from the foreground stars in the FoV. Four dithered exposures of 875 s were taken and later combined into a
single cube by the pipeline. This final combined cube
covers a 10 ×10 FoV with a pixel size of 0.00 2. The observed
spectral range is 475–935 nm and the spectral resolution
varies between R = λ/∆λF W HM ∼ 1770 at 480 nm and
R = 3590 at 930 nm.
We produced line emission maps and velocity fields
of the [O iii]λ4959 and λ5007 doublet (the latter will
be refered to as [O iii] hence forward), the [N ii]λ6549
and λ6583 doublet, and Hα at 6563 Å. We fitted a single Gaussian profile to each of these transitions in each
spaxel. The underlying local continuum was approximated by a straight line. The flux ratio of the doublets
was fixed to the expected theoretical ratio of 0.35 and
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Figure 1. Top panel: Optical image of NGC 5643 from the Carnegie-Irvine Galaxy Survey (Ho et al. 2011). The red rectangle
marks the approximate size of the ALMA map below. Lower panel: ALMA CO(2–1) natural-weighted integrated intensity map
of NGC 5643 produced with a 3σ clipping and shown in a linear scale to emphasize the large scale emission. The contours are
shown in a logarithmic scale with the first contour at 0.2 Jy km s−1 beam−1 and the last contour at 2.5 Jy km s−1 beam−1 . The
FoV of the image is approximately 39.900 ×19.900 (∼ 3.3 kpc×1.6 kpc) and the angular resolution 0.2600 ×0.1700 at PAbeam = −69.6◦ .
We applied the primary beam (27 00 ) correction to the data.
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0.34 for the [O iii] and [N ii] doublets respectively. The
[N ii] and Hα transitions were fitted simultaneously.
Finally we aligned the MUSE images using the peak
of the continuum images to match the coordinates of the
ALMA continuum peak at rest-frame 232 GHz (1.3 mm)
RA(J2000) =14h 32m 40.70s and Dec(J2000) = −44◦ 100
27.900 .
3. CIRCUMNUCLEAR REGION

In this section we focus on the CO(2–1) emission in
the circumnuclear region of NGC 5643 over a FoV of
800 × 800 (central 655 pc × 655 pc) and use the b = 0.8
data set. We selected this region to compare the cold
molecular gas emission with the VLT/SINFONI integral
field spectroscopy study of this galaxy done by Davies et
al. (2014) with this FoV. Nevertheless, as can be seen
from Figure 1 (lower panel), most of the ALMA CO(2–1)
emission (∼ 80%) arises from this region. Based on the
kinematics of the hot molecular gas line H2 at 2.12 µm
Davies et al. (2014) found evidence of outflowing material on scales 1 − 2 00 from the nucleus. This material
appears to be at the edge of the eastern ionization cone
probed by the [O iii] emission observed with the Hubble
Space Telescope (HST) by Simpson et al. (1997) and
more recently with MUSE by Cresci et al. (2015).
3.1. Morphology
Figure 2 (left panel) shows in color the CO(2–1)
velocity-integrated intensity map. The brightest emission comes from the central region (see Section 4.1 for
a detailed discussion) from which the nuclear two-arm
spiral structure is clearly connected. The spiral structure extends for more than 1000 on both sides of the
galaxy (see lower panel of Figure 1), although the east
side spiral arm shows a region void of CO(2–1) emission
gas. We will come back to this in Section 5. The spiral arms are oriented in an almost east-west direction as
is the large-scale stellar bar (see e.g. Mulchaey et al.
1997; Jungwiert et al. 1997, and also upper panel of
Figure 1). There is also CO(2–1) emission in a third
spiral-like structure in the circumnuclear region located
to the west of the nucleus. We marked this third arm in
Figure 1 (lower panel). This structure was first detected
in H2 at 2.12 µm emission by Davies et al. (2014). They
interpreted as a transient structure resulting from a recent perturbation to the galaxy. Alternatively it might
be attributed to the far side of the ionization cone (that
is, the counter-cone) where it is bisecting the galaxy and
perturbing the ambient gas. In the nuclear region the
tips of the nuclear spiral arms connect with dusty arclike structures ∼ 1.400 in size. In the innermost region a
disk-like structure (∼ 0.600 diameter) in the north-south

direction is detected. These will be discussed in detail
in Section 4.
We superimposed on the CO(2–1) map in Figure 2 as
black contours our MUSE continuum-subtracted [O iii]
line emission map (see Section 2.2). We note that this
new MUSE data set was observed under better seeing
conditions than the Cresci et al. (2015) one (0.500 versus 0.8800 ). As discussed by these authors and also seen
in our figure, the ionization cone traced by the [O iii]
emission is more clearly seen to the east of the nucleus
due to obscuration produced by the host galaxy in the
west direction. However, the MUSE [O iii] image also
traces the counter-cone emission on scales of a few arcsec to the west of the nucleus (Cresci et al. 2015).
This comparison shows that most of the CO(2–1) bright
emission seems to avoid the regions of ionized [O iii] gas.
This would suggest that the CO(2–1) emission is in the
plane of the galaxy whereas most of the [O iii] emission is outflowing perpendicular to the accretion disk
and intercepts the host galaxy disk, since the ionization
cone has an inclination of approximately 40◦ with respect to the galaxy disk (see also Fischer et al. 2013,
and Section 3.2). Similar situations of the molecular gas
avoiding the ionization cone have been reported in the
literature for NGC 4253 and M 51 (see Krause et al.
2007; Querejeta et al. 2016, respectively).
The right panel of Figure 2 is the HST V −H color map
(in grey scale) from Martini et al. (2003) and Davies
et al. (2014). We overlaid on this image two contours
showing the CO(2–1) integrated emission (that of the
left panel) to guide the eye. Clearly the nuclear spiral
structure outlined by the nearly horizontal dust lanes
(dark V − H regions) entering the nuclear region is coincident with the CO(2–1) molecular gas emission. The
third spiral-like structure is traced by both the CO(2–
1) cold gas emission and the dust lanes. Also there is
evidence that this third spiral structure might have a
fainter counterpart (i.e., a fourth arm) on the east side
of the galaxy again seen in both dust and cold molecular
gas (see also Figure 1 for a larger FoV).
3.2. Kinematics
3D

We used the
BAROLO code (Di Teodoro & Fraternali 2015) to model the CO(2–1) kinematics of the
central 800 × 800 region of NGC 5643 using the ALMA
b = 0.8 data cube. 3D BAROLO was designed to fit
simple disk models using 3D tilted rings to a variety of
emission line data, including ALMA data cubes. The
fit is done in two steps. During the first step for each
ring 3D BAROLO fits the free parameters, namely, the
kinematic center, the systemic velocity, the disk inclination and PA of the major axis, the scale height of the
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Figure 2. Left panel. In color is the ALMA CO(2–1) integrated intensity map of NGC 5643 in a linear scale produced from
the b = 0.8 data cube (angular resolution of 0.2600 × 0.1700 at PAbeam = −58.9◦ ) with a 3σ clipping. We show a FoV of 800 × 800
(central 655 pc × 655 pc) for easy comparison with the H2 2.12 µm observations of Davies et al. (2014). The black contours are
the MUSE [O iii] continuum-subtracted line emission. The star-like symbols mark the location of the regions in Figure 4. Right
panel. In grey scale is the V − H color map produced with HST images (Martini et al. 2003; Davies et al. 2014) where dark
colors indicate regions with higher extinction. We show the ALMA CO(2–1) emission with two red contours to guide the eye.
We also mark with the blue dashed lines the approximate boundary of the ionization bicone (semi-opening angle of 55◦ ) and
with the yellow dotted line the bicone axis (the cone inclination out of the plane of the sky towards Earth is ∼ 25◦ , and ∼ 40◦
with respect to the galaxy disk plane), as modelled by Fischer et al. (2013).

disk, the circular velocity and velocity dispersion. The
second step fixes the kinematic center and systemic velocity to the mean fitted values from the first iteration
and finds the best solution for the other free parameters.
3D
BAROLO also allows the user to fix any of the above
parameters during the first iteration. After fitting the
data cube, 3D BAROLO creates, among other products,
a map of the observed velocity-integrated intensity (0th
moment), a map of the observed mean velocity field (1st
moment) and velocity dispersion field (2nd moment) as
well as the same maps for the best fit model.
We first run 3D BAROLO on the CO(2–1) data cube
using the disk PA and inclination derived from the nearinfrared stellar kinematics by Davies et al.
(2014)
over the same FoV allowing for relatively small variations (approximately ±20◦ for the disk PA and ±10◦
for the disk inclination). After the first run we fixed
the disk PA and inclination to the average fitted values
of PAdisk = 320◦ and i = 35◦ , which are compatible
with those inferred from the stellar kinematics (Davies
et al. 2014). We also fixed the systemic velocity to
vsys = 1194 km s−1 (mean value of the first run) and
rerun 3D BAROLO to fit the observed velocity field.
The results are shown in Figure 3. The top panels are
the 3D BAROLO maps of the observed mean CO(2–1)
velocity field (1st moment map, left) and velocity dispersion (2nd moment map, right). These can be compared
directly with the H2 2.12 µm hot molecular gas maps in

Figure 8 of Davies et al. (2014). Both the mean velocity
fields of the cold and hot molecular gas are similar and
display a clear rotational pattern with evidence of some
non-circular motions. The velocity dispersion maps of
the cold and hot molecular gas show a peak at the nucleus position with a value of σ(CO(2 − 1)) ∼ 60 km s−1 .
However, the H2 map shows the highest velocity dispersion value, σ(H2 ) ∼ 100 km s−1 , at about 200 to the
northeast of the nucleus. This peak is not as clearly
seen in the map of CO(2–1) velocity dispersion due to
low signal-to-noise ratio in that region of our map. Nevertheless, there is a region to the north-northeast of the
AGN at about 300 ∼ 246 pc with a CO(2–1) velocity dispersion value similar to that of the nucleus (see below).
We constructed a CO(2–1) residual mean-velocity field
map (see Figure 3, bottom right panel) by subtracting
the 3D BAROLO disk model (bottom left panel of Figure 3) from the 3D BAROLO first moment map. Some of
the residual velocity field seen in the central few arcseconds could be an artifact of the simple disk geometry assumed in our modelling with 3D BAROLO. In particular,
a model which accounted for the presence of a bar potential would predict better the streaming motions linked
to the gas response to the bar along the leading edges
of the nuclear spiral (see for instance, Emsellem et al.
2001). However, it would not be able to reproduce the
strong redshifted velocity residuals (∼ 40 − 60 km s−1 )
seen ∼ 2 − 300 northeast of the AGN. This redshifted
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Figure 3. Modeling of the ALMA CO(2–1) kinematics with 3D BAROLO using the b = 0.8 data cube (angular resolution of
0.2600 × 0.1700 at PAbeam = −58.9◦ ) and a FoV of 800 × 800 (as in Figure 2). The top left and right panels are the mean velocity
field (1st moment map) and velocity dispersion field (2nd moment map), respectively. The bottom left panel is the disk model
and the bottom right panel is the residual mean-velocity field map. The vertical color bars are velocities or velocity dispersions
in km s−1 . The black contours are the CO(2–1) line intensity in a linear scale.

component was also observed in the velocity field of the
hot molecular gas H2 at 2.12 µm (Davies et al. 2014)
and shows high CO(2–1) velocity dispersion.
To look further into the gas kinematics of regions
with the large velocity residuals with respect to a simple rotating disk and/or velocity dispersions, we extracted CO(2–1) line profiles at three positions. The
first two have redshifted components and are located
approximately 2.700 northnortheast and 1.500 northeast
(∼ 221 and 123 pc respectively, and see Figure 2 for
the locations) from the peak of the CO(2–1) emission.
The top and middle panels of Figure 4 show the line
profiles obtained with a square aperture of 10 pixels
or 0.400 . Both regions clearly show two distinct velocity components, one associated with the rotation of the
large scale disk and a second one redshifted by approx-

imately 30 − 45 km s−1 . The morphology of the nuclear
spiral structure indicates that the rotation in the disk
of the galaxy is counterclockwise. Assuming that the
non-circular motions seen in these regions to the northeast of the center are co-planar with the galaxy disk
then the redshifted components imply radial outward
movements in the disk of the galaxy near the edge of
the [O iii] ionization cone (see Figures 2 and 3). The
simplest explanation for the CO(2–1) velocity residuals would be radial movements of material that is being
pushed outwards in the galaxy disk by the outflowing
material traced by the [O iii] emission.
The third region is in the nuclear spiral at ∼ 2.9 00
southeast of the nucleus (see Figure 2) and presents
blue velocity residuals and an excess velocity dispersion, which are explained by the presence of two ve-
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To study the properties of the nuclear emission we
use the ALMA b = −0.5 data cube with the highest
angular resolution of 0.1600 × 0.1100 which corresponds
to 13 pc × 9 pc at the assumed distance of NGC 5643.
As already seen from Figures 1 and 2, NGC 5643 shows
bright CO(2–1) line emission arising from the nuclear
regions.
4.1. Morphology

0.020

Flux (Jy)
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1300

Figure 4. CO(2–1) line profiles extracted from the b = 0.8
data cube at three different locations with large velocity
residuals and/or large velocity dispersion. The velocity resolution of the data is approximately 15 km s−1 . The vertical
dashed lines are the expected disk circular velocities from
the 3D BAROLO fit. The coordinates (J2000) of the regions
are as follows. Region 1: RA=14h 32m 40.73s and Dec =
−44◦ 100 25.200 , Region 2: RA= 14h 32m 40.75s and Dec =
−44◦ 100 26.600 , and Region 3: RA= 14h 32m 40.93s and Dec
= −44◦ 100 29.600 .

locity components (see bottom panel of Figure 4). This
location is in a region where the [O iii] outflow (identified by the presence of blueshifted components) and the
radio jet appear to be interacting with the disk of the

We focus here on the central 1.3500 ×1.3500 region which
corresponds approximately to the central 110 pc×110 pc,
and encloses the arc-like structures and the nuclear disk
(see the map of the CO(2–1) integrated intensity in Figure 5). The arc-like structures trace where the nearly
horizontal nuclear spiral arms (oriented as the largescale bar) come in (see also Figure 2). These are coincident with dusty features suggesting the direction of
the inflowing material (Davies et al. 2014). The presence of these straight dust lane/gas features near the
nucleus are predicted by hydrodynamical models of gas
flow in a barred potential (Regan & Mulchaey 1999;
Maciejewski 2004).
The innermost region shows a disk-like morphology.
This nuclear disk is fully resolved with a measured
FWHM of 0.3200 in the approximate north-south direction and 0.2400 in the east-west direction which corresponds to a projected size of 26 pc × 20 pc. These values
have not been corrected for the beam size of the observations. It also appears to be tilted with respect to
the large scale galaxy disk (see Section 4.2). The presence of this nuclear disk was previously suggested by
the dusty structure in the nuclear region (Davies et al.
2014; Cresci et al. 2015). Alternatively we could interpret the CO(2–1) nuclear structure as an inner bar (see
discussion in Section 5.2).
The nuclear disk of NGC 5643 is further resolved into
two peaks of CO(2–1) with an asymmetric structure.
The rest-frame 232 GHz continuum, which likely pinpoints the location of the AGN1 , is located in between
the two CO(2–1) peaks. This kind of lopsided gas morphology is the characteristic m = 1 modes predicted
by numerical simulations of gas dynamics on scales of a
few parsecs from an accreting super massive black hole
1 The coordinates agree with those of the H O maser within
2
their reported uncertainties ±0.200 (Greenhill et al. 2003).
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Figure 5. The left panel shows in color in a linear scale the observed ALMA CO(2–1) b = −0.5 integrated intensity map of
the nuclear region of NGC 5643. The black contours are also the CO(2–1) intensity in a linear scale with the lowest contour
at 0.6 Jy km s−1 beam−1 and contour steps of 0.2 Jy km s−1 beam−1 . The blue contours are the Band 6 rest-frame 232 GHz
continuum. The right panel shows in color the isophotal model fitted to the nuclear disk CO(2–1) emission. The black contours
are as in the left panel. We mark the location of the nuclear arc-like structures and the disk/torus. For the latter the size of
the arrow indicates the measured FWHM in the north-south direction not corrected for the ALMA beam (ellipse, 0.00 16×0.00 11
at P Abeam = −67◦ ).

and are due to angular momentum transfer (Hopkins &
Quataert 2010). However, we cannot rule out the possibility that the two CO(2–1) peaks reflect different gas
excitation conditions in the nuclear region.
As can be see from Figure 5, the 232 GHz (1.3 mm)
continuum emission is produced by a compact source,
although some resolved emission seems to be present.
To quantify this, we modeled the continuum in the uv
plane using the UVMULTIFIT library (Martı́-Vidal et
al. 2014) with a Gaussian function. The best fit produced a continuum flux of 1.8 ± 0.2 mJy, with a deconvolved size (FWHM) along the major axis of 0.20±0.0400
and a size along the minor axis of 0.11 ± 0.0500 at
P A = 210 ± 20◦ . The orientation of the continuum extended emission would appear to follow the orientation
of the inner contours of the MUSE [O iii] emission. It
could thus be interpreted as either polar dust emission
or synchrotron emission or both. We note that radio
emission in this direction is however observed both to
the east and west of the AGN position (Morris et al.
1985; Leipski et al. 2006). Unfortunately the angular
resolution of these radio observations (∼ 1 − 1.500 ) does
not allow us to make any further comparisons with the
ALMA continuum emission.
4.2. Kinematics
Figure 6 (left panel) shows the mean velocity field (1st
moment map derived with 3D BAROLO) of the CO(2–
1) molecular gas in the nuclear region. A comparison

with the larger scale CO(2–1) kinematics shown in Figure 3 suggests that the nuclear disk might be tilted
with respect to the host galaxy disk. We used again
3D
BAROLO to construct a disk model to fit the kinematics of the nuclear region. We first fitted a simple
isophotal model with the iraf ellipse task to the nuclear
CO(2–1) emission (see Figure 5, right panel). The aim is
to provide 3D BAROLO with initial values of the nuclear
disk PA and inclination. From the outer isophotes of the
nuclear disk (central ∼ 0.600 ) we can see that the nuclear
disk is almost in a north-south orientation (PA ∼ 354◦ )
and the measured ellipticity ( = 0.6) implies a relatively
high inclination.
We followed the same procedure as explained in Section 3.2 to model the kinematics. For the nuclear disk
we fixed the kinematic center to the position of the continuum peak. To derive the final 3D BAROLO model
we fixed the nuclear disk geometry to PA = 355◦ and
i = 60◦ , and the systemic velocity to vsys = 1198 km
s−1 . These were the average values derived when running 3D BAROLO leaving these parameters as well as the
circular velocity and velocity dispersion free. We note
that the inclination of the nuclear disk is in good agreement with the inclination of ionization cone derived by
Fischer et al. (2013) from the modelling of the narrow
line region (NLR) kinematics, icone = 25◦ . If the cone is
perpendicular to the collimating nuclear disk then this
is equivalent to a nuclear disk inclination of 65◦ . Fi-
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Figure 6. Left panel. 3D BAROLO velocity field (1st moment map) from the b = −0.5 data cube. The black contours are
CO(2–1) integrated line intensity. Middle panel: 3D BAROLO model of the velocity field without a radial velocity component.
The contours are the isovelocities of the model. Right panel: residual velocity field resulting from subtracting the model from
the observed velocity field. In all three panels the FoV and angular resolution are as in Figure 5 and the star symbol marks the
peak of the rest-frame 232 GHz continuum. The vertical color bars indicate velocities in units of km s−1 .

Figure 7. The two panels are the same as the middle and right panels of Figure 6 but the
includes a radial velocity component.

nally, the detection of a H2 O megamaser (Greenhill et
al. 2003) implies a highly inclined view to the AGN.
We show the 3D BAROLO model and the residual
mean-velocity field in Figure 6 (middle and right panels). Since the nuclear disk appears to be seen almost
edge-on we should not see velocity residuals along the
minor axis of the nuclear disk if the velocity field was
perfectly circular. The residuals are thus indicative of
the presence of non-circular motions in the nuclear disk.
As can be seen from this figure, near the AGN peak there
are redshifted residuals to the east and blueshifted residuals to the west. Outside the nuclear disk the residuals
are related to the velocity field of the larger scale disk of
the galaxy which has a different inclination and position
angle, as discussed in Section 3.2.
To account for the non-circular motions seen in the
nuclear disk, we rerun 3D BAROLO including a radial
velocity component with the same assumptions for the
rotating disk as above. An inspection of Figure 7 reveals
that the model with the extra radial velocity component
reproduces better the observed velocity field with the
residuals in the region of the nuclear disk being of the

3D

BAROLO velocity field model

order of ±30 km s−1 or less. The typical axisymmetric
value of the radial velocity fitted by 3D BAROLO is of
the order of 70 km s−1 .
We also constructed position-velocity (p-v) diagrams
taken along the kinematic major and minor axes of
the nuclear CO(2–1) disk oriented, according to the
fits obtained by 3D BAROLO along PAmajor = 355◦
and PAminor = 265◦ , respectively. We used an aperture size of 0.200 which is approximately equal to the
beam size of the b = −0.5 data cube. As seen from
Figure 8, the CO(2–1) emission in the nuclear disk
is spread over a wide range of velocities more or less
symmetrically around vsys = 1198 km s−1 : v − vsys '
[−160, +130] km s−1 . The two p-v diagrams illustrate
the kinematic decoupling of the nuclear CO(2–1) disk
relative to the larger scale disk of the galaxy. The amplitude and even the sign of the characteristic mean line-ofsight velocities of the emission show a significant change
beyond r ' 0.3−0.400 (30 pc) and r ' 0.1−0.200 (14 pc)
in the major and minor axis p-v diagrams, respectively.
These physical scales coincide with those derived from
the morphology of the CO(2–1) intensity (Figure 5).
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The behavior seen in the p-v diagram identifies the
transition from the nuclear disk to the larger scale disk
modeled in Section 3.2. Furthermore, the CO(2–1) nuclear disk shows strong non-circular motions. An inspection of the minor-axis p-v diagram indicates that the
maximum observed deviations from rotational motions
reach ±100 km s−1 . The emission appears blueshifted
(redshifted) on the western (eastern) side of the nuclear
disk, as also seen in the mean velocity residual map in
Figure 6. In Figure 8, we also plotted as contours the
p-v diagram resulting from the 3D BAROLO fit with the
radial velocity component. It is clear that this model is
able to reproduce fairly well the non-circular motions in
the nuclear region. We discuss the possible interpretations of this radial velocity component in Section 5.2.
4.3. Molecular gas mass
We measured a CO(2–1) line intensity over the nuclear
region approximately of 20 Jy km s−1 over a region of
∼ 0.400 × 0.600 . Assuming a CO(1–0)/CO(2–1) brightness temperature ratio of one and using the relation
of Sakamoto et al. (1999) with a Galactic CO-to-H2
conversion factor of X = 2 × 1020 cm−2 (K km s−1 )−1
we derived a molecular gas mass in the nuclear disk of
M (H2 ) = 1.1 × 107 M . The typical uncertainty for
the X-factor is 2–3 for gas clouds in our Galaxy (Bolatto et al. 2013). The nuclear disk of NGC 5643 is
about a factor of 10 more massive than the torus in
NGC 1068 (Garcı́a-Burillo et al. 2016; Imanishi et al.
2018). This is not surprising given the different sizes
measured in CO(2–1) for NGC 5643 (see Section 4.1)
and in NGC 1068 using dense molecular gas tracers
(Garcı́a-Burillo et al. 2016; Imanishi et al. 2018).
However, the size of the torus of NGC 1068 measured
in the CO(2–1) and CO(3–2) transitions is about 20 pc
and thus comparable to NGC 5643 (Garcı́a-Burillo et al.
2018, in preparation). On the other hand, the derived
molecular gas mass of the nuclear disk in NGC 5643
agrees well with the average gas mass for a sample of
Seyfert galaxies from dynamical constraints assuming a
gas fraction of 10% (Hicks et al. 2009).
We also estimated the dynamical mass enclosed in the
nuclear disk regions by assuming a spheroid, Mdyn (R) =
2.32 × 105 R V 2 (R) in M with R expressed in kpc,
V in km s−1 (Lequeux 1983). For the velocity we
took the terminal value of vterm = 100 km s−1 / sin(i) =
115 km s−1 at r = 0.1−0.200 (see Figure 8) which is more
appropriate for inclined disks. This leads to a dynamical
mass of approximately 5 × 107 M , which would imply
a gas fraction of approximately 20%.
The high molecular gas surface density in the nuclear
disk of NGC 5643 would imply some star formation ac-

tivity in the nuclear region as found for other Seyferts
(Hicks et al. 2009). The detection of emission from the
11.3 µm polycyclic aromatic hydrocarbon (PAH) feature
in the central 0.4 − 0.700 ∼ 33 − 57 pc (see Hönig et al.
2010; González-Martı́n et al. 2013) might be indicating
on-going or recent star formation activity in the nuclear
region.
4.4. Column Density
Having the molecular gas mass in the disk and the approximate size we computed an average column density
of N (H2 ) ∼ 4×1023 cm−2 . This value is the column density averaged over the nuclear disk size of ∼ 0.400 × 0.600 .
The averaged column density is similar to those derived for Seyfert galaxies by Hicks et al. (2009) on
similar physical scales using the near-infrared 2.12 µ H2
line. If we only focus on the AGN position, as given
by the 232 GHz continuum peak (see Figure 5) and at
our angular resolution, we would derive a column density of N (H2 ) ∼ 5 × 1023 cm−2 . At the peak of the
CO(2–1) emission the value of the column density is
N (H2 ) ∼ 7 × 1023 cm−2 .
The derived H2 column density is short of the value
derived from X-ray observations which provides a lower
limit for the obscuring column density toward the AGN
in NGC 5643 of NH (los) > 5 × 1024 cm−2 (Annuar et al.
2015). However, the X-ray column is modelled through
a narrow pencil beam towards the accretion disk. For
type 2 AGN one would expect it to intersect high column
clouds in the torus (or even the broad line region). On
the other hand, the column measured from our ALMA
data is averaged over a larger area which is defined by
the beam of ∼ 13 pc × 9 pc of the observations.
Another source of uncertainty in this comparison is
the assumed CO-to-H2 conversion factor. Wada et
al.
(2018) computed the CO line chemistry from
their radiation-driven fountain model fitted to the Circinus galaxy to derive the CO-to-H2 conversion factor.
They demonstrated that this conversion factor depends
strongly on the integrated intensity of the line for a given
line of sight. For the brightness temperature derived
at the location of the AGN or the peak of the CO(2–
1) emission of NGC 5643 the predictions for CO-to-H2
conversion factor for the CO(2–1) line are 5-10 higher
than the Galactic value with a large scatter (see their
figure 5). We note that the inclinations of NGC 5643
and Circinus are similar (i ∼ 60 − 65◦ vs. i ∼ 75◦ ). We
note, however, that empirically the CO conversion factor
tends to be lower in the centers of galaxies (Sandstrom
et al. 2013).
5. DISCUSSION AND CONCLUSIONS
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Figure 8. In color are the position-velocity diagrams of the nuclear region extracted with an aperture size of 0.200 along the
kinematic major and minor axes determined with 3D BAROLO for the nuclear region (see Section 4.2). The horizontal lines
are the systemic velocity fitted in the nuclear region and the vertical line represents the position of the AGN as traced by the
232 GHz continuum peak. The red contours are the p-v diagrams derived from the 3D BAROLO model with a radial velocity
component (see Figure 7 and text) at 1, 2.5, 10, 20, 40, 60 and 90% of the peak value.

5.1. Circumnuclear scales
To further understand the connection between the
cold molecular gas in the circumnuclear region of
NGC 5643 and the outflow detected in ionized gas
we produced a red-green-blue (RGB) image using the
MUSE [O iii] image in blue, the MUSE Hα image in
green (see Section 2.2), and the ALMA CO(2–1) image in red. The result is shown in Figure 9 with a
FoV approximately equal to that of the lower panel of
Figure 1. The RGB image shows nicely the ionization
cone as traced by the [O iii] emission on the east side
of the galaxy. Close to the AGN position the [O iii]
emission from the counter-cone to the west is obscured
by material in the host galaxy which is traced by the
CO(2–1) nuclear spiral. The Hα emission on this side
of the galaxy is less obscured, as expected (see Cresci et
al. 2015, for an in-depth discussion).
Fischer et al. (2013) interpreted the extended [O iii]
emission observed in some Seyfert galaxies as the result
of the intersection between the disk of the host galaxy
and the bicone. From their modeling of the NLR kinematics of NGC 5643 they inferred an angle between the
NLR bicone axis and the normal to the host galaxy disk
of 42◦ . We derived an angle difference between the normals of the galaxy disk and the nuclear disk fitted with
3D
BAROLO of 25◦ (30◦ if we take the value they used

for the inclination of the galaxy). They also derived
a cone half outer opening angle of θmax = 55◦ . This
implies that this rather wide ionization cone would intercept the host galaxy but only to the southeast of the
AGN where the radio jet is also impacting on the host
galaxy and producing positive feedback (Cresci et al.
2015).
To the northeast of the galaxy nucleus, some of the
[O iii] filaments are coincident with the regions with
CO(2–1) with redshifted velocity components (see Figures 2 and 4) and are mostly along the minor axis of
the host galaxy. As interpreted for the hot molecular
gas H2 emission by Davies et al. (2014), these components are probably due to gas excited on the edge of the
cone. The spiral morphology of the CO(2–1) emission
suggests that this emission is in the disk of the galaxy,
and so is the gas with the redshifted velocity component.
With this geometry the non-circular motions are due to
molecular gas being pushed outwards in the disk of the
galaxy (note that northeast is the far side of the galaxy
disk and southwest the near side) by the AGN wind near
the fourth spiral arm in the circumnuclear region. The
region with the blueshifted velocity component to the
southwest of the AGN can also be explained as gas being pushed outwards by the ionized outflow and moving
towards us. A similar interaction between the outflow
detected in ionized gas and the cold molecular gas in
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Figure 9. Cartoon showing the nuclear and circumnuclear region of NGC 5643 with a FoV similar to that of the lower panel of
Figure 1. The RGB image was constructed with the MUSE [O iii] image (blue), the MUSE Hα image (green) and the ALMA
CO(2–1) image (red). The last image was smoothed with a Gaussian function with FWHM∼ 0.400 . The nuclear disk/torus and
the radio jet are not drawn to scale and the physical scale bar is also approximate.

the galaxy disk with blueshifted and redshifted velocity
components has been observed in the Circinus galaxy
(Zschaechner et al. 2016).
We also plotted in the cartoon of Figure 9 the approximate orientation of the radio emission/jet (Morris et al.
1985; Leipski et al. 2006) pointing to the location of
the H ii regions with bright Hα emission. Cresci et al.
(2015) proposed that these regions are the result of positive feedback induced by gas compression by the AGN
outflow. Although faint, we detected CO(2–1) emission
at the location of these star-forming clumps. The passage of the radio jet through the disk of the galaxy might
be responsible for clearing the CO(2–1) molecular gas in
the eastern side spiral arm in a region ∼ 500 the nucleus
of NGC 5643 (see Figure 1).
5.2. Nuclear scales
We have detected a massive (M (H2 ) = 1.1 × 107 M )
nuclear disk in NGC 5643. The size of the nuclear disk
measured from the Band 6 CO(2–1) integrated emission
is approximately 26 pc (FWHM). This is in fairly good
agreement with the typical sizes (radius of 30 pc) derived

for nuclear disks from hot molecular gas H2 2.12 µm by
Hicks et al. (2009). The disk/torus of NGC 5643 is
a factor of two-to-three larger than that detected by
ALMA in CO(6–5) in the Seyfert 2 galaxy NGC 1068
(∼ 7 − 10 pc, see Garcı́a-Burillo et al. 2016). One possible explanation is that the CO(6–5) line traces denser
gas than CO(2–1) and thus it probes molecular gas that
needs to be closer to the AGN to be excited. Indeed,
our new ALMA CO(2–1) and CO(3–2) observations of
NGC 1068 reveal a larger structure (diameter ∼ 20 pc)
than seen in CO(6–5) which is also well connected with
the circumnuclear disk (Garcı́a-Burillo et al. 2018, in
preparation). The molecular gas column density averaged over the ALMA beam of our observations and at
the AGN location is ∼ 5 × 1023 cm−2 . The material in
the nuclear disk is likely responsible, at least in part, for
obscuring the AGN in NGC 5643.
The modeling of the CO(2–1) kinematics in the
nuclear region clearly implies the presence of noncircular motions, with a maximum amplitude of
100 km s−1 / sin(i), in the inner r ∼ 0.200 (16 pc). How-
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ever, their interpretation requires a detailed knowledge
of the nuclear potential and in particular whether there
is a nuclear bar in NGC 5643 or not. Using near-infrared
imaging observations, Jungwiert et al. (1997) detected
an isophotal twist between radial distances of r = 300
and r = 3000 . This feature could be indicative of the
presence of a nuclear bar with P A = −49◦ . In fact,
it is possible that the nuclear arc structures could be
associated with such a bar although they are on smaller
scales (see Figure 5). In this scenario the radial motions
seen in the inner 100 could be interpreted as gas elliptical stream lines in a nuclear bar. In a dynamically
decoupled nuclear bar the observed kinematics could
be explained as both inflowing and outflowing radial
motions.
In the absence of a putatively decoupled nuclear stellar bar, the canonical gas response to the large scale bar
in the framework of the epicyclic approximation inside
the inner Lindblad resonance would favor the presence
of inward radial motions (see Figure 3 of Wong et al.
2004). Therefore, in a coplanar geometry with the nuclear disk (see the assumed orientation of the nuclear
disk in Figure 9) the non-circular motions are not due
to the large scale bar and could be explained as due
to material outflowing in the plane of the nuclear disk.
This reproduces the blueshifted velocities on the western side of the nuclear disk and redshifted velocities on
the eastern side of the nuclear disk (see p-v along the
minor axis of the nuclear disk in Fig. 8). The ionized
gas in NGC 5643 is outflowing (blueshifted emission at
the AGN location in the MUSE [O iii] emission) perpendicular to the nuclear disk (Cresci et al. 2015). The
different location for the molecular gas and ionized gas
is predicted by the radiation-driven fountain model simulations done for the Circinus galaxy (Wada et al. 2016,
2018). In particular this model shows that most of the
nuclear molecular gas emission is expected in the equatorial plane of the nuclear disk with no dense molecular
winds outflowing along the rotational axis, while the ionized gas is outflowing perpendicular to the disk. A similar equatorial outflow has been observed in the Seyfert 2
galaxy NGC 5929 by Riffel et al. (2014) on scales even
larger (∼ 300 pc) than in NGC 5643.
We conclude that the Band 6 CO(2–1) observations
have resolved a massive nuclear molecular gas rotating
disk/torus in NGC 5643 with strong non-circular motions. The inclination of the nuclear disk agrees with the

inclination required to model the ionization cone emission traced by [O iii] and Hα emission (Fischer et al.
2013). Thus the CO(2-1) disk/torus is likely collimating
the ionization cone of NGC 5643 as well as obscuring the
AGN. In the framework of the AGN Unified Model (Antonucci 1993), the detected disk could be interpreted as
the obscuring torus.
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