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ABSTRACT
We present high spatial resolution (≈ 24 pc) Atacama Large Millimeter/sub-millimeter Array
12CO(2-1) observations of the central region of the nearby barred spiral galaxy NGC 5806.
NGC5806 has a highly structuredmolecular gas distributionwith a clear nucleus, a nuclear ring
and offset dust lanes. We identify 170 spatially- and spectrally-resolved giant molecular clouds
(GMCs). These clouds have comparable sizes ('c) and larger gas masses, observed linewidths
(fobs,los) and gas mass surface densities than those of clouds in the Milky Way disc. The size
– linewidth relation of the clouds is one of the steepest reported so far (fobs,los ∝ '1.20

c ), the
clouds are on average only marginally bound (with a mean virial parameter 〈Uvir〉 ≈ 2), and
high velocity dispersions are observed in the nuclear ring. These behaviours are likely due to
bar-driven gas shocks and inflows along the offset dust lanes, and we infer an inflow velocity of
≈ 120 km s−1 and a total molecular gas mass inflow rate of ≈ 5 M� yr−1 into the nuclear ring.
The observed internal velocity gradients of the clouds are consistent with internal turbulence.
The number of clouds in the nuclear ring decreases with azimuthal angle downstream from
the dust lanes without clear variation of cloud properties. This is likely due to the estimated
short lifetime of the clouds (≈ 6 Myr), which appears to be mainly regulated by cloud-cloud
collision and/or shear processes. Overall, it thus seems that the presence of the large-scale bar
and gas inflows to the centre of NGC 5806 affect cloud properties.

Key words: galaxies: spiral and bar – galaxies:individual: NGC 5806 – galaxies: nuclei –
galaxies: ISM – radio lines: ISM – ISM: clouds

1 INTRODUCTION

As giant molecular clouds (GMCs) are the gas reservoirs where
all star formation occurs, elucidating their life cycles is crucial to
understand the formation and evolution of galaxies. Early GMC
studies were conducted only in our own Milky Way (MW) and Lo-
cal Group galaxies such as the Large Magellanic Cloud (LMC; e.g.
Fukui et al. 2008), Small Magellanic Cloud (SMC; e.g. Muller et al.
2010), M 31 (e.g. Rosolowsky 2007) and M 33 (e.g. Rosolowsky
et al. 2003, 2007), showing that GMCs in those galaxies have prop-
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erties similar to each other and follow the same size – linewidth
relation (e.g. Larson 1981; Bolatto et al. 2008). As the resolution
and sensitivity of molecular line observations improved, GMC stud-
ies were extended to extragalactic objects, revealing deviations from
the properties of LocalGroup galaxyGMCs (e.g. Bolatto et al. 2008;
Rosolowsky et al. 2021). For instance, the cloud properties in some
late-type galaxies (LTGs) vary depending on galactic environments
and do not universally obey the usual scaling relations (e.g. M 51,
Hughes et al. 2013; Colombo et al. 2014; NGC253, Leroy et al.
2015a). The first study of GMCs in an early-type galaxy (ETG;
NGC 4526, Utomo et al. 2015) revealed that the GMCs in that
galaxy do not have a clear correlation between size and linewidth
but are brighter, denser and have higher velocity dispersions than
GMCs in the MW disc (MWd) and Local Group galaxies. On the
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other hand, Liu et al. (2021) recently reported that the GMCs in
the ETG NGC 4429 have an unusually steep size – linewidth rela-
tion. These results indicate that galactic environment affects GMC
properties, so more GMCs studies in galaxies with different mor-
phologies and substructures are required to quantify these variations
and understand the physics behind them.

Barred disc galaxies are known to have gas streaming to their
centres due to their non-axisymmetric gravitational potentials (e.g.
Sormani et al. 2015). Several CO surveys have reported higher cen-
tral molecular gas mass concentrations in barred than non-barred
disc galaxies (e.g. Sakamoto et al. 1999; Sun et al. 2020). Re-
cent high spatial resolution CO observations of barred disc galaxies
have also shown that these objects possess several distinct struc-
tures mimicking those present at optical wavelengths (e.g. nuclear
rings, bars and spiral arms), with non-circular motions (e.g. Salak
et al. 2016; Bewketu Belete et al. 2021; Sato et al. 2021). Thus,
barred disc galaxies allow to investigate the properties of GMCs
(e.g. scaling relations) in different environments, particularly the
bars themselves. Despite this, however, very few studies investigat-
ing GMCs in barred galaxies exist (e.g. Hirota et al. 2018; Maeda
et al. 2020; Sato et al. 2021).

As part of themm-Wave Interferometric Survey of DarkObject
Masses (WISDOM) project, we analyse here the properties and dy-
namics of individual GMCs in the centre of the barred spiral galaxy
NGC 5806 located in the field. WISDOM aims to use the high
angular resolution of Atacama Large Millimeter/sub-millimeter Ar-
ray (ALMA) to study (1) the physical properties and dynamics of
GMCs in the centres of galaxies and how these link to star forma-
tion (e.g. Liu et al. 2021, 2022; Lu et al. 2022) and (2) the masses
of the supermassive black holes lurking at the centres of the same
galaxies.

This paper is structured as follows. In Section 2, we describe
the data andmethodology used to identify GMCs in NGC 5806. The
cloud properties, their probability distribution functions and their
mass distribution functions are discussed in Section 3. In Section 4,
we investigate the kinematics of the clouds and their origins. In
Section 5,we assess the dynamical states and degrees of virialisation
of the clouds. We further discuss the morphology and velocity
dispersion of the molecular gas, the formation, destruction, scaling
relations and virialisation of the GMCs, the clouds in the nuclear
ring and theCO-to-H2 conversion factor in Section 6.We summarise
our findings in Section 7.

2 DATA AND CLOUD IDENTIFICATION

2.1 Target

NGC 5806 is a nearby barred spiral galaxy (SAB(s)b) located at
R.A.=15h00m00.s5, Dec.= 1◦53′30′′ (J2000). Throughout this pa-
per, we adopt a distance � = 21.4 Mpc for NGC 5806 (Cappellari
et al. 2011), whereby 1′′ corresponds to ≈ 103 pc.

NGC 5806 has a total stellar mass of 3.89 × 1010 M� (Salo
& Laurikainen 2017; Morales et al. 2018), a luminosity-weighted
stellar velocity dispersion f∗ = 120 km s−1 within the central 10′′
(Dumas et al. 2007), an inclination 8 = 58◦ and a position angle
%� = 166◦. The mass of molecular gas in the centre of NGC 5806
(27.′′4 diameter) is ≈ 109 M� (Davis et al. 2022) and the total mass
of atomic hydrogen (Haynes et al. 2018). The H i distribution traces
the optical disc well (Mundell et al. 2007). Figure 1 shows the Sloan
Digital SkySurvey (SDSS) three-colour image ofNGC5806 (left), a
Hubble Space Telescope (HST)Wide-Field and Planetary Camera 3

(WFPC3) F555W image (top-right) and the 12CO(2-1) integrated
intensity contours derived in Section 2.2 overlaid on the same HST
image (bottom-right). On large scales, NGC 5806 has a large-scale
bar, inner star-forming ring encirling the bar and weak spiral arms
protruding from the bar. In the central region (i.e. well within the
bar), NGC 5806 has a bright core and a star-forming nuclear ring
that are prominent in both optical continuum and molecular gas
emission. NGC 5806 has been classified as a Seyfert 2 galaxy (Du-
mas et al. 2007), while more recent integral-field spectroscopic
observations reveal ionised gas with mixed ionisation mechanisms
(Westoby et al. 2007, 2012; Erroz-Ferrer et al. 2019). Star forma-
tion is present only in the inner and nuclear rings, with a total
star-formation rate (SFR) of 3.6 M� yr−1 derived using a spectral
energy distribution fitting code (Erroz-Ferrer et al. 2019). Dumas
et al. (2007) estimated the mass of the central supermassive black
hole to be≈ 1.2×107 M� using the"BH –f★ relation of Tremaine
et al. (2002).

2.2 Data

NGC 5806 was observed in the 12CO(2-1) line (rest frequency
230.586 GHz) using ALMA as part of the WISDOM project.
The observations were carried out using two different 12-m ar-
ray configurations in October and December 2016 (programme
2016.1.00437.S, configurations C40-3 and C40-6, PI Davis) and
the 7-m Atacama Compact Array (ACA) in July 2017 (programme
2016.2.00053.S, PI Liu) to achieve both high angular resolution
and good flux recovery. The C40-3 configuration observations had
242 s on-source using 44 antennae and baselines of 15 – 600 m,
leading to a maximum recoverable scale of 6.′′0. The C40-6 con-
figuration observations had 272 s on-source using 41 antennae and
baselines of 15 – 1800 m, leading to a maximum recoverable scale
of 1.′′3. Both configurations have a primary beam of 27.′′4 (full-
width at half-maximum; FWHM). The correlator was set up with
one spectral window of 1.875 GHz bandwidth (≈ 2400 km s−1)
and 3840 channels each of 488 kHz (≈ 0.6 km s−1) used for the
12CO(2-1) line observations, and the three remaining spectral win-
dows of 2 GHz bandwidth used solely for continuum observations.
The ACA observations had 1088 s on-source using 10 antennae and
baselines of 8 – 43 m, leading to a maximum recoverable scale of
29.′′0. The ACA observations have a primary beam of 45.′′7. The
correlator was set up with one spectral window of 2 GHz bandwidth
(≈ 2600 km s−1) and 2048 channels each of 977 kHz (≈ 1.3 km s−1)
used for the 12CO(2-1) line observations, and the three remaining
spectral windows of 2 GHz bandwidth used solely for continuum
observations.

2.2.1 Data reduction

The raw data of each configuration were calibrated using the stan-
dardALMApipeline provided byALMA regional centre staff, using
Common Astronomy Software Applications (casa; McMullin
et al. 2007) version 4.7.0. To combine the different configurations
and obtain optimal sensitivity and spatial resolution for our science
goals, wemanually applied a lowweighting (0.2) to the shorter base-
line 12-m data (C40-3) and a higher weighting (1.0) to the longer
baseline 12-m data (C40-6). Using casa version 5.6.1, we then com-
bined theACAdata using the casa task concatwith default weight-
ing. Although continuum emission is not detected (see below), we
subtracted any continuum that may be present using the casa task
uvcontsub. We then cleaned the data using the tclean task inter-
actively, to a depth equal to the root-mean-square (RMS) noise of

MNRAS 000, 1–20 (2022)



WISDOM – XV. GMCs in NGC 5806 3

Figure 1. Left: SDSS three-colour (6A8) image of NGC 5806, 2.′6 × 2.′6 (16.4 × 16.4 kpc2). Top-right: unsharp-masked HST WFPC3 F555W image of a
2 × 2 kpc2 region around the nucleus. Bottom-right: as above, but overlaid with cyan 12CO(2-1) integrated intensity contours from our ALMA observations.
The molecular gas is co-spatial with the bright nucleus, nuclear ring and offset dust lanes.

the dirty cube, and imaged the cleaned components using Briggs
weighting with a robust parameter of 0.5. Finally, we achieved a
synthesised beam of \maj× \min = 0.′′25×0.′′22 (25.7×22.6 pc2) at
a position angle of 48◦. Pixels of 0.′′05were chosen as a compromise
between spatial sampling and image size, resulting in approximately
5 × 4.5 pixels across the synthesised beam. We thus created a fully
calibrated and cleaned cube encompassing most of the primary
beam spatially, with 2 km s−1 (binned) channels spectrally. The
RMS noise of this cube is frms = 0.86 mJy beam−1 (0.85 K) per
channel.

As mentioned above, no continuum emission is detected in
NGC 5806. To establish an upper limit, we created a continuum
image using the tclean task in casa and Briggs weighting with a
robust parameter of 0.5, resulting in a synthesised beam of 0.′′20 ×
0.′′18. Averaging over the entire line-free bandwidth (≈ 6.3 GHz),
the resulting RMS noise is 25 `Jy beam−1 at a central frequency of
238.351 GHz.

2.2.2 Moment maps

Figure 2 shows the zeroth-moment (total intensity) map (top-left),
first-moment (intensity-weighted mean velocity) map (top-middle)
and second-moment (intensity-weighted velocity dispersion) map
(top right) of the 12CO(2-1) line of NGC 5806. To generate these
maps, we utilised a smooth-moment masking method (e.g. Dame
2011). In brief, we convolved the data cube spatially with a Gaus-
sian of width equal to that of the synthesised beam and Hanning-
smoothed the cube spectrally. We then only selected pixels with an
intensity above 1.5 times the RMS noice of the smoothed cube to
create a mask, and applied this mask to the original data cube to
create the moment maps.

The integrated intensitymap reveals a highly structuredmolec-
ular gas distribution. In particular, molecular gas is associated with
the nucleus at the very centre of the galaxy, the particularly dusty
part of the bright optical nuclear ring and the bi-symmetric offset
dust lanes of the large-scale bar (stretching to the north and south;
see Figure 1). In addition, the integrated intensity is high at the
interfaces between the offset dust lanes and the nuclear ring, and
it decreases gradually as a function of the azimuthal angle in a
counter-clockwise direction.
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Figure 2. Moment maps of the 12CO(2-1) emission of NGC 5806. Top-left: zeroth-moment (integrated intensity) map. Top-middle: first-moment (intensity-
weighted mean velocity) map. Top-right: second-moment (intensity-weighted velocity dispersion) map. Bottom: Integrated 12CO(2-1) spectrum, extracted
from a 9′′ × 9′′ region around the galaxy centre. The synthesised beam of 0.′′25 × 0.′′22 (25.7 × 22.6 pc2) is shown in the bottom-left corner of each moment
map.

The mean velocity map clearly shows that the northern side of
the ring is blue-shifted while the southern side is red-shifted with
respect to the systemic velocity +sys = 1360 km s−1(as determined
from H i line emission; Springob et al. 2005). The eastern and
western sides of the ring also show blue- and red-shifted velocities
along the spiral arms, indicating deviations from circular motions,
leading to a complex velocity field.

The velocity dispersion of themolecular gas is generally higher
(0 – 60 km s−1) than that of nearby galaxies (e.g. Wilson et al. 2011;
Mogotsi et al. 2016; Sun et al. 2018). In particular, the velocity dis-
persions at the interfaces between the offset dust lanes and the nu-
clear ring are higher (30 – 50 km s−1) that those in other parts of the
nuclear ring (0 – 20 km s−1), indicating that these environments are
likely to be different from each other. The nucleus also shows high
velocity dispersions (30 – 60 km s−1). The complex velocity field
and high velocity dispersions of NGC 5806 are further discussed in
Section 6.1.

The bottom-left panel of Figure 2 shows the integrated CO
spectrum of a 9′′ × 9′′ central region, revealing multiple peaks and

thus suggesting again complex molecular gas distribution and kine-
matics. The total 12CO(2-1) flux in that region is ≈ 300 Jy km s−1.

2.2.3 Region definitions

Based on the moment maps, we divide the galaxy into four distinct
regions, referred to as follows (see Figure 3): nucleus (blue), arcs
(green), nodes (red) and dust lanes (yellow). The nucleus encom-
passes only the inner 125 pc in radius, the arcs refer to the parts of
the nuclear ring where the velocity dispersions are relatively low,
the nodes refer to the parts of the nuclear ring that are at the inter-
faces between the nuclear ring and the offset dust lanes and where
the velocity dispersions are relatively high, and the dust lanes indi-
cate the offset dust lanes in the optical image that are characteristic
of barred disc galaxies (e.g. Athanassoula 1992). We note that we
will refer to the nuclear ring only to refer to the nuclear ring in its
entirety, encompassing both the arcs and the nodes.

MNRAS 000, 1–20 (2022)



WISDOM – XV. GMCs in NGC 5806 5

Figure 3. 12CO(2-1) integrated intensity map of NGC 5806 with identified GMCs overlaid. Dark blue (cyan) ellipses indicate resolved (unresolved) clouds.
Blue (nucleus), green (arcs), red (nodes) and yellow (dust lanes) polygons indicate the four regions defined in Section 2.2.3.

2.3 Cloud identification

We utilise our own modified version of the algorithms of cprop-
stoo (Liu et al. 2021), that is an updated version of CPROPS
(Rosolowsky & Leroy 2006; Leroy et al. 2015b), to identify the
clouds of NGC 5806. Our version of cpropstoo has fewer free pa-
rameters, leading to a more efficient and robust cloud identification
in complex and crowded environments. We refer the reader to Liu
et al. (2021) for full details of our version of cpropstoo.

We introduce here the main steps and parameters of the al-
gorithm. First, the algorithm calculates the spatially-varying noise
in the cube and generates a three-dimensional (3D) mask of bright
emission. The mask initially includes only pixels for which two
adjacent channels are above 2.5 frms. The mask is then expanded
to include all neighbouring pixels for which two adjacent channels
are above 1.5 frms. The individual regions identified are referred
to as "islands". To remove noise peaks, we exclude all islands with
projected areas less than two synthesised beams. We also apply the
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same criteria to the inverted data cube to verify the reliability of our
island identification.

Second, the islands identified are decomposed into individ-
ual structures, that we refer to as clouds. Local maxima (i.e. cloud
candidates) are identified within running 3 × 3 × 3 pix3 subsets of
the cube (i.e. 0.′′15 × 0.′′15 × 6 km s−1 sub-cubes). To eliminate
noise peaks and outliers, we also require the total emission in each
3× 3× 3 pix3 sub-cube to be greater than that in the eight spatially-
neighbouring sub-cubes. We then run cpropstoo, setting the min-
imum number of channels spanned by each cloud (<8=E2ℎ0= = 2)
and the minimum contrast between a cloud’s peak and its boundary
(Δ)max = 2frms = 1.7 K).

Individual cloud candidates have to occupy a minimum area
within which all emission is uniquely associated as dictated by two
parameters: <8=0A40 (minimum cloud area) and <8=?8G (mini-
mum number of pixels). However, biases can occur depending on
<8=0A40 and <8=?8G, e.g. small structures may be missed when
these two parameters are set high, whereas large structures may be
missed when they are set low. To minimise this potential bias, rather
than using a single value we assign both parameters a range of 96
– 24 spaxels (i.e. the synthesised beam area). The code searches
for clouds from the largest <8=0A40 (96 spaxels) and <8=?8G (96
pixels) to the smallest<8=0A40 (24 spaxels) and<8=?8G (24 pixels)
with a step size of 24 spaxels (or pixels). This modification allows
to reduce the arbitrariness of the search area.

To counteract the weakness of the algorithm, that is likely to
ignore significant sub-structures of large clouds, Liu et al. (2021)
introduced an additional parameter, 2>=E4G8CH, defined as the ratio
of the volume of a cloud’s 3D intensity distribution to that of its
convex envelope. When 2>=E4G8CH ≈ 1, the cloud has only one
intensity peak, while the smaller the 2>=E4G8CH the more significant
the sub-structures. In this work, we set 2>=E4G8CH = 0.5 by testing
a range of 0.4 – 0.8. Values in the range 0.5 – 0.7 are typical
(Liu et al. 2021). This parameter allows to identify structures over
multiple scales with less arbitrariness.

As a result, we identify 366 GMCs, 170 of which are both
spatially and spectrally resolved, as shown in Figure 3. We note that
two resolved clouds do not belong to any of the four regions defined.

3 CLOUD PROPERTIES

3.1 GMC properties

Following the standard cpropstoo/cprops definitions (Rosolowsky
& Leroy 2006), we calculate the physical properties of the clouds
identified. We list the (intensity-weighted) properties of each cloud
in Table 1, including each cloud’s central position (R.A. and Dec.),
mean local standard of rest velocity (+LSR), size (radius 'c), ob-
served velocity dispersion (fobs,los), gradient-subtracted velocity
dispersion (fgs,los; see Liu et al. 2021), 12CO(2-1) luminosity
(!CO(2−1) ), molecular gas mass ("gas), peak intensity ()max), pro-
jected angular velocity (lobs), position angle of the rotation axis
(qrot; see Section 4.1) and deprojected distance from the galaxy
centre ('gal). Some quantities are discussed below, but see also Liu
et al. (2021).

The cloud size ('c) is defined as

'c ≡ [
√
fmaj,dc fmin,dc , (1)

where [ is a geometric parameter, fmaj,dc and fmin,dc are the de-
convolved RMS spatial extent along the major and the minor axis
of the cloud, respectively, and we adopt [ = 1.91 for consistency

with earlier studies (e.g. Solomon et al. 1987; Utomo et al. 2015;
Liu et al. 2021).

The observed velocity dispersion (fobs,los) is calculated as

fobs,los ≡
√(

f2
v − (Δ+2

chan/2c)
)
, (2)

where fv is the second velocity moment and Δ+chan the channel
width of the data cube.

The molecular gas mass ("gas) is calculated from the 12CO(2-
1) luminosity (!CO(2−1) ), itself obtained from the 12CO(2-1) flux
(�CO(2−1) ) by(

!CO(2−1)
K km s−1 pc2

)
=

(
3.25 × 107

(1 + I)3

) (
�CO(2−1)
Jy km s−1

) ( aobs
GHz

)−2
(
�

Mpc

)2
,

(3)

where I is the galaxy redshift and aobs the observed line frequency.
To convert the CO luminosity to a molecular gas mass, we adopt
a 12CO(2-1)/12CO(1-0) ratio '21 = 1 in temperature units, within
the range typically found in the central regions of (barred) spiral
galaxies (0.8 – 1.2; e.g. Crosthwaite et al. 2002), and a CO-to-H2
conversion factor -CO = 2×1020 cm−2 (K km s−1)−1 equivalent to a
12CO(2-1) conversion factorUCO(2−1) ≈ 4.4M� (K km s−1 pc2)−1.
This yields(
"gas
M�

)
=
-CO
'21

(
!CO(2−1)

K km s−1 pc2

)
≈ 4.4

(
!CO(2−1)

K km s−1 pc2

)
.

(4)

In this work, we also use a second measure of the velocity
dispersion, the gradient-subtracted velocity dispersion fgs,los in-
troduced in previous GMC studies (Utomo et al. 2015; Liu et al.
2021). This quantity is calculated as follows. First, we calculate
the intensity-weighted mean velocity at each spaxel of a cloud, and
measure its offset with regards to the mean velocity at the cloud
centre. Second, we shift the spectrum at each spaxel to match its
mean velocity to that of the cloud centre. Finally, we calculate the
second moment of the shifted emission summed over the whole
cloud, and extrapolate it to )edge = 0 K. This new fgs,los measure
thus quantifies the turbulent motions within the cloud, with any bulk
motion removed.

The uncertainties of all cloud properties are estimated via a
bootstrapping technique as in Liu et al. (2021), with 500 samples.
The uncertainty of the galaxy distance � is not considered, as an
error of the distance translates to a systematic scaling of some
quantities, i.e. 'c ∝ �, !CO(2−1) ∝ �2, "gas ∝ �2, lobs ∝ �−1,
"vir ∝ � (Section 5) and 'gal ∝ �.

3.2 Distributions of GMC properties

Figure 4 shows the number distributions of cloud size ('c), gasmass
("gas), observed velocity dispersion (fobs,los) and gas mass surface
density (Σgas ≡ "gas/c'2

c ) for the resolved clouds of NGC 5806.
As described above, we divide the clouds into four groups, one
for each spatial region within the galaxy. In each panel, the black
histogram (data) and curve (Gaussian fit) show the full sample,while
the blue, green, red and yellow colours show those of the clouds in
the nucleus, arcs, nodes and offset dust lanes only, respectively.

The sizes ('c) of the resolved clouds of NGC 5806 range from
15 to 85 pc (top-left panel of Figure 4). The mean of the Gaussian
fit is 27.8 ± 0.7 pc and the standard deviation 9.4 pc, while the
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Table 1. Observed properties of the clouds of NGC 5806. A complete machine-readable version of this table is available in the online journal version.

ID RA (2000) Dec. (2000) +LSR 'c fobs,los fgs,los !CO(2−1) "gas )max lobs qrot 'gal
(h:m:s) (◦ :′:′′) (km s−1) (pc) (km s−1) (km s−1) (104 K km s−1 pc−2) (105 M�) (K) (km s−1 pc2) (◦) (pc)

1 15:00:0.31 1:53:31.58 1168.9 - 1.37 ± 3.14 - 0.97 ± 1.87 0.43 ± 0.82 3.2 - - 336
2 15:00:0.33 1:53:30.83 1180.5 16.06 ± 24.54 2.23 ± 1.78 2.12 ± 3.06 2.70 ± 1.18 1.19 ± 0.52 4.2 0.06 ± 0.05 256 ± 121 254
3 15:00:0.50 1:53:31.67 1184.0 - - - 0.38 ± 1.04 0.17 ± 0.46 3.2 - - 522
4 15:00:0.37 1:53:32.55 1192.4 - 2.30 ± 2.38 1.61 ± 2.03 1.16 ± 0.74 0.51 ± 0.33 3.3 - - 412
5 15:00:0.20 1:53:33.19 1194.0 - - - 0.72 ± 0.93 0.32 ± 0.41 3.8 - - 633
6 15:00:0.48 1:53:30.94 1203.4 - 3.56 ± 1.40 2.12 ± 1.73 1.98 ± 0.54 0.87 ± 0.24 4.5 - - 393
7 15:00:0.34 1:53:31.44 1203.3 62.57 ± 1.83 15.12 ± 0.47 13.0 ± 0.46 243.09 ± 5.14 106.96 ± 2.26 10.5 0.19 ± 0.01 260 ± 1 293
8 15:00:0.25 1:53:32.82 1206.3 - 2.03 ± 2.57 1.23 ± 1.84 0.99 ± 1.37 0.44 ± 0.60 3.6 - - 513
9 15:00:0.36 1:53:32.47 1207.2 25.18 ± 11.30 4.81 ± 1.75 3.32 ± 2.40 13.35 ± 4.30 5.87 ± 1.89 4.8 0.10 ± 0.05 296 ± 17 399
10 15:00:0.33 1:53:32.92 1210.8 17.59 ± 7.67 7.39 ± 3.55 3.73 ± 2.66 4.32 ± 0.89 1.90 ± 0.39 4.7 0.36 ± 0.08 296 ± 41 447
11 15:00:0.47 1:53:31.00 1211.5 - 2.53 ± 2.05 1.11 ± 3.17 1.26 ± 3.28 0.55 ± 1.44 4.4 - - 393
12 15:00:0.41 1:53:31.50 1206.5 74.01 ± 2.28 9.69 ± 0.36 8.83 ± 0.40 194.23 ± 4.42 85.46 ± 1.95 10.4 0.09 ± 0.01 196 ± 1 325
13 15:00:0.38 1:53:32.69 1211.0 - 1.43 ± 2.29 0.83 ± 2.24 2.52 ± 2.03 1.11 ± 0.89 4.9 - - 430
14 15:00:0.48 1:53:31.20 1214.2 19.24 ± 19.66 2.93 ± 2.32 1.79 ± 3.46 3.84 ± 3.39 1.69 ± 1.49 4.0 0.09 ± 0.11 243 ± 128 419
15 15:00:0.24 1:53:31.22 1211.3 - 4.21 ± 5.96 - 2.63 ± 6.92 1.16 ± 3.05 3.3 - - 453
- - - - - - - - - - - -

366 15:00:0.43 1:53:25.27 1554.1 - 1.74 ± 2.26 0.88 ± 1.76 1.00 ± 1.10 0.44 ± 0.48 4.1 - - 366

median radius is 30.2 pc. The resolved clouds have gas masses
"gas ranging from 1.2 × 105 to 3.6 × 107 M� (top-right panel
of Figure 4). The mean of the Gaussian fit to the log("gas/M�)
distribution is 5.66 ± 0.04 (≈ 4.6 × 105 M�) and the standard
deviation 0.4, while the median gas mass is 5.5 × 105 M� . About
one third (49/170) of the resolved clouds are massive ("gas ≥
106 M�). The observed velocity dispersions of the resolved clouds
range from 1.6 to 30 km s−1 (bottom-left panel of Figure 4). The
mean of the Gaussian fit is 5.2 ± 0.2 km s−1 and the standard
deviation 2.7 km s−1, while themedian observed velocity dispersion
is 5.6 km s−1. The gas mass surface densities of the resolved clouds
range from 80 to 1000 M� pc−2 (bottom-right panel of Figure 4).
The mean of the Gaussian fit to the log(Σgas/M� pc−2) distribution
is 2.29±0.02 (≈ 195 M�) and the standard deviation 0.2, while the
median gas mass surface density is 2.3 (≈ 200 M�).

There are slight variations of all four quantities across the four
regions. The clouds in the arcs and nodes tend to be larger than the
clouds in the nucleus and offset dust lanes (median radius ≈ 38 and
36 pc vs. ≈ 27 and 27 pc), more massive (median gas mass ≈ 106.1

and 105.9 M� vs. ≈ 105.5 and 105.6 M�) and more turbulent (me-
dian observed velocity dispersion ≈ 7.5 and 6.1 km s−1 vs. ≈ 3.6
and 5.1 km s−1). We also identified two clouds that have exception-
ally large velocity dispersions (≈ 21 and 29 km s−1) in the nucleus,
despite not being the largest and/or most massive clouds, indicat-
ing that those clouds are likely to be affected by their surrounding
environment, e.g. the active galactic nucleus (AGN) and/or strong
galactic shear. The median gas mass surface density of the clouds
in the arcs (〈Σgas〉 ≈ 280 M� pc−2) is larger than that of the clouds
in the other three regions (〈Σgas〉 ≈ 190 M� pc−2).

The resolved clouds of NGC 5806 have sizes comparable to
and masses slightly larger than those of the clouds in the MWd
('c = 30 – 50 pc and "gas = 104.5 – 107.5 M� , with ≤ 20 pc
spatial resolution; Rice et al. 2016; Miville-Deschênes et al. 2017a),
but they have sizes and masses larger than those of the clouds in the
central molecular zone (CMZ; 'c = 5 – 15 pc and "gas = 103.3 –
106 M� , with ≤ 1.5 pc resolution; Oka et al. 2001; Kauffmann et al.
2017). On the contrary, the velocity dispersions of the NGC 5806
clouds are slightly larger and smaller than those of the clouds in
the MWd (1 – 6 km s−1; Heyer et al. 2009) and the CMZ (12
– 50 km s−1; Oka et al. 1998), respectively. Most clouds in late-
type galaxies have comparable sizes (20 – 200 pc), masses (104.5

– 107.5 M�) and observed velocity dispersions (2 – 10 km s−1; 10
– 60 pc resolution; e.g. Donovan Meyer et al. 2012; Hughes et al.
2013; Rebolledo et al. 2015; Liu et al. 2023), while clouds in ETGs

have slightly smaller sizes (5 – 50 pc) andmasses (104.4 – 106.6 M�)
but comparable observed velocity dispersions (2 – 20 km s−1) to
those of the clouds in NGC 5806 (≤ 20 pc resolution; Utomo et al.
2015; Liu et al. 2021).

Overall, the clouds in the nucleus generally are the smallest,
least massive, least turbulent and have the smallest surface densities.
On the other hand, the clouds in the arcs and nodes are the largest,
most massive, most turbulent and have the largest surface densities.
The clouds in the offset dust lanes have intermediate properties.

3.3 GMC cumulative mass functions

The mass function of GMCs is a tool to diagnose GMC populations
and provides constraints on GMC formation and destruction (e.g.
Rosolowsky & Blitz 2005; Colombo et al. 2014). Here we use the
gas mass rather than the virial mass to calculate the mass function,
as the former is well defined even for spatially-unresolved clouds,
and no assumption on the dynamical state of the clouds is required.

The cumulative mass functions are fit with both a power-law
function

# (" ′ > ") =
(
"

"0

)W+1
, (5)

where # (" ′ > ") is the number of clouds with a mass greater
than " , "0 sets the normalisation and W is the power-law index,
and a truncated power-law function

# (" ′ > ") = #0

[(
"

"0

)W+1
− 1

]
, (6)

where "0 is now the cut-off mass and #0 is the number of clouds
with a mass " > 21/(W+1) "0. To fit each cumulative mass func-
tion, we apply the "error in variable" method of Rosolowsky &Blitz
(2005), and the fitting parameters and the uncertainties are estimated
via bootstrapping. Fittings are only performed above the mass com-
pleteness limit of "comp = 2.4 × 105 M� . We calculate the mass
completeness limit using the minimum mass ("min) of resolved
cloud and the observational sensitivity, i.e. "comp ≡ "min + 10XM
(e.g. Colombo et al. 2014; Liu et al. 2021), where the the contri-
bution to the mass due to noise XM = 1.03 × 104 M� is estimated
by multiplying our RMS gas mass surface density sensitivity of
17.8 M� pc−2 by the synthesised beam area of 565 pc2.

Figure 5 shows the cumulative mass function of all identified
clouds (black data points), with the best-fitting truncated power-law
(black solid line) and non-truncated power-law (black dashed line)
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Figure 4. Number distributions of 'c, log("gas/M�) , fobs,los and log(Σgas/M� pc−2) with their Gaussian fits overlaid for the 170 resolved clouds of
NGC 5806 (black lines and histograms), and for the clouds in the nucleus (blue), arcs (green), nodes (red) and dust lanes (yellow) only. The black arrows in the
top-left and bottom-left panels indicate our ability to resolve clouds spatially ([√fmaj fmin, where fmaj,min ≡ \maj,min/2.35) and spectrally (channel width
of 2 km s−1), respectively.

overlaid. The mass functions of the clouds in each regions are also
shown in colours. The best-fitting slopes of the truncated and non-
truncated power laws are W = −1.72 ± 0.12 and W = −1.86 ± 0.06,
respectively. Although both the truncated and non-truncated power
laws do not fit well at large masses due to the bump around 107 M� ,
both slopes are shallower than that of the mass function of the
clouds in the MWd (−2.20 ± 0.1; Rice et al. 2016), M 51 (−2.30 ±
1; Colombo et al. 2014), the outer regions of M 33 (−2.10 ± 1;
Rosolowsky et al. 2007) and the ETGs NGC 4526 (2.39 ± 0.03;
Utomo et al. 2015) andNGC4429 (−2.18±0.21; Liu et al. 2021), but
they are similar to those of the clouds in theMWcentre (−1.60±0.1;
Rice et al. 2016), the spiral arms of M 51 (−1.79 ± 0.09; Colombo

et al. 2014), the inner regions of M 33 (−1.80±1; Rosolowsky et al.
2007), NGC 300 (−1.80± 0.07; Faesi et al. 2016) and Local Group
galaxies (≈ −1.7; Blitz et al. 2007).

TheGMCmass functions of the different regions are somewhat
different from each other. We note that to avoid a failure of some of
the fits, the fivemostmassive clouds fromeach of the nucleus and the
nodes were excluded from the fits (although the nucleus truncated
power-law fit still fails). The GMCs of the nucleus, arcs, nodes and
dust lanes have a best-fitting non-truncated power-law slope of W
of −2.22 ± 0.39, −1.63 ± 0.06, −2.04 ± 0.27 and −2.27 ± 0.14,
respectively. Due to limited number of clouds (i.e. the small sample
size) in each region, and the fact that our modified cpropstoo
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Figure 5. Cumulative gas mass distribution of all the clouds of NGC 5806
(black data points) and of the clouds in the nucleus (blue), arcs (green),
nodes (red) and dust lanes (yellow) only. Truncated (solid lines) and non-
truncated (dashed lines) power-law fits are overlaid. The mass completeness
limit is shown as a black vertical dashed line.

code identifies GMCs with a fixed convexity over multiple scales
(leading to bumpy mass functions), our best-fitting slopes for each
region have large uncertainties and the fits do not always seem to
represent the mass functions well, especially in the nucleus and
nodes. Despite these limitations, however, the cloud mass functions
of the nodes and arcs (i.e. nuclear ring) are significantly shallower
than those of the nucleus and dust lanes. The former have a slope
shallower than or close to −2, while the latter have a slope steeper
than−2. This implies that massiveGMCs preferentially reside along
the nuclear ring, whereas the mass budgets in the nucleus and dust
lanes are dominated by less-massive GMCs. It also suggests either
the dust lanes lack an efficient cloud growthmechanism or they have
an efficient cloud destruction mechanism.

It seems that the evolution and formation of GMCs are influ-
enced by different galactic environments, and thus different GMC
populations may exist in the galaxy. In M 51, Colombo et al. (2014)
also reported that the galactic environment can affect not only the
physical properties of the clouds but also their cumulative mass
function, reporting a sharp truncation of the mass function at high
masses (≈ 106.5 M�) in the nuclear bar (≈ 1 kpc diameter) com-
pared to other regions (e.g. spiral arms). They suggested that galactic
shear is likely to be a main driver of cloud destruction in the nuclear
bar. In any case, both these results and ours imply that the galactic
environment can influence the evolution and formation of GMCs.

4 CLOUD KINEMATICS

4.1 Velocity gradients of individual clouds

Previous GMC studies have shown that the velocity gradients of
GMCs can reveal internal cloud rotation (e.g. Blitz 1993; Phillips
1999; Rosolowsky et al. 2003; Rosolowsky 2007; Utomo et al.
2015; Liu et al. 2021). Because clouds in external galaxies are

usually poorly spatially resolved, solid-body rotation provides an
adequate description of the observations. As previous studies, we
thus quantify the observed velocity gradient by fitting a plane to the
intensity-weighted first moment map of each cloud. Although the
rotation is not necessarily intrinsically solid body (i.e. the angular
velocity may vary with radius within each cloud), the parameter
lobs defined below nevertheless provides a useful single quantity
to quantify the bulk rotation of individual clouds:

Ē(G, H) = 0G + 1H + 2 , (7)

where 0 and 1 are the projected velocity gradient along the G- and
the H-axis on the sky, respectively, and 2 is a zero point,that we
determine using the Interactive Data Language code mpfit2dfun
(Markwardt 2009). We can thus calculate the projected angular
velocity lobs and position angle of the rotation axis qrot:

lobs =
√
02 + 12 (8)

and

qrot = tan−1 (1/0) , (9)

where the uncertainties of lobs and qrot are estimated from the
uncertainties of the parameters 0 and 1 using standard error propa-
gation rules.

Table 1 lists the best-fitting lobs and qrot. The projected ve-
locity gradientslobs of the 170 resolved clouds of NGC 5806 range
from 0.01 to 0.67 km s−1 pc−1, with an average andmedian gradient
of 0.10 and 0.08 km s−1 pc−1, respectively. These gradients are sim-
ilar to those of the clouds in theMW(≈ 0.1 km s−1 pc−1; Blitz 1993;
Phillips 1999; Imara & Blitz 2011), M 33 (≤ 0.15 km s−1 pc−1;
Rosolowsky et al. 2003; Imara et al. 2011; Braine et al. 2018),
M 31 (0 – 0.2 km s−1 pc−1; Rosolowsky 2007) and M 51
(≤ 0.2 km s−1 pc−1; Braine et al. 2020), but they are smaller than
those of the clouds in the ETGs NGC 4526 (0.02 – 1.1 km s−1 pc−1;
Utomo et al. 2015) and NGC 4429 (0.05 – 0.91 km s−1 pc−1; Liu
et al. 2021).

4.2 Origin of velocity gradients

To investigate the origin of the velocity gradients of the GMCs of
NGC 5806, we first compare the velocity map of NGC 5806 to the
projected rotation axes of its clouds. In Figure 6, the projected rota-
tion axes of the clouds (black arrows) are overlaid on the 12CO(2-1)
mean velocity map and the isovelocity contours (green contours).
The arrow length is proportional to the projected angular velocity
of each cloud. If the rotation axes of the clouds are aligned with the
galaxy isovelocity contours, the bulk rotation of the clouds is likely
governed by the large-scale galaxy rotation. Conversely, if the rota-
tion axes of clouds are randomly distributed, the bulk rotation of the
clouds likely originates from other mechanisms, such as turbulence
and/or cloud-cloud collisions (e.g. Burkert & Bodenheimer 2000;
Wu et al. 2018; Li et al. 2018), that perturb angular momentum
conservation.

As shown in Figure 6, the rotation axes of the of NGC 5806
clouds are not well aligned with the isovelocity contours, suggesting
that the galaxy rotation does not affect the internal rotation of the
clouds. This is similar to the case of the MW (Koda et al. 2006),
M 31 (Rosolowsky 2007) and NGC 5064 (Liu et al. 2023), but
different from that of the ETGs NGC 4526 (Utomo et al. 2015) and
NGC 4429 (Liu et al. 2021), where the rotation axes are well aligned
with the isovelocity contours.

To further investigate this, we compare in Figure 7 the mea-
sured angular velocities (lobs) and rotation axes (qrot) of the clouds
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Figure 6.Projected angularmomentumvectors of individual resolvedGMCs
in NGC 5806 (black arrows), overlaid on the 12CO(2-1) velocity map and
isovelocity contours (green contours). The arrow length is proportional to
the angular velocity lobs of each clouds.

with those expected (lmodel and qmodel), as calculated from a low-
resolution (i.e. coarse-grained) 12CO(2-1) velocity map over the
same position and area as each resolved cloud and using the same
method as in Section 4.1.

The modelled angular velocities (lmodel) are on average ≈ 3.5
times larger than the observed ones. Furthermore, there is no clear
correlation between the modelled and observed orientation of the
cloud rotation axes. Although not easily visible in Figure 7, there are
different trends across the different regions ofNGC5806.About half
of the clouds (13/25) in the arcs have a small difference between the
modelled and observed rotation axis orientations (|qrot − qmodel | ≤
50◦), while only about one third of the clouds (50/145) in the other
regions have such a small difference. Consequently, the velocity
gradient of the clouds in the arcs are more likely to be governed by
the large-scale galaxy rotation, presumably because the molecular
gas there is less affected by the surrounding environment (e.g. AGN
feedback and shocks) than the gas in other regions. Conversely, the
velocity gradient of the clouds in the nucleus, nodes and dust lanes
are more likely to be due to other origins (e.g. random turbulent
motions and/or cloud-cloud collisions).

Burkert & Bodenheimer (2000) showed that the apparent rota-
tion of clouds can arise from the clouds’ turbulence. They claimed

a relation of the form
(

l
km s−1 pc−1

)
= 1.6

(
'c

0.1 pc

)−1/2
. This formu-

lation yields l = 0.092 (0.086) km s−1 pc−1 for the median (mean)
cloud radius of 30.6 (34.5) pc in NGC 5806. These are compara-
ble to the median (mean) of our measured angular velocities, 0.10

(0.12) km s−1 pc−1. It is thus most likely that the observed velocity
gradients of the clouds of NGC 5806 are due to turbulent motions.
However, we find that not all clouds have the same trend. Themedian
cloud radii of the clouds in the nucleus, arcs, nodes and dust lanes
are 27.4, 37.8, 35.8 and 26.9 pc, respectively, yielding expected
angular velocities of 0.097, 0.082, 0.085 and 0.098 km s−1 pc−1,
compared to median measured angular velocities of 0.095, 0.13,
0.07 and 0.11 km s−1 pc−1. The clouds in the arcs thus show a
much larger deviation (≈ 45%) than those in the other regions. This
implies that additional mechanisms supporting and/or generating
cloud rotation are required in the arcs.

Another way to assess whether bulk motions due to galaxy ro-
tation contribute significantly to the observed velocity dispersions
and velocity gradients of the NGC 5806 clouds is to compare the ob-
served velocity dispersions (fobs,los) with the gradient-subtracted
velocity dispersions (fgs,los), as shown in Figure 8. If the gradient-
subtracted velocity dispersions are much smaller than the observed
velocity dispersions, bulk motions are dominant in the clouds. More
than half of the clouds (107/170) of NGC 5806 have a small differ-
ence between the two velocity dispersions (i.e. a ratio between the
two velocity dispersions fobs,gs/fobs,los > 0.7). Some clouds have
somewhat larger deviations, but only four clouds have a difference
of more than 5 km s−1. This further suggests that bulk motions due
to galaxy rotation are not important to the NGC 5806 clouds. The
observed velocity dispersions and velocity gradients are thus likely
dominated by turbulence. In turn, we will use the observed velocity
dispersions (fobs,los) rather than the gradient-subtracted velocity
dispersions (fgs,los) for the rest of our analyses, also consistent
with previous GMC studies.

5 DYNAMICAL STATES OF CLOUDS

Scaling relations (e.g. relations between the sizes, linewidths and
luminosities of GMCs) have been used as a standard tool to inves-
tigate the dynamical states of clouds (e.g. Larson 1981; Blitz et al.
2007). Among them, the relation between the size and the linewidth
(a.k.a. Larson’s first relation) is generally considered the most fun-
damental. The size – linewidth relation is known to have the form
of a power law and is generally interpreted as the consequence of
turbulent motions within clouds (Falgarone et al. 1991; Elmegreen
& Falgarone 1996; Lequeux 2005).

The left panel of Figure 9 shows the size – linewidth relation
of all resolved clouds of NGC 5806, with the best-fitting power-
law relation overlaid (black solid line), as well as that of the MW
disc (black dashed line; Solomon et al. 1987) and CMZ (black
dotted line; e.g. Kauffmann et al. 2017). There is a strong correla-
tion between size and linewidth, with a Spearman rank correlation
coefficient of 0.70 and p-value of 10−35.

Our best-fitting power law has a steep slope,

log
(
fobs,los
km s−1

)
= (1.20 ± 0.10) log

(
'c
pc

)
− 1.07 ± 0.16 , (10)

with no clear difference between different regions. To achieve the
best-fitting line with both 'c and fobs,los errors, we use a hierar-
chical Bayesian model called linmix (Kelly 2007).1 This slope is
steeper than that of the clouds in the MW disc (0.5±0.05; Solomon
et al. 1987) and the CMZ (0.66 ± 0.18; Kauffmann et al. 2017),

1 Python version of the linmix algorithm has been provided by J. Meyers
(https://github.com/jmeyers314/linmix).

MNRAS 000, 1–20 (2022)

https://github.com/jmeyers314/linmix


WISDOM – XV. GMCs in NGC 5806 11

Figure 7. Correlations between the modelled and observed projected angular velocities lobs (left) and position angles of the rotation axes qrot (right) for the
170 resolved clouds of NGC 5806. The data points are colour-coded by region and the black diagonal lines indicate the 1 : 1 relations.

Figure 8. Comparison of our observed (fobs,los) and gradient-subtracted
(fgs,los) velocity dispersion measures for the 170 resolved clouds of
NGC 5806. The four black diagonal lines represent the 1 : 1, 1 : 0.9,
1 : 0.8 and 1 : 0.7 ratio, respectively.

but the zero-point (0.09 km s−1) is much smaller than that of the
CMZ (5.5 ± 1.0 km s−1; Kauffmann et al. 2017). This slope is also
much steeper than that of the clouds in M 31 (0.7±0.2; Rosolowsky
2007), M 33 (0.45 ± 0.02; Rosolowsky et al. 2003), NGC 4429
(0.82± 0.13; Liu et al. 2021) and local dwarf galaxies (0.60± 0.10;
Bolatto et al. 2008). Although the GMCs of barred-spiral galaxies
have been investigated (e.g. M83 and NGC 1300; Hirota et al. 2018;
Maeda et al. 2020), only the LMC shows a clear size – linewidth
relation, with a slope of 0.8 (Wong et al. 2011).

Another scaling relation used to assess the dynamical states
of clouds is the correlation between virial ("vir) and gas ("gas)
mass. In the absence of non-gravitational forces, this quantifies the

dynamical state of clouds based on the virial theorem. The virial
parameter

Uvir ≡
"vir
"gas

=
f2

obs,los'c/1s�

"gas

=
3"gasf2

obs,los

31s�"2
gas/'c

=
2 
|* | ,

(11)

where 1s is a geometrical factor that quantifies the effects of inhomo-
geneities and/or non-sphericity of a cloud on its self-gravitational
energy (*) and  is the kinetic energy of random motions of the
cloud. Here we adopt 1s = 1/5 assuming the clouds have homoge-
neous spherical shapes. If Uvir ≈ 1, a cloud is considered to be in
virial equilibrium and is gravitationally bound, while if Uvir ≈ 2,
the cloud is only marginally gravitationally bound. If Uvir < 1, the
cloud is likely to collapse gravitationally, while if Uvir � 1, the
cloud is either confined by non-gravitational forces (e.g. external
pressure and/or magnetic fields) or it is short-lived (i.e. transient).

The middle panel of Figure 9 shows the virial masses of the re-
solved clouds of NGC 5806 (calculated using the observed velocity
dispersion fobs,los) as a function of their gas masses, overlaid with
the best-fitting power law (black solid line). The black dashed and
dotted lines indicate the Uvir = 1 and Uvir = 2 relations, respectively.
The best-fitting power law estimated from the linmix algorithm is

log
(
"obs,vir

M�

)
= (0.99 ± 0.03) log

(
"gas
M�

)
+ 0.38 ± 0.20 , (12)

implying that the resolved clouds of NGC 5806 are virialised on
average. Similarly to Larson’s first relation in the left panel, the
resolved clouds in the different regions tend to have the same best-
fitting slope, but the clouds in the arcs are slightly more massive
than those in the other regions.

To investigate the virialisation of the resolved clouds of
NGC 5806 further, we also explore the distribution of Uvir for the
whole galaxy and each region individually, as shown in Figure 10.
The mean (median) of Uvir is 2.02 (1.72), indicating that on av-
erage the clouds are marginally bound. However, Uvir has a broad
distribution and only about half of the clouds (89/170) lie between
Uvir = 1 and Uvir = 2. About 40% of the clouds (62/170) have
Uvir > 2, while only a few clouds (19/170) have Uvir < 1. Unlike
other physical quantities such as size, gas mass, velocity dispersion
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Figure 9. Left: size – linewidth relation of the 170 resolved clouds of NGC 5806. The black solid line shows the best-fitting power-law relation, while the
black dashed and dotted lines show the relations for the clouds of the MW disc (Solomon et al. 1987) and CMZ (Kauffmann et al. 2017), respectively. Middle:
molecular gas mass – virial mass relation for the same clouds. The black solid line shows the best-fitting power-law relation, while the black dashed and dotted
lines indicate the 1 : 1 and 2 : 1 relations, respectively. Right: gas mass surface density – fobs,los'

−1/2
c relation for the same clouds. The black dashed and

dotted diagonal lines show the solutions for a simple (i.e. Uvir = 1) and a marginal (i.e. Uvir = 2) virial equilibrium, respectively. The V-shaped black solid
curves show solutions for pressure-bound clouds at different pressures (%ext/:B = 105, 106, 107 and 108 K cm−3). Data points are colour-coded by region in
all three panels. Typical uncertainties are shown as a black cross in the top-right or bottom-right corner of each panel.

Figure 10. Distribution of log(Uobs,vir) of all the resolved clouds of
NGC 5806 (grey histogram) and only the clouds in each of the four dif-
ferent regions (coloured histograms). The black solid and dot-dashed lines
show the mean and median of the distribution, respectively, while the black
dashed and dotted lines indicate Uvir = 1 and Uvir = 2, respectively.

and gas mass surface density (see Section 3), there is no significant
difference across the different regions.

Lastly, we consider the correlation between gas mass surface
density (Σgas) and fobs,los'

−1/2
c , providing yet another constraint

on the physics of clouds (Field et al. 2011). Regardless of how well
clouds obey Larson’s first relation, if the clouds are virialised, the
clouds should be clustered aroundfobs,los'

−1/2
c =

√
cUvir�1sΣgas,

as shown by the black dashed (Uvir = 1) and dotted (Uvir = 2) diag-
onal lines in the right panel of Figure 9. If clouds are not virialised
(Uvir � 1), external pressure (%ext) should play an important role to
constrain the clouds (or the clouds are likely transient structures). In
this case, clouds will be distributed around the black solid V-shape

curves in the right panel of Figure 9:

fobs,los'
−1/2
c =

√
cUvir�Σgas

5
+ 4 %ext

3Σgas
(13)

(Field et al. 2011).
The right panel of Figure 9 shows the relation between

fobs,los'
−1/2
c and Σgas for all the resolved clouds of NGC 5806,

showing that they are broadly distributed. The gas mass surface
densities vary by 1.5 orders of magnitude and reveal a positive cor-
relation with fobs,los'

−1/2
c . Given the uncertainties, some clouds

with Uvir > 2 distributed across the V-shaped curves do seem to be
bound by high external pressures (%ext/:B & 105 K cm−3, if indeed
they are bound). In particular, two clouds in the nucleus at very high
pressures (%ext/:B & 107 K cm−3) might be affected by nuclear
activity. In addition, as expected from the right panel of Figure 9
(but not explicitly shown in the figure), there is a strong correlation
between fobs,los and Σgas (Spearman rank correlation coefficient of
0.73 and p-value of 2 × 10−35), while the correlation between 'c
and Σgas is much weaker (Spearman rank correlation coefficient of
0.38 and p-value of 7 × 10−12).

In summary, Figure 9 shows that the size – linewidth relation
of the resolved clouds of NGC 5806 has a slope that is twice as
steep as that of MW disc clouds, while most of the clouds are only
marginally bound (〈Uvir〉 ≈ 2).

6 DISCUSSION

6.1 Turbulence maintained by bar-driven gas inflows

High velocity dispersions are present in the central regions of
NGC 5806, especially in the nodes (up to 60 km s−1; see top-
right panel of Figure 2). Individual clouds also have large velocity
widths, and the clouds have a very steep size-linewidth relation and
relatively large virial parameters (see Section 5). Could all these
facts be due to the large-scale bar of NGC 5806?

Recent observations of barred spiral galaxies have shown that
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bars can drive gas inflows and contribute to the high velocity disper-
sions observed in the central regions of many galaxies. For example,
Salak et al. (2016) reported high molecular gas velocity dispersions
(& 40 km s−1) in the node regions of NGC 1808 ((R)SAB(s)a),
that are due to gas streaming along the bar toward the nuclear
ring. Sato et al. (2021) also reported high gas velocity dispersions
(& 40 km s−1) in the nuclear ring of NGC 613, especially at the
interface between the nuclear ring and the large-scale bar (i.e. the
node regions) where gas inflows are observed.

To investigate whether the bar in NGC 5806 also drives gas
inflows, we probe the shapes of the 12CO(2-1) line-of-sight (LOS)
velocity distributions (LOSVDs) across the different regions, and
illustrate specific trends in Figure 11. High velocity dispersions are
present in the nuclear ring, especially in the nodes (up to 60 km s−1).
The LOSVDs in the nodes also have shapes that are totally different
from those in the other regions: the LOSVDs in the nodes are often
double peaked within a single synthesised beam (see the red and
blue circles in Figure 11), while the LOSVDs in the rest of the
nuclear ring (i.e. the arcs) have only narrower single peaks (see the
purple and grey circles in Figure 11). The LOSVDs in the nucleus
have broad and skewed shapes with single peaks (see the yellow and
green circles in Figure 11), likely due to strong shear and/or AGN
feedback (and beam smearing), that can render the molecular gas
more turbulent (e.g. Wada et al. 2009).

The double peaks of the node LOSVDs imply that there are
multiple clouds (at least two) along each LOS. Furthermore, sys-
tematically, for each double peak in the nodes, one peak smoothly
connects to the LOSVD of the nearest dust lane, the other to the
LOSVD of the nuclear ring, suggesting that the molecular gas in the
dust lanes flows toward the nuclear ring. Molecular gas thus appears
to be streaming along the bi-symmetric offset dust lanes, causing
collisions in the molecular gas in the nodes. This is analogous to
the situation in the MW, where Kruĳssen et al. (2014) suggested
that gas inflows along the bar may be responsible for driving the
turbulence in the CMZ. More generally, collisions and shocks re-
sulting from gas streaming into a nuclear ring (from the large-scale
bar) can cause significant randommotions in the gas (e.g. Kruĳssen
et al. 2014; Federrath et al. 2016; Sormani et al. 2019; Salas et al.
2021; Wallace et al. 2022).

To measure the relative velocity between the gas inflow-
ing along the offset dust lanes and the nuclear ring, we con-
sider individual LOSVDs in the nodes and estimate the velocity
difference between the two dominant peaks. The measured av-
erage velocity difference is +in,obs ≈ 100 km s−1 in both the
eastern and the western node. The gas inflow velocity is then
+in = +in,obs/sin 8 ≈ 120 km s−1 (e.g. Sato et al. 2021). Adopt-
ing this relative velocity, the total mass inflow rate along the two
dust lanes can be estimated as
¤"in = 2〈Σgas〉,in+in

≈ 5 M� yr−1 ,
(14)

where the width of the gas inflow ,in to each node is taken to
be ≈ 100 pc and the mean molecular gas mass surface density in
the dust lanes is 〈Σgas〉 ≈ 200 M� pc−2. Similarly, to estimate the
contribution of the gas inflows in driving the turbulence, we can
estimate the total kinetic energy per unit time provided by the gas
inflows as

¤�in ≈
1
2
¤"in+

2
in

≈ 3.5 × 104 M� km2 s−2 yr−1 .

(15)

If turbulence in the nuclear ring is indeed maintained by the

bar-driven gas inflows, the turbulence energy dissipation per unit
time ¤�diss should be balanced by the input kinetic energy per unit
time, i.e. ¤�diss ≈ ¤�in. The energy per unit time dissipated by the
observed turbulence can be estimated as
¤�diss ≈ "NR〈fNR〉3/(2 ℎNR)

≈ 2.8 × 104 M� km2 s−2 yr−1 .
(16)

(e.g. Mac Low & Klessen 2004), where "NR ≈ 2.2 × 108 M� ,
〈fNR〉 ≈ 16 km s−1 and ℎNR ≈ 16 pc are the total mass, mean
velocity dispersion and scale height of the molecular gas in the
nuclear ring, respectively. This is indeed approximately equal to
our estimated ¤�in, so bar-driven molecular gas inflows are a viable
mechanism to explain the high velocity dispersions present in the
nuclear ring.

The aforementioned scale height was estimated as ℎNR =

〈fNR〉/^NR (Lin & Pringle 1987), where ^NR is the epicyclic
frequency at the nuclear ring radius, that can be calculated as
^2

NR ≡
(
'
3Ω2 (')
3'

+ 4Ω2 (')
)���
'='NR

, where Ω(') ≡ +c (')/',
+c (') is the circular velocity of NGC 5806 and 'NR is the radius
(at the centre) of the nuclear ring ('NR ≈ 330 pc). As the molecular
gas in NGC5806 is so dynamically cold, we took+c (') to be the ob-
served rotation curve, derived from our data cube using 3dbarolo
(Di Teodoro & Fraternali 2015) and from our first-moment map
using 2dbat (Oh et al. 2018). Both approaches yield consistent re-
sults, leading to ^NR ≈ 1 km s−1 pc−1 and thus the adopted scale
height ℎNR ≈ 16 pc.

6.2 Nuclear ring GMC lifetimes

As argued above (Section 6.1), bar-driven gas inflows should
strongly influence the cloud properties in the nuclear ring (see also
Salak et al. 2016; Sato et al. 2021). It is thus important to probe
whether cloud properties vary azimuthally along the ring. Figure 12
shows both the number of clouds and a number of cloud properties
(virial parameter, gas mass, velocity dispersion, size and gas mass
surface density) as a function of azimuthal angle (measured counter-
clockwise from the western node). Interestingly, while none of the
cloud properties varies significantly with azimuthal angle (see pan-
els (b) – (f) of Figure 12), the number of clouds (as well as the CO
surface brightness) strongly decreases from one node to the other
(see panel (a) of Figure 12).

Which mechanisms can cause this steep decrease of the cloud
number along the nuclear ring downstream from the nodes? Most
likely, when molecular gas from the large-scale bar enters the nu-
clear ring at the nodes, the ensuing violent collisions will lead to
the formation of many clouds. For their number to decrease, these
clouds formed at the nodes must then be gradually destroyed while
moving along the nuclear ring (see Figure 13). This may be due
to a number of mechanisms such as further cloud-cloud collisions,
shear, stellar feedback, AGN feedback and/or violent turbulence.

Irrespective of the exact cloud disruption mechanism, the ob-
served azimuthal variation of the cloud number embodies the re-
sulting cloud lifetimes. Indeed, the characteristic cloud lifetime can
be estimated from the travel time Ctravel between the two nodes and
the fraction of clouds lost as they move �lost (i.e. the decline of the
number of clouds as their travel between the two nodes):

Clifetime =
Ctravel

2
1
�lost

. (17)

We note that this method to estimate the cloud lifetimes in the
nuclear ring of a barred galaxy is similar to that introduced by
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Figure 11. Velocity dispersion map of NGC 5806. The red and blue circles indicate regions where velocity dispersions are above 50 km s−1 in the nodes, the
yellow and green circles regions where velocity dispersions are above 50 km s−1 in the nucleus, and the purple and grey circles regions where the velocity
dispersions are below 20 km s−1 in the arcs. Inset panels show the corresponding spectra and the black vertical dashed line in each panel indicates the systemic
velocity of NGC 5806. For double peaked spectra, the black arrows indicate the velocity differences +in,obs discussed in the text.

Figure 12. GMC properties in the nuclear ring (both arcs and nodes), as a function of the azimuthal angle (measured counter-clockwise from the western
node). From left to right, top to bottom: number of resolved clouds, virial parameter, gas mass, velocity dispersion, size and gas mass surface density. The red
data points are averages in radial bins of width 30◦, while the red error bars indicate the 1f scatter within each radial bin. Black vertical dashed lines indicate
the positions of the two nodes.
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Figure 13. Schematic diagram of the scenario envisaged for the nuclear ring
of NGC 5806. The nulear ring is shown as a large pale grey annulus, clouds
as small blue filled ellipses within the nuclar ring, and the two offset dust
lanes as thick yellow arrows. The two solid vertical black lines indicate the
midpoints that divide each half of the nuclear ring into two zones. #I and
#II are the number of clouds in each of those two zones.

Meidt et al. (2015) to estimate the cloud lifetimes in the inter-arm
region of a spiral galaxy. However, as noted below, we measure the
travel time Ctravel with respect to the large-scale bar rotating pattern,
as inspired by the work of Koda (2021).

We can estimate Ctravel as

Ctravel = c'NR/(+c,NR −Ωp'NR) (18)

(see also Koda 2021), where +c,NR is the circular velocity at the
(radius of the) centre of nuclear ring (+c,NR ≈ 150 km s−1) and Ωp
is the pattern speed of the large-scale bar. The pattern speed of the
bar of NGC 5806 has never been measured. We could obtain a firm
lower limit to the travel time by adopting Ωp = 0 in Equation 18
(yielding Ctravel & 6.9 Myr), but instead we estimate the bar pattern
speed by assuming its corotation radius is located at 1.2 ± 0.2
times the half-length of the bar, as is the case for most barred disc
galaxies (e.g. Athanassoula 1992;Aguerri et al. 1998). Erwin (2005)
measured the deprojected half-length of the bar of NGC 5806 to be
38′′ or 3.9 kpc at our adopted distance, leading to a pattern speed
Ωp = +c [(1.2±0.2) 'bar]/[(1.2±0.2) 'bar] = 45+11

−7 km s−1 kpc−1.
In turn, using Equation 18, this leads to a travel time Ctravel =
7.4+0.3−0.1 Myr.

To estimate �lost, we first measure the number of clouds #I
and #II in two adjacent zones (each mirrored on both halves of
the nuclear ring) that span equal ranges of azimuth, as shown in
Figure 13 (see also Figure 1 of Meidt et al. 2015). The fraction of
clouds lost between the two nodes is

�lost =
#I − #II
#I

. (19)

Counting the numbers of clouds in the first half of the nuclear ring
(from the western node to the eastern node) yields #I = 23 and
#II = 9 (and thus �lost = 0.61), while in the second half (from
the eastern node to the western node) this yields #I = 40 and
#II = 11 (and thus �lost = 0.72). This apparent loss of clouds along
the nuclear ring is probably tightly related to the decrease of the
CO intensity downstream from the nodes (see the top-left panel of
Figure 2).

Combined with our estimated travel time, these two fractions

of lost clouds yield two cloud lifetime estimates, that we take as a
range Clifetime = 5.1 – 6.3 Myr. This cloud lifetime is smaller than
that of clouds in the central 3.5 kpc radius of M 51 (20 – 50 Myr;
Meidt et al. 2015), nearby galaxies (10 – 100 Myr; Jeffreson &
Kruĳssen 2018; Chevance et al. 2020), the LMC (≈ 11 Myr; Ward
et al. 2022) and between spiral arms in disc galaxies (≈ 100 Myr;
e.g. Koda et al. 2009), but it is larger than that of clouds in the CMZ
(1 – 4 Myr; e.g. Kruĳssen et al. 2015; Jeffreson et al. 2018).

6.3 Nuclear ring GMC destruction mechanisms

Having estimated the lifetimes of the clouds in the nuclear ring of
NGC5806,we nowbriefly discuss the possiblemechanisms regulat-
ing those lifetimes. A cloud’s lifetime is mainly set by cloud-cloud
collisions, shear, stellar feedback, AGN feedback and/or violent
turbulence (e.g. Meidt et al. 2015; Jeffreson & Kruĳssen 2018;
Chevance et al. 2020; Kim et al. 2022). We therefore now derive the
relevant time scales of these processes, and compare them with our
derived cloud lifetime. Processes that take longer than the estimated
cloud lifetime are likely to play a less important role setting the
cloud lifetime than processes with shorter timescales.

Cloud-cloud collisions. Cloud-cloud collisions can be an im-
portant mechanism limiting cloud lifetimes, as clouds can be de-
stroyed when merging with other clouds. The cloud-cloud col-
lision timescale in the nuclear ring can be estimated as Ccoll =
1/#mc�cfcc (Koda et al. 2006), where #mc is the cloud number
surface density in the nuclear ring, �c is the mean cloud diameter
in the nuclear ring (2 〈'c〉 ≈ 78 pc; see panel (e) of Figure 12)
and fcc is the cloud-cloud velocity dispersion, generally assumed
to be ≈ 10 km s−1 (e.g. Koda et al. 2006; Inutsuka et al. 2015).
To estimate #mc, we consider the 85 nuclear ring clouds contained
within an elliptical annulus of inner semi-major axis length 230 pc,
outer semi-major axis length 370 pc and ellipticity 0.3, that nicely
encloses the nuclear ring, yielding #mc ≈ 450 kpc−2 and in turn
Ccoll ≈ 3.1 Myr. Our derived collision timescale is approximately
half the estimated cloud travel time between the nodes Ctravel and is
smaller than the estimated cloud lifetime Clifetime.

Shear. Shear generally appears to be an important mecha-
nism regulating cloud lifetimes in galaxy centres, where strong
shear can lead to mass loss and/or complete cloud dispersal (e.g.
Meidt et al. 2015; Jeffreson & Kruĳssen 2018). We estimate
the shear timescale as Cshear = 1/2� (Liu et al. 2021), where

� ≡ 1
2

(
+c ('NR)
'NR

− 3+c
3'

���
'NR

)
≈ 0.15 km s−1 pc−1 is Oort’s constant

evaluated at (centre of) the nuclear ring using the aforementioned
rotation curve, yielding Cshear ≈ 3.2 Myr. This is again approxi-
mately half the cloud travel time between the nodes and is smaller
than the estimated cloud lifetime.

Stellar feedback. The destruction of molecular clouds by
stellar feedback occurs on a feedback timescale Cfeedback, i.e. the
timescale of coexistence of molecular gas and stars within a cloud
(e.g. Chevance et al. 2020). This can be estimated by measuring the
spatial offset between cold gas (the fuel for star formation, traced
by e.g. CO) and star formation (traced by e.g. HU) through the now
widely-used “tuning fork” diagram (Kruĳssen & Longmore 2014;
Kruĳssen et al. 2018). However, the absence of a map of a star-
formation tracer at both high angular resolution and free of dust
extinction prohibits a direct measurement of the feedback timescale
in NGC 5806. Chevance et al.’s (2020)molecular gasmeasurements
in nine nearby star-forming disc galaxies range from 1 to 5 Myr,
with a typical timescale Cfeedback ≈ 3.5 Myr that we adopt for the
clouds in our galaxy.
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AGN feedback. Nuclear activity is a powerful mechanism
that can severely affect the medium surrounding a nucleus. Sev-
eral observational studies have reported that AGN feedback is the
most likely mechanism to explain the high velocity dispersions of
molecular gas (and even molecular gas disruption) in galaxy cen-
tres (e.g. Schawinski et al. 2009; Simionescu et al. 2018; Nesvadba
et al. 2021). Several simulations also support AGN having a sig-
nificant impact on the molecular gas in galaxy centres (e.g. Wada
et al. 2009; Mukherjee et al. 2018). However, these studies have
also shown that this impact on the surrounding media is limited to
several hundred parsecs in radius in the galactic discs (while ex-
tending beyond 1 kpc perpendicularly to the discs). Furthermore,
in NGC 5806, not only is the mm continuum not detected in our
observations (Section 2.2), but only the nucleus (inner 100 pc ra-
dius) was classified as AGN/shocks by Erroz-Ferrer et al. (2019)
using Baldwin et al.’s (1981) diagnostics and optical integral-field
spectroscopic observations. All these results thus suggest that the
AGN of NGC 5806 is unlikely to directly affect the molecular gas
in the nuclear ring.

Turbulence. Strong turbulence could be another important
process dispersing clouds in the nuclear ring (e.g. Dobbs & Pettitt
2015; Kim et al. 2022). Its effect can be characterised by a cloud’s
turbulent crossing timescale, Ccross ≈ 2'c/fobs,los (e.g. Kruĳssen
et al. 2019). We can thus estimate the turbulent crossing timescales
of the clouds in the nuclear ring, yielding timescales from 5 to
20Myr, with a mean turbulent crossing timescale 〈Ccross〉 ≈ 11Myr.
This is much larger than our estimated cloud travel time between
the nodes and our estimated cloud lifetime.

Overall, we can rule out turbulence as an important fac-
tor limiting the cloud lifetimes in the nuclear ring, as it acts on
timescales much longer than the characteristic lifetime of the clouds
(Ccross ≈ 11 Myr while Clifetime ≈ 5.1 – 6.3 Myr). This is consistent
with the fact that the nuclear ring clouds have a mean virial param-
eter of 2.02 and only ≈ 30% (26/85) of the clouds have Uvir > 2
(see Section 5 and Figure 10). On the other hand, the timescales
estimated for cloud-cloud collisions, shear and stellar feedback are
comparable to each other, relatively short (≈ 3 – 3.5 Myr) and all
smaller than the estimated cloud lifetime, implying they could all
play an important role setting cloud lifetimes.

6.4 Steep size – linewidth relation

As observations with different spatial resolutions are likely to trace
different cloud sizes, we compare in Figure 14 the size – linewidth
relations of NGC 5806 (spatial resolution ≈ 24 pc and sensitivity
frms ≈ 0.8 K), the LMC (≈ 11 pc and ≈ 0.3 K) and the two
ETGs NGC 4526 (≈ 20 pc and ≈ 0.7 K) and NGC 4429 (≈ 13 pc
and ≈ 0.5 K), whose observations have spatial resolutions and
sensitivities similar to each other. While the observations of the
MWd (Heyer et al. 2009), M 51 (Colombo et al. 2014) and M 33
(Gratier et al. 2012) are more different, we also include them in
Figure 14 as those galaxies have a morphological type more similar
to that of NGC 5806.

As discussed in Section 5, the GMCs of NGC 5806 have a size
– linewidth relation with a power-law slope of 1.20 ± 0.10, much
steeper than those found in other galaxies (e.g. 0.5 – 0.7 in the MW,
Solomon et al. 1987; Kauffmann et al. 2017; 0.4 – 0.8 in nearby
galaxies, Rosolowsky et al. 2003; Rosolowsky 2007; Bolatto et al.
2008; Wong et al. 2011).

The steep slope of the size – linewidth relation of NGC 5806
is unlikely to be due primarily to the fact that it is measured in the
central region of the galaxy (as opposed to the galaxy disc), as the

Figure 14. Size – linewidth relation of extragalactic GMCs. Coloured circles
show the resolved clouds of NGC 5806, while coloured contours encompass
68% of the distribution of the data points for each galaxy (NGC 4526, Utomo
et al. 2015; NGC 4429, Liu et al. 2021; M 51, Colombo et al. 2014; M 33,
Gratier et al. 2012; MWd, Heyer et al. 2009; LMC, Wong et al. 2011).
Contours are colour-coded by galaxy morphological type. The black solid
line shows the best-fitting power-law relation of all NGC 5806 resolved
clouds, the black dashed line that of the MWd clouds (Solomon et al. 1987)
and the black dotted line that of the CMZ clouds (Kauffmann et al. 2017).

size – linewidth relationsmeasured in the centres of otherWISDOM
galaxies appear to be much shallower and more similar to that of the
MWd (e.g. no correlation in NGC 4526, Utomo et al. 2015; slope
of 0.6 ± 0.1 in NGC 5064, Liu et al. 2023; slope of 0.3 ± 0.07 in
NGC 1387, Liang et al. 2023). A possible exception in the current
WISDOM sample is the ETG NGC 4429, for which the GMCs
in the central kpc-size disc have a size – linewidth slope of 0.82 ±
0.13. However, once contamination of the cloud velocity dispersions
by large-scale galaxy rotation (inducing bulk rotation within the
clouds) is removed, the NGC 4429 clouds have a shallower slope
than that of MWd clouds (≈ 0.24; Liu et al. 2021).

A steep cloud size – linewidth relation is also present in the
central region of the WISDOM dwarf lenticular galaxy NGC 404
(Liu et al. 2022), although that study focused on much smaller
structures, i.e clumps with sizes of ≈ 3 pc, so the comparison is
arguably inappropriate. Overall, the distinct environment of galaxy
centres is thus unlikely to be the only driver of the observed steep
cloud size – linewidth relation of NGC 5806.

The steep slope of the size – linewidth relation is thus more
likely to be due to gas inflows and shocks induced by the large-scale
bar of NGC 5806. That bar-driven gas inflows contribute to the high
velocity dispersions in the nuclear ring of NGC 5806 has already
been discussed in Section 6.1. However, the bar also drives strong
shocks in the central region, as illustrated by the offset dust lanes
and associated moleculas gas (a generic prediction of bar-driven
shocks; e.g. Athanassoula 1992).

In NGC 5806, turbulence can not dissipate all the energy
through increasingly small spatial scales (i.e. through the usual tur-
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bulent “cascade”), as kinetic energy is also being spent on shocks
and/or gas compression (e.g. Mac Low 1999; Mac Low & Klessen
2004; Cen 2021). Since the energy transmission is no longer conser-
vative (fobs,los ∝ '

1/3
c for a constant mass energy density transfer

rate, Kolmogorov 1941; fobs,los ∝ '
3/5
c for a constant volumetric

energy density transfer rate, Cen 2021), the size – linewidth rela-
tion slope is expected to be steeper than 1/3 – 3/5, as is indeed
the case. An analogous example is probably that of the CMZ. In-
deed, the MW also has a large-scale bar and the CMZ is most likely
the equivalent of a nuclear ring in a barred galaxy, and the CMZ
cloud size – linewidth relation is rather steep (slope of 0.66 ± 0.18;
Kauffmann et al. 2017), if not as steep as that of NGC 5806.

The LMC and NGC 4526 also each have a large-scale bar, but
comparisons with those galaxies are not justified as the LMC has
a (poorly understood) off-centred bar strongly affected by a tidal
interaction (e.g. de Vaucouleurs & Freeman 1972; van der Marel
2001) while NGC 4526 has a relatively weak bar (Buta et al. 2007).
Further studies of the impact of bars on the size – linewidth relation
would be highly valuable.

6.5 Dependence of the virial parameter on cloud properties

By definition (Uvir ≡
f2

obs,los'c
1s�"gas

; see Equation 11), assuming all
quantities are independent, the virial parameter Uvir is expected to
have clear dependencies on the velocity dispersion (fobs,los), size
('c) and gas mass ("gas). However, for virialised clouds, these are
expected to be correlated (see e.g. Shetty et al. 2010). To reveal
which physical quantity primarily affects the virialisation of the
clouds,we therefore probe the dependence ofUvir on these quantities
in Figure 15.

There is no clear dependence of Uvir on either 'c or "gas
for all the resolved clouds of NGC 5806 (second and third row of
Figure 15). This is inconsistent with previous studies that showed a
clear negative correlation between Uvir and "gas (e.g. Shetty et al.
2010; Miville-Deschênes et al. 2017b; Veltchev et al. 2018). The
clouds of the nucleus do show correlations, but these are weak
and largely depend on two exceptionally massive clouds. We also
note that there is no correlation between Uvir and Σgas (Spearman
rank correlation coefficient of 0.18 and p-value of 0.094). On the
other hand, there is a clear positive correlation between Uvir and
fobs,los in the nucleus, nodes and dust lanes, while the arcs shows
a negative correlation (first row of Figure 15), with a Spearman
rank correlation coefficient of 0.67 and p-value of 5 × 10−20 for all
resolved clouds. The best-fitting power-law of all clouds estimated
from the linmix algorithm is Uvir ∝ f0.27±0.09

obs,los (black solid lines
in the first row of Figure 15). The trends of the node and dust lane
clouds are similar to that of all the clouds, while the nucleus clouds
have a steeper slope and the arc clouds have a negative correlation.
Although the strength of the correlation between Uvir and fobs,los
varies between regions (Spearman coefficient (p-value) of 0.89 (4×
10−8), 0.37 (0.003), 0.77 (3 × 10−6) and 0.78 (2 × 10−13) for the
nucleus, arcs, nodes and dust lanes, respectively), this result clearly
shows that the gravitational boundedness of GMCs in NGC 5806
primarily depends on how turbulent they are (i.e. fobs,los) rather
than other physical properties. As expected, the positive power-
law index implies that clouds with weaker turbulence are more
gravitationally bound than clouds with stronger turbulence.

6.6 CO conversion factor

By rejecting the assumption of a uniform CO-to-H2 conversion fac-
tor -CO and assuming instead that all resolved clouds are virialised
(Uobs,los = 1), we can infer the variations of -CO.

We define

-CO,20 ≡
-CO

1 × 1020 cm−2 (K km s−1)−1
, (20)

and show in Figure 16 the distribution of -CO,20 of all resolved
clouds of NGC 5806 (identical to Figure 10 within a scaling factor),
with a logarithmic mean of 0.61 (-CO,20 ≈ 4.05). Considering
that a typical -CO,20 for Milky Way disc clouds is 2, the average
conversion factor of NGC 5806 is slightly larger. It is also larger
than that derived in the centres of many galaxies (i.e. -CO,20 ≈ 0.1
– 1; Oka et al. 1998; Israel 2009; Sandstrom et al. 2013). However,
the mean conversion factor of NGC 5806 is comparable to those of
12 nearby galaxies (≈ 3.5; Bolatto et al. 2008). If we applied the
median -CO,20 from the literature (≈ 0.5) to NGC 5806, the mean
virial parameter of the clouds would be 4 times higher, which seems
unrealistically high. Finally, Figure 16 shows that the distributions
of -CO,20 in the four regions are similar to each other, with similar
means. A spatially-varying conversion factor might therefore not be
necessary in the central kiloparsec of NGC 5806.

It should of course be noted that we used the 12CO(2-1) tran-
sition (and assumed a constant '21 = 1) instead of the 12CO(1-0)
transition used by the majority of previous studies. Thus, a spatially-
varying '21 may be required to infer more plausible molecular gas
masses. Observations of different 12CO transitions would help to
derive more accurate -CO and cloud properties.

7 CONCLUSIONS

We presented 12CO(2-1) ALMA observations of the barred spiral
galaxy NGC 5806 at 25 × 22 pc2 spatial resolution, and identified
366GMCs (170 ofwhich are spatially and spectrally resolved) using
our modified version of the cpropstoo code. The molecular gas of
NGC 5806 has a highly structured distribution with a clear nucleus,
nuclear ring (including nodes and arcs) and offset dust lanes. We
studied the cloud properties and scaling relations in the different
regions, and investigated how they are influenced by the large-scale
bar.

The main findings are as follows:

(i) The GMCs of NGC 5806 have slightly larger molecular gas
masses (105 – 107.5 M�) and comparable sizes (15 – 85 pc) but
larger velocity dispersions (1.6 – 30 km s−1) and gas mass surface
densities (80 – 1000 M� pc−2) than those of MW disc and Local
Group galaxy clouds. On the other hand, they have larger sizes and
gas masses but smaller velocity dispersions and gas mass surface
densities than those of CMZ clouds (Figure 4). The GMCs in the
nuclear ring are larger, brighter and more turbulent than the clouds
in the nucleus, while the GMCs in the dust lanes are intermediate.

(ii) The cumulative gas mass function of the NGC 5806 clouds
follows a truncated power law with a slope of −1.72 ± 0.12. The
nodes and arcs (i.e. the nuclear ring) have cloud mass functions that
are significantly shallower than those of the nucleus and dust lanes,
suggesting at least two different GMC populations, and massive
GMCs are preferentially located in the nuclear ring. (Figure 5).

(iii) The GMCs of NGC 5806 have a mean velocity gradient of
0.1 km s−1 pc−1, comparable to those of the clouds in the MW and
Local Group galaxies, but smaller than those of the clouds in the
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Figure 15. Dependence of the virial parameter (Uvir) on the cloud velocity dispersion (fobs,los; first row), size ('c; second row) and gas mass ("gas; third
row) for all the resolved clouds of NGC 5806. From left to right, the panels focus on the clouds in the nucleus (blue data points), arcs (green data points), nodes
(red data points) and dust lanes (yellow data points); grey circles show all other resolved clouds. Black dotted lines indicate Uvir = 1 and black dashed lines
the mean virial parameter of all resolved clouds (〈Uvir 〉 = 2.02). In the first row, the black solid lines show the best-fitting power-law relation of all resolved
clouds, while the coloured dashed line in each panel shows the best-fitting power-law relation of the resolved clouds in that region only.

ETGs studied so far (NGC 4429 and NGC 4526). These velocity
gradients are likely induced by turbulence rather than large-scale
galaxy rotation (Section 4).
(iv) The GMCs of NGC 5806 have an unusually steep size –

linewidth relation (fobs,los ∝ '1.20±0.10
c ; Figure 14), that may be

due to gas inflows and shocks induced by the large-scale bar (Sec-
tion 6.4).
(v) The NGC 5806 GMCs are only marginally bound (〈Uvir〉 ≈

2), and the virial parameters do not significantly differ across the
different regions (see Figure 10). The virial parameters are positively
correlated with the linewidths (see Figure 15).
(vi) There are molecular gas inflows from the large-scale bar into

the nuclear ring, with a velocity +in ≈ 120 km s−1 and a total mass
inflow rate ¤"in ≈ 5 M� yr−1 (Section 6.1). These inflows could
be at origin of the observed high velocity dispersions in the nuclear
ring and the clouds therein.
(vii) The number of clouds decreases azimuthally from one node

to the other within the nuclear ring, downstream from the nodes
(Section 6.2). By tracking cloud disruption through GMC number

statistics, we estimate the typical cloud lifetime to be ≈ 6 Myr. This
is larger than the estimated timescales of cloud-cloud collisions,
shear and/or stellar feedback (≈ 3Myr), suggesting that any of those
could contribute to the destruction of clouds within the nuclear ring.

Overall, the large-scale bar seems to play an important role (via
gas inflows and shocks) shaping the cloud population in the central
region of NGC 5806, including potentially creating an unusually
steep cloud size – linewidth relation.
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