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ABSTRACT

We present high spatial resolution (> 12 pc) Atacama Large Millimeter/sub-millimeter Array
2C0(J = 3 - 2) observations of the nearby lenticular galaxy NGC4429., We identify 217 giant
molecular clouds within the 450 pc radius molecular gas disc. The, clotuds generally have smaller
sizes and masses but higher surface densities and observed linewidths than those of Milky Way disc
clouds. An unusually steep size — line width relation (o o« R%#)"and large cloud internal velocity
gradients (0.05 — 0.91 km s™! pc™!) and observed Virial parameters ({@opsvir) ~ 4.0) are found, that
appear due to internal rotation driven by the background galactic gravitational potential. Removing
this rotation, an internal Virial equilibrium appears to"be established between the self-gravitational

(Usg) and turbulent kinetic (Ewn) energies of each eloudy i.e. (asgvir = 26‘;;7’) ~ 1.3. However, to

properly account for both self and external gravityy(shear and tidal forces), we formulate a modified

Virial theorem and define an effective Virial parameter aef,vir = @sg vir + % (and associated effec-
sg

tive velocity dispersion). The NGC4429 €louds then appear to be in a critical state in which the
self-gravitational energy and the contribution of external gravity to the cloud’s energy budget (Eext)

fj“l ~0l. /As such, (@efvir) & 2.2 and most clouds are not virialised
sg

but remain marginally gravitationally beund. We show this is consistent with the clouds having
sizes similar to their tidal radii-and=being generally radially elongated. External gravity is thus as
important as self-gravity to regulate the clouds of NGC4429.

are approximately equal, i.e.
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the properties of GMCs is thus key to unraveling the in-
terplay between gas and stars within galaxies. Early GMC
studies were restricted to our own Milky Way (MW) and
the late-type galaxies (LTGs) in our Galactic neighbour-

1 INTRODUCTION hood (e.g. Engargiola et al. 2003; Rosolowsky 2005, 2007;
. . Rosolowsky et al. 2007; Gratier et al. 2012; Colombo et al.
It is¢well-known that giant molecular clouds (GMCs) are 2014; Wu et al. 2017; Faesi et al. 2018), where GMCs have

the major gas reservoirs for star formation (SF) and the

; - ; relatively uniform properties and generally follow the so-
sites 'where essentially all stars are born. Understanding

called Larson relations (between size, velocity dispersion and
luminosity; e.g. Blitz et al. 2007; Bolatto et al. 2008). How-
ever, more recent studies of other local galaxies have raised
* E-mail: ljliu.astro@gmail.com
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doubts on the universality of cloud properties. The cloud
properties in some LTGs (such as M51 and NGC253) vary
with galactic environment and do not universally obey the
usual scaling relations (e.g. Hughes et al. 2013; Leroy et al.
2015; Schruba et al. 2019). The first study of individual
GMCs in an early-type galaxy (ETG; NGC4526) has also
clearly shown that the clouds in that galaxy do not fol-
low the usual size — linewidth correlation and tend to be
more luminous, denser and to have larger velocity disper-
sions than the GMCs in the MW and other Local Group
galaxies (Utomo et al. 2015). The differences in NGC4526
may be due to a higher interstellar radiation field (and/or
cloud extinctions), a different external pressure relative to
each cloud’s self-gravity, and/or different galactic dynam-
ics. GMCs in ETGs seem to have shorter orbital periods
and be subjected to stronger shear/tidal forces, analogous to
the highly dynamic environment in the MW central molec-
ular zone (CMZ; e.g. Kruijssen et al. 2019; Henshaw et al.
2019; Dale et al. 2019). Although we are entering an era of
large surveys of GMC populations (e.g. Sun et al. 2018), cur-
rent samples of ETGs are still very limited. More studies
of GMCs in varied LTGs and ETGs are thus required to
provide a comprehensive census of GMC properties across
different galaxy environments.

A model introduced by Meidt et al. (2018) suggests that
gas motions at the cloud scale combine the effects of gas
self-gravity and the gas response to the forces exerted by
the background host galaxy. In the ETG NGC4526, the gas
motions at cloud scales appear to be driven by the galac-
tic potential. The measured line widths of the GMCs are
much larger than their Virial line widths (the line widths
predicted by assuming the clouds’ Virial masses are equal
to their gaseous masses), an effect that appears to be due to
dominant gas motions associated with the background galac-
tic potential. Cloud-scale velocity gradients aligned with the
large-scale velocity field indeed suggest a dominance of ro-
tational motions due to the galactic potential (Utomo et alt
2015). It is thus important to investigate whether cloud-seale
gas motions are generally dominated by motions dueto self-
gravity (generally random) or motions due to the galactig
potential (generally circular), as this has implications for
the observed size — linewidth relation, the Virial,parameter,
cloud morphologies and the processes governingsstar forma-
tion (Meidt et al. 2018).

The dynamical state of a molecular cloud provides im-
portant insights into its evolution. It also/plays an impor-
tant role to determine its ability to form stars and stel-
lar clusters (e.g. Hennebelle & Chabrier 2013; Padoan et al.
2017). In most Virial balancesanalyses of molecular clouds,
the gravitational term_entéring the Virial theorem in-
cludes only the cloud’s own seélf-gravitational energy. How-
ever, in some galactic environments (e.g. in galactic nu-
clei), the external (i.e. galactic) gravitational potential could
also play amn important role to regulate the cloud dy-
namics (€.g:\Rosolowsky & Blitz 2005; Thilliez et al. 2014;
Yusef:Zadeh et al. 2016). To analyse the Virial balance of
GMCs in such environments, one thus needs to add another
gravitational term related to the background gravitational
field (e.g. Ballesteros-Paredes et al. 2009; Chen et al. 2016).

The net effect of the external gravitational potential on
the dynamics of GMCs should however also include an addi-
tional kinetic energy term related to the gas motions driven

by the galactic potential, as they provide another source of
support against the cloud’s self-gravity. In this paper, we
therefore revisit the Virial theorem by adding two crucial
terms that take into account the background galactic gravi-
tational potential: an external gravitational energy term and
a kinetic energy term associated with the gas motions due to
galactic potential. Although an extended Virial theorem in-
cluding a background tidal field has been formulated before
(see, e.g., Chen et al. 2016), our resulting Virial equation
contains new terms that were previously missing and is thus
more general.

Early studies of GMCs suggested they are long-lived,
quasi-equilibrium entities, isolated from their interstellar en>
vironment (e.g. Solomon et al. 1987; Elmegreen 1989; Blitz
1993). However, recent findings that the properties of/GMCs
vary with galactic environment imply that the clouds are
not decoupled from their surroundings (e.g. Hughes et-al.
2013; Colombo et al. 2014; Faesi et al. 2018).) The»main
physical factors determining cloud propettiesyinclude: (1)
the interstellar radiation field (e.g. McKee 1989); (2) large-
scale dynamics (e.g. galactic tides amid shear.due to differ-
ential galactic rotation; Dib et al: 2042;\Meidt et al. 2015;
Melchior & Combes 2017); (3),interstellar gas pressure (e.g.
Heyer et al. 2009; Hughes et al. 2013; Meidt 2016); and
(4) the large-scale atomic gas distribution and H1 col-
umn density (e.g. Engargiolatet-al. 2003; Blitz et al. 2007;
Rosolowsky et al. 2007). In\this work, we will focus on the
roles of galactic tide/shear to regulate the properties of
GMCs. One of our main purposes is indeed to quantitatively
investigate the effects of galactic tidal and shear forces on
the physical properties and dynamical states of the clouds.

We note an important conceptual point. We will not
assume here that the clouds are in dynamical equilibrium,
%6 thenyinfer the clouds’ gravitational motions due to the
external (i.e. galactic) potential. Instead, we will attempt
to directly estimate the clouds’ gravitational motions due
to the external potential, to then infer whether the clouds
are indeed in dynamical equilibrium or not. The question
of whether GMCs are in dynamical equilibrium (and thus
long-lived) or out of equilibrium (and thus transient) has
remained unanswered for decades. We thus believe this ap-
proach is not only well-justified and worthwhile, but ulti-
mately desirable.

The mm-Wave Interferometric Survey of Dark Object
Masses (WISDOM) aims to use the high angular resolu-
tion of the Atacama Large Millimeter/sub-millimeter Ar-
ray (ALMA) to study: (1) the masses and properties of the
supermassive black holes (SMBHs) lurking at the centres
of galaxies (e.g. Onishi et al. 2017; Davis et al. 2017, 2018;
Smith et al. 2019; North et al. 2019; Smith et al. 2020a,b);
(2) the physical properties and dynamics of GMCs in the
central parts of the same galaxies. As part of WISDOM,
we analyse here the properties and dynamics of individual
GMCs in the bulge of NGC4429, an SAO-type galaxy located
in the centre of the Virgo cluster. This paper is the first of
a series studying the GMCs in WISDOM galaxies, and it
introduces many of the methods and tools we will use to
identify GMCs and analyse their properties and dynamics.
The paper is structured as follows. In Section 2 we describe
the data and the methodology used to identify GMCs in
NGC4429. We use a modified version of the code CPROPSTao,
that is more robust and efficient at identifying clouds in com-
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Figure 1. 2CO(3-2) molecular gas distribution of NGC4429 from
our ALMA observations (blue contours; Davis et al. 2018), over-
laid on a HST Wide-Field Planetary Camera 2 (WFPC2) F606W
image of a 2.8 x 2.8 kpc? region around its nucleus.

plex and crowded environments. The cloud properties, their
probability distribution functions and their mass distribu-
tion functions are reported in Section 3. Our analysis of the
kinematics of individual GMCs is presented in Section 4. We
investigate the dynamical states of the GMCs utilising our
modified Virial theorem (taking into account the background
galactic gravitational potential) in Section 5. The shear mo-
tions within clouds, the effects of self-gravity and the cloud
morphologies are discussed in Section 6. We conclude briefly
in Section 7.

2 DATA AND CLOUD IDENTIFICATION
2.1 Target

NGC4429 is a lenticular galaxy located in the centre of the
Virgo cluster, with a bar and stellar inner ring morphol-
ogy (Alatalo et al. 2013). It contains a nuclear dust.disc
visible in extinction against the stellar continuum in Hub-
ble Space Telescope (HST) imaging (Fig. 1 and Davis et, al¢
2018). NG(4429 has a total stellar mass of ~ 1.5 %10 Mo,
a luminosity-weighted stellar velocity dispersion\within one
effective radius o = 177 km s~! (Cappéllarivet=al. 2013),
and is a fast rotator (specific angular momentum within one
effective radius A, = 0.4; Emsellem €t al. 2011).

The total molecular gas mass of NGC4429 detected via
12CO(l-O) single-dish observations is (1.1 + 0.08) x 108 Mg
(Young et al. 2011). The '2CO(1-0)’ Combined Array for
Research in Millimeter-wavesAstronomy (CARMA) inter-
ferometric map shows“the molecular gas is co-spatial with
the nuclear dust disc_and regularly rotates in the galaxy
mid-plane (Davig et*al. 2011, 2013, 2018), with an inclina-
tion angle of-68°(Dayis et al. 2011; Alatalo et al. 2013).
The '2CO(3-2) distribution is more compact than that of
12C0O(1-0), the '2€0(3-2) gas being present only in the in-
ner parts of the nuclear dust disc visible in HST images
(seetFig. 1)/ The star formation rate (SFR) within this
molecular gas disc has been estimated at 0.1 Mg yr!us
ing mid-infrared and far-ultraviolet emission (Davis 2014).
The spatially-unresolved (sub-arcsecond) radio continuum
emission from the central regions of NGC4429 implies the
presence of a low-luminosity active galactic nucleus (LL-
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AGN; Nyland et al. 2016). The kinematics of the central
CO gas, as probed by the same dataset as used here, imply
the presence of a (1.5 + 0.1) x 108 Mg SMBH (Davis et al.
2018). Throughout this paper we assume a distance D of
16.5 + 1.6 Mpc for NGC4429 (Cappellari et al. 2011). One
arcsecond then corresponds to a physical scale of ~ 80 pc.

2.2 Data

NG C4429 was observed in the '2CO(3-2) line (345 GHz) us-
ing ALMA as part of the WISDOM project. The data were
calibrated and reduced in a standard manner (Davis et al.
2018), and the final '2CO(3-2) data cube we adopt has a
synthesised beam of 0718 x 0714 (14 x 11 pc?) at a position
angle of 311° and a channel width of 2 km s~!. It covers
a region of 175 x 17//5 (1400 x 1400 pc2)7 thus, compris-
ing the entire nuclear dust and molecular gas,disc. Pixels of
07705 were chosen as a compromise between Spatialsampling
and cube size, resulting in approximately 3.5 X,2.8 pixels2
across the synthesised beam (Davis et al. 2018). Our spa-
tial and spectral resolutions allow for xeliable estimates of
the radii and velocity dispersions ‘ef individual GMCs, that
have a typical size of ~ 50 pc (Blitz 1993) and a typical
linewidth of several km s™"(e.g\Solomon et al. 1987). The
root mean square (RMS).noise in line-free channels of the
cube is orms = 1.34 mJy beam™! (0.5 K) in 2 km s7! chan-
nels. The integrated #2CO(8-2) spectrum of NGC4429 ex-
hibits the classi¢ double-horn shape of a rotating disc, with
a total flux of 75,5 76 Jy km s71.

As showmnin Davis et al. (2018), the molecular gas disc
of NGC4429 is, flocculent. Our ALMA observations reveal
that the €CO(3-2) gas surface density does not decrease
smoothly to our detection limit, but instead appears to be
truncated at an inner radius of 48 +£3 pc and an outer radius
of'406/+ 10 pc (Davis et al. 2018). As mentioned above, the
1200(3-2) disc thus lies only in the inner parts of the nuclear
dust disc visible in HST images (see Fig. 1), and it has an
extent smaller than that of the 2CO(1-0) emission (that ex-
tends to the edge of the nuclear dust disc; Davis et al. 2013).
As CO(3-2) is excited in denser and warmer gas than CO(1-
0) (with critical densities of ~ 7 x 10* and ~ 1.4 x 103 cm™3
and excitation temperatures of ~ 15 and 5.5 K, respectively),
we are likely to identify a cloud population that is associ-
ated with H1I regions and thus ongoing star formation at
the centre of NGC4429 only. High-resolution observations of
lower-J CO transitions may be required to conduct a study
of the NGC4429 GMC population over the entire molecular
gas disc (if indeed additional clouds exist beyond the CO(3-
2) extent probed here).

Continuum 345 GHz emission was also detected in
NGC4429, with a centre of R.A.(J2000) = 12"27m26504 +
02013 and Dec. (J2000) = 11°06”27"/57+0”'01 derived by Gaus-
sian fitting. This position is consistent with the optical cen-
tre of NGC4429 (Adelman-McCarthy et al. 2008) and will
be used as the centre of the galaxy in this work.

2.3 Cloud identification

We use our own modified version of the CPROPStoo algorithms
(Leroy et al. 2015) to identify cloud structures. CPROPStoo is
an updated version of CPROPS (Rosolowsky & Leroy 2006),
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one of the cloud identification algorithms most widely used
in the literature. The key modifications of CPROPStoo com-
pared to CPROPS were noted by Leroy et al. (2015): CPROPStoo
(1) deconvolves the beam in two dimensions; (2) employs a
larger suite of size and linewidth measures, including mea-
suring the area of and fitting an ellipse at the half maximum
flux level (in addition to measuring the second moment); and
(3) introduces additional extrapolation (aperture correction)
approaches, that essentially assume a Gaussian distribution
to extrapolate the ellipse fits. In this work we have further
modified CPROPSto0, to make it more robust when decompos-
ing clouds in complex and crowded environments.

The cloud identification algorithm first calculates a
spatially-varying estimate of the noise in the data cube,
and then uses the noise cube generated to create a three-
dimensional (3D) mask of bright emission. The mask ini-
tially includes only pixels where two adjacent channels (at
the same position) both have intensities above 3 oyms. It is
then expanded to include all neighbouring emission above a
lower threshold — two adjacent channels above 2 oyps. The
regions thus identified are referred to as “islands”. If an is-
land has a projected area of less than two synthesised beams,
it is assumed to be a noise peak and is removed from the
mask. The resulting mask contains ~ 60% of the integrated
flux of the galaxy, consistent with the fractions yielded by
CPROPS in other studies of extragalactic clouds (50 — 70%;
Wong et al. 2011; Hughes et al. 2013; Donovan Meyer et al.
2013; Colombo et al. 2014; Leroy et al. 2015; Pan & Kuno
2017; Miura et al. 2018; Faesi et al. 2018; Wong et al. 2019;
Imara & Faesi 2019). We checked the stringency of the mask
by applying the same criteria to the inverted data set (scaled
by —1) and found no false positive, so the masking criteria
are likely robust.

Once regions of significant emission (i.e. islands) have
been identified, these islands are further decomposed into
individual “cloud” structures. Clouds are identified as lo-
cal maxima within a moving 3D box of area 3 x 3 spaxels?
(~ 12x12 pc?) and velocity width of 3 channels (6 km s™Y)=ln
our modified version of CPROPStoo, we add another criterion
to find local maxima, checking whether the (3 x 3 »/3'pixels?)
box centred on a local maximum also represénts/a local
maximum on a larger scale, as suggested by Yang & Ahuja
(2014). This is to eliminate the impact of neisy-pixels or
outliers, as a noise peak can easily become,a local maximum
within a single box, but much less s6,on a larger scale. We
thus consider a (3 x 3 x 3 pixels?) box‘centred on each lo-
cal maximum, and require the(sum of the flux densities in
that box to be larger than that intall eight spatially-adjacent
(3x3x3 pixe1s3) boxes. Thesdetection of local maxima in
this way is much moreobust and efficient.

For each local_maximum, the original CPROPStoo algo-
rithm requires all emission uniquely associated with that
maximum (i.es allyemission within the faintest intensity
isosurface uniquely Jassociated with that maximum) to
have a minimum area (minarea), minimum number of pix-
els (minpix), and minimum number of velocity channels
(minvchan). It also requires the local maximum’s brightness
temperature to lie at least ATax above the merger level with
any other maximum (i.e. the brightest contour level enclos-
ing_another local maximum). However, this decomposition
algorithm often leads to cloud size and velocity dispersion
distributions that peak around the chosen minarea, minpix

and minvchan. This is a well-known bias that reflects the
hierarchical structure of the ISM from parsec to kiloparsec
scales (e.g. Verschuur 1993; Hughes et al. 2013; Leroy et al.
2016). It becomes especially problematic for complex and
crowded environments where the emission has low contrast
and extends over a range of scales (e.g. the centre of M51;
Hughes et al. 2013; Colombo et al. 2014). Small minarea and
minpix tend to identify the sub-structures of a cloud (“over-
decompositon”), whereas large minarea and minpix tend to
miss out small structures (“under-decomposition”).

To remove this bias and identify cloud structures across
multiple scales, we modified CPROPSto0 by setting each of
minarea and minpix to a range of values rather than a sin>
gle value. In our work, we assign minarea a range of 100 to
10 spaxels (the synthesised beam area) with a step of 5'spax-
els (half the beam area), similarly in pixels for minpix! We
start by searching for the largest cloud structures usingjthe
largest minarea (100 spaxels) and minpix (100 pixels); and
then repeat the search process to identifydncreasingly small
clouds in the volume of the cube not yet assigned to any
cloud. We use a minarea (resp. minpix)"5 spaxels (resp. 5 pix-
els) smaller than the previous ong at.each step, until all the
cloud structures larger than the beam.gize (10 spaxels) are
identified. As long as minared and minpix cover large ranges,
the final results hardly depend on"the specified ranges. We
are therefore able to removetwo free parameters in the al-
gorithm, making our, results less arbitrary and more robust.
A schematic of our modified CPROPStoo0 technique is shown in
Figure 2 for a one-dimensional (1D) line profile.

The main concern about our newly-developed approach,
however, is that we may identify large clouds while ignor-
ing poteéntially significant sub-structures. To solve this prob-
lemj we introduce a new parameter, convexity, inspired by
an analogous quantity in studies of biological structures
(Lin et al. 2007), that describes how significant the sub-
strueture of a cloud is. The parameter convexity is defined
as the ratio of the volume of the cloud (i.e. the volume of
its 3D intensity distribution) to the volume of the small-
est convex hull encompassing all of its flux (i.e. the volume
of the smallest convex envelope enclosing all of the cloud’s
3D intensity distribution; see the top-right panel of Fig. 2
for an example with a 1D line profile, i.e. a two-dimensional
(2D) intensity distribution). The convexity of a cloud should
thus be close to 1 if the cloud has only one intensity peak
and no sub-structure, and be less than 1 if the cloud has
some sub-structures. The lower the value of convexity, the
more significant the sub-structure of a cloud. Our modi-
fied CPROPSto0 code requires all clouds to have a minimum
convexity (minconvexity). Typical useful values are 0.5 —
0.7, as determined by visual inspection, to ensure clouds
are not over- or under-decomposed. In this work, we set
minconvexity to 0.55. Overall, our new refinements allows
CPROPSto0 to identify structures over multiple scales, with
less arbitrariness than previously.

We set the parameters minvchan and ATpax based on
physical priors described by Rosolowsky & Leroy (2006),
that suggest a cloud has a minimum velocity dispersion
AVimax = 2 km s~} (minvchan = 2V21In2 AVpax = 4 km s’l)
and ATmax = 1 K, motivated by the properties of Galac-
tic GMCs. A factor of 2V21In2 is applied to AVyax to con-
vert the velocity dispersion to a full width at half maximum
(FWHM). We set the parameters in physical units (km s~}
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Figure 2. Schematic diagram of the cloud identification process
using our modified CPROPSt0o0 algorithm. Each panel shows a dif-
ferent step in the decomposition of a 1D line profile with five
distinct kernels, each kernel corresponding to a local maximum
and being identified by a different colour. Circles in matching
colours indicate the kernels that are preserved or selected (solid
circles) and rejected (open circles) at each step. Grey horizontal
lines indicate characteristic brightness levels through the data.
Each coloured dotted line indicates the unique level of the kernel
in matching colour (i.e. the faintest level that is uniquely asso-
ciated with that kernel), while each coloured region shows the
emission uniquely associated with that kernel. Step 1: removal
of kernels that do not meet the selection criteria given by ATmax,
minvchan and minpix/minarea (here kernel 2 and 5). Step 2:
removal of kernels that do not meet the selection criterion given
by minconvexity (here kernel 1). The convexity parameter is
defined as the ratio of the volume (or area in this 1D example)
of the cloud (i.e. the coloured region of each kernel in matching
colour) to the volume (or area) of the smallest convex hull encom-
passing the cloud (i.e. the associated grey regions). Only kernel 3
and 4 are preserved in this step. Step 3: Repeat of steps 1 and 2
adopting increasingly smaller minpix and minarea (here kerneld
and 2 are re-selected due to the lower cloud size threshold; both
have sufficient convexiry). Step 4: assigment of remaining emis-~
sion (e.g. grey regions in the bottom-left panel) to the preserved
kernels (using a friends-of-friends algorithm ensuringlany. pair6f
pixels in a kernel is connected by a continuous path).

and K) rather than data units (channel, opys) to reduce
possible biases when comparing cloud propertiés from differ-
ent observations. Our excellent spectralizesolution (channel
width of 2 km s~!) and sensitiyity (oyms = 0.5 K) allow us to
reach and thus use those physical,parameters.

According to our algorithm, each surviving local max-
imum corresponds to /4, cloud. CPROPSto0 assigns the emis-
sion that is uniquely associated with each local maximum
(i.e. the emission within the faintest intensity isosurface
uniquely assoeiated with that maximum) to that cloud.
The remaining emission shared among clouds is then as-
signed tolthe “nearest” local maximum (i.e. the local maxi-
mum _with the shortest path through the data cube from a
given pixel)./In our work, however, we apply a “friends-of-
friends? algorithm to assign all remaining emission, as for the
ClumpFind algorithm (Williams et al. 1994) and the origi-
nal GPROPS code (Rosolowsky & Leroy 2006). This friends-
of-friends paradigm connects pixels according to the bright-
nesses of neighbouring pixels, without assuming a particular
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shape for the objects to decompose (Rosolowsky & Leroy
2006). This method conserves flux, so that all the flux
within the island regions is assigned to a particular cloud
(Tasker & Tan 2009). As each pair of pixels in a cloud can
then be connected by a continuous path through that cloud,
we avoid assigning disconnected pixels to the same cloud.

The resulting sample of GMCs in NGC4429 contains
217 GMCs, 141 of which are spatially resolved, shown in
Fig. 3. The majority of the resolved clouds have a single-
peaked Gaussian-like spatially-integrated line profile, al-
though a few do reveal a double-peaked line profile pos-
sibly indicating significant rotation. Most line profiles are
symmetric but a few are asymmetric, with significant skew=~
ness (blue or red wing). The clouds identified with /Our
new refinements are 15% fewer (217 versus 254 clouds),
18% larger (median cloud size ~ 13 versus ~ 11.pe),/18%
more massive (median gaseous mass ~ 2.0 x 10% versus
1.7x10%* M) and have velocity dispersions 30% larger(me-
dian velocity dispersion 5.2 versus 4.0 kmr.s~h) than those
derived using the original CPROPStoo code. They also span
a larger range of sizes. A Gaussian fit to thessize distribu-
tion yields a mean of 16 + 0.5 pccandsa standard deviation
of ~ 6 pc for our spatially-resolvedclouds (see Section 3.3),
but 14 £ 0.5 pc and = 3.5 pe; respectively, for those identi-
fied using the original CPROPSmgo. The resolved clouds identi-
fied here also seem to have more regular morphologies, with
a mean {(convexity),= 0.5 (convexity > 0.55 by construc-
tion) compared to (conyvexity) ~ 0.45 (and ~ 54% of resolved
clouds with convexity'< 0.55) for CPROPStoo-identified clouds.
This confirms thatyour approach and modified CPROPStoo
code have great potential to identify clouds over large spatial
scales inwerowded and complex environments (e.g. galactic
centtes and spiral arms).

3. CLOUD PROPERTIES
3.1 Definition of GMC properties

Once all the pixels of every cloud have been identi-
fied, we calculate the physical properties of the clouds
by following the standard CPROPStoo/CPROPS definitions
(Rosolowsky & Leroy 2006). The CPROPStoo algorithm ap-
plies moment methods to derive the size, linewidth and flux
of a cloud from its distribution within a position-position-
velocity data cube. One advantage of CPROPStoo over other
GMC identification algorithms is that it attempts to correct
the measured cloud properties for the finite sensitivity and
instrumental resolution (Rosolowsky & Leroy 2006). To re-
duce the sensitivity bias, the algorithm measures the size,
velocity width and luminosity as a function of the boundary
intensity isosurface (Tedge) and extrapolates them to the case
of infinite signal-to-noise ratio (S/N; i.e. Tegge = 0 K). The
size and linewidth are extrapolated linearly, while the lumi-
nosity is extrapolated quadratically. To correct for the res-
olution bias, CPROPStoo “deconvolves” the synthesised beam
size from the measured extrapolated cloud size in two dimen-
sions. Rosolowsky & Leroy (2006) argued that moment mea-
surements combined with beam deconvolution and extrap-
olation represent a robust way to compare heterogeneous
observations of molecular clouds.

Cloud centre. The central position (x¢, yc) and velocity
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Figure 3. Molecular gas distribution of NGC4429 with GMCs identified. The integrated intensity map is'shown (colour scale), blanking
out non-signal areas using the mask generated by CPROPStoo. The mask covers pixels with connected emission above 2 oyps and at least
two adjacent channels above 3 o, where o is the RMS noise in the cube. The ellipses displayed, each corresponding to one labelled
cloud, have been extrapolated to the limit of perfect sensitivity but have not been corrected,for the\finite spatial resolution. Dark blue
(resp. cyan) ellipses indicate spatially-resolved (resp. unresolved) clouds. The two brown dashed“ellipses at galactocentric distances of
220 and 330 pc define the three regions (inner, intermediate and outer) discussed in the text. The synthesised beam (0718 x 0714 or

14x11 pcz) is shown in the bottom-left corner along with a scale bar.

(vc) of each cloud are obtained directly from the intensity-
weighted first spatial and velocity moment,

o= zgloud Tix;
c;loud T; >
Ye = Z(;loud T; 4
Ve = Z(l;loud Tiv;
Z?loud T; 4

where (x;,y;) is the position of a given pixel, v its velocity
and 7; its flux (brightness temperature), and the sumis are
over all pixels i of each cloud.

Cloud size. The radius R of each eloud is calculated
as the geometric mean of the secondfspatial, moment of the
intensity distribution along the major and.the minor axis:

R.=17 Omaj,dc Omin,dc = 1-91\/0'maj,dc Omin,dc » (2)

where opgjdc and oyip e arésthe deconvolved RMS spatial
extent along the majorfand the minor axis, respectively, ex-
trapolated to the Tegge ="0 K isosurface, and 7 is a factor
relating the one-dimensional RMS extent to the radius of
a cloud. While.n formally depends on the shape and den-
sity profile of the.¢loud, we follow Solomon et al. (1987) and
commonspractice and adopt n = 1.91 whenever we need to
evaluate expressions containing R.. The major and minor
axes.are thus defined as the principal axes of the moment of
imertia tensor of the cloud (see Eq. 1 in Rosolowsky & Leroy
2006).

Cloud wvelocity dispersion. The observed (i.e. 1D)
linewidth or velocity dispersion ogps 105 Of each cloud is mea-
sured from the second moment of the intensity distribution

along’ the velocity axis, extrapolated to Teqge = 0 K. To ac-
countifor the potential bias toward a higher velocity dis-
persion due to the finite spectral resolution, we perform a
deconvolution as suggested by Rosolowsky & Leroy (2006):

— 2 Achham
Tobs,los = \[Ov = — = > (3)

where o is the extrapolated second moment along the veloc-
ity axis, AV.pan is the channel width and AVen ig the stan-

dard deviation of a Gaussian that has an igtegrated area
equal to a spectral channel of width AV ay-

The observed velocity dispersion ogpgjos includes the
effects of turbulent motions, intrinsic rotation of the cloud,
and shear motions due to the large-scale kinematics of the
galactic disc (such as galactic rotation and streaming mo-
tions).

In our work, we introduce another measured velocity
dispersion, ogg1os, as defined by Utomo et al. (2015), al-
though we adopt the notation of Henshaw et al. (2019). We
first calculate the intensity-weighted mean velocity at each
line of sight through a cloud (¥(x;, y;)), and measure its off-
set with respect to the mean velocity at the cloud centre
(¥(x0, y0)). We assume that this offset (¥(x;, y;) — ¥(x0, yo)) is
produced by both intrinsic motions within the cloud and/or
large-scale galactic disc motions, and thereby shift the ve-
locities at each line of sight to match their mean velocity
to that of the cloud centre (¥(xg, yp)). We then measure the
second moment of the shifted emission distribution along
the velocity axis and extrapolate it to Tegge = 0 K. The fi-
nal derived gradient-subtracted velocity dispersion, g 105,
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is also deconvolved for the channel width as above. We thus
obtain a measure of the turbulent (random) motions within
the cloud only, free of any bulk motion.

Cloud luminosity. The CO(3-2) luminosity of each
cloud is given by

Lecos-2) Feo3-2) D ( n )2 @
K km s~! pc2 K km s~! arcsec2 \pc/ 1180x 3600/ °

where Fro(3—2) is the zeroth moment (total flux) of the cloud
extrapolated to Tegee = 0 K using a quadratic extrapolation
and D is the distance to NGC4429.

Cloud gaseous mass. The CO luminosity-based mass
of each cloud is obtained from Lcg;3-2) using

Mgas Lco Xco
=44 , (5)
Mo K km s7! pc2 2x 1020 cm=2 (K km s~ 1)~!

where Lco is the cloud’s CO(1-0) luminosity (see Eq. 4
above) and Xcg is the assumed CO-to-H; conversion factor.
The CO(3-2)/CO(1-0) intensity ratio was measured to be
1.06 £0.15 (in beam temperature units) overall in NGC4429
(Davis et al. 2018), and we assume that value for all the
clouds here. We further adopt a standard Galactic conver-
sion factor Xcg = 2.3 x 102 em™2 (K km s™1)~! (includ-
ing the mass contribution from helium; Strong et al. 1988;
Bolatto et al. 2013), commonly used in previous extragalac-
tic studies (e.g. Hughes et al. 2013; Colombo et al. 2014;
Utomo et al. 2015; Sun et al. 2018), although it has been
suggested that this conversion factor depends on the envi-
ronment of each molecular cloud, e.g. metallicity and radi-
ation field (see Bolatto et al. 2013 for a review). The final
gaseous mass of each cloud is thus obtained from

Mgas 47 Lco-2)
Mg " Kkms!pe?’

(6)

Cloud Virial mass. The Virial (i.e. dynamical) mass
of each cloud is calculated with the formula
2R, B 502R. 7
bG G @
(MacLaren et al. 1988), where G is the gravitatiénal cons
stant, o the observed (i.e. 1D) cloud velocity diSpersion, R.
the cloud radius (see Eq. 2) and bs is a geometrieal fac-
tor that quantifies the effects of inhomegeneities and/or
non-sphericity of the cloud mass distribution on its self-
gravitational energy. For a cloud in{ which the isodensity
contours are homoeoidal ellipsoids, bs'=_bs, bs,, where by,
quantifies the effects of the inhemogeneities and b, those of
the ellipticity (see Appendix A for more details on bs, and
bs,). We adopt bs = % for a'spherical homogeneous (i.e. con-
stant density) cloud whenever we need to evaluate Myj;. The
Virial mass obtained from, Eq: 7 assumes that each cloud is
spherical and virjalised (with isotropic velocity dispersions),
with no magnetic suppert or pressure confinement. We note
that, to investigate the dynamical state of each cloud in the
presence ©f strong tidal/shear forces, in the sections that
follow_we will define different M, using velocity dispersions
o calculated in different ways. These will be clearly labeled
when used to avoid confusion.

Cloud distance from the centre. The deprojected
distance (Rgy) of a cloud from the centre of the galaxy

(RAA.(J2000) = 12M27M263504 + 0013 and Dec. (J2000) =
11°06"27"/57 + 0”701 is calculated assuming the clouds are

Myir =
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located in an infinitelly thin molecular gas disc with a posi-
tion angle of 93° and an inclination angle of 68° (i.e. an axis
ratio of 0.37; see Davis et al. 2018).

Uncertainties. The uncertainties of our measured
cloud properties are estimated via a bootstrapping tech-
nique. For each cloud, we generate 1000 realisations of the
data by randomly sampling the initial distribution, with rep-
etition allowed, to reach the same number of cloud pixels.
The cloud properties are measured for each sampled struc-
ture, and the median absolute deviation is used to estimate
the fractional uncertainty of each property. The final uncer-
tainties are scaled by the square root of the number of spax-
els per synthesised beam area to account for the fact that not
all of the pixels are independent. Our bootstrap approach’ as-
sumes the boundary of each cloud is fixed, and thereforedoes
not take into account the uncertainties in defining the,cloud
themselves. Nevertheless, we have compared the uncertain-
ties produced by our bootstrapping method to thosé de-
rived from other techniques (e.g. Rosolowsky &, Leroy 2006;
Faesi et al. 2016), demonstrating that they are similar and
thus reliable.We note that the uncertainty of/the gradient-
subtracted velocity dispersion oggjosis’derived via the same
bootstrapping technique, and thus‘includes the uncertainty
of the adopted mean velocity at,the ¢loud centre.

The uncertainty of the adepted distance D to NGC4429
was not propagated through™the uncertainties of the mea-
sured quantities. This is beecause an error on the distance to
NGC4429 translates\to ajsystematic (rather than random)
scaling of some of the\measured quantities (no effect on the
others), i.e.qRc o<\D3Eco(3-2) D?, Mgy  D?, w « D7! and
Rgq o D.

3.2 Table of GMC properties

Table 1 lists the positions and properties of the 217 GMCs
identified in our work. Around 65% (141/217) of the GMCs
identified are resolved spatially, i.e. with a deconvolved di-
ameter larger than or equal to the synthesised beam size.
All are resolved spectrally, i.e. with a deconvolved veloc-
ity width at least half of one (Hanning smoothed) velocity
channel (Donovan Meyer et al. 2013). All masked CO flux
has been assigned to a cloud, and the total flux of all clouds
(~ 43 Jy km s7!) is about 60% of the integrated flux of
the galaxy (75 Jy km s~!). The diffuse emission below the
adopted threshold of 2 times the RMS noise is not included
in our analysis. As our primary beam covers all the CO emis-
sion in NGC4429, our derived GMC catalogue is complete
at 12C0O(3-2).

Table 1 lists each cloud’s identification number, central
position in both R.A. and Dec., local standard of rest veloc-
ity VLsr, radius Rc, observed velocity dispersion ops 105 and
gradient-subtracted velocity dispersion oy 105, total CO(3-2)
luminosity Lco(3—2), gaseous mass Mgy, peak intensity Tmax,
angular velocity w and position angle of the rotation axis ¢rot
(see Section 4.1), and deprojected distance from the centre
of the galaxy Rga.
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Table 1. Observed properties of the clouds in NGC4429.

ID  RA(2000)  Dec(2000) VLsr Rc Oobs, los Tgs.los Lcoi-2) Mg Tinax w Prot Rgal
(h:m:s) ) (km s71) (pc) (km s7!) (km s7!) (10* K km s~ pc?) (100 M)  (K)  (kms™! pc!) ©) (pc)

1 12:27:26.2  11:06:27.9 853.8 1.50+1.06 1.25+1.12 0.92+0.26 0.43+0.12 3.8 404
2 12:27:26.2  11:06:28.2 864.4 16.69 +5.27 481145 281+1.02 3.01 £0.56 1.40 +0.26 3.3 0.43+0.14 139+ 25 372
3 12:27:26.2  11:06:27.6 864.6 23.45+3.63 6.69+1.00 3.79+0.74 4.99 +0.71 2.32+0.33 3.8 0.27 +0.04 175+ 14 370
4 12:27:26.2  11:06:27.4 872.4 20.18 £4.12 4.47+092 295+0.85 2.59+0.44 1.21+£0.21 3.4 0.23 +0.09 290+ 19 339
5 12:27:26.2  11:06:27.8 875.9 46.89 +3.03 5.53+0.54 2.35+0.33 11.49 + 1.01 5.35+0.47 4.2 0.20+0.01 163+ 3 309
6 12:27:26.2  11:06:27.0 876.9 17.79 +3.15 4.51£0.99 2.86+0.90 2.34+0.50 1.09+0.23 3.4 0.28 + 0.09 222+ 24 394
7 12:27:26.2  11:06:26.8 883.7 17.76 £4.90 5.10+1.05 2.93+0.80 2.96 +0.50 1.38 £0.23 3.9 0.13 +0.04 149+ 25 407
8  12:27:26.3 11:06:28.3 887.3 18.99 +4.82 3.58+1.18 1.83+£1.07 1.50+0.28 0.70 £0.13 3.8 0.16 +£0.10 138+ 49 296
9  12:27:26.2  11:06:28.5 885.2 3.62+1.11  3.08+1.27 1.27 +0.30 0.59+0.14 3.7 345
10 12:27:26.3  11:06:27.7 888.2 29.40 +3.14 4.81+£0.75 2.97+0.70 4.69 +0.59 2.18+0.28 3.8 0.16 +0.03 230+ 13 248
11 12:27:26.2  11:06:26.7 892.8 2.84+0.74 2.52+0.81 0.99 +0.27 0.46+0.13 4.2 400
12 12:27:26.2  11:06:26.9 894.8 549+1.42 3.11+1.24 1.38 +0.37 0.64+£0.17 3.5 371
13 12:27:26.3  11:06:27.2 892.9 26.18 £2.65 6.34+0.86 3.22+0.58 6.12 +0.60 2.85+0.28 4.8 0.33+0.03 213+ 7 285
14 12:27:26.3  11:06:27.8 898.0 26.25 +£2.73 5.14+0.62 2.52+0.42 5.33+0.56 2.49 +£0.26 4.4 0.27 +0.02 202+ 6 w219
15 12:27:26.2  11:06:28.6 898.4 14.93 +4.44 3.36+0.87 2.46+0.68 2.37+0.52 1.11+0.24 3.5 0.17 £ 0.07 72+ 39 330
16 12:27:26.3  11:06:26.9 900.3 5.08+1.80 2.57+1.55 1.37 +0.41 0.64+£0.19 2.7 342
17 12:27:26.3  11:06:27.0 902.0 . 476 +1.75 4.20+£1.95 0.82+0.19 0.38 +0.09 3.8 . o 296
18 12:27:26.3  11:06:28.3 901.2 16.35 +3.67 5.70+1.23  2.18+0.81 1.75+£0.40 0.81+£0.19 3.3 0.52+0.19 148+ 28, 279
19  12:27:26.2  11:06:26.4 906.3 14.16 + 5.81 6.04+2.54 4.16+£2.67 1.48 +0.46 0.69 £ 0.21 2.8 0.34+0.92 260+ 121 438
20 12:27:26.3  11:06:27.3 908.3 20.56 +4.42 3.33+£0.84 2.51+0.82 2.57 £ 0.50 1.20+0.23 3.6 0.10 £ 0.04 181+ 55 244
217 12:27:26.9  11:06:27.2 1344.3 20.42+3.92 2.23+0.68 1.58+0.89 1.94 +0.34 0.90£0.16 3.8 0.01 + 0.04 85+ 138 428

Notes. — Measurements of Mg, assume a CO(3-2)/CO(1-0) line ratio of 1.06 +0.15 (in beam temperature units; Davis et al. 2018) and a
standard Galactic conversion factor Xco = 2 x 10?0 ecm™ (K km s™')~! (including the mass contribution from“heliuni). All uncertainties
are quoted at the 10 level. As noted in the text, the uncertainty of the adopted distance D to NGC4429 was not propagated through
the tabulated uncertainties of the measured quantities. This is because an error on the distance to NGC4429.translates to a systematic
(rather than random) scaling of some of the measured quantities (no effect on the others), i.e. RgewD, Looi—2) D?, Mgy D?,

w o D™ and Rga o< D. Table 1 is available in its entirety in machine-readable form in the electronic, edition.

3.3 Probability distribution functions of GMC
properties

The number distributions of R¢, log(Mgas/Me), 0obslos and
log(Zgas /Mo pc2) (where Xgys is the characteristic gaseous

i\r/lliazs) for the 141

spatially-resolved clouds of NGC4429 are shown in Fig. 4.
We divide the galaxy into three distinct regions (separated
by the two brown dashed ellipses in Fig. 3): inner (Rgy &

mass surface density of each cloud, Zgas =

220 pc), intermediate (220 < Ry, < 330 pc) and outer (Rgzr>
330 pc) region. In each panel, the black histogram (data) and
curve (Gaussian fit) show the full sample, while/the blues
green and red colours show only the clouds in theé ‘inner,
intermediate and outer region, respectively. The\insets’show
the median Re, log(Mgas/Mo), Tobs los and 168(Zgas/Mo pc2)
as functions of the galactocentric distarice, Rgyj.

The spatially-resolved clouds ofyNGC4429 have sizes
R: ranging from 7 to about 50 pc (see/Fig. 4, top-left
panel). A Gaussian fit to thé size distribution yields a
mean of 16 £ 0.5 pc and a standard deviation of ~ 6 pc.
The clouds in NGC4429\ appear to have sizes smaller
than those of clouds“in the MW disc (typical sizes =
30 — 50 pc; Miville-Deschéneés et al. 2017b), Local Group
galaxies (typical( sizes ~ 20 — 70 pc; Rosolowsky et al.
2003; Rosolowsky 2007yRosolowsky et al. 2007; Hirota et al.
2011) and /most«late-type galaxies (typical sizes ~ 20
— 200 pe; Donovan Meyer et al. 2012; Hughes et al. 2013;
Rebolledo et al. 2015), but slightly larger than those of
clouds in_the Galactic Centre (typical sizes ~ 5 — 15 pc;
Okayetial. 2001; Kauffmann et al. 2017) and the ETG
NGC4526 (typical sizes = 5 — 30 pc; Utomo et al. 2015).
We _note however that the CO J = 3 — 2 transition used in
our work traces the warm molecular medium (10 — 50 K)
around active SF regions, and has a higher characteris-

tic density thafisthe V = 1 — 0 transition (= 7 x 10* ver-
sus ~ 1.4 x 103 \emi?). The CO(3-2) line could therefore
potentially tracéumore compact structures than CO(1-0)
(Miville=Reschenes et al. 2017a; Colombo et al. 2018). The
inset. in the top-left panel presents the median cloud size
as a function of galactocentric distance. We note that the
thrée innermost resolved clouds (clouds No. 32, 165 and
1833 Rga < 100 pc), that all lie along the major axis, have
exceptionally large masses and/or surface densities. Except
for these three innermost resolved clouds, the clouds in the
inner region generally have slightly smaller sizes than the
clouds at larger radii (i.e. in the intermediate and outer re-
gions). The sizes of the clouds appear to slightly increase
with galactocentric distance but drop at the outer edge of
the molecular disc (Rga 2 375 pc).

The gaseous masses Mgas of the spatially-resolved clouds
of NGC4429 range from 2.8 x 10* to 8 x 10° Mg (see Fig. 4,
top-right panel). The median cloud gaseous mass of the sam-
ple is ~ 1.6 x 10> M. More than one third (54/141) of the
resolved clouds are light (Mgas < 10° M), but they overall
contribute only ~ 16% of the total molecular gas mass in
clouds. There is no cloud more massive than Mg,s = 100 Mg
in NGC4429. The clouds in NGC4429 have gaseous masses
slightly smaller than those of clouds in the MW disc (x 10+
~ 1070 Mg; Rice et al. 2016), NGC4826 (~ 10%0 — 1072 M;
Rosolowsky & Blitz 2005), NGC1068 (~ 10*2 — 1079 Mg;
Tosaki et al. 2017), M51 (x 1030 — 1075 Mg; Colombo et al.
2014), NGC253 (~ 1093 — 107® Mg; Leroy et al. 2015) and
the LMC (= 10*2 — 1058 Mg; Hughes et al. 2010), but sim-
ilar to those of clouds in M31 (» 10* — 10° Mg; Rosolowsky
2007), M33 (~ 10* — 10° Mg; Rosolowsky et al. 2003, 2007),
the SMC (~ 10* — 10 Mg; Muller et al. 2010) and the ETG
NGC4526 (= 10%7 — 10%% Mg; Utomo et al. 2015). The
clouds in the intermediate region tend to be more massive
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Figure 4. Distributions of Rc, log(Mgs/Mo), Tobs, 155, and, 108(Zgas /Mo pc~2) with their Gaussian fits for the 141 spatially-resolved clouds
identified in NGC4429 (black histograms), and.for only the clouds in the inner (blue histograms), intermediate (green histograms) and
outer (red histograms) region of the galaxysrespectively. The insets show the median Re, 10g(Mgas/Mo), Tobs,los and 10g(Zgas/Mo pc?) in

elliptical annuli of constant Ry, (and equal width ARg, = 30 pc).

than the clouds in the inner and,outer, regions (see the inset
in the top-right panel). The median.cloud mass also appears
to drop abruptly in the outermost region of the molecular
disc (Rgq 2 375 pe).

The spatially-resolved clouds of NGC4429 have ob-
served velocity. dispersions (linewidths) ogpg10s between 2
and 16 km §~! (see Pig. 4, bottom-left panel). A Gaussian
fit to the velocity/dispersion distribution yields a mean of
52,02 km s '. The clouds in NGC4429 have observed
velocity dispersions higher than those of clouds with the
same Sizes in the MW and Local Group galaxies (where
Oobs,los 1s typically 2 — 3 km s~L: Rosolowsky et al. 2003;
Rosolowsky 2007; Rosolowsky et al. 2007; Fukui et al. 2008;
Muller et al. 2010), but similar to those of the clouds in the
ETG NGC4526 (0obs 1os ~ 5 — 16 km s71; Utomo et al. 2015).

Almost all clouds with high velocity dispersions (opslos =
10 km s~!) are located in the inner and intermediate regions.
We find a general trend of slightly decreasing velocity disper-
sion with galatocentric radius (see the inset in the bottom-
left panel).

The gaseous mass surface densities Xgas of spatially-
resolved clouds in NGC4429 have a range of =~ 40 —
650 Mo pc™2 (see Fig. 4, bottom-right panel). A Gaussian fit
to the distribution of log(Zgas/Me pc_z) yields a mean of 2.2+
0.17 dex. The clouds in NGC4429 have an average gaseous
mass surface density that is lower than that of the clouds in
the ETG NGC4526 ((Zgas) =~ 1000 Mg pc2; Utomo et al.
2015), but is comparable to that of the clouds in M33
and M64 ((Zgas) = 100 Mg pc2; Rosolowsky et al. 2003;
Rosolowsky & Blitz 2005) and is larger than that of the
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Figure 5. Cumulative gaseous mass distribution of all the clouds
of NGC4429 (black data points) and only the clouds in the inner
(blue data points), intermediate (green data points) and outer
(red data points) region, respectively. Truncated (solid curve)
and non-truncated (dashed curves) power-law fits are overlaid
in matching colours. Our mass completeness limit is indicated by
the black vertical dashed line.

clouds in the MW disc and the LMC ((Zgas) = 50 Mg pc2;
Lombardi et al. 2010; Heyer et al. 2009; Hughes et al. 2010;
Miville-Deschénes et al. 2017b). The gaseous mass surface
densities of individual clouds in NGC4429 vary by more
than an order of magnitude. We find that the clouds in
the inner region tend to have a slightly larger minimum
gaseous mass surface density (Zgas = 70 Mg pc_z) than the
clouds in the intermediate (Zgas > 60 Mg pc™2) and outer
(Zgas = 40 Mg pc_z) region. The general trend is that the
clouds at smaller radii have higher gaseous mass surface,den-
sities (see the inset in the bottom-right panel).

3.4 GMC mass spectra

The distribution of GMCs by mass is & critical diagnostic of a
GMC population and provides important clues to GMC for-
mation and destruction (Rosolowsky 2005; Colombo et al.
2014). We choose the gaseous mass gver the Viral mass to
determine the mass functionybecause gas mass does not re-
quire assumptions about the/dynamical state of the GMCs
and is well defined even for spatially-unresolved clouds. We
fit the cumulative’mass distribution (see Fig. 5) instead of
the differential, mass digtribution, as Rosolowsky (2005) ar-
gues that thé formerjis more reliable than the latter as it is
not affected by biases related to binning and it can account
for uncertainties of the cloud masses.

Cumulative mass distribution functions can be charac-
terisedyquantitatively by a power-law function

y+1

NM' > M) = (ﬂ) s

e ®)

where N(M’ > M) is the number of clouds with a mass

Table 2. Parameters of the truncated power laws best fitting the
cumulative gaseous mass distributions of the clouds in NGC4429.

Region Distance Y My Ny
(pc) (10° Mo)

All 0 < Rgy <450 -2.18+0.21 88+13 69+4.4

Inner 0 < Rga <220 -2.32+0.24 9.2£25 14x19

Intermediate 220 < Rgy <330 -1.83+0.33 10.6+1.6 52%5.5

Outer 330 < Rgy <450  -2.08+0.32 4604 66+54

Notes. — All uncertainties are quoted at the 1o level.

greater than M, M{ sets the normalisation, and y is the
power-law index. Alternatively, a truncated power-law fune=

tion can be used,
M y+1
()
My

where My is now the cut-off mass of the distribution and
Ny is the number of clouds with a mass M™> 21/(7’“)M07 the
cut-off point of the distribution (for a meaningful truncation
to exist, one expects Ny > 1).

We fit the cumulative mass spectra by applying the “er-
ror in variables” method developed\bysRosolowsky (2005),
that adopts an iterative maximum-likelihood approach to
estimate the best-fitting parameters and account for uncer-
tainties of both the cloudunass‘and the number distribution.
Fitting is only performed above the completeness limit of
Meom = 4 x 104 Mo, shownras a black vertical dashed line in
Fig. 5. We estimate the mass completeness limit based on
the minimum spatially-resolved cloud (gaseous) mass (Mpin)
and the observational sensitivity, i.e. Mcom = Mmin + 100p,
where~the, contribution to the mass due to noise, dy, is
estimated by multiplying our RMS column density sensi-
tivity limit of 10 Mg pc? by the synthesised beam area
of4 180 pc?. The parameters of the best-fitting truncated
power laws to the cumulative (gaseous) mass distributions
of the clouds in NGC4429 are listed in Table 2.

We find strong evidence for a curtailment of very mas-
sive GMCs in NGC4429, as a truncated power-law func-
tion (black solid line in Fig. 5) with a high value of Ny
(6.9 + 4.4) fits the gaseous mass distribution much better
than a pure power-law function (black dashed line). This
implies that NGC4429 lacks the processes that actively ac-
cumulate molecular gas clumps into high-mass GMCs. The
best truncated fit yields a slope y = -2.18 + 0.21, a slope
steeper than -2 implying that most of the molecular gas
mass of NGC4429 is in low-mass clouds and there should
thus be a significant amount of gas below our completeness
limit. This is consistent with the fact that only ~ 60% of the
emission is decomposed into clouds at our resolution (see
Section 3.2). However, there must also be a lower gaseous
mass limit for the molecular clouds or a turnover at low mass
for the total mass to remain finite.

Our derived slope v is similar to that measured for the
clouds in in the outer Galaxy (-2.2 £ 0.1; Rice et al. 2016),
the ETG NGC4526 (-2.39 +0.03; Utomo et al. 2015), M51
(=2.3£1; Colombo et al. 2014) and the outer regions of M33
(=2.1 £ 1; Rosolowsky et al. 2007), but is steeper than that
for the clouds in the inner Galaxy (—1.6 + 0.1; Rice et al.
2016), the spiral arms of M51 (-1.79 = 0.09; Colombo et al.
2014), NGC1068 (—1.25+0.07; Tosaki et al. 2017), the inner
regions of M33 (-1.8 £ 1; Rosolowsky et al. 2007), NGC300

N(M’>M)=N() . (9)
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(—1.80 + 0.07; Faesi et al. 2016) and the overall mass spec-
trum of Local Group galaxies (~ —1.7; Blitz et al. 2007).
The best-fitting cut-off gaseous mass M of our trun-
cated distribution ((8.8 + 1.3) x 10’ Mg) is comparable to
that for the clouds in the outer Galaxy ((1.5+0.5) % 10° Mo;
Rice et al. 2016) and the inner regions of M33 ((7.4 £ 0.5) X
105 Mg; Rosolowsky et al. 2007), but is much lower than
that for the clouds in most other galaxies such as the in-
ner Galaxy ((1.0 = 0.2) x 107 Mg; Rice et al. 2016), the
ETG NGC4526 ((4.12 +0.08) x 10° Mo; Utomo et al. 2015),
M51 ((1.8 +0.3) x 106 Mg; Colombo et al. 2014), NGC1068
((5.9£0.6)x107 Mg; Tosaki et al. 2017) and the outer regions
of M33 ((3.4 + 1.2) x 10° Mg; Rosolowsky et al. 2007).
Variations of the GMC gaseous mass distribution as a
function of galactocentric distance can also be quantified.
We find the cloud cumulative gaseous mass functions of the
three regions to be slightly different, with a best-fitting trun-
cated slope y of —2.32+0.24, —1.83+0.33 and —2.08+0.32 and
a cut-off gaseous mass My of (9.2+2.5)x 105, (10.6 £1.6)x 10°
and (4.6 £0.4)x 10°> Mg in the inner, intermediate and outer
region, respectively. The distributions of the clouds in the in-
ner and outer regions appear to be similar at gaseous masses
below 2x10° Mg, but the latter shows a truncation while the
former seems to be better fit by a pure power law even at the
high-mass end. Massive clouds appear to be suppressed at
the galaxy centre and especially in the outer regions of the
disc. Indeed, the distribution of clouds with gaseous masses
greater than the completeness limit cuts off abruptly inside
40 pc and beyond 450 pc (see Fig. 3). More than half of
the most massive clouds (> 2.5 x 10> M) are located in the
intermediate region, implying that the survival of massive
clouds is more favoured in this region. Overall, the environ-
mental dependence of the gaseous mass spectrum indicates
that the formation and destruction mechanisms of GMCs
are (slightly) different at different galactocentric distances.

4 CLOUD KINEMATICS
4.1 Velocity gradients of individual clouds

We observe strong velocity gradients within,_ indiyvidual
GMCs. Many authors argue that these gradients are the
signature of cloud rotation (e.g. Blitz 1993y Phillips 1999;
Rosolowsky et al. 2003; Rosolowsky 2007; ‘Utomo et al.
2015). The observed velocity gradient of each cloud can be
quantified by fitting a plane to its intensity-weighted first
moment (i.e. mean line-of-sight welocity) map v(x, y):

v(x,y) =ax+by+c, (10)

where a and b are_the projécted velocity gradient along
respectively thesx-“and the y-axis on the sky (selected
here in the standard/intuitive manner, i.e. respectively re-
versely proportional to the right ascension and proportional
to the déclination). We adopt the code lts_planefit to
perform the, fits. This code combines least-trimmed-squares
robdst techniques (Rousseeuw & Driessen 2006) into a least-
squares\fitting algorithm, and allows for intrinsic scatter, un-
certainties, possible large outliers and weighting of each pixel
by it€ flux (i.e. gaseous mass surface density). The projected
angular velocity wps (i-€. the magnitude of the projected ve-
locity gradient) and position angle of the rotation axis ¢rot
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are then given by the best-fitting coefficients:

Wobs = Va2 + b2 , (11)
brot = tan"' (b/a) . (12)

The uncertainties of wgps and ¢ror are estimated from the un-
certainties of the parameters a and b using standard error
propagation rules. We note that these derived projected an-
gular velocities wyps are underestimated by a factor 1—cos(¢)
compared to the intrinsic ones (i.e. wgps = cos(¢)wint), where
¢ is the angle between the cloud rotation axis and the
plane of the sky. This is however inconsequential for all fol-
lowing analyses and discussions, as all modelled quantities
will themselves be projected onto the sky (according tothe
model assumptions) before comparison.

Fitting a plane to the mean line-of-sight velocity .map
of each cloud implicitly assumes cloud solid-bodyurotation.
While this may not be intrinsically true (i.e. the angular ve-
locity may depend on the radius within each clotd)ybecause
our clouds are generally relatively poorly spatially resolved,
Wops as defined above nevertheless provides a/useful single
quantity to quantify the bulk (projected) rotation of each
cloud.

Figure 6 provides one example of our plane fitting to
the mean line-of-sight velocity map-of a cloud of NGC4429.
The left panel shows thewintensity-weighted first moment
map with the best-fitting rotation axis (black line) and cen-
tre (black solid circle) overplotted. For illustrative purposes
only, the right panel shows the mean velocity of each pixel
within the cloud\(v(x,y)) against the perpendicular distance
of the pixel fromthe best-fitting cloud rotation axis. A cloud
with solid-bodyyrotation should have all its data points well
fit by a straight line, as is the case here. Overall, we find
that planes are reasonable fits to the velocity maps of most
of the.clouds in NGC4429, and the median value of the re-
dueed” y2 for the 141 spatially-resolved clouds is )(r2 = 0.8.
More than half (82) of the resolved clouds are well-fit by
solid-body rotation (yZ < 1).

The best-fitting results are listed in Table 1. The pro-
jected velocity gradients wgps of the 141 spatially-resolved
clouds range from 0.05 to 0.91 km s~! pc~!, with an aver-
age of ~ 0.33 km s~! pc~l. Our derived velocity gradients
are significantly larger than those inferred for MW clouds
(~ 0.1 km s~' pc™!; Blitz 1993; Phillips 1999; Imara & Blitz
2011), M33 (~ 0.15 km s7! pc~l; Rosolowsky et al. 2003;
Imara et al. 2011) and M31 (0 0.2 km s~ pc™!; Rosolowsky
2007), but they are comparable to those inferred for
the clouds of the ETG NGC4526 (0 — 1.0 km s~ pc!;
Utomo et al. 2015).

4.2 Origin of the clouds’ velocity gradients

The observed velocity gradients of the clouds can arise
from turbulent motions, the clouds’ intrinsic rotation
and/or galaxy rotation. Burkert & Bodenheimer (2000)
suggested that turbulent velocity fields can produce ob-
served linear gradients, that were estimated to be of order
0.08 km s~! pc~! for their median cloud radius of 20 pc. As
our measured (i.e. projected) velocity gradients are generally
much larger than this, we suggest turbulence is not impor-
tant to account for them.

The observed velocity gradients of the clouds in
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Figure 6. One example of plane fitting to the intensity-weighted
first moment (i.e. mean line-of-sight velocity) map of a cloud of
NGC4429 (here cloud No. 136). The left panel shows the cloud’s
mean velocity map with the best-fitting rotation axis (black line)
and centre (black solid circle) overplotted. The right panel shows
the mean line-of-sight velocity of each pixel within the cloud
against the perpendicular distance of the pixel from the best-
fitting rotation axis (orange data points). Blue squares are means
of the velocity in bins of perpendicular distance from the rota-
tion axis. For illustrative purposes only, the blue line shows the
best-fitting straight line to the data, indicating that solid-body
rotation is a good description of the cloud’s kinematics.

NGC4429 are more likely produced by the intrinsic rota-
tion of the clouds and/or galaxy rotation. Galaxy rotation
can produce velocity gradients across the small areas occu=
pied by GMCs, especially at small galactocentric distances
corresponding to the steep part of the rotation curyve. To
identify the origin of the observed velocity gradients ofithe
clouds of NG(C4429, we overplot the rotation axesiof the in-
dividual clouds (i.e. the projected directions of their angular
momentum vectors) on the isovelocity contoursofthe galaxy
in Fig. 7. If the velocity gradients of the clouds,are produced
by the clouds’ intrinsic rotation, their rotation axes should
be randomly distributed. On the other hand, if the velocity
gradients of the clouds are produced by the galaxy rotation,
their rotation axes should show aistrong alignment with the
galaxy isovelocity contours:

As shown in Fig./7, we/dofind a strong tendency for
the projected angular momentum vectors of the clouds to be
tangential to thedsovelocity contours of NGC4429, implying
that the observed velocity gradients of the clouds are primar-
ily a consequiencedof galactic rotation. This is similar to the
trend indNGC4526 (Utomo et al. 2015), but different from
that imythesMW (Koda et al. 2006) and M31 (Rosolowsky
2007), wherethe distributions of position angles are random.

Here, the isovelocity contours due to the galaxy rota-
tion were derived by creating a gas dynamical model using
the Kinematic Molecular Simulation (KinMS) package of
Davis et al. (2013). Inputs to the model include the stellar
mass distribution, stellar mass-to-light ratio, SMBH mass,

as well as the disc orientation (position angle and incli-
nation) and position (spatially and spectrally). The stellar
mass distribution is parametrised by a multi-Gaussian ex-
pansion (MGE; Emsellem et al. 1994) fit to a V-band image
from HST (Davis et al. 2018). The free parameters are de-
rived by fitting to the observed gas kinematics, assuming
the object is axisymmetric (in the central parts where CO
is located) and the gas in circular rotation (see Davis et al.
2018 for details of the fitting procedures and the best-fitting
parameters). The dark matter and gas masses are not in-
cluded in our model, as they are small compared to those
of the SMBH and stars. We note that a variable mass-to-
light ratio has been adopted, as required by the data, with.a
piecewise linear form as a function of radius. An inclination
angle of 68° and a kinematic position angle of 93° (as"mea-
sured in that work) are adopted to calculate the liné-of-sight
projection of the gas circular velocities.

To further quantify the effects of the galaxy‘retation on
our observed velocity gradients, we compare the-measured
angular velocities and position angles.of the rotation axes of
the clouds in NGC4429 to those expected.from a pure galaxy
rotation model. We measure the projected angular velocities
and rotation axes of the modeliover the same areas as for the
observed clouds, using the methods described in Section 4.1.
We assume that the motion of the gas within each cloud (i.e.
each fluid element of each, cloud) follows perfectly circular
orbits defined by our kinetic’'model above. We find a strong
correlation between the modelled and observed position an-
gles (with a median angle difference of ~ 19°), supporting
the idea that the observed cloud-scale velocity gradients are
aligned with the large-scale velocity field, as suggested by
Fig. 7.

A“general correlation between the modelled and ob-
served)angular velocities is also found. Our model overes-
timates the observed angular velocities wgps by a median
factor of 2, much smaller than the wpyed/weps ratios found
for clouds in WISDOM late-type galaxies (wWmod/Wobs = 10;
Shu et al., in prep; Choi et al., in prep). This discrepancy be-
tween the amplitudes of the observed and modelled angular
velocities is unlikely to be due to the clouds’ own rotations,
as the observed position angles ¢ro of the clouds would then
be expected to deviate from the modelled ones randomly. A
possible explanation is that the self-gravity of the clouds is
also important, so that the clouds do not follow pure galaxy
rotation (see Section 6.2 for more discussion of this). The dis-
crepancy could also partly be due to the limitation of CPROPS
to isolate individual clouds in highly-crowded environments.
To reduce the ambiguities due to cloud blending, we fit both
the data and model again without including the outermost
boundary pixels of each cloud. In this case, a strong corre-
lation between the modelled and observed position angles is
again present (see the right panel of Fig. 8), with a median
angle difference of ~ 16°, but the model overestimates the
observed angular velocities by a reduced median factor of
1.5 only (left panel of Fig. 8). In the inner region, where
the clouds are more blended in both space and velocity, the
discrepancies between the modelled and observed angular
velocities is worse (with a median factor of 2), and the an-
gle difference is larger (with a median value of ~ 20°). In
the outer region, where clouds are less blended, the model
shows a much better agreement with the observations (with
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Figure 7. Projected directions of the angular momentum vectors of individual spatially-resolved GMCs,in NGC4429 (black arrows),
overplotted on the isovelocity contours of the molecular gas (colour coded by the projected velocities). The length of the arrows represents
the magnitudes of the velocity gradients (i.e. webs). The projected velocities are derived from our, gas dynamical model assuming pure

rotation (see text).

a median angular velocity discrepancy factor of only 1.2 and
a median angle difference of only ~ 14°)

In summary, a comparison of the observed and modelled
projected angular velocities and rotation axes of individual
clouds suggests that the observed velocity gradients of the
clouds in NGC4429 are primarily caused by the local circu-
lar orbital motions, themselves due to the galaxy potential.
We note that the good match between our observations and
model suggests that the motion of the gas within each cloud
of NGC4429 mainly follows gravitational orbital (and thus
shear) motions rather than epicyclic motions (see Section 6.1
for more discussion of this issue).

5 DYNAMICAL STATE OF CLOUDS

5.1 Cloud scaling relations using, the observed
velocity dispersion

The scaling relations between the physical properties of
molecular clouds have become,a standard tool for assess-
ing the clouds’ physical states’and dynamical conditions
(e.g. Blitz et al. 2007; Huaghes et al. 2013). The most fun-
damental relation’ is'the size — linewidth relation, a.k.a. Lar-
son’s first relation‘(e.g»Larson 1981; Solomon et al. 1987),
that has be¢ome the yardstick for GMC studies in the MW
and external, galaxies (e.g. Bolatto et al. 2008). The size —
linewidth relationship is usually interpreted as a signature
of the turbulent motions within clouds (e.g. Falgarone et al.
1991; Elmegreen & Falgarone 1996; Lequeux 2005), and it
provides a unique probe of the dynamical state of the tur-
bulent molecular gas in extragalactic star-forming systems.

Another important scaling relation providing crucial in-
sights is the correlation between the clouds’ dynamical (i.e.

Virial) masses My tarrd their true masses M (here taken to
be the gaseous masses Mgas). The comparison of the Virial
and gaseous masses provides an important clue to the dy-
namical state of the clouds according to the Virial theorem.
Indeedy the Virial parameter

M

0'2RC

= bGM (13)
B Z%MO'Z

" byGM?/R,

Qyir =

(see Eq. 7) is equal to the ratio of two times the turbulent ki-
netic energy to the (absolute value of the) self-gravitational
energy of a cloud, quantifying the degree of gravitational
boundedness of the cloud. If the Virial parameter of a cloud
ayir & 1, the cloud is gravitationally bound and in Virial
equilibrium. If its Virial mass is much larger than its gaseous
mass (ayjr > 1), the cloud has to be confined by external
pressure (it would otherwise disperse) and it is unlikely to be
bound (i.e. it is a transient feature of the ISM). If ayi S 1,
the molecular cloud is likely unstable to gravitational col-
lapse. We note that a critical parameter arj; ~ 2 is often re-
garded as the threshold between gravitationally-bound and
unbound objects (Kauffmann et al. 2013, 2017).

A third important scaling relation is the correlation be-
tween the clouds’ mass surface densities X (again taken here
to be the gaseous mass surface densities Zgas) and the quan-

tities o R, 172 (where as before o and R; are a measure of
the observed/1D velocity dispersion and size of each cloud,
respectively). The o R, 12 Zgas plot provides a necessary
modification to Larson’s scaling relations. It implies an ad-
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Figure 8. Correlations between the modelled and observed projected angular velocities wops (left panel) and position angles of the
rotation axes ¢y (right panel) for the 141 spatially-resolved clouds of NGC4429. The data points are colour-coded by region and the

black solid lines show the 1 : 1 relations.

ditional constraint to the velocity dispersion, whereby the
velocity dispersion of a cloud depends on both its spatial ex-
tent and its gaseous mass surface density (Field et al. 2011).
If clouds are virialised (and do not necessarily obey Larson’s
first relation), observations should cluster around the line
o'RC_l/2 = \nGbsXgys (bs = 1/5 for a homogeneous spherical
cloud; see the black solid diagonal line in the right panel of
e.g. Fig. 9). If clouds are not virialised but are marginally
gravitationally bound (i.e. avir ® @yireric = 2), the data

points should cluster around the line oR, 172 _ V271G bsZgas
(see the black dotted diagonal line in the right panel of
e.g. Fig. 9). If clouds are not gravitationally bound, exter-
nal pressure (Pext) must play an important role to confiné
the clouds, and the clouds should be distributed along.the
black V-shaped dashed curves in the right panel of Fig. 9:

RV = [rGhyZes + ;‘g’;& (Field et al. 2011),/We ‘hote
that for the largest Xg,s of each V-shaped curve, the clouds
are dominated by self-gravity and the equilibritm curve is
asymptotic to the solution of the simple Virial eéquilibrium
(SVE, i.e. the black solid diagonal line; Field ‘et al. 2011).

For consistency with GMC studies in the MW and ex-
ternal galaxies in the literature, we first adopt the observed
velocity dispersion ogpg10s (Se€3Section 3.1) to explore the
above three scaling relations. Asiseén in the left panel of
Fig. 9 (data points and black selid line), there is a strong cor-
relation between size and linewidth (with a Spearman rank
correlation coefficient,of 0:5) for the 141 clouds of NGC4429
that are spatially resolved, the only clouds where a reli-
able measurement of the size R is possible (see Table 1).
However, the relation departs from the traditional one de-
rived forfclouds in the MW disc (black dashed line in the
left panel of Fig. 9; Solomon et al. 1987; Dame et al. 2001;
Rice‘et/alx2016). The observed tendency is for clouds to ex-
hibit,a higher velocity dispersion at a given size. Our results
also reveal a steep size — linewidth relation,

(O-ObS,IOS
log | ———

- _1):(—0.30¢0.17)+(0.82¢0.13) log(R ) (14)
ms

=
pc

steeper than that of clouds %in .the MW disc (0.5 +
0.05; Solomon et al. 1987). The slope is also marginally
steeper than that derived for CMZ clouds (0.66 = 0.18;
Kauffmann et al. 201%), but'the zero-point is much smaller
(5.5 £ 1.0 for CMZ clotds; Kauffmann et al. 2017), and the
velocity dispersions of"CMZ clouds are indeed higher than
those of the NG(C4429 clouds at any given size.

The Virial masses of the spatially-resolved clouds of
NGC4429 calculated from their observed velocity disper-
sions,
ngs,losRC

bsG

(see Eq. 7), are compared to their gaseous masses Mgas in
the middle panel of Fig. 9, where as always we have as-
sumed bg = % (spherical homogeneous clouds). We find Virial
masses significantly larger than the gaseous masses. A linear
fit yields (black solid line in the middle panel of Fig. 9)

Mops,vir = (15)

Maps vi Mo
1og(;/[L(;V“) = (~2.91+0.43)+(1.69+0.08) 1og(lvf§) . (16)

A log-normal fit to the distribution of the resulting Virial
parameters,

Mobs,vir Mobs,vir
Qobs,vir = M — = —Mgas s (17)
shown as an inset in the middle panel of Fig. 9, yields a mean
(@obs,vir) = 4.04 £0.22 and a standard deviation of 0.24 dex.
In particular, all resolved clouds have agps, yir > 1.

The derived oops 10sRe 1z _ Zgas relation is presented in
the right panel of Fig. 9 for the spatially-resolved clouds
of NGC4429. The gaseous mass surface densities Xgys of
the GMCs vary by one order of magnitude, and the size —
linewidth coefficient (ogps 10sRe 1/ 2) increases with increasing
Zgas- The data points do not lie along the solid diagonal line
of the SVE, but are instead offset from it and distributed
across the V-shaped curves. If pressure is important to the
dynamical state of the clouds, the clouds in NGC4429 seem
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Figure 9. Left: Size — linewidth relation of the 141 spatially-resolved clouds of NGC4429, using the observed velocity dispersion
Oobs.los- The black solid line shows the best-fitting relation, while the black dashed line shows Larson’s relation for the AMilky, Way
disc (Solomon et al. 1987). Middle: Correlation between Virial mass and gaseous mass for the same spatially-resolved clouds. The black
solid line shows the best-fitting relation, while the black dashed and dotted diagonal lines show the 1: 1 and 2 : 1 relations, respectively.
The distribution of log(@gps,vir) (black histogram) with a log-normal fit overlaid (red solid line) is shown in an inset. The red dashed line
in the inset indicates the mean of the log-normal fit, while the black dashed and dotted lines indicate ayir = 1 and ayir = 2, respectively.
Right: Correlation between o-(,bs,]osR"/2 and gaseous mass surface density (Zgs) for the same spatially-resolvedclouds. The black solid
contour encloses 68% of the data points. The black solid and dotted diagonal lines show the solution for simple ((i.e#@; = 1) and marginal
(i-e. ayir = 2) Virial equilibria, respectively. The V-shaped black dashed curves show solutions for pressure:bound clouds at different

pressures (Pext/kp = 103, 104,

.o 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 bottom-right corner of the left and right panels.

to experience a wide range of considerable external pressures
(Pext/kp =~ 105 — 107 K ecm™3, where kg is Boltzmann’s con-
stant). Overall, Fig. 9 thus seems to suggest that the kinetic
energy of the clouds in NGC4429 is more important than
their gravitational energy, hence the clouds are either not
bound or tend toward pressure equilibria.

However, a major concern about the use of the above re-
lations to assess the dynamical states of clouds in NGC4429
is the applicability of the observed velocity dispersion
Oobs,los- The difference of the derived size — linewidth re<
lation with respect to the Solomon et al. (1987) trend seems
to imply that the measured linewidths of the clouds ate not
set purely by their internal virialised motions and/orytur
bulence (Meidt et al. 2013; Kauffmann et al. 2047). Recent
works suggest that, in the centre of galaxies”where strong
shear and tidal forces are present, a considerable part of
the cloud-scale gas motions is due to these external galactic
forces (e.g. Meidt et al. 2018; Utrerag et al\2020). We have
already demonstrated that the observed,strong velocity gra-
dients of the clouds in NGC4429, that reflect the velocity
gradients in the plane of the galaxy, are mainly a conse-
quence of local orbital motions defined by the background
galactic gravitational potential (i’e. the galaxy circular ve-
locity curve; see Sectionn4.2). In this case, the steep slope
of the size — linewidth relation (see the left panel of Fig. 9)
can be explained as resulting from the decay of fast orbit-
induced largé-scale metions to transonic conditions on small
spatial scales (Kauffmann et al. 2017).

The question then is whether gas motions associated
withythe background galactic potential should also be in-
volved \in assessing the dynamical states and stability of
the clouds. Intuitively, gas motions due to external galac-
tic forces should be considered when calculating a cloud’s
kinetic energy that is meant to balance its self-gravitational
energy (Chen et al. 2016; Meidt et al. 2018). Conversely,

in the presence of streng galactic forces, self-gravity is no
longer the only«/force/binding a cloud. Therefore, to ver-
ify whether clouds, are-virialised in a galactic environment
where tidalf/shear, forces are strong, one needs to modify the
conventional Virial theorem to include (1) external forces
arising from the background galactic potential and (2) the
gas motions induced by these forces. We do exactly that in
the nextysub-sections.

5.2 Basic framework

We recall here a key conceptual point emphasised in Sec-
tion 1. We will not assume here that the clouds of NGC4429
are in dynamical equilibrium, and then deduce the clouds’
gravitational motions due to the external (i.e. galactic) po-
tential. Rather, we will measure and quantify the clouds’
gravitational motions due to the external potential, and then
deduce whether the clouds are indeed in dynamical equilib-
rium. This is the only way to reliably assess whether GMCs
are in dynamical equilibrium (and thus long-lived) or out of
equilibrium (and thus transient), arguably the most impor-
tant question in the field.

As described in detail in Appendix A, we envision each
cloud as a continuous structure with well-defined borders in
position- and velocity-space, located in a rotating gas disc
with a circular velocity determined by the shape of the back-
ground galactic gravitational potential. Each cloud’s centre
of mass (CoM) is assumed to be in the mid-plane of the disc.
We assume that each fluid element of a cloud experiences two
kinds of motions: (1) random turbulent motions arising from
self-gravity (cloud gravitational potential @), that have a
velocity dispersion ogg, and (2) bulk gravitational motions
associated with the external (i.e. galactic) potential (®gy),

vZ dm
that have a RMS velocity ogy (0gal = %, where Vg,

is the velocity of each fluid element due to gravitational
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motions relative to the CoM, the integral is over all fluid
elements dm, and f dm = M). Thermal motions are ignored,
as they are often small compared to turbulent motions in
a cold gas cloud (e.g. Fleck 1980). We assume the motions
due to self-gravity (osg) and the background galactic poten-
tial (0ga) to be uncorrelated, and the cloud’s own gravita-
tional potential ®gg to be (statistically) independent of the
local external gravitational potential defined by the galaxy
®gy,1. The turbulent motions due to self-gravity are expected
to be quasi-isotropic in three dimensions (Field et al. 2008;
Ballesteros-Paredes et al. 2011), while the gas motions in-
duced by the external gravitational potential are often non-
isotropic (Meidt et al. 2018). Gravitational motions in the
plane are assumed to be separable from those in the vertical
direction. We consider only the effects of gravitational forces
and ignore external pressure and magnetic fields.

With those considerations, the resulting modified Virial
theorem (MVT) can be split into two independent parts:
é ~ [3M0'2

sg,los

_3bGM? /RC]

self gravity

| M (02, — b Z2) + M (02, + 02y + belTy - 200R?) |

gal,z g

external, vertical direction external, plane

(18)

where I, M, R. and Z. are respectively the cloud’s moment
of inertia, mass, radius and scale height, v2 = 4nGp. o (for-
mally the total mass volume density evaluated at the cloud’s
CoM, but we use here p, o, the stellar mass volume density
p« evaluated at the cloud’s CoM using our MGE model, as it
is accurately constrained; see Appendix C), b is the afore-
mentioned geometrical factor that quantifies the effects of
inhomogeneities and/or non-sphericity associated with self
gravity, be is a geometrical factor that quantifies the effeets
of inhomogeneities (only) associated with external gravity
(be = a-¢/3)

(5-v)
density profile p(r) o« r¥, thus be = bs = 1 for afspherical ho-
mogeneous cloud as before; see Appendix A for more details
on be), Tsg los 18 the cloud’s 1D turbulent¢velocity dispersion
due to self-gravity, ogr, Ogalr and g, ‘are the RMS ve-
locity of gas motions due to external gravity in respectively
the radial (i.e. the direction pointing from'the galaxy centre
to the cloud’s CoM), azimuthaly(i.e. the direction along the
orbital rotation) and vertical (i.elthe direction perpendic-
ular to the cloud’s orbital plane)-direction (as measured in
an inertial frame, i.e. byna distant observer; see Appendix A
for a more detailedidiscussion of oga, and g,y (), Qo is the
circular orbital angular velocity Q at the cloud’s CoM, and
To = -R d%ZI(QR) |[R=R, is-the tidal acceleration per unit length
in the radial diréction T (e.g. Stark & Blitz 1978) evaluated
at the cloud’ss€@eM (R is the galactocentric distance in the
plané of thedisc and Ry that of the cloud’s CoM). We note
that here and throughout, Q(R) is the theoretical quantity

QR) = % d®§a}1;R) defined by the galaxy potential @gyy, i.e.

it_is.the angular velocity of a fluid element moving in per-
fect circular motion (Q(R) = Veire(R)/R, where Veirc(R) is the
circular velocity curve) rather than the observed angular

for a spherical cloud with a radial mass volume
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Figure 10. Galactocentric distance(Rgq) dependence of the or-
bital angular velocity Q, Oort’s, constants /A and B, the tidal
acceleration per unit length in“the radial direction T, and the
function T —2Q? in NG(C4429; as caleculated from our gas dynam-
ical model. The black dashed. horizontal line indicates an ordi-
nate of 0. The coloured envelopes around each curve indicate the
+1 o uncertainties. Wemote that the slight discontinuity in the
radial profiles of A, By and T - 2Q? at Rgq = 174 is caused
by our adopted piecewise linear mass-to-light ratio radial profile

M /L(R) (seesDavis etpal. 2018), so that while M /L(R) is contin-

d M/L(R)
dR

uous is not.

velocityiof the fluid element (Viot(R)/R, where Vo is the ob-
served/rotation curve). The first term in square brackets on
the right-hand side (RHS) of Eq. 18 comprises the energy
terms regulated by self-gravity, while the second term in
square brackets contains the contributions of external grav-
ity to the cloud’s energy budget (Eext) in respectively the
vertical direction (Eextz) and the plane (Eeyqplane)- The de-
tailed derivation of Eq. 18 and its more general form for a
homogeneous ellipsoidal cloud (Eq. A14) is provided in Ap-
pendix A.

For reference, we show in Fig. 10 the dependence of Q,
Oort’s constants A and B, T and T — 2Q2 on galactocentric
distance R in NGC4429. The functions Q, A and T are always
positive, B is always negative, while T — 2Q? is generally
negative except in the very centre. We note that T = 4AQ =
4Q (B + Q). The rotational shear (i.e. Oort’s constant A) in
NGC4429 is much larger (> 0.2 km s71 pc! at galactocentric
distances R <450 pc, where the clouds are located) than that
in the bulk of the Galactic disc (~ 0.02 km s™! pc™! at R >
3 kpe; Dib et al. 2012) and the LMC (= 0.018 km s~! pc™!
at R > 1 kpc; Thilliez et al. 2014).

5.3 Role of self-gravity

The first term in square brackets on the RHS of Eq. 18
describes an internal equilibrium regulated by self-gravity.
For a cloud that attains Virial balance between its in-

ternal turbulent kinetic energy (%Mo'szg los) and its self-
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gravitational energy (Usg = —3bsGM?/R.), such as an iso-
lated self-gravitating cloud, these two terms should cancel
out. To investigate the role of self-gravity, one thus needs
to measure the cloud’s turbulent velocity dispersion due to
self-gravity only (ogg 105). However, the observed velocity dis-
persion oy jos 1S Ot necessarily equal to oy o5, as there
are potentially significant contributions from bulk (galaxy-
driven) gravitational motions. Indeed, the observed velocity
dispersion ogps 105 Of @ cloud can be expressed as

2

2 ~ 2 L2 2
o—obs,los ~ o-sg,los + (o—gal,r sin® 6 + o—gal,t

2 2 2

i+0 cos

2 .
cos 9) sin wal,z

(19)

where i is the inclination of the galactic disc with respect to
the line of sight, and 6 is the (deprojected) azimuthal angle
of the cloud’s CoM with respect to the kinematic major axis
of the disc (see Eq. 32 of Meidt et al. 2018).

We therefore need to reduce the contamination of our
measured velocity dispersions by bulk gravitational motions.
This is why we introduced a new measure of the velocity
dispersion, o 105, in Section 3.1, where we first shifted each
line-of-sight velocity spectrum to match its centroid velocity
(¥(x, y)) to that of the cloud’s CoM (¥(0,0)), and then mea-
sured the velocity dispersion (i.e. the second moment along
the velocity axis) of the shifted emission distribution and ex-
trapolated it to Tegee = 0 K. The derived gradient-subtracted
velocity dispersion o 105 Was then deconvolved by the chan-

nel width (AViyan/V27), yielding our final adopted measure.
Table 1 lists the derived oy 105 Of all spatially-resolved clouds
and the left panel of Fig. 11 shows a comparison of oy 1o
and Oops los- As expected, Tgglos < Tobslos; and all partic-
ularly large oopgjos measurements have been corrected to
<$5km sl

The observed velocity gradient of a cloud is due to bulk
motions within the cloud only. Assuming that the vertical
gravitational motions can be treated as random motions
that balance the weight of the disc (i.e. no bulk motion
in the vertical direction), analogously to turbulent motions
due to self-gravity, the only bulk motions will originate from
in-plane gravitational motions. Our newly-derived gradient*
subtracted velocity dispersion o105 can thereforedbe writ-
ten as

2

2 2 :
~ 0 + Oga, €05 0 (20)

2
O—gs, los sg,los

minimising contamination from bulkygas motions in the
plane. Our gradient-subtracted velocity“dispersion o o
thus removed the second term (in-plane bulk gravitational
motions) but kept the first term (turbulent self-gravitational
motions) and last term (verticalyrandom gravitational mo-
tions) on the RHS of 'Eq. 19. However, as we will demon-
strate below, the o'gzal’zcoszi term is negligible compared to
O-szg,los in NGC4429 and_ can thus safely be ignored, so that
Tgslos ~ Osgfos in NGC4429. Using our newly derived oy jos
measure, we, thus jrevisit the scaling relations of Fig. 9 in
Fig. 12.

5.4 Cloud scaling relations using the
gradient-subtracted velocity dispersion

The left panel of Fig. 12 (data points and black solid line)
presents the size — linewidth relation based on our o s

i,
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measure for the 141 spatially-resolved clouds of NGC4429.
We now find the size — 0y 105 correlation to be rather weak,
with a Spearman rank coefficient of 0.25. However, com-
pared with the size — linewidth relation using ogps 105, it ap-
pears to better follow the relation of the MW disc clouds
(black dashed line in the left panel of Fig. 12). Indeed, the
data points seem to cluster around the MW disc scaling law
(Solomon et al. 1987), although there is a large scatter. A
weak size — linewidth relation has also been inferred in other
galaxies (e.g. Hughes et al. 2013; Utomo et al. 2015), but a
small dynamic range and the relatively large uncertainties of
our ogg 1os measurements probably at least partially explain
the poor correlation.

We find a nearly linear correlation between the ogglog=
derived Virial masses,

Moo = O-gzs,losRC (21)
gs,vir = bsG

(see Eq. 7), and the CO-derived gaseous/masses,Mg,s of the

spatially-resolved clouds (black solid line in the middle panel

of Fig. 12), where we have again asSumedubg= % (spherical

homogeneous clouds):
gs, vir

M, Mgas
! . (22
og | “ ) @)

A log-normal fit to the distribution of the resulting Virial
parameters,

) = (-1.36 + 0.28)% (1428 +0.06) log (

Mg vi Mo i
gs,vir gs,vir
(07 ir=——]—— = N 23
gsvir M Mgas ( )

shown as an ‘inset in the middle panel of Fig. 12, yields
a mean (s vir) = 1.28 £ 0.04 and a standard deviation of
0.15 dex. No systematic variation is observed in the Virial
parameter ags yir for clouds over a wide range of galactocen-
trie distances.

The right panel of Fig. 12 shows the comparison be-
tween ogg 10s Re 12 and the gaseous mass surface density Zgas
for the spatially-resolved clouds. The data points are dis-
tributed along the black solid diagonal line, suggesting a sim-
ple Virial equilibrium. Therefore, when the contamination of
in-plane bulk motions is removed, the clouds in NGC4429
do seem to reach a state of Virial equilibrium.

A full determination of the internal equilibrium state of
clouds regulated by self-gravity (i.e. the first term in brack-
ets on the RHS of Eq. 18) requires a knowledge of oy jos
rather than o 10s- However, we can still gain important in-
sights from Fig. 12. First, our measured o2 should be

gs,los
: 2 : 2 2 2
strongly dominated by Teelos’ 1€ Tgglos > Tgal,

thus o2 ~ o2 (see Eq. 20), otherwise (if o2, cos?i
gs,los sg,los gal,z

were to contribute significantly to O—és,los) the scaling rela-
tions presented in Fig. 12 would depend on the galaxy’s in-
clination angle and the trend seen in Fig. 12 (suggesting
a state of gravitational equilibrium) would turn out to be
merely a coincidence. But we note that a similar result was
obtained in another ETG. Indeed, NGC4526 revealed a good
agreement between the oy os-derived Virial masses and the
CO-derived gaseous masses ({(@gs,vir) = 0.99+0.02), and simi-

cos“i and

larly a o 10s Re 2 _ Zgas correlation as expected from Virial
equilibrium (Utomo et al. 2015). We thereby consider that
the most likely explanation of our results in Fig. 12 (and the
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Figure 11. Comparisons of our observed (0 ops,los), gradient-subtracted (g 10s) and effective (o 105) cloud velocity dispersion,measures
for the 141 spatially-resolved clouds of NGC4429. Data points are colour-coded by region in all three panels.
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Figure 12. Same as Fig. 9, but using our gradient-subtracted measure of velocity dispersion o ios-

results of Utomo et al. 2015) is that o
gs,los

0'3g Jos (that is assumed isotropic and thus independent,of the

is dominated. by

galaxy inclination angle) and that an internal gravitational
equilibrium has been achieved through self-grayitya/This as-
sumption is particularly reasonable in NGC4429, as'in any

case only a very small part of o2, can ¢ontribute’to o2 |
gal,z gs,los

considering its high disc inclination (7 = 682 sorcos?i ~ 0.1).

If o2 ~ o2
gs,los sg,los’

to suggest that the clouds’ internal turbulent motions asso-
ciated with self-gravity follow the ¢lassical size — linewidth
relation of MW clouds,.despite a large scatter. This supports
the traditional interpretationof turbulent motions as the ori-
gin of the size — line widthrelation (e.g. Mac Low & Klessen
2004; Ballesteros-Raredes et al. 2006, 2007, and references
therein), that emerges entirely as a consequence of the gas
self-gravity (Camacho et al. 2016; Ibafiez-Mejia et al. 2016).
The middle pamel of Fig. 12 then implies that Mg =
Msggir, i-e. that GMCs attain approximate Virial balance
between their internal turbulent kinetic energies and their
self-gravitational energies. The fact that the mean g vir is
slightly larger than one ({ags vir) = 1.28+0.04) may be due to
contamination of a'gs’los by the o-gal,z
Section 6.4 we will show that the motions induced by (exter-

then the left panel of Fig. 12 seems

cos?i term. Indeed, in

nal) gravity contribute around 20% of the total a'gzs’los. The
right panel of Fig. 12 then further indicates that an inter-
nal virialisation has been roughly achieved by self-gravity.
In other words, the gravitational potential defined by the
mass of a cloud is matched by the kinetic energy induced by

self-gravity. In this case (Mgas ® Msg vir), we have

~ mbsR:GZgas (24)

2
O—sg, los

Msg,vir
Mgas
parameter set purely by a cloud’s self-gravity), as has been
suggested by many previous studies of self-gravitating clouds
(e.g. Eq. 10 in Heyer et al. 2009).

We note that this internal Virial equilibrium is estab-
lished by self-gravity despite the presence of an external
galactic potential, which seems to support our previous as-
sumption that the motions due to self-gravity emerge in-
dependently of the background galactic potential. For more
discussion of how a Virial equilibrium is established through
the balance of turbulent kinetic and self-gravitational en-
ergy, see Meidt et al. (2018).

(see Eq. 7), and asg vir = ~ 1 (where asg vir is the Virial
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5.5 Role of external gravity

The contribution of external gravity to a cloud’s gravita-
tional energy budget (Eext) is given by the second term in
brackets on the RHS of Eq. 18:

2
Eei~ M (02,

272 2 2 2\ p2
bR Z2) + M (02 + 02y + ey - 209)R2) .

external, vertical direction external, plane

(25)

If Eext > 0, external gravity acts against self-gravity and
makes the cloud less bound. If Eex; < 0, external gravity acts
with self-gravity and contributes to the collapse of the cloud.
If Eext ~ 0, the effect of external gravity can be ignored. A
more general form of Eey; for a homogeneous ellipsoidal cloud
is provided in Appendix A (Eq. A12). We can split Eex; into
two independent parts, one in the vertical direction (Eexi,z)
and one in the plane (Eexplane), and consider them in turn.

Vertical direction. The contribution of the external
potential to the gravitational energy budget of the cloud in
the vertical direction is

Eextz ¥ M (0'2 - bevgzcz) . (26)

gal,z

It is similar to the vertical hydrostatic equilibrium equation
of a gaseous disc (e.g. Eq. 3 in Koyama & Ostriker 2009).
If it is positive, the cloud will be disrupted in the vertical
direction, but if it is negative, the cloud will collapse in the
vertical direction. However, as neither o, , nor Zc can be
measured directly from our observations, we can not really
assess the vertical equilibrium state of the clouds. But if we
make the common assumption that vertical equilibrium is
satisfied on a cloud scale, i.e. that the vertical contribution
of external gravity to the net energy budget of a cloud is
negligible (i.e. M(o-gzal,z - bevgzg) ~ 0), then we can derive a
relation between og,) , and Zc:

2 252
Taalz bevOZC . (27)

The measured scale heights Z. of clouds in edge-en disc
galaxies can thus be used to determine their unobservable
vertical velocity dispersions o,y ,, or converselyythe mea-
sured line-of-sight velocity dispersions oy, , of cloudsin‘face-
on galaxies can be used to determine the unobservable scale
heights Z, as suggested by Koyama & Ostriker (2009). In
our work, we can estimate the valueof ogy , from the de-
viation of ogg 105 from oy 1o, and then‘infet a cloud’s scale
height (combining Eqgs. 20 and 27; see Section 6.4). We note
that our derived oy, — Zc correlation is different from the
one derived via the epicycliesapproximation by Meidt et al.
(2018), by a factor of b¢ (o-{éal’z ~ 1/(2)ZC2 in Meidt et al. 2018).
This is because we_assumed”a spherical cloud with a ra-
dial mass volume/density distribution (i.e. p(r) oc r™%) while
Meidt et al. (2018)assurmed a cloud with an exponential ver-
tical mass volume. density distribution (i.e. p(z) « exp(-z)).
Overall, to retain yertical hydrostatic equilibrium on a cloud
scale,«the ‘gravitationally-induced vertical motions (O'gal,z)
need tobalance the vertical weight of the background galaxy.

We, note here that assuming vertical equilibrium for
the clouds goes against our stated aim of inferring whether
the clouds are indeed in equilibrium directly from measure-
ments. However, galaxies are highly symmetric vertically
and there is no bulk motion in the vertical direction, and we
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will show below that we do not need to assume the clouds are
in equilibrium in the plane. We therefore keep moving for-
ward with our plan, even if it can only be partially achieved.
Plane. The contribution of the external potential to the
gravitational energy budget of a cloud in the plane is

Eexupiane = M (02, + 02+ belTy = 20)R?) . (28)

The orbital angular velocity Qq and the tidal acceleration
parameter Ty at the cloud’s CoM can be derived from our
gas dynamical model (see Section 4.2 and Fig. 10) and they
are listed for each cloud in Table 3. A more general form of
Eext plane for a homogeneous ellipsoidal cloud is provided in
Appendix A (Eq. A10). The term be(Ty — 2Q2)R? indicatés
the effective potential energy of galactic gravity and the‘cen=
trifugal force (see Appendix A for more details). We find that
galactic gravity and the centrifugal force act asda binding
force overall, as the corresponding energy be(Tgn— ZQg)M Rg

is negative in all cases (the function T-202 i§ generally nega-
tive except in the very centre, Rgy 540 p¢, whergythere is no
cloud; see Fig. 10). On the other hand, clouds are supported
against collapse by the gravitationally-induced gas motions
in the plane, whose kinetic energy-is %M (o-g2aLr + O-gzal,t)' The
question then is which of the binding energy of galactic grav-
ity plus the centrifugal force or thekinetic energy of gravita-
tional motions is more important, i.e. whether Eex; plane < 0
or Eexplane > 0 (0 Eexplane, = 0)-

As suggested by\Egn28; a full derivation of Eex plane T€-
quires knowledge, of gy and gy, the RMS velocities of
gravitationally-induced motions in the plane. Although og,|
and og,; cannot.be obtained directly from observations, we
can nevertheless  glean some information about them from
the gbserved quantities oypgjos and g jos- Indeed, if we as-
sume the gas motions induced by the galactic potential to
be isotropic in the plane (i.e. Tgal; = Tgalt), the RMS veloc-
ities of the in-plane gas motions due to external gravity can
easily be derived by combining Egs. 19 and 20:

2 _ 42
2 o—obs,los O-gs,los

2 _
O—gal,r - O-gal,t ~ 2; (29)

sin
Substituting Eq. 29 into Eq. 28, we find the net contribution
of external gravity to the gravitational budget of the clouds
in NGC4429 to be positive in most cases (i.e. Ecxgplane > 0)-
Therefore, the main effect of the external gravity on the
clouds of NGC4429 is to make them less bound (in the
plane).

Effective parameters. Our MVT (Eq. 18) can be writ-
ten simply as

I 2 2
5 % (3M02 0y = 30,GM2/Re) + Eex
2 30
_ 3bGM? [ TiglosRe b Bew (30)
R bsGM  3bGM?2/R.
(see Eq. 25). However,
2
o R
sglos™ ¢
Qoo i = Bl 31
sg,vir bsGM ( )

(see Eq. 13), the traditional Virial parameter regulated by
self-gravity only, and we define

Eext

p= 3bGM2/R;

(32)
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Table 3. Derived properties of the clouds in NGC4429.

ID Q Ty Oeff,los log (MOLP(:,g)
(km s pe7!)  (km s7! pe!)? (km s71)
1 0.68 +0.01 0.75+0.04 ... 1.26
2 0.71+£0.01 0.57 £0.05 3.38+1.79 1.33
3 0.72+£0.01 0.67 £0.05 498 +1.13 1.34
4 0.76 £ 0.02 0.67 £ 0.06 2.15+£1.93 1.41
5 0.80 +0.02 0.67 £0.08 2.35+£2.63 1.47
6 0.69 +0.01 0.60 +0.04 3.22+1.16 1.29
7 0.67 £0.01 0.74 £ 0.04 4.31 £1.00 1.26
8 0.81+£0.02 0.69 +0.09 1.83£2.79 1.50
9 0.75+0.02 0.65 +0.06 . 1.39
10 0.89 £ 0.03 0.81+0.14 2.97 £1.89 1.59
11 0.68 +0.01 0.71 £0.04 1.27
12 0.72+£0.01 0.59 +£0.05 . 1.34
13 0.83 £0.02 0.76 £ 0.10 2.24+£2.29 1.52
14 0.95+0.04 0.95 +0.20 2.52+£1.93 1.64
15 0.77 £0.02 0.67 +0.06 1.62 +1.97 1.43
16 0.75+0.02 0.66 = 0.06 . 1.40
17 0.81+£0.02 0.69 +0.09 . 1.50
18 0.84 £0.02 0.68 £0.10 3.63+1.71 1.53
19 0.63 £0.01 0.72 +£0.03 5.58£2.18 1.18
20 0.90 £ 0.03 0.83£0.15 2.51£2.10 1.60

217 0.65+£0.01 0.67 +£0.03 1.58 £0.94 1.21

Notes. — Clouds with no o, o5 entry are unresolved spatially.
Calculations of o, j0s assume be = % (spherical homogeneous
clouds). All uncertainties are quoted at the 1o level, and those
of o 10s have been propagated from the uncertainties of both
observed and modelled quantities (see Eq. 38). As noted in the
text, the uncertainty of the adopted distance D to NGC4429
was not propagated through the tabulated uncertainties of the
quantity oef 10s- This is because an error on the distance to
NGC4429 translates to a systematic (rather than random)
scaling of some of the measured quantities (no effect on the
others), here R; « D, Q) « D! and Ty « D72 in Eq. 38. Qort’s
constants A and B can be derived using respectively A = % and
B = % — Q. Table 3 is available in its entirety in
machine-readable form in the electronic edition.

the ratio between the contribution of external gravity and
the (absolute value of the) cloud’s self-gravitational energy:
(|Usg| = 3bsGM?/R;), so that

I 3bGM?
27 R

This naturally leads us to define an effective, Virial parame-
ter

(ng,vir + ,B - 1) . (33)

Qeff,vir = Asg,vir + B (34)
such that

I 3bsGM?

5 ~ SRT (aeﬁ,vir - 1) . (35)

Thus, just like the_standard” Virial parameter, this effec-
tive Virial parameter, informs on the dynamical stability of
a cloud. If aemyir &= 1)the cloud is gravitationally bound
and in Virial equilibrium even in the presence of the ex-
ternal (i€. galactic) gravitational potential. If aef yir > 1,
the cloud is unlikely to be bound (i.e. it is transient un-
less“confined by other forces). If aeg iy S 1, the molecular
cloud is likely to collapse. For clouds that are (marginally)
gravitationally bound, we again require aef vir < Qvir,crit = 2
(Kauffmann et al. 2013, 2017), or equivalently 8 < 1 if an
internal Virial equilibrium is established by self-gravity (i.e.
if aggvir = 1; see Eq. 34).

Equivalently, from Eq. 13, we can define an effective
velocity dispersion

02 1os = eftvir bsGM /R . (36)

and thus our modified Virial equation (Eq. 18) can be sim-
plified to

;
5~ (3M0% 1o, ~ 36:GM R (37)

The parameters aef,vir (via Eq. 35) or equivalently oo jos
(via Eq. 37) thus embody our MVT and offer a straight-
forward method to test the gravitational boundedness of a
cloud in the presence of an external (i.e. galactic) gravita-
tional field.

Of course, our expressions are of no use in practice.f the
external contribution Egx; can not be evaluated (seedEq./25).
Indeed, without knowledge of oga1 7, Tgar,r and oy, none of
B, Qeff.vir OT Tefflos Can be evaluated. Howevet;)by ‘making
increasingly stringent assumptions, we show in Appendix B
that it is possible to evaluate all these quantities' from ob-
servable quantities alone. We thus briefly summarise those
assumptions and their consequences here,but refer to Ap-
pendix B for detailed calculatiors:

First, we assume clouds ate in vertical hydrostatic equi-
libria, i.e. O—éal,z ~ bengC2 (Eq."27){ so that the contribu-
tion of the external petemtial.to the gravitational energy
budget of each cloud in the vertical direction vanishes, i.e.
Eext,z ~ 0 (see Eq. 26)."Second, we assume the motions asso-
ciated with extérnal \gravity to be isotropic in the plane,

2 2 g 2b los 7 : |

H — ¥V obs, los gs,los . .

Le. opy FCgt ¥ amr (Eq. 29). Third, we as

sume 0'2 ~'o2 (Or equivalenty 0'2 > o2 0082 i; see
sg;los gs,los sg,los gal,z

Eq.20) and thus asgvir ® @gs,vir- As shown in Appendix B,
all\three assumptions taken together lead to

2 _ 42
2(O—obs,los O—gs,los)

Eext = M — +be(Ty - 2Q0)R? |
sin“1
> 2 1 2 (O-gbs los O-gzs los) P
Tefflos ~ Tgs,los + 3 sin i + be(Tp — 2Q)R; | and
2 2 2
o R 2o -0
gs,los™ € Rc ( obs,los gs,los) 21D
ir ¥ + + be(Ty — 2Q5)R
Qeff, vir bsGM 3bGM sin2 ; e( 0 ()) c

(38)

(see Egs. 25, 36, 34, 23 21 and 32). More general forms for a
homogeneous ellipsoidal cloud are provided in Appendix B.
These Eqs. 38 represent our final MVT, whose power lies in
the fact that all of Eex, 0efrlos and @efr,vir can be evaluated
directly from observations. Indeed, as mentioned previously,
the measured M (Mgas), R, Tobs,los and 0gg 105 are listed for
each spatially-resolved cloud in Table 1, while Qg, Ty and
the resulting oefjos (and thus aeg yir; see Eq. 36) are listed
in Table 3.

The first term on the RHS of Eqgs. 38 (except for
Eext) comprises the gas turbulent motions associated with
a cloud’s self-gravity, the second term denotes the gravita-
tional motions associated with external gravity in the plane,
and the last term encompasses the external/galactic forces
on the cloud.
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An extended Virial theorem including the background
tidal field was formulated by Chen et al. (2016), but they
only evaluated two representative cases, namely a non-
rotating cloud (O-esz,los = a'2+be(T0—ZQ(2))Rg/3; Eq. 17 in their
paper) and a tidally-locked cloud (O-Cfo,los = 02 + beTHR2/3;
Eq. 18 in their paper). Our derived MVT is valid for
more general cases. In fact, we obtain the same results as
Chen et al. (2016) for their two particular cases. For a non-

rotating cloud, gy = gt = 0, and we derive Tifilos =

O-szg,]os + be(Ty — ZQé)RCZ/& For a tidally-locked cloud (i.e.

Oort’s constants A =0 and B = Q), (O-gza],r + O-gzal,t) & ZbeQ(z)RC2

(as o-éal’r ~ o-éal’r ~ beQ%Rg; see Eq. B23 in Appendix B),
and we derive 02, =oZ 4 beTOR2/3. ‘We note that the
eff,los sg,los C

velocity dispersion o2 used by the extended Virial theorem
of Chen et al. (2016) should be the internal turbulent veloc-
ity dispersion rather than the observed (i.e. total) velocity
dispersion.

Overall, to take into account the influence of external
gravity on the dynamical state of a cloud, one should use
the effective virial parameter ayi. e and effective velocity
dispersion oef10s- The latter quantifies the net kinetic en-
ergy that balances the cloud’s (self-)gravitational potential
energy. The kinetic energy obtained using oef 1o includes
the cloud’s internal turbulent kinetic energy due to self-
gravity as well as the contributions from the external grav-
ity. If @effvir > Qsgvir OT O-ezﬁ',los > O—Zg,los’ external gravity
acts against self-gravity and makes the cloud less bound (i.e.
Eext > 0). If @eff vir < @sgvir OF O-CZI:f,lOS < a'szg’10S7 external grav-
ity acts with self-gravity and contributes to the cloud’s con-

finement and/or collapse (i.e. Eext < 0). If aef vir = @sg vir OF

2 _ 2
O-eff,los - O-Sg,los’

cloud’s dynamical state (i.e. Eext = 0). Therefore, the results
presented in Figs. 9 and 12, that respectively adopt ops,los
and Ogg 1o, do not reflect the real dynamical states of the
NGC4429 clouds. Specifically, oopg 105 embodies gas motions
associated with self-gravity and external gravity, but/it ig=
nores the extra binding energy provided by galactic forces
and the centrifugal force (i.e. the term be(Ty — ZQ(Z))MRE in
Eqgs. 18, 25 and 28, that is negative in almost‘all cases), so
it overestimates the effect of external gravity on the clouds.
Conversely, o105 Only reflects gas motignstassociated with
self-gravity, so it does not include the contribution of exter-
nal gravity to a cloud’s gravitational energy budget.

then external gravity has no effects on the

5.6 Cloud scaling relations using the effective
velocity dispersion

In consequence, we_revisit yét again the three scaling re-
lations that describe.the dynamical states of the clouds in
NGC4429, this.time using the effective velocity dispersion
Oeff 1os defined indigs. 38. In most cases our derived oef 105
is larger<than the gradient-subtracted velocity dispersion
Ogs lossmandiin all cases it is smaller than the observed ve-
locity, dispersion oghg 105 (see Fig. 11). This implies that ex-
ternal gravity generally makes the clouds less bound. We
nevertheless note that we find a few clouds where o jos is
smaller than o jos, suggesting external gravity contributes
to the cloud’s confinement and/or collapse in these few
cases. As expected in Eq. 38, these clouds all have o o
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nearly equal to ogpglos, and thus low velocity gradients of
0.1-0.2km s~! pc1.

The left panel of Fig. 13 (data points and black solid
line) presents the oef1os — Rc relation for the 141 spatially-
resolved clouds of NGC4429, where we have assumed be =
é (homogeneous clouds). The relation appears to have a
slightly steeper slope (0.72 £ 0.18) than that of MW clouds
(0.5 £ 0.05; Solomon et al. 1987), but the correlation is very
weak (with a Spearman rank correlation coefficient of 0.13).

The Virial masses of the spatially-resolved clouds de-
rived using oef jos, referred to as effective Virial masses

2 Rc

o
eff,los
M vir = e
S

(see Eq. 7), are compared to the CO-derived gaseous/masses
Mgas in the middle panel of Fig. 13, where we havelagain
assumed b = % (spherical homogeneous clouds)s A linear fit
between effective Virial and gaseous mass yields/(black solid

line in the middle panel of Fig. 13)

(39)

Metr vi M,
log (ﬁ) = (=7.25+ 1.54) + (2.47 £ 0.30)log (ﬁ) . (40)
M@ M@
A log-normal fit to the distribution of the resulting effective
Virial parameters,
Melf,vir Meﬂ,vir

.= = — 41
Qeff, vir M Mgas ( )

(see also Eq. 36), shown in the first panel of Fig. 14, yields
a mean (@eff,vir)\ = 2.15+ 0.12 and a standard deviation of
0.35 dex. This mean is higher than (asgvir) ~ (@gsvir) =
1.28 £ 0.04 (see Section 5.4), suggesting that the main ef-
fect of“external’gravity on the clouds is to make them less
bound. However, since many NGC4429 clouds have a mean
effective, virial parameter close to the critical value regarded
as/the) boundary between gravitationally-bound and un-
bound clouds (Kauffmann et al. 2013, 2017), i.e. {@ef vir) =
@yir,crit = 2, the clouds should still be marginally gravitation-
ally bound.

The inset in the first panel of Fig. 14 shows the distribu-
tion of the measured 8 (Eq. 32). A Gaussian fit yields a mean
(B) = 0.71 £ 0.33 and a standard deviation of 1.05. Given
these B ~ 1, the contribution of external gravity to each
clouds’ energy budget is generally significant, on average of
the order of (and frequently exceeding) the self-gravitational
energy (see also Eq. 34). We will discuss this aspect further
in Section 6.2. However, we note immediately that a notice-
able fraction of spatially-resolved clouds (25/141 or ~ 18%)
have B < 0. These negative 8 could be due to observational
uncertainties, and thus inaccuracies when estimating e, vir
(or Eext), but some clouds may well have their gas motions
decoupled from global galaxy rotation. Indeed, we found
that clouds with 8 < 0 have larger discrepancies between
their observed and modelled angular momenta (with a me-
dian projected angular velocity discrepancy factor of ~ 1.9
and a median position angle difference of ~ 24°; see Sec-
tion 4.2) than clouds with 8 > 0 (with a median projected
angular velocity discrepancy factor of » 1.3 and a median
position angle difference of ~ 13°). It thus seems that clouds
with B < 0 only weakly follow the galaxy orbital rotation.
These clouds are therefore presumably not as strongly af-
fected by galactic shear and tidal forces, and they can be-
come more virialised (with (e yir) = 0.9).
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Figure 13. Same as Figs. 9 and 12, but using our effective measure of velocity dispersion o jos for axisymmetric clouds.
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Figure 14. Distributions of the effective virial parameter @y, . and the external energy parameter 3 (insets) of the 141 spatially-resolved
clouds of NGC4429, calculated from both observations (first and second panels; see Seetion 5.5) and our shear model (third and fourth
panels; see Section 6.1), assuming both axisymmetric (first and third panels) and ellipsoidal (second and fourth panels) clouds. Log-
normal (ayirefr) and normal (B) fits are overlaid (red solid lines). The vertical red dashed lines indicate the means of the fits, while the
vertical black dashed and dotted lines indicate avir = 1 and 2 (8 = 0 and 1), respectively.

The right panel of Fig. 13 shows the O'Cﬁ"]osRc_l/z — Xgas
relation for the 141 spatially-resolved clouds of NGC4429.
The data points are mostly distributed away from the black
solid diagonal line (SVE), but they are clustered “around
the black dotted diagonal line. This again suggests that;jal-
though the NGC4429 clouds are not virialised, théy could
be marginally gravitationally bound.

5.7 Cloud scaling relations considering ellipsoidal
clouds

By using a single measure, of,size for each cloud (Rc; see
Section 3.1), our analysis hag’sofar implicitly assumed that
each cloud is axisymmetric in the orbital plane. However,
the effects of extérnal gravity on a cloud (and its contribu-
tion Eex to a cloud’s energy budget) also formally depend on
the actual shape and’position angle of the cloud (see Appen-
dices A Jand\B). To assess the impacts of this assumption,
we nowsassume instead that each cloud has an ellipsoidal ge-
ometry, with’semi-axis Z; perpendicular to the orbital plane
andysemi-major axis X¢ (at a position angle ¢ps with respect
to the radial/galactocentric direction) and semi-minor axis
Y. in‘the orbital plane.

If an ellipsoidal cloud is homogeneous, Appendices A
and B show that Eqs. 38 (that assume vertical equilibrium,

isotropy in the equatorial plane and ogg jos ® 0gg l0s) become

2 _ 42
2 (o-obs,los O—gs,los)
2i

Eex¢ = M -
sin

+ beTy (XC2 cos? opa + YC2 sin’ qﬁpA) - beQ(z) (XC2 + Ycz) ,

2 2
) 1 2 (O—ObS,IOS O-gs,los)
Oeff,los ~ O—gs,los + § 2;

sin

+ beTy (XC2 cos? dpa + YC2 sin’ qﬁpA) - beQ(z) (XC2 + Ycz) and

2 _ 2
2 (O—ObS,IOS O-gs,los)
2i

R Re

o2
gs,los +
3bsGM

bsGM

Qeff,vir ~ ]
sin

+ beTy (XC2 cos? opa + YC2 sin’ ¢pA) - beQ(z) (X’C2 + Ycz)

(42)
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These equations thus represent our final MVT (Egs. 38) for
the case of a homogenous ellipsoidal cloud.

We note that X, ¥ and ¢pp in Egs. 42 should be mea-
sured in the cloud’s orbital plane (i.e. the galaxy’s equa-
torial plane) rather than the sky plane. To correct for the
effects of inclination, we thus create an image of each cloud
deprojected to a face-on view, from which we measure the
semi-major and semi-minor axes analogously to R in Sec-
tion 3.1 and the position angle with respect to the ra-
dial/galactocentric direction.

The left panel of Fig. 15 presents the oef 105 — Re relation
for the 141 spatially-resolved clouds of NGC4429 assuming
they are ellipsoidal and be = % (homogeneous clouds). The
relation has a slope of 0.62 + 0.21, consistent with that of
axisymmetric clouds (0.72+0.18; see Section 5.6), and is thus
again slightly steeper than that of MW clouds (0.5 + 0.05;
Solomon et al. 1987), although the correlation is again very
weak (with a Spearman rank correlation coefficient of 0.09.

The effective Virial masses of the 141 spatially-resolved
clouds (Mg vir = O—esz,losRC/ bsG) derived assuming ellipsoidal

shapes (see Eq. 7T;where R is defined as VXcY:) are com-
pared to the CO-derived gaseous masses Mgys in the mid-

dle panel of Fig. 15. We have again assumed b5, = % (ho-
mogeneous clouds), but calculated bs,, that quantifies the
effects of the ellipticity, separately for each cloud using
the method provided by Bertoldi & McKee (1992) (see Ap-
pendix A for more details). We find the exact cloud mor-
phology has negligible effects on the quantities regarding
to the cloud’s self-gravity (e.g. Usg and agg), as bg, is ap-
proximately unity ((bs,) = 0.95). A linear fit between the
effective Virial and gaseous masses (black solid line in the
middle panel of Fig. 15) yields a slope of 4.27 £ 0.70. A log-
normal fit to the distribution of the effective Virial parame-
ters (aefryir) derived assuming ellpsoidal clouds (see Egs. 41
and 42), shown in the second panel of Fig. 14, yields a mean
(@eff,vir) = 2.59 £ 0.19 and a standard deviation of 0.38 dexy
only slightly larger than that estimated assuming axisym-
metric clouds ({@ef,vir) = 2.15 + 0.12; see Section 5.6), and
again higher than (asg vir) = (s vir) = 1.28 + 0.04 (seeySec-
tion 5.4), suggesting that the main effect of external gravity
on the clouds is to make them less bound irrespective of
their exact shapes.

The inset in the second panel of Figs14 shows the distri-
bution of the resulting B for the 141 spatially-resolved clouds
of NGC4429, calculated assuming ellipsoidal’clouds. A Gaus-
sian fit to the distribution yields a mean (8) = 0.91+0.35 and
a standard deviation of 1.73, again slightly larger than that
derived assuming axisymmietric clouds ((8) = 0.71 = 0.33;
see the first panel of Fig. 14.and Section 5.6)). As we shall
discuss in Section 6.3, this isyprimarily due to the radially-
elongated shapes of the NGC4429 clouds. The differences are
however minor, and it\is still true that {(aef vir) * @vir,crit = 2
and (B) ~ I/for ellipsoidal clouds. Therefore, the evidence
remains that the NGC4429 clouds appear to be marginally
gravitationally*bound.

The right panel of Fig. 15 shows the O'Cﬂ"losRc_l/z — Zgas
relationfor the 141 spatially-resolved clouds, derived assum-
ing ellipsoidal clouds and b = % Just as for axisymmetric
clouds, the data points are generally above the black solid di-
agonal line (SVE) but are centered on the black dotted diag-
onal line. This thus suggests again that, irrespective of their
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exact shapes, the NGC4429 clouds are probably not viri-
alised but are likely to be marginally gravitationally bound.

In summary, the dynamical states of the NGC4429
clouds are regulated by both self-gravity and external (i.e.
galactic) gravity. Internal Virial equilibria between the
clouds’ turbulent kinetic energies and their own gravita-
tional energies have been attained, regardless of the pres-
ence of external gravity. The additional contribution of ex-
ternal gravity to the clouds’ gravitational energy budgets
includes two parts: the supporting kinetic energy from grav-

itational motions (%Mo'gzalZ in the vertical direction and

%M(o-éa],r + a'gzaLt) in the plane) and the effective potential

energy of the galactic and centrifugal forces (—beMvéZC2 in
the vertical direction and be(Ty — ZQ%)M Rg in the plane). If
we assume the NGC4429 clouds are in vertical hydrostatic
equilibria (i.e. Eexz ® M o'gal’z — beM V(Z)Zg =0), gravitational
motions are isotropic in the orbital plane (i,e! 0,1+ =0,
and Og o5 & Ogg los; We can calculate the contributions of ex-
ternal gravity to the clouds’ energy budgets (FEex;) directly
from the observations. These are positive,in most cases and
on average of the order of the clouds’self-gravitational en-
ergies (i.e. B = \ETZII ~ 1). The derived effective virial param-
eters have a mean of ~ 2, ile. (@efi yir) * Qvircrit = 2. Both
results are essentially independent of the exact cloud shapes
(i.e. whether we assume ‘axisymmetric or ellpsoidal clouds),
suggesting that the\NGC4429 clouds are marginally gravi-
tationally bound due|to the combined effects of self-gravity
and external gravity.

6~ DISCUSSION
6.1 Shear motions and non-zero FEg

As gravitational motions appear to play an important role
regulating the dynamics and boundedness of the clouds in
NGC4429, we discuss in more depth in this section the
clouds’ motions driven by the external (i.e. galactic) gravita-
tional forces. As in Appendix A2, we adopt a local Cartesian
coordinate system centred on the centre of mass (COM) of
each cloud, that both orbits around the galaxy centre with
the COM (with azimuthal velocity QyRp) and rotates on
itself (with angular velocity Qg), such that the x’ axis al-
ways points in the direction of increasing galactocentric ra-
dius and the y” axis always points in the direction of orbital
rotation (see Fig. Al). As shown in Appendix A2, in this
rotating frame the equations of motions driven by external
gravity can be written as

2Oy s (43)
204w

{aéxt,x’ ~ Tox, + ZQ()V’
gaLX/ ’

’ ~
anLy' ~

’
gal,x’

vector d’;  velocity vector v/  and acceleration vector a’
plane gal ex

where x’, v and aéxt’x, are the components of the position

t

along the £’ direction, respectively, similarly for y’, véa] v

and aéxt’y,. The Tyx" term represents the tidal force while

the terms 2Qgv’ . , and —2Qqyv’  , represent the Coriolis
galy gal,x

force.

As discussed in Appendix A2, this set of coupled differ-
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Figure 15. Same as Figs. 9, 12 and 13, but using our effective measure of velocity dispersion o, jos for ellipsoidal clouds.

ential equations has solution

x" = Sy sin(kgt + @) + Sy ,
(44)

’

20
y' = —051 cos(kpt + ) —2ApSpt +8S3,
Ko

where «( is the epicyclic frequency evaluated at the cloud’s
COM (Ké = (R% +4Qz(R)) |[R=R,), Ao is Oort’s con-
stant A quantifying shear evaluated at the cloud’s CoM
(Ap = _gdilz%R) |[R=R,), and Sy, Sy and S3 (as well as the
arbitrary phase ¢) are constants that depend on the given
boundary (e.g. initial) conditions. Equations 44 show that
the gravitational motions associated with external gravity
have two contributions: epicyclic motions around the cloud’s
COM (i.e. the “guiding centre”; see e.g. Meidt et al. 2018),

indicated by the trigonometric terms Sjsin(kypt + ¢) and

% S cos(kpt + @), and linear shear motion, indicated by the
—2Ap Syt term (e.g. Gammie et al. 1991; Tan 2000; Binney
2020).

It is worth noting that, in a model where all fluid ele-
ments of a cloud move on perfectly circular orbits (aréund
the galaxy centre) determined by the galactic potential, the
epicyclic amplitudes vanish and the gravitational motions
are completely dominated by the shear motions, i€

x'=8S,,
’ (45)
vy =-2A0Syt+S3 .
Hereafter we name this model, where all fluid elements of
a cloud are assumed to populate perfectly circular orbits
determined by the galactic potential, the “shear model”. We
thus define a shear velocity:

Vshear = =240 S2 , (46)

where S, is the distance of the fluid element from the cloud’s
centre along &% (see, again, Fig. Al). Interestingly, as we
shall demonstratetbelow, the bulk motions observed in the
NGC4429 clouds appear to be strongly dominated by gravi-
tational shear motions, with little or no evidence of gravita-
tional epicyclic motions, i.e. the fluid elements of the clouds
seem to,populate nearly circular orbits (around the galaxy
centre) determined by the galactic potential.

First, the measured velocity gradients across the
spatially-resolved clouds of NGC4429, and the position an-
gles of the rotation axes of these clouds, are both consistent

with those predicted by assuming purely circular'orbital mo-
tions (see Fig. 8 and Section 4.2, where both the measured
and modelled quantities are calculated in the sky plane).
This provides strong evidence that (the bulksmotions of the
NGC4429 clouds are dominated by gravitational shear mo-
tions.

Second, if all fluid elements of/a cloud indeed follow
circular orbits determined by“the galactic potential, then
we can predict the RMS, velocities of the clouds’ gravi-
tational motions in{beth the radial and azimuthal direc-
tions: (o-grgff)z = beQ(z)Rg and (o-g“eﬁj‘tj)2 = be(Qo — 2A0)*R? (see
Eqgs. B23 in Appendix B). We can thus also predict their
line-of-sight ‘wvelocity dispersions using Eq. 19:

2 o a2 mody\2 .. 2 mod\2 2 2.
T modios ~ Tiglos + ((O-gal,r) sin 9+(a'ga1’t) cos 9) sin“ i
2 2.

+ Oy, 08T

~ 7byR.GEgas + beR2 (gg sin2 6 + (Qp — 24¢)> cos? 9) sin?i

(47)

~ 2 ~ .
where we have used asg,vir = 1 (and thus Telos ~ bsReGZgas;
2

see Egs. 24 and 31) and ‘ngal,z cos“i ~ 0. We compare in
Fig. 16 the observed line-of-sight velocity dispersions ops 105
of the 141 spatially-resolved clouds of NGC4429 with those
predicted from our shear model opy0q10s. We generally find
a good agreement between the two, albeit with a few ex-
ceptions. This thus reinforces our inference that the bulk
motions of the NGC4429 clouds are dominated by gravita-
tional shear motions.

Lastly, if all fluid elements of a cloud follow pure
epicyclic motions described by the trigonometric terms
in Egs. 44, the cloud is necessarily in Virial equilibrium
(Meidt et al. 2018) and thus the contribution of external
gravity should vanish, i.e. Eext = 0 and @efyvir ® sgvir © 1.
However, Eex; (or equivalently 8) measured from our ob-
servations of spatially-resolved clouds are clearly not zero
(see Section 5.5), suggesting that the bulk motions within
the NGC4429 clouds can not be dominated by gravitational
epicyclic motions. In turn, we expect the measured Eex; (and
B) to more closely match those predicted from gravitational
shear motions only. As our shear model assumes that all
fluid elements of a cloud move on perfectly circular orbits
determined by the galactic potential, this model yields (cf.
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Figure 16. Comparison of the observed and modelled line-of-
sight velocity dispersion of the 141 spatially-resolved clouds of
NGC4429. Data points are colour-coded by region. The black solid
diagonal line shows the 1 : 1 relation.

Eqgs. 38)
d 2 2
ERY = 4b. ASMR; |
4b AZR?
d \2 _ 2 0°'¢C
(O—(;?f(,]los) - O—Sg,los + 3
4b.A2R?
2 epMe
X Ogglos T B — and (48)
2
Jmod _ OglosRe  4beAZR?
effvic = p . GM 3bsGM

2
. TaslosKe . 4be AZR?
bsGM  3bGM ’

where we have again assumed vertical equilibritimydsotropy
in the equatorial plane and oggjos & Tgslos- The detailed
derivations of these equations and their miore general forms
for a homogeneous ellipsoidal cloud are\proyvided in Ap-
pendix B.

Unsurprisingly, in the shear model ‘the overall effect of
external gravity primarily depends on the shear arising from
the differential rotation of the galaxy disc (i.e. OQort’s con-
stant A). We note that E;‘(?d can be understood as the rota-
tional kinetic energy of‘a cloud with angular velocity wgpear =
—2Ay, as generally the rotational kinetic energy Erot = 5/w
and [ = 2beM Rg for a spherical cloud. Our derived wgpeyr 1S
the same as that derived by Goldreich & Lynden-Bell (1965)
and Fleck & Clark,(1981), and it arises naturally when con-
sideringfluid, element motions near the tidal radius (see
Sectiomy6.3)y For a galaxy with a solid-body circular veloc-
ity “curves.the external gravity has no effect on the cloud,
e 2,0 and thus E™°4 = 0. The distributions of a™°d

ext vir, eff
d Emod . . . .
and gmo¢ = I o i for axisymmetric and ellipsoidal clouds are
s

shown in the third and fourth panels of Fig 14, respectively,
for the 141 spatially-resolved clouds of NGC4429. For clouds
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assumed to be axisymmetric, a log-normal fit to the distribu-

tion of @™ vields a mean (@™ ) =2.02+0.03 and a stan-
vir, eff eff, vir

dard deviation of 0.10 dex, while a Gaussian fit to the distri-

bution of %4 yields a mean (8™°d) = 0.79+0.37 and a stan-

dard deviation of 0.36. For clouds assumed to be ellipsoidal,

analogous fits yield <a$f(‘)31r>e”ip50id =2.35+0.07 and a stan-

dard deviation of 0.17 dex, and <.3m0d>ellipsoid =0.90+0.28 and
a standard deviation of 0.46. Both sets of predictions there-
fore compare very well with our measurements ({@ef,vir) =
2.15+0.12 and (B) = 0.71 £0.33 for axisymmetric clouds and
(@efr, vir)ellipsoid = 2.59 £ 0.19 and (B)enipsoid = 0.91 £ 0.35 for
ellipsoidal clouds; see Sections 5.6 and 5.7, respectively), al-
though with less scatter as expected (our model predictions
do not take into account measurement errors). This €hus
supports yet again our conclusion that the bulk motions of
the clouds in NGC4429 are primally driven by shear motions.
Indeed, our shear model provides good estimatestof Eext,
Qef,vir and S for the spatially-resolved clouds,of/ NGC4429.
It is nevertheless worth noting that, while our shear
model accounts for the observed bulk motions of the clouds
well, there are also some discrepancies. ‘Qut shear model
overestimate the angular velocitiés of the spatially-resolved
clouds of NGC4429 by a median facter'of ~ 1.5-2.0, and the
modelled and observed position‘angles have a median angle
difference of ~ 16° — 192 (see Section 4.2). Moreover, there
is considerable scatter about the 1 : 1 correlation between
the observed velocityadispersions oopgjos and the modelled
velocity dispersions aodlos (Fig. 16). It therefore appears
that, although the,effeets of external gravity are dominant,
other factorsealso, noticeably affect the dynamics of clouds,
so that the clouds’s fluid elements do not follow pure shear
motions. We discuss one such factor, self gravity, below.

6.2 * Equilibrium between self-gravity and
external-gravity

In previous sections, we established that the contributions
of external gravity to the gravitational energy budgets of the
NGC4429 clouds (i.e. Eext) are clearly non-zero, this whether
these contributions are calculated from observations (Sec-
tion 5.5) or our shear model (Section 6.1). However, Eex on
its own does not determine whether a cloud is gravitationally
bound or not. As a robust threshold between gravitationally
bound and unbound objects, we have adopted a critical virial
parameter ayir,crit = 2 (Kauffmann et al. 2013, 2017). When
the effective virial parameter a.g,yir is equal to this critical

2
value, 2|Usg| = 2Eq, + Eext (Usg = —%%), where

3 12
Ewrb = EMo-sg,los (49)

is the kinetic energy of the turbulent motions associated
with self-gravity (see Egs. 34, 32 and 31). If a cloud is thus
marginally gravitationally bound (i.e. tef vir = @Qvircrit = 2)
and an internal Virial equilibrium is established by self-
gravity (i.e. asgvir ® 1), as is the case for the NGC4429
clouds, we further obtain
{ZEmrb +Up =0, (50)
Eext + Ugg =0.
The top equation indicates an equilibrium between a cloud’s
self-gravitational energy and its turbulent kinetic energy,
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while the bottom equation indicates an equilibrium between
a cloud’s self-gravitational energy and its energy contributed
by external gravity.

In general, one needs to compare Egx with the self-
gravitational energy of a cloud to assess its boundedness.
If Eext > |Usg| (ie. B > 1), then external gravity is much
more important and the cloud is not gravitationally bound
(unless other forces are present). If Eexy < [Usg| (ie. 8 < 1),
then self-gravity is much more important and the effects of
external gravity are negligible. If Eex =~ |Usg| (ie. B8 = 1),
then external gravity and self-gravity are equally important
and the cloud reaches a state of equilibrium between self-
gravity and external gravity. Here, we have found that the
NGC4429 clouds have Eex comparable to (the absolute val-
ues of) their self-gravitational energies, with both (8) ~ 1
(see Section 5.5) and M4 ~ 1 (see Section 6.1). The en-
ergy of each cloud contributed by external gravity Eex¢ thus
roughly equals its self-gravitational energy and the cloud
remains marginally gravitationally bound.

Tidal radius. In the case where the gravitational mo-
tions of the clouds are completely dominated by shear mo-
tions, as is the case for the NGC4429 clouds (see Section 6.1),
the bottom equation of Egs. 50 then indicates an equilibrium
between a cloud’s self-gravitational energy and its kinetic en-
ergy associated with those shear motions. Another way to
assess wether self-gravity or external gravity is more impor-
tant is thus to consider the tidal radius of each cloud, that
defines the volume over which self-gravity dominates over
external gravity. Here, we adopt the tidal radius R; defined
by Gammie et al. (1991) and Tan (2000), that is the radial
distance from the cloud’s center at which the shear veloc-
ity due to differential galactic rotation (i.e. our previously-
defined vghear; see Eq. 46) is equal to the escape velocity from
the cloud:

13

_ 2M

Ri=(1 —,Bcirc,O) 2/3 (_M ) Ry, (51)
gal,0

where as before M is the cloud’s mass and Ry the galacs
tocentric distance of the cloud’s CoM in the plane of the
disc, Mgy o is the total galactic mass interior to Ry, Beirc,0=

%“';e(mmzlgo, and as before V;jc(R) is the galaxyicircular

velocity curve. Equation 51 assumes a spherical galaxy mass
distribution, i.e. Mgy(R) = VCirC(R)zR/G7 and can therefore be
simplified to

1/3

G M3 (52)

Ri=|—>
2
242

The tidal radius defined in this manner is the maximum size
of a cloud (of a given mass M)-allowed by galactic rotational
shear.
Interestingly, for a cloud with R; = R, we have
Emod(R. =R
,BmOd(RC £ R)= ext (Re t)
'Usg(Rc = Rt)|
4be AZMR?
 3bsGM2/R, (53)
2D
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Figure 17. Comparison of the observed cloud size and expected
tidal radius of the 141 spatially-resolved clouds of NGC4429. Data
points are colour-coded by region.,The black solid diagonal line
shows the 1 : 1 relation.

(see Egs. 48 and32), that.is essentially identical to the mea-
sured B of the spatially-resolved clouds of NGC4429 (assum-
ing axisymmetric, clouds; see Sections 5.6 and 5.7). In our
shear model, the tidal radius given by Eq. 52 thus approxi-
mately cotresponds to the radial distance at which g4 ~ 1.
It i§ $hus clear the reason a cloud with M°d > 1 becomes
gravitationally unbound is because the shear motions are so
strong/that the (outer) fluid elements manage to escape from
the self-gravitational influence of the cloud. Figure 17 com-
pares the observed sizes (radii Rc) of the spatially-resolved
clouds of NGC4429 with their tidal radii expected from
Eq. 52. There is generally a very good agreement, albeit
with a few exceptions. The NGC4429 clouds therefore seem
to reach their maximum sizes allowed by galactic shear, fur-
ther supporting our conclusion that the NGC4429 clouds
have reached a rough equilibrium between self-gravity and
external gravity and thereby manage to remain marginally
gravitationally bound. A few clouds in the inner region have
sizes much larger than their tidal radii, suggesting that these
inner clouds can not be gravitationally bound due to shear,
and indeed all these clouds have high B (8 ~ 4 — 6) and
Qeff vir (Ceff,vir # 5 — 7).

Size and surface density. For a cloud to be
marginally gravitationally bound, the contribution of exter-
nal gravity to the cloud’s energy budget must not exceed the
cloud’s self-gravitational energy, i.e. gm°d = Eg;?d/|Usg| =
4beASMRZ /| — 3bsGM? [Re| = 4beAZR/3nbsGEges < 1 (see
Egs. 48 and 32). This implies that, at a given surface den-
sity, there is a maximum size (Rgpear) for a cloud to stay
marginally bound against tidal/shear disruptions:

37bsGEgas

Re < Rghear ® 4beA(2)

(54)

Equivalently, at a given size, there is a minimum surface
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density (Zghear) for a cloud to remain marginally bound:

4be A2R.
Zgas 2 Zghear W . (55)

The spatially-resolved clouds of NGC4429 have a mean
surface density (Zgis) ~ 160 Mg pc=2 and a mean Oort’s
constant Ay (i.e. shear) (Ap) ~ 0.3 km s~! pc~l. A simple
calculation using Eq. 54 (and assuming by = be = % for
spherical homogeneous clouds as usual) then suggests that,
if limited by shear, the mean size (Rgpear) Of the clouds in
NGC4429 should be ~ 18 pc, that matches extremely well
the observed mean size (R;) ~ 17 pc. We thus find again
that typical clouds in NGC4429 reach their maximal sizes
(or minimum surface densities) allowed by shear, and are
thus not limited by other processes (shear rules!).

Finally, as we have pointed out above, the effects of self-
gravity are generally of the same order as those of external
(i-e. galactic) gravity: 8 ~ 1 (see Section 5.6) and R; ~ R;.
The motions of the fluid elements within these marginally
gravitationally-bound clouds will therefore not completely
follow those prescribed by external gravity alone (i.e. the
shear motions governed by Eqs. 45). This is again expected,
as if the bulk motions of cloud fluid elements were to ex-
actly follow pure shear motions, the clouds could not be
(marginally) gravitationally bound.

Therefore, the equations of (bulk) motions must include
additional terms due to self-gravity (cf. Egs. 43):

0D
’ - ’ ’ g
aexnx, ~ Tox + 2QOVgaLy, - W )
900y (56)
’ ~ — 4 -
Aoyi g ~ ZQovgaLX, ay

where ®gg is the cloud’s own (self) gravitational potential.
Solving these coupled differential equations is very difficult
and beyond the scope of this paper, although we do de-
rive approximate analytic solutions in Section 6.3 for a parr
ticular case. We refer readers to Julian & Toomre (1966),
Gammie et al. (1991) and Binney (2020) for some numeris
cal solutions.

Gammie et al. (1991) suggested that Eqs. 45 can pro-
vide good-zeroth order solutions to Egs.”56 ‘at Jlarge
radii (where R > R;). Therefore, the, bulk, motions
of gravitationally-unbound (R, > .R;) “clouds should
roughly approximate the gravitatiomal shear’motions de-
scribed by Eqs. 45. However, unlike grawvitationally-unbound
clouds, where the discrepancies between bulk motions and
shear motions are expected “to, be ‘negligible, marginally
gravitationally-bound clouds should’have bulk motions that
deviate considerably from shear”motions. This is because
the discrepancies between bulk motions and shear motions
should increase with thesimportance of self-gravity. Indeed,
while the bulk metions of the NGC4429 clouds do approxi-
mately follow gravitational shear motions, noticeable devia-
tions are also found (see Section 6.1). We provide approxi-
mate solutionssfer this case below.

6.3 ), Cloud morphology

Cloud morphology may reflect the origin of the gas motions
(e.g. Meidt et al. 2018) and the physical mechanisms inject-
ing energy into the gas on cloud scales (e.g. Koda et al.
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2006). To quantify the morphology of the 141 spatially-
resolved clouds of NGC4429, we considered their major and
minor axes (and thus their axis ratios and position angles
with respect to the radial/galactocentric direction) as mea-~
sured in the plane of the sky (i.e. deprojected) in Section 5.7.

The distribution of the deprojected clouds’ axis ratios
is shown in the left panel of Fig. 18. A Gaussian fit to the
distribution yields a mean of 2.3 + 0.2, suggesting that the
clouds of NGC4429 are significantly elongated. Moreover,
the clouds in the inner and intermediate regions are more
elongated (mean axis ratio of 2.9 and 2.6, respectively) than
the clouds in the outer region (mean axis ratio of 2.2).

The distribution of deprojected position angles ¢pa is
shown in the right panel of Fig. 18. The distribution peaks
at 5°, with a mean (@pp) ~ 32°, confirming the impression
from Fig. 3 that the clouds of NGC4429 are preférentially
elongated in the radial (i.e. galactocentric) direction. Infact,
the clouds at small radii tend to have smaller ¢pa, i.e-they
are even more preferentially elongated im*the,direction of
the galaxy centre. The mean angle ¢pa /of the clouds in the
inner, intermediate and outer region“is,28°,/32° and 34°,
respectively.

It is worth noting that the tendency for the clouds to
align with the radial direction could at least partially be due
to an artefact of CPROPS. As CPROPS tends to assign the pix-
els with the shortest “distanees”(through the 3D data cube)
to the same cloud,the clouds identified by CPROPS could
be preferentially, elongated along the isovelocity contours,
that are often nearly radial in NGC4429 (see Fig. 7). Hav-
ing said that, we note that the clouds identified by CPROPS
in other galaxiestdo not seem to exhibit such a tendency
(e.g. NG€4526,)Utomo et al. 2015; M33, Gratier et al. 2012;
NGE€6946, Wu et al. 2017). This thus suggests that the ob-
served trend of the clouds of NGC4429 to be radially elon-
gated could be real.

If the observed tendency is real, what are the physical
mechanisms that could cause such a strong radial elongation
of the clouds of NGC44297 It is interesting to note that,
according to Eq. 53,

R\ (R)’
BUU(Re) = FmYUR)) (—) ~ (—) ; (57)

R R
which suggests that if R. < Ry then g™ < 1 (and vice-
versa) and if R. > Ry then g™ > 1 (and vice-versa). If a
cloud is primarily dominated by self-gravity (i.e. Rc < R or
B4 « 1), the effects of external gravity are negligible and
the cloud should be roughly round. On the other hand, if a
cloud is largely dominated by external gravity (i.e. Rc > Ry
or M4 5 1), the cloud should be elongated in the azimuthal
direction due to strong shear motions (Meidt et al. 2018).
However, the NGC4429 clouds are neither round nor az-
imuthally elongated, suggesting their morphologies can not
be regulated by either self-gravity and/or external gravity
alone.

It is thus interesting to investigate the geometry of a
marginally gravitationally-bound cloud, as is the case for
the bulk of the NGC4429 clouds, where both self-gravity
and external gravity are important (i.e. Rc Ry and B8 =~
A4 ~ 1; see Sections 5.6 and 6.2). For this, we must solve
the equations of motions given by Eqgs. 56, that include both
self-gravity and external gravity terms. If we can calculate
the motions of the fluid elements near the external edge of
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Figure 18. Distribution of deprojected axis ratios (left) and position angles ¢pa between the (morphological) major axes andthe direction
to the galaxy centre (right) for the 141 spatially-resolved clouds of NGC4429 (black histograms), and for only the clouds in the inner
(blue histograms), intermediate (green histograms) and outer (red histograms) region of the galaxy, respectiyely. ¢pa=="0° is the radial
(i.e. galactocentric) direction, while ¢pa = 90° is the azimuthal direction. The black vertical dashed line in the"left| panel indicates the

mean axis ratio derived from a Gaussian fit (black solid line).

each cloud, these motions will define the approximate overall
shapes of marginally gravitationally-bound clouds.

Exact analytic solutions to Egs. 56 may not be possible,
so we instead turn to a mathematical technique analogous to
perturbation theory to find approximate solutions. We define
a new dimensionless variable € = 1 and rewrite Eqs. 56 as

0D

’ ~ ’ ’ g

aext,x’ ~ Tox" + ZQ()VgaLy, - —ax, s "
’ ~ —20) ’ a(DSg ( )

doxty ~ ~H 0Vl = H5

Approximate solutions to the above equations can be written
as

{x'(t) ~xO@) +ex’ Dy,
Y =y O +ey V),

where analogously to perturbation theory we will refer to
x’© and y’© as the zeroth-order solutions and to x’(1) and
y’ (1) as the first-order solutions, although the latter are not
necessarily smaller than the former. Substituting Egs. 59
into Eqs. 58, we can separate, the zeroth- and first-order
equations in e:

(89)

O = 750’ @ 420370 4 9P
ox’’ (60)
o _ O
ay’
and
¥ =gyt 4 2005’ D | (61)
58 20y’ ©

Wennote that the solutions to Eqgs. 60 — 61 provide solu-
tions' to’Eqs. 58 for only a particular case, and they are only
approximate solutions as the second-order term in € is as-
sumed to be negligible, i.e. —2Qpe2i’ (1) ~ 0 (assumptions we
will justify below).

We first solve the”zeroth-erder equations. While find-
ing a general analytic solution to the Egs. 60 is beyond the
scope of this paper, thereymust exist a particular cloudcen-
tric radius Rgjrc Wwhere to zeroth order the fluid element has
uniform cireular \motion of a particular angular frequency
weire (and arbitrary phase ). We thus postulate
{xl(o)(t) = Reirc co8(Weiret + ) (62)

y,(o)(t) = Reire sin(weirct + ¢) .
Substituting Eqgs. 62 into the first equation of Egs. 60, we
find that the first and second terms on the RHS (i.e. the
tidal and Coriolis force terms) cancel out only for an angular
frequency weire = —24¢ (as T = 4AQ). While shear does not
lead to circular motions, that is of course simply equal to
Vehear/ X' © (see Eq. 46), i.e.
Weire = =240 = Vshear/x’(o) = Wghear (63)
(the same wgpeqr defined in Section 6.1). The term on the
left-hand side and the third term on the RHS then lead
to a condition on Rgj. Assuming the entire cloud mass is
contained within R, one obtains

1/3
GM/

2
4A5

Reire =

(64)
bR,
(see Eq. 52). The same condition is obtained by substituting
Egs. 62 into the second equation of Egs. 60. It is trivial to
show that at this radius, Vshear = —Vecirc, Where veire is the
circular velocity due to the cloud alone (i.e. vghear(Reirc) =
—2AgRcirc = _(GZW/Rcirc)l/2 = —Veire(Reire) for Reire given by
Eq. 64).
In other words, the (zeroth-order in €) solution to
Egs. 60 is

{xl(o)(t) = Reirc cos(=2Apt + ) ,

(65)
y,(o)(t) = Rejre Sin(=2Apt + ) ,
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where Rgjrc is given by Eq. 64. This orbit is thus intuitive
to understand. In the cloud rotating frame, to zeroth or-
der, the fluid element will have uniform circular motion
at the radius R¢je where the shear velocity due to the ex-
ternal (i.e. galactic) potential vgpear is equal to the cloud’s
own circular velocity veirc, and thus the shear angular veloc-
ity wghear 1S equal to the cloud’s angular velocity weire (i-e.
Vshear(Reire)/ Reire = Veire(Reire)/ Rcirc)-

Equally important, the radius of this circular orbit is
very close to the tidal radius and thus the external edge
of the cloud (Rgire ~ 0.8 Ry according to Eq. 64). Our solu-
tions can thus indeed help us understand the outer shapes
of marginally-bound clouds.

We note that our zeroth-order solutions in € above are
different from those found in Goldreich & Tremaine (1982)
and Gammie et al. (1991) (Egs. 45 in this paper). This is
because we introduced € in the azimuthal Coriolis force term
while they applied € to the self-gravity terms, and because
we are considering a particular case where the fluid element’s
shear velocity is equal to its circular velocity. Equations 65
thus suggest that the fluid element should have a circular
orbit about the cloud’s CoM (i.e. the cloud should be round
near its tidal radius) if the Coriolis force in the azimuthal
direction is neglected (the —ZQovéaLx, term in the second
equation of Egs. 56). This is not surprising, since as we have
shown the Coriolis force (ZQové al,y') cancels out the tidal
force (Tpx’) in the radial direction, hence only the cloud’s
self-gravity needs to be considered.

Having solved the zeroth-order equations of motion
(Egs. 60), we can now solve the first-order equations in e
(Egs. 61). Substituting the first equation of Egs. 65 into
the second equation of Egs. 61 and imposing that the fluid
element follows the zeroth-order solution at r = 0 (i.e.
YWD =0 =yDe =0) = 0) yields a solution for y' D).
Substituting this in turn into the first equation of Eqs. 61
and imposing again that the fluid element follows the zeroth-
order solution at r = 0 (i.e. D=0 =xDe =0 = 0)
yields a solution for x’(D(¢). These first-order solution dre

Q A
xf(l)(t) x A—chirC [AOTOQO(COS((//) cosh(\/T_Ot)

_ % Sil’l(lﬁ) sinh(\/T_b t))
V Ao

Q
+ m COS(—ZA()I + l//) - COb(l[/) .

y’(l)(t) x %Rcirc [sin(=2Agt=tty) + 24 cos(¥) t — sin(y)] .
0

(66)

We thereforethave, complete zeroth- and first-order so-
lutions in e/of the equations of motion Eqs. 58, for fluid
elements originally’in uniform circular rotation around the
cloud’s CoM at=a cloudcentric radius of Rgjrc.

In practice, with our treatment in term of e, we have
neglected the firt-order Coriolis force term in the azimuthal
direction (i.e. the —29()1/;2511’ 2(, term in the second equation of
Eqgs./56). Our solutions will thus only be valid as long as this
term remains small compared to §’. A comparison of these
two terms shows that this remains the case for times up to
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Figure 19. Orbits resulting from the zeroth- and first-order so-
lutions to the equations of motion Egs.“58, for fluid elements
originally in uniform circularrotation around the cloud’s CoM
at a cloudcentric radius of Rgj, in the rotating frame adopted in
Appendix A2 (see Fig. AYT). Severalorbits are shown, sampling all
phases uniformly and colour-eoded as a function of time. The ini-
tially circular ring becomes,increasingly elongated over time and
is nearly always €longated radially. The small black solid circle
marks the galaxy centre while the large black dashed circle shows
the original’‘configuration of the fluid elements (zeroth-order so-
lution).

severaltgpéar = 1/2A¢ for nearly all phases ¢, when the fluid
element remains relatively close to the circle of radius Rgjrc.

By sampling the phases ¢ uniformly, Figure 19 therefore
shows how a circular ring of matter initially at a cloudcentric
radius Rejre evolves over time (colour-coded), up to a time
t = 2tgpear- As expected from our solutions, particularly the
diverging term in x’(D(r) (see Egs. 66), the fluid element
orbits and thus the ring become increasingly elongated over
time, this almost always in the radial direction (i.e. along
%), more so but not exclusively at late times.

Therefore, contrary to naive expectations, clouds with
sizes ~ R; and thus = R, that are necessarily marginally-
bound, should have shapes that are radially elongated. This
state thus presumably represents an intermediate state be-
tween 1) small strongly-bound clouds that are expected to be
spherical (due to self-gravity) and ii) large unbound gas ac-
cumulations that are expected to be azimuthally elongated
(due to shear). In other words, the general radial elongation
of the NGC4429 clouds is fully consistent with the fact that
the clouds extend to typically their tidal radii and are typ-
ically marginally gravitationally bound, with roughly equal
impact from self- and external gravity (i.e. 8~ 1).

Interestingly, the numerical solutions of
Julian & Toomre (1966) and Binney (2020) suggest a
similar result. By solving Eqs. 56 numerically, they derived
density patterns for a shear flow under both self- and exter-
nal gravity forces. While the outer contours at lower surface
densities (where self-gravity is much less important than
external gravity) are elongated azimuthally as expected,
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their results demonstrate that the innermost contours at
higher densities (where self-gravity may be as important as
external gravity) are radially elongated (see Figs. 7 — 9 in
Julian & Toomre 1966 and Fig. 9 in Binney 2020). These
works thus reinforce our approximate analytical solutions
above.

6.4 Cloud scale height

Our current analysis is based on the common assumption
that the clouds of NGC4429 are in vertical hydrostatic equi-
libria, i.e. M(c2 —bev(%Zcz) ~ 0 (see Eq. 27). If this assump-

gal,z
tion is valid, we can derive the scale height of each cloud (Z)

from estimates of vy and ogy ;. As before, vy is obtained di-

rectly from our stellar mass model (i.e. V2 = 4rGp, o, where

P+0 is provided by our our MGE model; see Appendix C).
2in g2 g2
gs,los sg,lo.

s = ﬂbsGRczgas)7

According to Eq. 20, o-éaLZ cOos <+ 80 if 0gg 1os

can indeed be derived from Eq. 24 (i.e. o-szg

we can obtain o2, .
gal,z

We note that the uncertainties of our measured physical
quantities (i.e. o-gzs’los, R: and Xgs) can be significant and

lo:

prevent us from accurately estimating oy, for individual

clouds, as we find negative o2

in a few cases. Instead,
gal,z

we therefore consider only the average quantities for O-gzalz
and Z;. We derive a mean (o-gzal g =18%2 km? s~2 for the

141 spatially-resolved clouds of NGC4429 (assuming bs = %
for spherical homogeneous clouds), whose mean line-of-sight
projection ((a'galzcos2 i) ~ 2 km? s72) is indeed relatively
small compared to <‘Tg2s los> ~ 11 km? s72 and (¢2, ) ~

sg,los
8 km? s72.

Utilising our derived <o—g2a],z> = 18 £ 2 km? s72 and

(p«0) = 33 Mg pc3 (and further assuming be = % for
spherical homogeneous clouds), we derive a mean cloud scalé
height (Z.) ~ 7 pc, that is clearly smaller than the average
cloud radius (Rc) ~ 16 pc (see Section 3.3). Conseguently,
the clouds of NGC4429 are not strictly spherical,/but more
likely to be elongated (i.e. flattened) in the plane;if the
clouds are indeed in vertical hydrostatic equilibria.

The above analysis aimed to derive thesseale heights of
the clouds Z. by assuming that the clouds“are in vertical
hydrostatic equilibria. However, we can also, investigate the
vertical equilibrium state of the clouds by assuming Z. = R.
instead. For such a roundish cloud, the contribution of the
vertical component of the external potential to the cloud’s
gravitational energy budgetiis,x M (o-gzal’Z - bev(%Rg). We thus

define { as the ratio between M (O'gZa1 .= bengg) and the (ab-

solute value of the)=self-gravitational energy of a roundish
cloud (Usg = —30§GM2/R.):

gal,z
3bsGM2/R.

The'distribution of ¢ for the 141 spatially-resolved clouds of
NGE4429 is presented in Fig. 20, where we have assumed
bs = be = % (spherical homogeneous clouds) as usual. We find
thatZ is not negligible, but significantly below zero. A Gaus-
sian fit to the ¢ distribution yields a mean ({) = —1.97+0.55.
This implies that the effect of external gravity on roundish

M2, [~ bengcz)

(= (67)

20

(o2}
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Number of clouds
)

w
—

oMLl Ll oottt
-20 =15 -10 -5 O S 10

Figure 20. Distribution of £, defined,as'the the ratio between the
vertical contribution of the external potential to a cloud’s energy
budget and the (absolute value ofythe) ,cloud’s self-gravitational
energy, assuming the cloud is roundish (i.e. Z; = R), for the 141
spatially-resolved clouds“of NGG4429. The black dashed verti-
cal line shows the mean of azGaussian fit (red solid line) to the
distribution.

clouds is to‘@ompress them in the vertical direction. In other
words, if the clouds of NGC4429 were roundish, the shear in
the plane of thé galaxy would be overwhelmed by compres-
sion in the vertical direction, and the net effect of external
grayity would be to contribute to the (vertical) collapse of
the clouds (as [(B)] < [{{)]). This probably explains why the
clouds of NGC4429 appear to be flattened in the plane.
Indeed, a cloud in a thin disc is more likely to exhibit an
elongated structure in the plane rather than be spherical, as
the force applied by the background galactic potential in the
vertical direction far exceeds the forcing experienced in the
plane (e.g. Meidt et al. 2018). In fact, such elongations of
molecular clouds in the equatorial plane have been observed
in a sample of more than 500 MW clouds (Koda et al. 2006).

7 CONCLUSIONS

Using our modified version of the CPROPStoo code, more ro-
bust and efficient to identify GMCs in complex and crowded
environments, and '2CO(J = 3 — 2) ALMA observations at
14x 11 pc? resolution, we identified 217 GMCs (141 spatially
resolved) in the central molecular gas disc of the lenticular
galaxy NGC4429. To investigate the dynamical states of the
GMCs, we developed and utilised a modified Virial theo-
rem that fully accounts for the impacts of the background
galactic potential. The main results are as follows:

(i) The GMCs of NGC4429 appear to have smaller sizes
(7 - 50 pc), lower gaseous masses (0.3 — 8 x 105 M), higher
gaseous mass surface densities (40 — 650 Mg pc‘z) and higher
observed linewidths (2 — 16 km s~!) than the GMCs of the
Milky Way disc and other Local Group galaxies.
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(ii) Cloud properties exhibit several trends with galac-
tocentric distance. Specifically, except for the three inner-
most resolved clouds at Ry < 100 pc, the GMCs at small
radii tend to have smaller sizes, lower gaseous masses,
higher gaseous mass surface densities and higher observed
linewidths than clouds farther out. However, we also find
that all these quantities drop abruptly in the outermost re-
gion of the molecular gas disc (Rgy 2 375 pc).

(iii) The GMCs of NGC4429 appear to be elongated
(mean axis ratio of ~ 2.3+0.2) and are preferentially aligned
in the radial direction (i.e. toward the galactic centre). The
clouds also appear to be flattened in the plane of the galaxy.

(iv) The cloud mass distribution follows a truncated
power law with slope —2.18 + 0.21 and truncation mass
(8.8 £ 1.3) X 10° Mg, suggesting most of the molecular mass
of NGC4429 is in low-mass clouds. We find a slight variation
of the mass spectrum with galactocentric distance, suggest-
ing massive clouds are more favoured at intermediate radii
(220 < Rgy) < 330 pc).

(v) Strong velocity gradients are observed within individ-
ual GMCs (w = 0.05 - 0.91 km s~! pc™!), significantly larger
than those of GMCs in the MW and other Local Group
galaxies. A steep size — line width relation (with a power-
law index 0.82 + 0.13) and large observed Virial parame-
ters ({obs,vir) = 4.04 +0.22) are also found for the clouds of
NGC4429. However, we argue the large velocity gradients,
steep size — line width relation and large observed Virial
parameters are all a consequence of gas motions driven by
the background galactic potential (i.e. local circular orbital
rotation), not the clouds’ self-gravity. To remove the con-
tribution of galaxy rotation from the clouds’ linewidths and
derive linewidths quantifying turbulence only, we measure
the gradient-subtracted linewidths of the clouds g os. Us-
ing this measure, an internal Virial equilibrium appears to
have been reached betweem the clouds’ turbulent kinetic en-
ergies (Eyyp) and their self-gravitational energies (Usg), i.e.
<asg,vir> ~ <ags,vir> ~ 1.28 £0.04.

(vi) However, we argue that neither agps, yir NOT @sg vif T€~
flects the true dynamical state of a cloud. We thusAdiscuss
and revisit the conventional Virial theorem, deriving.a med#
ified theorem that explicitly takes into account both/the)self-
gravity of the clouds and the effects of the external (galac-
tic) gravitational potential in the vertical’direction and the
plane separately. This allows us to define an_effective ve-
locity dispersion oeg1os and an efféctive Virial parameter
Qeff vir = Usg,vir + @—Z“, that provide straightforward measur-
able diagnostics of cloud boundedness in the presence of a
non-negligeable external potential:

(vii) Using our new diagnostics; we find the contributions
of external gravity to the'clouds’ energy budgets Eex; are gen-
erally much larger“than"zero. This is because the bulk mo-
tions of the cloudsiare’dominated by gravitational shear mo-
tions rather than epigyclic motions. The clouds of NGC4429
are in a critical ‘state in which the energy contributed by
external gravity~Fex; is approximately equal to the self-
gravitationalyenergy, i.e. Il;:gll ~ 1. As such, the clouds are
not, virialised but remain marginally gravitationally bound,
with'a mean effective Virial parameter ({aef,vir) = 2.15+0.12
and (@™ ) ~ 2.02 + 0.03) close to the threshold between

eff, vir
gravitationally-bound and unbound objects (ayirerit = 2).
This is also true when the elongated shapes of the clouds
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mod > ~
eff, vir

2.46 £ 0.06 for ellipsoidal clouds). As the clouds appear to
reach an equilibrium between self-gravity and external grav-
ity, they also have sizes consistent with their tidal radii (i.e.
R ~ R¢) and are radially elongated (with an average axis ra-
tio of » 2). Overall, external gravity appears to be as impor-
tant as self-gravity to regulate the morphologies, dynamics
and thus ultimately the fates of the clouds.

(viii) Galactic rotational shear appears to play a dom-
inant role to regulate the properties of the clouds of
NGC4429. Our shear model predicts that, as rotational
shear increases, the contribution of external gravity to a
cloud’s energy budget Eg:?d also increases and the cloud
becomes less bound, leading to a maximum size (or equivs
alently a minimum gaseous mass surface density) for)the
cloud to remain marginally bound: Rgear ® 37bsGZgas /4beA(2)

(Zghear ~ 4beA§Rc/37rbsG), that matches very.wellithe ob-
served sizes of the clouds of NGC4429.

are taken into account ({aef,vir) ~ 2.65 +0.15 and («
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APPENDIX A: MODIFIED VIRIAL THEOREM

Our goal in this appendix is to derive a modified Virial
theorem (MVT), that encompasses not only a cloud’s self-
gravity, but also the effects of the external (i.e. galactic)
potential. We thus envision each cloud as a continuous struc-
ture with well-defined borders in position- and velocity-
space, located in a rotating gas disc with a circular velocity
determined by an axisymmetric background galactic grav-
itational potential (®g,). We assume each cloud has a ho-
mogeneous density distribution and an ellipsoidal geometry.
The cloud’s centre of mass (CoM) and its two semi-axes
(semi-major axis X; and semi-minor axis ¥;) are assumed
to be located in the orbital plane (i.e. the mid-plane of the
galaxy disc; see Fig. Al). We assume each fluid element of
a cloud experiences two kinds of motions: (1) random tur-
bulent motions (velocity dispersion ogg) arising from self-
gravity (i.e. the cloud’s own gravitational potential ®sg) and
(2) bulk gravitational motions (velocity Ve, and root mean
square (RMS) velocity og,) arising from the external grav-
ity (i.e. the galactic gravitational potential ®gy;). We ne-
glect thermal motions, as they are often small compared
to turbulent motions in a cold gas cloud (e.g. Fleck 1980).
The turbulent motions due to self-gravity are expected to
be quasi-isotropic in three dimensions (Field et al. 2008;
Ballesteros-Paredes et al. 2011), while the gas motions in-
duced by the external gravitational potential are often non-
isotropic (Meidt et al. 2018). We assume the cloud’s own
gravitational potential @y to be (statistically) independent
of the local external gravitational potential ®g,, and the
motions due to self-gravity (osg) to be uncorrelated with
the motions due to external gravitational potential (O'gal), as
suggested by Meidt et al. (2018). We ignore external pres-
sure and magnetic fields, and consider only the effects of
self-gravity and external gravity.

Assuming the surface terms are negligible (Larson
1981), the general form of the Virial theorem for a cloud
is

% _2F, + /V (a(d@) - ) am (A1)

(see e.g. Egs. 14.6 and 14.7 of Lequeux 2005), sheré [ is the
cloud’s moment of inertia, Ej its total kinetic energy, d the
position vector of a fluid element inside(the, cloud with re-

spect to the cloud’s CoM, d = d the acceleration of the fluid
element inside the cloud, dm = pdV the'mass of the fluid ele-
ment, and the integral is taken over all fluid elements within
the volume V of the cloud of total mass M (fv dm =M ). We

use d rather than the usual Variable 7 to avoid confusion with
the position vector (with respect to the galactic centre) in
the plane of the disc R andhits/associated magnitude R, where
Ry and Ry are eyaluated at the cloud’s CoM (see Fig. Al).
The equilibrium conditjon associated with Eq. A1 should be
that the time-averagéd I(¢) is equal to zero, i.e. (I(t)) = 0
(McKee 4999; Binney & Tremaine 2008). However, it is un-
clear hew one can evaluate the resulting long-term average if
the“System is not in a time-independent state. We therefore
adopt instead the instantaneous equilibrium condition I = 0,
commonly adopted across several works (e.g. Lequeux 2005;
Ballesteros-Paredes 2006). As such, I > 0 indicates that the
cloud is expanding, while I < 0 indicates that the cloud is
contracting (Ballesteros-Paredes 2006).

Orbital Plane

galaxy centre

Figure A1l. Schematic diagram of our rotating frame of reference
in the orbital plane (i.e. the mid¢planevof'the galaxy disc). This
rotating frame is a local Cartésianycoordinate system centred at
the cloud’s CoM, that both orbits around the galaxy centre with
the cloud’s CoM (with angularvelocity Qp, the circular orbital
angular velocity of the cloud’s CoM) and rotates on itself (with
the same angular velocity Qp), such that the x’ axis always points
in the direction ofincreasing galactocentric radius and the y’ axis
always points in the direction of the orbital rotation at the cloud’s
CoM. We assume.a homogenous ellipsoidal cloud, whose semi-
major axis X. and semi-minor axis Y. are located in the orbital
plane/ The semi-major axis X, makes an angle ¢py with respect
to theyradial (i.e. £ or Rg) direction.

The above Virial equation can be split into two inde-
pendent parts based on our assumptions that ®sg and @gy
are independent (i.e. @ = —V®sg + dext, Where dex is the ex-
ternal acceleration due to galactic forces only) and oy and
Tgal are uncorrelated (i.e. Ex = %M(o’szg + o-gzal)):

2 - )
3Zwo-sg,los + -/V (_V(Dsg(d) : d) dm]
Ma?, + (a () - j) dm

gal v ext N
where 0o jos i the line-of-sight (i.e. one-dimensional) tur-

bulent velocity dispersion due to self-gravity (o-szg’k)s = %o’szg)

and ogy the RMS velocity of gravitational motions asso-

(A2)
+

ciated with external gravity (oga = ﬁ fV (Vgal —17gal)2 dm,
where Vg, is the mean velocity of the cloud’s gravitational
motions due to external gravity). The first term in square
brackets on the right-hand side (RHS) of Eq. A2 comprises
the energy terms regulated by self-gravity, while the second
term in square brackets contains the contribution of external
gravity to the cloud’s energy budget Eex;.

Self-gravity. The integration of the self-gravity term
on the RHS of Eq. A2 is straightforward:

2
/ (—VCDSg(d)-d) dm = ——3[’ng , (A3)
1%

C

where G is the gravitational constant, R. the measured
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cloud’s radius (Re = VXcY:) and bs a geometrical fac-
tor that quantifies the effects of inhomogeneities and/or
non-sphericity of the cloud mass distribution on its self-
gravitational energy. For a cloud in which the isodensity con-
tours are homoeoidal ellipsoids, bs = bs, bs,, where bs, quan-
tifies the effects of the inhomogeneities and bs, those of the

ellipticity. Bertoldi & McKee (1992) derived b, = ((15 ”;{;)) for

a cloud with a radial mass volume density profile p(r) oc r™¥,

while bs, = R %"(6) for an ellipsoidal cloud, where Ry, is
the observed (1 e. projected) cloud radius averaged over all
possible cloud orientations (i.e. averaged over 4r steradians),
Ry is the deprojected cloud radius and e is the cloud’s ec-
centricity (e = V1 - (Y¢/Xc)?). The Rm/Ry ratio depends on
the cloud’s aspect ratio Z./vXcY:, where Z. is the cloud’s
scale height, and Ry /Rq = 1 when Z./vVXcYe = 1 (see Fig. 2
in Bertoldi & McKee 1992). For a homogeneous spherical
cloud, bs = %

An equation suitable for a cloud regulated by self-
gravity only is thereby obtained:
[ 3bsGM?
3 =3Moy, o SR—C . (A4)
For a self-gravitating cloud in equilibrium (i.e. I = 0), this
yields

O-Sg los —

= bsGM/R. (A5)

or equivalently

o—szg,losRC
M = T = Msg,vir (AG)
S
(cf. Eq. 7).

External gravity. The contribution of external gravity
to a cloud’s energy budget is given by the second term in
square brackets on the RHS of Eq. A2:

Eet = M2, + /V (dexe(d) - d) am (A7)

If we assume the gravitational motions in the plane to be
separable from those in the vertical direction (perpendicu-
lar to the orbital plane), the above equation can easilyybe
separated into two parts, one in the vertical diréction (Eéxtz)
and the other in the orbital plane (Eex plane):

Eext = (Mo-gal 7 [/ (aext,zdz) dm)

external, vertical direction

(Mo-gal plane '/‘; (‘%xt,plane ’ dplane) dm) >

externaly, plane

where o2 dexfz and d, are the components of 0'21, dext

gal,z’

and d along the vertical direction, respectively, and O-gdl plane’

dex, planeAnd d;lane are the components of Uéal’ Gext and d in
the orbital plane, respectively.

We'derive Eext, (the first term on the RHS of Eq. A8)
in Appendix Al (see Eq. A21) for a homogenous ellipsoidal
cloud| whose semi-major axis X; and semi-minor axis Y. are
located in the orbital plane, yielding

Eext,z ~ M( Tgal,z be"gzcz) > (A9)
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where as before Z; is the scale height of the cloud (Z. =
VX:Y; = R. for a spherical cloud), 0 = 47Gp. o (formally the
total mass volume density evaluated at the cloud’s CoM, but
we use here p, o, the stellar mass volume density p. evalu-
ated at the cloud’s CoM using our MGE model, as it is
accurately constrained; see Appendix C), and be is a geo-
metrical factor that quantifies the effects of inhomogeneities
of the cloud mass distribution (analogously to b, but for
the external gravity term; be = % again for a homogeneous
cloud).

Similarly, we derive Eexiplane (the second term on the
RHS of Eq. A8) for a homogenous ellipsoidal cloud in Ap-
pendix A2 (see Eq. A36), yielding

Eext,plane ~ M( Ogalr T éal,t + beTp (Xc2 cos’ épA + Yc2 sin? ®pA)
- b3 (X2 +72))
(A10)

where o2, and o2
gal,r gal,t

tions due to external gravity in respectively.the radial (i.e.
7, the direction pointing from the.galaxy centre to the cloud’s
CoM, thus parallel to Ry) and the azimdthal (i.e. 7, the di-
rection along the orbital rotation, thus perpendicular to 7
and I_éo) direction as measured in an inertial frame (i.e. by
a distant observer), (o2 ) is thus the RMS velocity

are the RMS wvelocities .of gas mo-

gal, r gal t

of in-plane gravitational motions (i.e. o2
gal, plane

the inertial frame, ¢pa is'the angle the semi-major axis X
makes with respectyto’the radial (i.e. 7 or Ry) direction (see
Fig. A1), Q. isathe’circular orbital angular velocity of the

cloud’s*€oM, Ty'= —RdQ (R)|R R, (e.g. Stark & Blitz 1978)
is the tidal acceleratlon per unit length in the radial direc-
tion T evaltiated at the cloud’s CoM, and R is the galactocen-
trie’ distance in the plane of the disc while R is that at the
cloud’s CoM. We note that here and throughout, Q(R) is the

theoretical quantity Q(R) = \l d<I>ga] defined by the galaxy
potential @gyy, i.e. it is the angular Veloc1ty of a fluid element

moving in perfect circular motion (Q(R) = Veirc(R)/R, where
Veire(R) is the circular velocity curve) rather than the ob-
served angular velocity of the fluid element (Viot(R)/R, where
Viot is the observed rotation curve). For an axisymmetric
cloud (i.e. Xc =¥ = R¢), we then have

) measured in

2\ p2
Eext,plane ~ M( gal T galt + bc(TO -2Q )R ) (All)

Combining Egs. A9 and A10, we obtain the total con-
tribution of external gravity to a cloud’s energy budget:

Eext = Eext,z + Eext,plane

“M (02, - berd72) + M (o

i)
gal r gal,t
+ M (beTy (X2 cos? gpa + Y2 sin® gpa) — be Q] (X2 +12)) .
(A12)

For an axisymmetric cloud (i.e. X; = ¥; = R¢), we then have

Eext ~ M( ~ bR 72 )+M( +be(Ty— 292)R2)

(A13)

gaL z gal ' gal t

Total. Substituting Egs. A4 and A12 into Eq. A2, we
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obtain our final MVT for a homogenous ellipsoidal cloud:

[3M0‘5g tos = 355G R | + Eex
2 2 272
< [3M02, 1, - 360G R + | (02, - b Z2)
+ M( Taal, .t gza],l + beTy (Xc2 cos? dpa + YC2 sin? opA)

- beQ (X2 +¥2)

(A14)

For an axisymmetric cloud (i.e. X; = ¥ = R¢), we then have

3Mo2

sg,los

'k _3b,GM? /RC]

self gravity

2
+| M2y, - b3 Z2) +M( ol ol

+ be(Ty = 202) Rg)

external, vertical direction external, plane

(A15)

Al Calculating FEext

According to Eq. A8, the contribution of external gravity to
a cloud’s energy budget in the vertical direction is

Eextz = Mo, gal z [/ (aexuzdz) dm

As we have assumed the cloud’s CoM to be in the galaxy
mid-plane, the component of the acceleration dext in the ver-
tical direction can be approximated to

(A16)

IDgq1(d)
dext,z = _6—2
D g1 (d) 2@y (d
_ gal _ gzal( ) d, (A17)
dz z=0 0°z z=0
_azq)gal(d)
9%z lz=0 a
For a thin gas disc,
02 (d)
gTal ~ 4nGp«(R,z =0), (A18)
0“7 =0
and we further assume
02 (d)
gTal ~ 47Gp.0 (A19)
0%z ;=0

formally the total miass volume density, but we use here
p«(R,z = 0)/the stellar mass volume density in the mid-
plane of the disc; that can be reliably estimated from obser-
vations (heretour’"MGE model; see Appendix C), and again
0,02 p+(R =,Ro, z = 0) is evaluated at the cloud’s CoM. As
expected™from Poisson’s equation, Eq. A18 only applies to
a (thin)ydisc where the variations in the gravitational po-
tential are larger in the vertical direction than in the plane

62©gal(3) 6 (Dgal(d) 62®ga1(3) 62(Dgal(d)
(i.e. Frralll N and . T o see also

Koyama & Ostriker 2009 and Meidt et al. 2018). Again as

expected, given that p. is positive, the gravitational poten-
tial of the galaxy along the z axis always has a confining
effect on the cloud, i.e. a fluid element moving away from
the cloud’s CoM will always experience a restoring force in
the z direction back toward the galactic (i.e. mid-) plane.
With these expressions (Egs. A17 and A19), the volume
integral in the second term on the right-hand side of Eq. A16
simplifies to jV dZ2 dm. For an ellipsoidal cloud with semi-
major axis Z in the vertical direction (i.e. along the z axis),

/ d? dm = beM 72 (A20)

\'4

where be is the aforementioned geometrical factor that quan-

tifies the effects of the density inhomogeneities for the ex-

ternal gravity term (be = % for a homogenous cloud).
Therefore, the total contribution of external‘gravity .to

the cloud’s energy budget in the vertical direetion is

Eexcs ~M( o2, bevgzg) , (A21)

where as before v; = 4nGp, .

A2 Calculating Eexplanec inythe rotating frame

In this section, we derive.the contribution of external gravity
to a cloud’s energy budget in the orbital plane Eex plane,
using a frame of reference (¥”,y") that we will refer to as the
“rotating frame’”. This  rotating frame is a local Cartesian
coordinate systemycentred at the cloud’s CoM, that both
orbits aroundsthe galaxy centre with the cloud’s CoM (with
angular velocity, Qy) and rotates on itself (with the same
angular velocity ), such that the x” axis always points in
the direction of increasing galactocentric radius and the y’
axis.always points in the direction of orbital rotation at the
cloud’s' CoM (see Fig. Al).

In the rotating frame, the contribution of external grav-
ity to a cloud’s energy budget in the plane is (cf. Eq. A8)

— ” ” ’
ECXLPIQHC =M (O—ga],x’ + 0o, galy’ ) [/ (aext,x'x + aext,y’y ) dm

72 ’ ’
( aLX’ +_/ (@i ¥ )dm) (Mo-gal,y’ +'/V(aext,y’y )d

Ecxl, x/ ECX[, y

(A22)

where 0’2

el x'? aexLX, and x’ are the components of O' 1, @y
and d

e along the £ ’ direction, respectively, smnlarly for

O'glil . aext’y, and y’. Here, Eex x and Eexy are the contri-
butlons of external gravity to the cloud’s energy budget in
the radial and the azimuthal direction, respectively.

In the rotating frame, the acceleration of a fluid ele-
ment due to galactic forces (i.e. the galactic gravitational

potential) is

7 25 oB o
ext,plane(d lane) = V(Dgal( )+ QR - 200 x Voal

- 2 2B
=-Q (R)R + QR

plane

(A23)

- ZQO X Vgal .

where v’ _d =y &+
gal plane gal,x gal,y

of gravitational motions induced by the external potential as
measured in the rotating frame. The last two terms on the

.9’ is the in-plane velocity
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RHS of Eq. A23 represent the centrifugal and the Coriolis
acceleration, respectively7 as perceived in the rotating frame.
We then expand d aexgplane from Eq. A23 in the radial (£')

and azimuthal () directions, and obtain

a. ., = ( —Q2(R) + 92) Rcos ¢ +2Qq"

ext,x' galy’ ’ (A24)
( —QX(R) +92)Rsm¢ 200"

ext, y gal,x’ ?

where ¢ is the angle between R and Ry (see Fig. A1). If we
assume the size of the cloud to be much smaller than its
galactocentric distance (i.e. Rc < Rp), then cos¢ ~ 1 and
sing ~ y’/R. The accelerations a’_. , and a’ . , can thus be

ext,x exty
approximated to
al = (~QRIR + QR + 200y,
d(Q*R)
— (2R R-R )
( ofto+ dR R:RO( 0)
) d(Q3R)
+ (Q()RO + 7R ‘R:RO(R - Ro)) + ZQOVgal y
( (QZRO + (Q2 + R—‘ e ) + (Q%RO + Q%x'))
+ ZQOVgaLy
dQ?

( R )x + 2QOVgal

=~ Tox + 2Q0ngl , s
aéxLy, ~ (—QZ(R) + Q(Z)) Zngga] ¥
aQ?

~ (02 L 22 _ 2
~ ( (oF+ =2 o, R Ro)) + QO) ~ 200}y

dQ?
N —— -20

dR ‘R—Ro ngde

ZQOVgal X

(A25)

where we have assumed (R — Ry) ~ x’ (as R. & Rg) and

expanded aexLx, and aext’y to first order in x4 and y’/(i.e.

~ 0, y2 ~ 0 and x’y’ ~ 0). The term=Zpx. represents
the tidal force (i.e. a combination of the external gravity
and centrifugal force), that is exclusively ‘in the radial di-
rection, while the terms 2Qyv’ aly’ and —2Q()vé alx Tepresent
the Coriolis force, that is in bgth the radial and azimuthal
directions.

It is worth noting that Egs. A25 have solutions

x’ = Sy sin(kpt + @) + S».,
{ 1 sin(kot + ¢) + S» (A26)

y' = %Sl cos(Kot + @P)y=2A0So 1 + 83,

where kg is the epicyclic frequency evaluated at the cloud’s
CoM (Kg = (RdQ (K) +4§22(R)) |[R=R,), Ao is Oort’s con-
stant LA quantifying shear evaluated at the cloud’s CoM
(Ag'= —%dQ(R) |[R=R,); and S, Sy and S3 (as well as the
arbitraty phase ¢) are constants that depend on the given
boundary (e.g. initial) conditions. Equations A26 show that
the gravitational motions associated with external grav-
ity have two contributions: epicyclic motions around the
cloud’s COM (i.e. the “guiding centre”; see e.g. Meidt et al.
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2018), indicated by the trigonometric terms Sj sin(kpt + ¢)

and 220 S cos(kpt + ¢), and linear shear motion, indicated
by the —2Ap Syt term (e.g. Gammie et al. 1991; Tan 2000;
Binney 2020). It is worth noting that, in a model where all
fluid elements of a cloud move on perfectly circular orbits
(around the galaxy centre) determined by the galactic po-
tential, the epicyclic amplitudes vanish and the gravitational
motions are completely dominated by the shear motions (see
Eq. B21).

To calculate Eexx and Eexy (and thus Eeplane), We

also need O-ga],x’ and O'éil y measured in the rotating frame
(see Eq. A22). However, as 0’2 , and o’ , can not be ob-
gal,x’ galy

tained directly from observations, we instead calculate them

from the RMS velocities of gravitational motions ‘ngal mand

O-;al,t measured in an inertial frame centred at the galaxy
center, that are related to the observed velocity, dispersions
Tobs,los and Ogg Jos through Eq. 19.

To achieve this, we must first derive’the velocity trans-
formation between the chosen inertial frame and 6ur rotating

frame. The velocity of each fluid elerient,duet0 gravitational
motions in.the inertial frame is Vgyy plane = R=Ry+ d;lane =
fzo X I_i"o + Jplanm where Jplane 1Sithe in-plane position vector
of the fluid element with respect t6 the cloud’s CoMﬂin the
inertial frame (see Fig.”AT)"The time derivative of dpjape is

the ve-
gal,plane’
locity of the fluid element.due to gravitational motions mea-
sured in the rotating frame; see Eq. A23) through the usual

velocity tramsformation between an inertial and a rotating
+ Qg x d plane-

related to the time derivative of d/, _ (i.e. ¥/
plane

+Q0 X dplane =y’

s )
frame, i.e. dplane = d gl plane

plane

We thllls o?taln Vgal,plane = QO X R() + vgal plane + Qo X d. plane, OF
equivalently
Uéa],plane = vgal,plane = Qp X Ry — Qo X dplane . (A27)

Expanding v’ in the radial (£”) and azimuthal ($")

gal,plane
directions, we derive

r = Vgalr + Qod, ,

gal,x A28
{ Vealy = Vealt = QoRo ~ Qodr . (429

where v’ and v/ are the velocities of the fluid ele-

gal,x’ gal,y’
ment due to gravitational motions measured in the rotating
frame along the radial (£’) and the azimuthal ($’) direction,

respectively, Vg and vgy; are the corresponding velocities
measured in the inertial frame along the radial (7 or 130)
and the azimuthal (f) direction, respectively, and d;r and d;
are the radial and the azimuthal component of dplane mea-
sured in the inertial frame, respectively. Using Eqs. A28, we
thus derive the mean velocities Wga],x’ and Wgal’y/ of the fluid
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elements as measured in the rotating frame:

Wgal o= fV Véal,x' dm
? M

_ fV Veal,r dm + /V (Qody) dm

M M

" e (A29)

Wgal y = ./V Vgal,y' dm
? M
Jo veaedm [, (QoRo)dm [, (Qody) dm
N M T M
= Vgal,t - QORO 5

where Vg and Vg, are the mean velocities of the fluid
elements as measured in the inertial frame, and we have
used /V drdm = fV didm = 0 as a homogenous ellipsoidal
cloud has been assumed.

With Eqgs. A28 and A29, the desired RMS velocities
of the fluid elements measured in the rotating frame (i.e.

o-g’il o and o-g’ﬁl y’) can thus be related to those measured in
the inertial frame (i.e. o2, and o2, ):
gal,r gal,t
no % Veaw ~ Vgalx) dm
Ooalx’ = M
_ 2
./V ((VgaLr - Vgal,r) + QOdt) dm
- M
e Q) [, d2dm  2Qq [, (vear = Vgarr)di dm
= Ogur t i + m ,
’ 7 2
n /V (vga],y’ - v/gal,}") dm
Tealy = M
_ 2
.[V ((Vgal,t - Vgal,t) - QOdr) dm
a M
o, Q f, dZdm  2Qq [, (vear — Vga,)dr dm
- G-gal,t + M - M ’
(A30)
where we have used 0'g2a1’r = ﬁ fv (Veal,r — VgaLr)zdm and

‘ngal,t = 31 Jy Gealt = Vel dm.
Substituting Eqgs. A25, A28 and A30 into Eq. A22 yields

Eextx = Mog,  + (To - 20) /V d? dm + € /V d? dm

+20, / (vgal,rdt+vgmdr) W
v (A31)

2 2 2 2 2
Eexy =Mog,  + Q5 [/ d; dm — 20 -/V di dm
—-2Qy /‘; (Vgal,rdt + Vgal,tdr) dm ,

where wé, have adopted /V x2dm = /V x'dy dm = fv dr2 dm,

fV ydidm = fV dt2 dm, fV Veal X' dm = /V Vgal,edr dm and
/V Vgal,ry’ am = /V Vgal,rdt dm to simplify the notation, and

again /V x'dm = /V dr dm = fv didm = 0 as a homogenous
ellipsoidal cloud has been assumed. The last term of Ee’xt’x,

(resp. E’ ,) represents the integration of the Coriolis force

ext,y’
in the £’ (resp. §’) direction.

We now calculate the terms .[V d? dm and /V d[2 dm of
Eqgs. A31 for a homogenous ellipsoidal cloud with two semi-
axes (semi-major axis X¢ and semi-minor axis ¥;) located in
the orbital plane. For such a cloud, we have

(A32)

dr = Xmaj COS GPA — Ymin SiN Ppa
dy = Xmaj SIn PpA + Ymin COS PpA

where xmyj and Ymin are the components of Jplane along the

major and the minor axis of the cloud, respectively, and ag

before ¢pp is the angle the semi-major axis X, makes with

respect to the radial (i.e. # or Ry) direction (see Fig. A1).
With Egs. A32, we then have

. 2
/ d?* dm = / (Xmaj COS @pa — Ymin Sin ¢pa)” dm
\'4 \'4
2 2 2 <2
= '/V (xmaj COS” PpA + Vi SIN ¢pA) dm

2 2 -2 2
= cos ¢pA'/meaj dm+ sin ¢pA/‘;ymm dm

2
xmaj
1- ? dxmaj

C

2 Yy
= COs” ¢pa / N Xinaj P ZcYe
A C

2
v
1- ;lén)d}’min

C

Y.
+ s gpA f . Viin PTZeXe

c

= bel (X2 cos” ppa + Y7 sin” gpa) ,
(A33)

and

2 . 2
/ df dm = / (xmaj Sin @pa + Ymin COS ¢pa )~ dm
\%4 \%4
2 -2 2 2
=/V(xmaj sin” ¢pa + Yo, COS ¢pA) dm
-2 2 2 2
= sin” ¢pa ‘/V Xaj dm + cos” ¢pa /V Yinin M

2
X, )
. maj
= sin? ¢pp /X sznaj onZY; (1 vy ) dXmaj

C

1 -

2 o) Vi

min

+cos” dpa /Y Ymin PTZcXc )
—Ic

C

) dYmin

= beM (X2 sin® ¢pp + Y2 cos® ¢pa) ,
(A34)

where be is the usual geometrical factor quantifying the
effects of density inhomogeneities for the external grav-
ity term (be = % for a homogenous cloud), we have used

fV XmajYmin dm = 0 as a homogenous ellipsoidal cloud has
been assumed, and dm = pdV = pnZ.Ye(1 - xrznaj/Xcz)dxmaj =

prnZcXc(1 - yiin/Ycz)dymin-
Finally, substituting Eqs. A33 and A34 into Eqgs. A31,
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we obtain
Eexex = Mgy + beM(To = 2Q5) (X cos” gpa + Y2 sin” ¢pa)
+beMQJ (X2 sin® ¢pa + Y2 cos” ¢pa)
+2Q /V (Vgal,rdt + Vgal,tdr) dm ,
Eexty = M O'&?ah + beM 9(2) (XC2 cos? dpa + YC2 sin? dpA)
- 2beMQ(2) (XC2 sin2 ¢PA + Y02 COS2 ¢pA)
—-2Q ‘/V‘ (Vgal,rdt + Vga],tdr) dm
(A35)
and thus

Eext,plane = Eext,x’ + Eexty’

2 2 2 .2 2 2
= M(O'gal,r + O+ beTy (XE cos™ ¢pa + Y sin” ¢pp)

— b (X2 +1D)) |
(A36)

where (02, + 02, )= o2 is the RMS velocity of in-
gal,r gal,t gal,plane
plane gravitational motions caused by the external potential
as measured in the inertial frame.
For an axisymmetric cloud (X = ¥; = R¢), we thus have
2 2\ p2
Eextx = Mgy + beM(Ty — Q3R

al,r

+2Qg ,/v (Vgal,rdt + Vgaler) dm ,

Eexty = Mogy = beMOGR? (437)
-2Q, /V (vgaert + Vga],tdr) dm ,
and
Eextplane = Eextx’ + Eexty’
(A38)

2 2 2\ p2
- M(O-gal,r + Ogar + be(To — ZQO)RC) .

APPENDIX B: EFFECTIVE VIRIAL
PARAMETER

Overall, our modified Virial theorem can be written simply
as (see Eq. Al4)

i
2 - (3M0-52g,los - SbSGMz/RC) Fex
2 B1
_ 3bSGM2 0—sg,losR': FEee _ (B1)
R | bsGM “3bGM*/R. |’

where Eey; is the“contribution of external gravity to a cloud’s
energy budget (see Egs. A12 and A13). We define

Eext

F= 3bsGM2/Re

(B2)
the ratio"between the contribution of external gravity and
the (abselute value of the) cloud’s self-gravitational energy
(|Usg|/= 3bsGM2/RC), so that Eq. B1 can be written as

I 3bGM?
5 = SR— (asg,vir +B- 1) s (B3)
c
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where

2
O-Sg, los Re

it = G
S

is the traditional Virial parameter regulated by self-gravity
only (see Eq. 13).

This naturally leads us to define an effective Virial pa-
rameter

(B4)

Qeff,vir = Asg,vir + 5 (B5)
such that

I 3bGM?

E = SRT (aeff,vir - 1) . (B6)

Thus, just like the standard Virial parameter, this~effec-
tive Virial parameter informs on the dynamical stability of
a cloud. If aeqyir = 1, the cloud is gravitationally bound
and in Virial equilibrium even in the presence of the ex-
ternal (i.e. galactic) gravitational potential. M ‘@eryi > 1,
the cloud is unlikely to be bound (i.e/it is transient un-
less confined by other forces). If aegnir S 1, the molecular
cloud is likely to collapse. For clouds that are (marginally)
gravitationally bound, we again réquire @ef yvir < @vir,crit = 2
(Kauffmann et al. 2013, 2017)j0r equivalently 8 < 1 if an
internal Virial equilibrium is‘establiShed by self-gravity (i.e.
if aggvir = 1; see Eq. 34)t

Equivalently, from Eq. 13, we can define an effective
velocity dispersion

Tt 108 = eftvir BYGM /R (B7)

and thus ourumodified Virial equation (Eq. B1) can be sim-
plified.to

—3bSGM2/RC) . (BS)

1

5 z (3M0-e2ff,los
The parameters aef vir (via Eq. B6) or equivalently oeg jos
(via Eq. B8) thus embody our MVT and offer a straight-
forward method to test the gravitational boundedness of a
cloud in the presence of an external (i.e. galactic) gravita-
tional field.

Having said that, a major challenge to calculate the
effective virial parameter aef vir (and B) or the effective ve-
locity dispersion o jos is to determine the in-plane (o),
and g, ¢) and vertical (og,),) RMS velocities of gravita-
tional motions induced by the external potential in an iner-
tial frame (see Eqs. A12 and A13). By making increasingly
stringent assumptions, we however show below that it is pos-
sible to evaluate those quantities from observables alone.

If we assume the cloud to be in vertical equilibrium, i.e.
Eextz = M(O-éal,z - bengg) ~ 0, we have

FEext - Eext,plane
3bsGM2/R. 3bsGM2/R.

In this case, we only need to derive the in-plane RMS veloc-
ities of gravitational motions (i.e. Oéal,plane = O-gzal,r + o-gzaLt).
In the following, we will estimate ogyy, and gy (and
thereby B, tefryir and oefr1os) using two different methods:
one using observations, the other using a shear model.
Observations. Although oy, and g, can not be
measured directly from observations, it is nevertheless pos-
sible to glean some information about them from the ob-
servables ogpslos and oggos- Indeed, the observed velocity

B = (B9)
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dispersion of a cloud opg 105 can be expressed as

2 ~ 2 2 -2 2 2 - 2. 2
Tobs.los ~ O—sg,los + (O—ga],r sin“ 0 + o-gaLtcos 9) sin“ i + o-ga1

(B10)

where i is the inclination of the galactic disc with respect to
the line of sight, and 6 is the (deprojected) azimuthal angle
of the cloud’s CoM with respect to the kinematic major axis
of the disc (see Eq. 32 of Meidt et al. 2018).

Assuming that the vertical gravitational motions can
be treated as random motions that balance the weight of
the disc (i.e. no bulk motion in the vertical direction), anal-
ogously to turbulent motions due to self-gravity, the only
bulk motions will originate from in-plane gravitational mo-
tions. The gradient-subtracted velocity dispersion o105 can
therefore be written as

2
a—gs, los

~ o'szg’los + o-éal’z cos?i . (B11)
Our gradient-subtracted velocity dispersion ogg o5 thus re-
moved the second term (in-plane bulk gravitational motions)
but kept the first term (turbulent self-gravitational motions)
and last term (vertical random gravitational motions) on the
RHS of Eq. B10.

If we assume the gas motions induced by the galactic
potential to be isotropic in the plane (i.e. ogarr = Ogart), the
RMS velocities of the in-plane gravitational motions due to
external gravity can easily be derived by combining Eqs. B10
and B11:

2 O—gbs,los - O-g25,los

2 _ ~
Ogalr = Tgale = ey (B12)

Substituting Eq. B12 into Eq. A36, we then obtain

Eext = ext,plane

2(0’2 — o2 )
bs,los 5,los
M[ obs,los gs,los

sin? i

+ beT (XZ cos” gpa + Y7 sin® gpa) — bef] (Xe ®¥0)

(B13)

and thus (see Eqgs. B2, B4, B5 and B7)

2 2 2

o . o-gs,losRC R. 2(O-obs,los - a-gs,los)

eftvir = “p GM " 3b,GM sind i

+ beTy (X2 cos” gpa\ ¥ sin® gpa) — beQf (X7 +Y7)
(B14)
and
2 2

2 . 1 2(o-obs,los - O—gs,los)

Oeff,los ~ (Tgs,los + § sini

+ beTy (X2 cos® gpa + Y7 sin® ppp) — beQ2 (X2 +Y2)

(B15)

where we have used o2

~ 2
gs,los ~ O-Sg,]OS'

z coszi,

s

s

For an axisymmetric cloud (i.e. Xc = ¥; = R¢), we have

Eext = ext,plane
2030105 = Taslos) (B16)
obs, los gs,los
~M [—2 + be(To - 2Q0)R? |
s~
and thus
2 2 2
ot i & o-gs,losRC Rc Z(O-ObS,IOS - O-gs,los) + be(Ty - ZQZ)RZ
effvir = T GM T 3bsGM in2i ello = =2%)e
(B17)
and
2 2
1 2(O-Obs los ~ Ygs,l )
2 ~ 2 , 105 gs,los N}
Teftlos ~ Tgslos T 3 [T + be(Ty — 2Q)REY, -

(B18)

Shear model. For the model we willwefer to as our
“shear model”, we assume that all fluid elements of a cloud
populate perfectly circular orbits (around the galaxy centre)
determined by the galactic potential. In this.case, the radial
and azimuthal velocities of eachAluid element measured in
the inertial frame (centred at the galaxy-Centre) can be writ-
ten as
v;l(]”f = —Q(R)Rsin ¢

=~ —Q(R)dt

dQ(K)

Qpy +
O\ TUR

~ -

R=R,

(R- Ro)) dy

dQ(R)
Q - 7
0F R

dr | dy
R=Ry
2 Qd; ,

v;i? = Q(R)Rcos ¢

(B19)

~ Q(R)R
d(Q(R)R)

~ QoRy +
00 4R

(R—Ro)
R=R,
AQ(R)
dR

%Q()R0+ Qo+R

dr

R=Ry

~ QoRy + (Qo — 2A9)dr ,

where as before ¢ is the angle between R and EO (see
Fig. Al), we have assumed cos¢ ~ 1, sing ~ di/R and
R - Ry ~ dr (as Rc < Ry), and we have expanded Vgalr and
Vgal¢ to first order about Ry (i.e. drdy = 0).

Using the velocity transformation between the rotating
frame and the inertial frame (Eq. A28), we can derive the
gravitational motion of each fluid element due to the exter-
nal potential as measured in the rotating frame:

vlmod =0
gal,x’ ’
rmod (BQO)
vgaLy’ = —2A0dr N
that have solutions
x/mod =S, (BZl)
ymod = _240S,7+ S5,

where S; and S3 are constants that depend on the given
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boundary (e.g. initial) conditions. As expected, if all fluid
elements of a cloud move on perfectly circular orbits (around
the galaxy centre) determined by the galactic potential, the
gravitational motions of the cloud are completely dominated
by shear motions and the epicyclic amplitudes vanish (cf.
Eq. 45). We thus refer to this model as the “shear model”.

Considering Eqgs. B19, the mean velocities of the fluid
elements of a cloud along the radial (# or I_é()) and azimuthal
(f) directions as measured in the inertial frame are

1
=mod d
= g [ v an
1
~— —-Qqd,) di
v [ condyan,

~0,

—mod _ 1 mod
gal,t = M Vaal,t dm

1
X — / (QQRO + (QO - 2A0)dr) dm
M Jy

~ QR ,

(B22)

where as before we have used /V drdm = /V didm = 0 as a
homogenous ellipsoidal cloud has been assumed. The RMS
velocities of gravitational motions cause by an external po-
tential as measured in the inertial frame are thus

1 d _ —mody2
= /V (ymod _ med 2
1 /' 2
— [ (-Qod)"dm,
M Jy
= Q(z)be (XCZ sin? dpa + YC2 cos2 opA) >
1

a2 4 —mod\2
(omd? = 57, O v
1 / 2
— (Qy —2A¢)dy) dm,

~ (Q — 240)*be (XZ cos” gpa + Y2 sin® gpa) ,

mod )2

(O— gal,r

Q

(B23)

Q

where Eqgs. A33 and A34 have been used for the integrals
fV dr2 dm and fV dt2 dm for a homogenous ellipsoidal*cloud.
Substituting Eq. B23 into Eq. A36, we obtain

d d
Eemx? Eggplane (B24)
~ 2 2 2 2 2
~ 4Agbe M (X cos” ¢pa + Yo sin” gpa)s,
and thus (see Egs. B2, B5 and B7)
mod 4A%be (X2 cos*@pa + Y7 sin” ¢pp)
Tofp yir = Xsg,vir + 35.GMIR, (B25)
and
4AZbe (X2 cos? ¢pp + Y2 sin? ¢pp)
d 2 oYe \Ac PA c PA
(o élllfolos) sg losth 3 . (B26)

For an axisymmetric cloud (i.e. X = ¥ = R¢), we then
have

ER0VR E:;Eglane (B27)
A4AbMR?
and thus
e, Slr @sg,vir + M (B28)
3bsGM /R,
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and
4A%beR?
d \2 0”e™c
(o, é?"folos) sg los T 3 : (B29)

Finally, if we assume an internal Virial equilibrium has
been established by self-gravity (i.e. 3M0'S2g 10S—3bsGM2/RC ~

0) and the cloud is in vertical equibrium (i.e. Eext,z ~ 0), our
shear model predicts that
< mod
e ~ Emod
2 ~ Text,plane
~ 4A3be M(RIY)?

_ 2 ymod
=242/

(B30)

where 1m0 = 2p. M (Ré"od)2 for a spherical cloud. As A¢g > 0
for all clouds, we easily obtain /M4 & 2407 and thus\RT*4

¢4t and zg}gd oc 7240 for a spherical cloud with'a,constant
mass. This suggests that, if all fluid elements)of &, cloud
move on perfectly circular orbits (around the galaxy-Centre)
determined by the galactic potential, a/cloud experiencing
strong shear will grow larger and larger and/become less
and less bound over a timescale ~ 1/2A4¢, which we name
the “shear timescale”.

APPENDIX C: STEEFAR DENSITY
CALCULATION

For a number of calculations, we must know the local stel-
lar mass density at the position of each cloud (p.). For
this, we adopt, the multi-Gaussian expansion (MGE) for-
malism of Emsellem et al. (1994) and Cappellari (2002), and
specifically, the existing model of NGC4429 from Davis et al.
(2018), constrained from dynamical modelling of the same
molecular’gas data as used here.

In” short, the luminous matter distribution was first
parametrised using a MGE model of the stellar light,
constructed by applying the MGE_FIT_SECTORS package of
Cappellari (2002) to a HST Wide-Field Planetary Cam-
era 2 (WFPC2) F606W image combined with an r’-
band image from the Sloan Digital Sky Survey (SDSS;
Adelman-McCarthy et al. 2008). Each Gaussian component
Jj of the model has an observed surface brightness /;, stan-
dard deviation (width) o; and axial ratio g;. The best-
fitting MGE model is tabulated in Table 1 of Davis et al.
(2018) and is shown visually in their Fig. 7. Using this
MGE parametrisation, the surface brightness distribution
of the galaxy can be accurately reproduced (see Eq. 12 of
Cappellari 2008). The next step is to obtain the intrinsic
luminosity density by deprojecting the surface brightness
model, which the MGE parametrisation allows to do triv-
ially under the assumption of (oblate) axisymmetry and a
known inclination (see Eq. 13 of Cappellari 2008). The stel-
lar density of the cloud is then derived by multiplying the
deprojected MGE luminosity density with the (spatially-
variable) stellar mass-to-light ratio W(Rga) derived from the
Davis et al. (2018) dynamical modelling:

2

R
1
p*(Rgal) = \P(Rgal) exp -= , (C1)
R

20°¢
J

where we have assumed that all the clouds are in the equato-
rial plane (z = 0), Ry is the galactocentric distance (radius
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in the plane of the disc) of the cloud as usual, qJ’. is the

intrinsic axial ratio of the j™ Gaussian component,

. /qu —cos?i
AT C2
9 sini (C2)
(note that Cappellari 2008 instead uses ¢ and ¢’ for the
intrinsic and the observed axial ratio, respectively), and the
sum is taken over the N Gaussian components. The derived
central stellar mass density of each cloud is listed in Table 3

and ranges from 6 to 60 Mg pc'3.

This paper has been typeset from a TEX/IATEX file prepared by
the author.
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