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A B S T R A C T 

We present a study of molecular structures (clumps and clouds) in the dwarf galaxy NGC 404 using high-resolution 

( ≈0.86 × 0.51 pc 2 ) Atacama Large Millimeter/sub-millimeter Array 

12 CO(2-1) observations. We find two distinct regions 
in NGC 404: a gravitationally stable central region (Toomre parameter Q = 3–30) and a gravitationally unstable molecular ring 

( Q � 1). The molecular structures in the central region have a steeper size–linewidth relation and larger virial parameters than 

those in the molecular ring, suggesting gas is more turbulent in the former. In the molecular ring, clumps exhibit a shallower 
mass–size relation and larger virial parameters than clouds, implying density structures and dynamics are regulated by different 
physical mechanisms at different spatial scales. We construct an analytical model of clump–clump collisions to explain the 
results in the molecular ring. We propose that clump–clump collisions are driven by gravitational instabilities coupled with 

galactic shear, which lead to a population of clumps whose accumulation lengths (i.e. average separations) are approximately 

equal to their tidal radii. Our model-predicted clump masses and sizes (and mass–size relation) and turbulence energy injection 

rates (and size–linewidth relation) match the observations in the molecular ring very well, suggesting clump–clump collisions 
are the main mechanism regulating clump properties and gas turbulence in that re gion. As e xpected, our collision model does 
not apply to the central region, where turbulence is likely driven by clump migration. 

Key w ords: galaxies: dw arf – galaxies: individual: NGC 404 – galaxies: ISM – galaxies: nuclei – radio lines: ISM. 
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 I N T RO D U C T I O N  

warf galaxies are low-mass systems that are often different from
resent-day large spiral galaxies like the Milky Way (MW). They
av e o v erabundant atomic gas, low metallicities, long gas consump-
ion times, and high gas mass fractions (e.g. Fukui & Kawamura
010 ; Schruba et al. 2017 ). Molecular structures (clumps and clouds)
n dwarf galaxies may also be quite different from those in the MW
nd Local Group galaxies, as they are shaped by different galactic
nvironments (e.g. Hughes et al. 2013 , 2016 ; Colombo et al. 2014 ;
un et al. 2018 , 2020 ). So far, detailed observations and analyses of
olecular structures in dwarf galaxies have been limited to a handful

f nearby systems (e.g. IC 10, Leroy et al. 2006 ; SMC, Muller et al.
010 ; NGC 6822, Schruba et al. 2017 ; Henize 2-10, Imara & Faesi
019 ; J1023 + 1952, Querejeta et al. 2021 ), as molecular tracers like

O and cold dust are often too faint to detect at low metallicities 
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e.g. Leroy et al. 2011 ; Elmegreen et al. 2013 ; Cormier et al. 2017 ;
unter, Elmegreen & Berger 2019 ; Madden & Cormier 2019 ). 
Dwarf galaxies may also serve as good analogues of the Uni-

erse’s earliest galaxies (e.g. Moti ̃ no Flores, Wiklind & Eufrasio
021a , b ). It is well known that high-redshift star-forming galaxies
re significantly different from local spiral galaxies, the former
eing gravitationally unstable (Toomre parameter Q ≤ 1), distinctly
lumpy, gas-rich, and dynamically hot (e.g. Tacconi 2012 ; Forbes
t al. 2014 ; Genzel et al. 2014 ; Swinbank et al. 2015 ; Stott et al.
016 ; Tadaki et al. 2018 ; Rizzo 2020 ; Tacconi, Genzel & Sternberg
020 ). Ho we ver, dwarf galaxies share many of these properties, e.g.
oung ages, low metallicities, high gas-mass fractions, and clumpy
orphologies (e.g. Moti ̃ no Flores et al. 2021a , b ). Hence, studying

warf galaxies may provide unique insights into the evolution of the
rst galaxies. 
Turbulence is a key factor regulating interstellar gas (e.g.

lmegreen & Scalo 2004 ) and star formation (e.g. Mac Low &
lessen 2004 ; Bournaud et al. 2010 ), but there is an ongoing debate
 v er the source of the observed turbulence in dwarf galaxies. A
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ommonly discussed source is stellar feedback, including supernovae 
nd other stellar processes (e.g. winds and outflo ws). Ho we v er, man y
warf galaxies hav e v ery low star formation rate (SFR) densities,
nd stellar feedback cannot plausibly provide enough energy in 
hese systems (e.g. Stilp et al. 2013 ). The magneto-rotational and/or 
hermal instabilities do not appear to be sufficient either (e.g. Kim, 
striker & Stone 2003 ; Piontek & Ostriker 2004 , 2005 , 2007 ;
gertz, Teyssier & Moore 2009 ). Possible drivers of turbulence 

n dwarf galaxies are thus large-scale gravitational instabilities 
e.g. Elmegreen & Burkert 2010 ; Elmegreen 2011 ; Goldbaum, 
rumholz & Forbes 2015 ; Krumholz & Burkhart 2016 ), which 

ead to a population of massive cold clumps undergoing mutual 
ravitational interactions and merging (i.e. collisions). Such clump–
lump collisions can induce significant turbulent motions in the 
as, by extracting energy from the rotational energy of the galaxies 
e.g. Agertz et al. 2009 ; Tasker & Tan 2009 ; Bournaud et al. 2010 ;

illiamson & Thacker 2012 ; Stilp et al. 2013 ; Goldbaum et al. 2015 ;
oldbaum, Krumholz & Forbes 2016 ; Li et al. 2018 ). 
Clump–clump collisions can also create parsec-scale dense gas 

tructures (e.g. Gammie 2001 ; Tasker & Tan 2009 ), regulate clump
or cloud) properties (e.g. Bournaud et al. 2010 ; Dobbs & Pringle
013 ; Li et al. 2018 ), and trigger star formation events (Hasegawa
t al. 1994 ; Fukui et al. 2021 ; Maeda et al. 2021 ; Sano et al. 2021 ),
articularly high-mass star and star-cluster formation (e.g. Tan 2000 ; 
yers 2009 ; Schneider et al. 2012 ; Dobbs et al. 2014 ; Kobayashi

t al. 2018 ; Wu et al. 2018 ; Henshaw et al. 2019 ). Collisions between
lumps have been clearly observed and identified in many galaxies, 
ncluding high-speed ( ≈20 km s −1 ) collisions between clouds in 
he barred galaxy NGC 1300 (Maeda et al. 2021 ) and extreme
ollisions ( > 100 km s −1 ) between clouds in the centre of the MW
Sormani et al. 2019 ; Henshaw et al. 2022 ) and the o v erlap re gion
f the Antennae galaxies (Fukui et al. 2021 ). Ho we v er, not man y
nalytical models have been developed to quantify the effects of these 
ollisions. Dedicated numerical simulations have been performed 
e.g. T asker & T an 2009 ; Wu et al. 2017a , b , 2018 ; Li et al. 2018 ),
ut they are mainly focused on MW-type gas discs. 

In this paper, we perform statistical analyses of the multiple- 
cale molecular structures of the dwarf lenticular galaxy NGC 404, 
xploiting high-spatial resolution ( ≈0.86 × 0.51 pc 2 ) Atacama Large 
illimeter/sub-millimeter Array (ALMA) 12 CO(2-1) observations. 

he results are confronted with a new simple analytical model of
lump–clump collisions, and a good explanation of the observational 
esults in the molecular ring of NGC 404 is achieved. We describe our
arget and ALMA data in Section 2 . Basic observational results are
resented in Section 3 . Our analytic model of clump–clump collisions 
nd its comparison to observations are described in Section 4 . In
ection 5 , we describe the implications of the clump–clump collision- 

nduced turbulence. We provide a discussion in Section 6 and our 
onclusions in Section 7 . 

 DATA  A N D  S T RU C T U R A L  DECOMPOSITI ON  

.1 Target 

GC 404 is the nearest face-on S0 galaxy (distance D = 

.06 ± 0.37 Mpc; Karachentsev et al. 2002 ). It has a large stellar
isc (isophotal diameter > 20 kpc at a V -band surface brightness
V = 31.5 mag arcsec −2 ; Tikhono v, Galazutdino va & Aparicio 2003 ;
eth et al. 2010 ; Nguyen 2017 ) which is known to be dominated by
ld stellar populations (ages > 10 Gyr; Williams et al. 2010 ). The
entre of NGC 404, ho we ver, appears to be dominated by young
tellar populations (ages ≤1 Gyr; Maoz et al. 1998 ; Boehle et al.
018 ). NGC 404 harbours a low-ionization nuclear emission region 
LINER; Schmidt, Bica & Alloin 1990 ). The dynamical centre of
he galaxy is revealed by a central radio continuum peak which is
patially coincident with a hard X-ray source (Taylor, Petitpas & 

el Rio 2015 ). The galaxy exhibits bright extended H α emission
Nyland et al. 2017 ) and widespread shocks in the nucleus (Boehle
t al. 2018 ). NGC 404 also appears to host an accreting massive
lack hole, with a mass M BH ≈ 5.7 × 10 5 M � constrained from both
tellar and molecular gas kinematics (Davis et al. 2020 ). 

NGC 404 contains an appreciable amount of atomic 
 ≈1.5 × 10 8 M �; del R ́ıo, Brinks & Cepa 2004 ) and molecular
 ≈9.0 × 10 6 M �; Taylor et al. 2015 ) gas. Approximately 75 per cent
f the H I is located in a nearly face-on doughnut-shaped distribution,
ith a central hole that nicely matches the optical galaxy (del R ́ıo

t al. 2004 ). The molecular gas, ho we ver, is located on a much smaller
patial scale ( ≈140 × 130 pc 2 ) at the centre of the optical galaxy
nd the H I hole, as revealed by low-resolution (7.0 arcsec × 7.6
rcsec synthesized beam) Berkeley–Illinois–Maryland Association 
BIMA) radio telescope array 12 CO(1-0) observations (Taylor et al. 
015 ). The peak of CO(1-0) emission is spatially coincident with
he dynamical centre of the galaxy identified by the radio continuum
nd hard X-ray sources. The total CO(1-0) flux detected by BIMA
s 67.4 Jy km s −1 (Taylor et al. 2015 ). There is tentative evidence
hat NGC 404 acquired gas 0.5–1.0 Gyr ago through a merger with
 gas-rich dwarf irregular system (del R ́ıo et al. 2004 ; Taylor et al.
015 ; Nguyen 2017 ). 

.2 ALMA data 

GC 404 was observed in the 12 CO(2-1) line ( ≈230 GHz) using
LMA for a total of five tracks, three in extended configurations and

wo with shorter baselines. This yielded a total baseline range of 15–
6 200 m, a field of view [full width at half-maximum (FWHM) of the
rimary beam] of FWHM ≈ 24.5 arcsec which extends far beyond 
he molecular gas disc, and a maximum reco v erable scale of ≈10.4
rcsec which is much larger than the largest single molecular struc-
ure identified in this work. See Davis et al. ( 2020 ) for more details
f the observations. The raw ALMA data were calibrated using the
tandard ALMA pipeline and imaged using Briggs weighting with a 
obust parameter of 0.5, yielding a synthesized beam of FWHM ≈
.058 arcsec × 0.034 arcsec ( ≈0.86 × 0.51 pc 2 ) at a position angle
f 36 ◦. Continuum emission was detected and subtracted in the uv
lane. The data cube used in this paper is slightly different from that
f Davis et al. ( 2020 ), with a channel width of 2 km s −1 , a root-
ean-squared (RMS) noise σ rms = 1.13 mJy beam 

−1 per channel 
13.1 K converted to brightness temperature), and spaxels of 0.02 
rcsec × 0.02 arcsec (thus yielding ≈5.6 spaxels per synthesized 
eam). 
Fig. 1 shows the zeroth-moment (integrated-intensity) map of 

ur adopted data cube, created using a smooth-masking moment 
echnique (e.g. Dame 2011 ). To generate the mask, the data cube
as convolved spatially by a Gaussian of width equal to that of

he synthesized beam, Hanning-smoothed in velocity and clipped 
t a fixed threshold (0.3 σ rms ). The integrated CO(2-1) intensity is
10 Jy km s −1 . Comparing our CO(2-1) integrated intensity to that
n CO(1-0) by Taylor et al. ( 2015 ), we obtain a CO(2-1)/CO(1-0) line
atio of ≈0.78 in temperature units, similar to the average MW ratio
f 0.8 (Carilli & Walter 2013 ). We thus estimate a total molecular
as mass of ≈9.4 × 10 6 M �, derived using our integrated ALMA
O(2-1) intensity and the CO(2-1)/CO(1-0) line ratio of 0.78, and 
ssuming a standard Galactic CO-to-H 2 conversion factor X CO = 

 × 10 20 cm 

−2 (K km s −1 ) −1 (as despite a low total stellar mass,
MNRAS 517, 632–656 (2022) 
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Figure 1. Moment-zero map of the 12 CO(2-1) emission of NGC 404 derived 
from our ALMA observations. The synthesized beam ( ≈0.058 arcsec × 0.034 
arcsec or ≈0.86 × 0.51 pc 2 ) is shown as a very small black ellipse to the 
left of the scale bar in the bottom-left corner. The grey dashed ellipse at a 
galactocentric distance of 15 pc separates the central region and molecular 
ring discussed in the text. 
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GC 404 has approximately solar ionized gas metallicity; Bresolin
013 ; Davis et al. 2020 ). 
The ALMA CO(2-1) observations reveal a complex molecu-

ar gas morphology (see Fig. 1 ; Davis et al. 2020 ), including a
entral disc/ring within a radius of ≈8 pc (centre RA (J2000) =
1 h 09 m 27 . s 001 and Dec . (J2000) = + 35 ◦43 ′ 04 . ′′ 942, inclination i =
7.1 ◦, position angle PA = 37.2 ◦), a single arm-like feature with a
adius of ≈8–15 pc, and an incomplete (pseudo-)ring with a radius of
15–50 pc ( i = 9.3 ◦, PA ≈ 1 ◦). Hereafter, we will refer to the central

isc/ring and arm-like feature as the central region (galactocentric
istances R gal ≤ 15 pc), and to the outer incomplete (pseudo-)ring
s the molecular ring (15 < R gal � 50 pc). The grey dashed ellipse
n Fig. 1 separates the two regions. The central region’s kinematic
entre is spatially coincident with the continuum source detected with
ery long baseline interferometry (VLBI; Nyland et al. 2017 ), while
he molecular ring contains multiple spatially resolved molecular
tructures corresponding to dust features seen in absorption in
ubble Space Telescope ( HST ) images (see e.g. fig. 3 in Davis et al.
020 ). 

.3 Structural decomposition 

e use the dendrogram (i.e. tree analysis) code ASTRODENDRO de-
cribed by Rosolowsky et al. ( 2008 ) to identify molecular structures
n NGC 404. A three-dimensional mask of bright emission is initially
reated using the code CPROPSTOO (Rosolowsky & Leroy 2006 ;
eroy et al. 2015 ). All single pixels with brightness temperatures
 b > 3 σ rms ( ≈39 K) are first identified, and the pixel list is then
xpanded to include all neighbouring pixels with T b > 1.5 σ rms 

 ≈20 K). Each discrete region of signal in the mask (i.e. each
island’) is also required to have a minimum projected diameter of
3 pc ( ≈100 spaxels in area), corresponding to the maximum Jeans

ength in the outer parts of the molecular ring (see Section 4.5 ).
ig. 2 shows the zeroth-moment map of NGC 404 created using this
NRAS 517, 632–656 (2022) 
ask. The integrated CO(2-1) intensity within the masked region
s ≈151 Jy km s −1 , ≈ 72 per cent of the total integrated ALMA
O(2-1) intensity. 
A hierarchy of molecular structures is then identified using the

ode ASTRODENDRO . The algorithm first sets a minimum signif-
cant isophotal contour for every region; emission fainter than
in value = 1 . 5 σ rms ( ≈20 K) is not characterized. This step has

lmost no ef fect, ho we ver, as the CPROPSTOO -generated mask with a
hreshold of 1.5 σ rms has already been applied to the data cube. The
lgorithm then identifies local maxima of brightness temperatures
t least min delta = 1 . 5 σ rms ( ≈20 K) abo v e the merger level with
ny other local maximum (i.e. above the highest contour/isophotal
evel enclosing a pair of local maxima). The minimum area
 min a rea ) and minimum number of pixels ( min npix) that each
ocal maximum should span are also specified. Here, we require
i n area = mi n npi x = 6, so that each local maximum spans at

east one synthesized beam. 
The isosurfaces surrounding local maxima are then categorized

nto different types of structures: leaves, branches, and trunks. Leaves
re the smallest structures and do not contain any substructure (i.e.
hey contain only one local maximum), trunks are the largest contigu-
us structures (i.e. they have no parent structure), and branches are
ntermediate in scale (and can have both substructures, i.e. branches
nd leaves, and parent structures, i.e. branches and trunks). Trunks
herefore do not o v erlap an y other trunks, and leav es do not o v erlap
ny other leaves (Wong et al. 2019 ), but both trunks and branches
an split up into branches and/or leaves, thus allowing hierarchical
tructures to be adequately identified and represented (Rosolowsky
t al. 2008 ). The algorithm identifies 3626 molecular structures in
GC 404: 50 trunks, 1642 branches, and 1934 leaves. The trunks

n our catalogue reco v er almost all of the CPROPSTOO -masked CO(2-
) emission, while the leaves contain a total of ≈83 Jy km s −1 or

55 per cent of this emission. 
Once a hierarchy of structures has been identified by ASTRODENDRO ,

e use our modified version of CPROPSTOO (see Liu et al. 2021 )
o calculate the properties of the structures identified. The code
PROPSTOO is chosen because it attempts to correct the measured
uantities for the finite sensitivity of the observations, extrapolating
izes, linewidths, and luminosities to their infinite signal-to-noise
atio ( S / N ) equi v alents (i.e. to a brightness temperature at the edge of
he structures identified T edge = 0 K). CPROPSTOO also ‘deconvolves’
n two dimensions the measured (and extrapolated) sizes, to account
or the finite size of the synthesized beam, thus roughly correcting
or possible resolution biases. 

Table 1 lists the position and properties of each identified
tructure: structure size (radius) R c , one-dimensional observed
inewidth (velocity dispersion) σ obs, los , CO(2-1) luminosity L CO(2-1) ,
aseous mass M c [assuming a CO(2-1)/CO(1-0) line ratio of
.78, and a standard Galactic CO-to-H 2 conversion factor X CO =
 × 10 20 cm 

−2 (K km s −1 ) −1 ; referred to as M gas in Liu et al. 2021 ],
nd deprojected galactocentric distance R gal . The uncertainties of
he measured properties are estimated via a bootstrapping technique.
or a detailed definition of each property and its uncertainty, refer

o Liu et al. ( 2021 ). About 50 per cent (953/1934) of the identified
eaves, ≈ 97 per cent (1592/1642) of the identified branches, and

94 per cent (47/50) of the identified trunks are resolv ed, i.e. hav e
econvolved diameters larger than or equal to the synthesized beam
n two dimensions and deconvolved velocity widths at least half of
ne velocity channel (Donovan Meyer et al. 2013 ). Fig. 2 shows
he resolved leaves (blue ellipses) and trunks (coloured contours)
f NGC 404 o v erlaid on the zeroth-moment map created with the
PROPSTOO -generated mask. 

art/stac2287_f1.eps
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Figure 2. CO(2-1) integrated-intensity map of NGC 404 (colour scale), blanking out faint areas using the CPROPSTOO -generated mask. The mask co v ers 
pixels with connected emission above 1.5 σ rms and at least one channel above 3 σ rms , where σ rms is the RMS noise of the data cube. The coloured contours show 

resolved trunks, while the blue ellipses show resolved leaves (i.e. clumps; extrapolated to the limit of perfect sensitivity but not corrected for the finite angular 
resolution). The black dashed ellipse at a galactocentric distance of 15 pc separates the central region and molecular ring discussed in the text, while the grey 
dashed ellipse at a galactocentric distance of 27 pc indicates the galactocentric distance beyond which the molecular gas disc is no longer gravitationally stable 
(i.e. the Toomre parameter Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 for more details). The synthesized beam ( ≈0.058 arcsec × 0.034 arcsec or ≈0.86 × 0.51 pc 2 ) 
is shown as a very small black ellipse to the left of the scale bar in the bottom-left corner. 

Table 1. Properties of the dendrogram-defined structures of NGC 404. 

ID RA (2000) Dec. (2000) V LSR R c σ obs, los L CO(2-1) M c R gal Structure 
(h:m:s) ( ◦: ′ : ′′ ) (km s −1 ) (pc) (km s −1 ) (10 4 K km s −1 pc 2 ) (10 5 M �) (pc) 

1 01:09:27.00 35:43:04.85 − 111 .1 – 2 . 0 ± 0 . 9 0 . 03 ± 0 . 01 0 . 02 ± 0 . 01 1 .5 L 

2 01:09:26.98 35:43:03.64 − 58 .0 24 . 8 ± 3 . 3 10.0 ± 1.2 127 . 5 ± 1 . 9 70 . 1 ± 1 . 1 19 .9 B 

3 01:09:26.97 35:43:03.60 − 57 .8 26 . 7 ± 6 . 4 10.4 ± 1.8 139 . 4 ± 1 . 9 76 . 7 ± 1 . 0 20 .8 B 

– – – – – – – – – –
3626 01:09:27.01 35:43:04.97 7 .2 – 1 . 9 ± 1 . 0 0 . 03 ± 0 . 02 0 . 01 ± 0 . 01 0 .9 L 

Notes. Measurements of R c assume η = 1.91. Measurements of M c assume a CO(2-1)/CO(1-0) line ratio of 0.78 in temperature units and a standard 
Galactic conversion factor X CO = 2 × 10 20 cm 

−2 (K km s −1 ) −1 (including the mass contribution from helium). Structure codes: L – leaf, B –
branch, T – trunk. Measurements of R gal adopt a fixed position angle PA = 1 ◦ and inclination angle i = 9.3 ◦. The uncertainty of the adopted 
distance D to NGC 404 was not propagated through the tabulated uncertainties of the measured quantities. This is because an error on the distance 
to NGC 404 translates to a systematic (rather than random) scaling of some of the measured quantities (no effect on the others), i.e. R c ∝ D , 
L CO(2-1) ∝ D 

2 , M c ∝ D 

2 , and R gal ∝ D . Table 1 is available in its entirety in machine-readable form in the electronic edition. 
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In this paper, we will refer to single centrally concentrated 
tructures as ‘clumps’, and those objects with more complex struc- 
ures as ‘clouds’. We therefore treat dendrogram-defined leaves 
s clumps, and both branches and trunks as clouds, because 
y definition leaves cannot contain any substructure, while both 
ranches and trunks must harbour multiple substructures. Here, 
substructure’ is understood to be emission within a contour (in 
 3D data cube) of min delta = 1 . 5 σ rms that has a minimum
rea of one synthesized beam. Hereafter, the subscript ‘c’ will 
enote both clumps and clouds, while the subscripts ‘clump’ 
b

nd ‘cloud’ will refer to only clumps and only clouds, respec-
ively. 

 RESULTS  

.1 Mass function of clumps 

n this section, we analyse the mass distribution functions of indepen-
ent structures, i.e. clumps, in NGC 404. The distribution of clumps
y mass provides important information not only on the mechanisms 
MNRAS 517, 632–656 (2022) 
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Figure 3. Normalized differential mass distribution function of the resolved clumps in the central region, molecular ring, and whole disc of NGC 404, 
respecti vely. The two po wer laws best fitting the differential mass distribution are o v erlaid as green dashed lines in each panel. Our mass completeness limit is 
indicated by a black vertical dashed line in each panel. The red dotted line in the middle panel indicates our model-predicted turn-o v er mass in the molecular 
ring ( M c, coll ; see Sections 4.2 and 6.1 for more details). 
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hat influence clump formation, evolution, and destruction (e.g.
osolowsky 2005 ; Colombo et al. 2014 ; Faesi, Lada & Forbrich
016 ), but also on the factors regulating star formation. Indeed,
he SFR diversity across galactic discs could simply originate from
iverse clump populations (Kobayashi et al. 2017 , 2018 ). 
The differential clump mass distribution function can be charac-

erized by a power law 

 N clump ( M clump ) / d M clump ∝ M 

γclump 
clump (1) 

or equi v alently dN clump ( M clump ) /d log M clump ∝ M 

γclump + 1 
clump ), where

 clump ( M clump ) is the number of clumps with masses greater than
 clump and γ clump is the power-la w inde x, usually compared to an

ndex of −2. If γ clump < −2, most of the molecular mass is found
n low-mass clumps, while if γ clump > −2, most of the galaxy’s
olecular mass is located in high-mass clumps. 
Fig. 3 shows the normalized differential mass distribution func-

ions of the resolved clumps in the central region, molecular ring,
nd whole disc of NGC 404. The black vertical dashed line in each
anel indicates the mass completeness limit M comp = 1.8 × 10 3 M �,
stimated from the minimum resolved clump (gaseous) mass ( M min ≈
00 M �) and the observational sensitivity δM 

= 120 M �, i.e. M comp 

M min + 10 δM 

. Here, the contribution to the mass due to noise
M 

is estimated by multiplying our RMS column density sensitivity
imit of ≈250 M � pc −2 (derived from our RMS noise σ rms ) by the
ynthesized beam area of ≈0.49 pc 2 . 

We find ‘turn-o v ers’, that is, break points in the single power-
aw functions, in all the normalized differential mass distributions,
l w ays at the same clump mass M clump ≈ 4000 M �. As this turn-o v er
ass is much larger than our estimated mass completeness limit, it

s most likely real and thus informs on the underlying formation and
estruction of clumps. We therefore fit the normalized differential
ass distributions with two separate power laws, one for the high-
ass regime M clump � 4000 M �, with a power-law index of γ + 

clump ,
nd the other for the low-mass regime M comp � M clump � 4000 M �,
ith a power-law index of γ −

clump . All normalized differential mass
istribution functions can be well described by such broken power
aws, and the best-fitting power-law indices of each region are listed
n T able 2 . W e note that the power-law index of the differential
lump mass distribution function in the high-mass regime γ + 

clump is
onsistent with the best-fitting power-law indices of the cumulative
NRAS 517, 632–656 (2022) 
lump mass distribution function (see Appendix A for the normalized
umulative mass distribution functions of the resolved clumps in the
ifferent regions of NGC 404). 
The mass distribution functions of the NGC 404 clumps are

nusually steep in the high-mass regime ( γ + 

clump ≈ −2 . 8–−2.6),
uch steeper (i.e. more ne gativ e) than those of MW clumps and

louds ( γ c ≈ −1.7–−1.5; Simon et al. 2001 ; McKee & Ostriker
007 ; Rice et al. 2016 ) and Local Group galaxy clouds ( γ cloud =
2.0–−1.7; Fukui et al. 2001 ; Leroy et al. 2006 ; Wong et al. 2011 ;
 aesi et al. 2016 ; e xcept for M 33 clouds with γ cloud ≈ −2.5;
litz & Rosolowsky 2006 ). They are also slightly steeper than those
f the clouds in the early-type galaxies (ETGs) NGC 4526 and
GC 4429 ( γ cloud ≈ −2.3–−2.1; Utomo et al. 2015 ; Liu et al. 2021 ).

nterestingly, the steep power-law indices γ + 

clump of the NGC 404
lumps are similar to that of the massive end of the observed stellar
nitial mass function ( γ ≈ −2.4; Salpeter 1955 ; Chabrier 2003 ). 

The best-fitting power-law indices in the low-mass regime are
uch larger ( γ −

clump ≈ −0 . 5–0.4). The number of clumps in NGC 404
hus seems to increase with increasing mass when M clump is smaller
han the turn-o v er mass ( ≈4000 M �), and to decrease sharply
hereafter. 

Overall, the clump mass distribution functions of NGC 404 seem
o fa v our the formation of clumps with a mass around that of the
urn-o v er mass ( ≈4000 M �), and we shall discuss the implications
f this observed turn-over mass in Section 6.1 . 

.2 Multiple-scale size–linewidth relations 

he empirical relation between size and linewidth has become the
ardstick against which to compare studies of clumps and clouds
n the MW and other galaxies (e.g. Bolatto et al. 2008 ). It is of
undamental importance because it can be interpreted as a signature
f turbulent motions within molecular structures (e.g. Rosolowsky
005 ). As a dendrogram approach allows us to identify a full
ierarchy of molecular structures, we are able to investigate whether
he size–linewidth relation (and thus turbulence) is universal from
he large-scale interstellar medium (ISM) to its smallest and densest
tructures (e.g. Shetty & Ostriker 2012 ). 

Fig. 4 presents the size–linewidth relations of the molecular
tructures in the central region, molecular ring, and whole disc of
GC 404. Clumps, i.e. leaves, are shown as filled green circles.
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Table 2. Summary of the observational results of NGC 404. 

Central region Molecular ring Whole disc 

Mass functions of clumps γ −
clump = −0 . 52 ± 0 . 49 γ −

clump = 0 . 37 ± 0 . 08 γ −
clump = 0 . 25 ± 0 . 19 

γ + 
clump = −2 . 63 ± 0 . 49 γ + 

clump = −2 . 87 ± 0 . 13 γ + 
clump = −2 . 67 ± 0 . 16 

Size–linewidth relation σobs , los = 

(3 . 24 ± 0 . 08) R 

0 . 82 ±0 . 11 
c 

σobs , los = 

(2 . 95 ± 0 . 13) R 

0 . 30 ±0 . 03 
c 

σobs , los = 

(3 . 02 ± 0 . 15) R 

0 . 30 ±0 . 04 
c 

Mass–size relation D m , c = 2 . 27 ± 0 . 10 D m , c = 2 . 12 ± 0 . 01 D m , c = 2 . 11 ± 0 . 01 
D m, clump = 2.07 ± 0.16 D m, clump = 1.63 ± 0.04 D m, clump = 1.65 ± 0.04 
D m , cloud = 2 . 22 ± 0 . 10 D m , cloud = 2 . 06 ± 0 . 01 D m , cloud = 2 . 04 ± 0 . 01 

Virial parameter 〈 αvir, c 〉 = 1 . 35 ± 0 . 13 〈 αvir, c 〉 = 0 . 67 ± 0 . 10 〈 αvir, c 〉 = 0 . 73 ± 0 . 10 
〈 αvir, clump 〉 = 1.52 ± 0.11 〈 αvir, clump 〉 = 1.82 ± 0.07 〈 αvir, clump 〉 = 1.78 ± 0.05 
〈 αvir, cloud 〉 = 1 . 14 ± 0 . 12 〈 αvir, cloud 〉 = 0 . 41 ± 0 . 02 〈 αvir, cloud 〉 = 0 . 41 ± 0 . 02 

M c –αvir, c relation – αvir, c ∝ M 

−0 . 27 ±0 . 01 
c αvir, c ∝ M 

−0 . 27 ±0 . 01 
c 

– αvir, clump ∝ M 

−0 . 33 ±0 . 04 
clump αvir, clump ∝ M 

−0 . 33 ±0 . 03 
clump 

– αvir, cloud ∝ M 

−0 . 24 ±0 . 03 
cloud αvir, cloud ∝ M 

−0 . 25 ±0 . 01 
cloud 

Notes. The subscript ‘c’ denotes both clumps and clouds, while the subscripts ‘clump’ and ‘cloud’ refer to only clumps and only clouds, 
respecti vely. The po wer-law indices γ + 

clump and γ −
clump are for the differential mass distribution functions of the clumps in the high-mass 

( M clump � 4000 M �) and low-mass ( M comp � M clump � 4000 M �) regime, respectively. 

Figure 4. Size–linewidth relation of the molecular structures in the central region, molecular ring, and whole disc of NGC 404, respectiv ely. Resolv ed clumps, 
i.e. leaves, are shown as filled green circled and resolved clouds, i.e. branches and trunks, are shown as open brown triangles and filled brown squares, 
respectively. The blue symbols denote unresolved structures. The horizontal and vertical blue dotted lines indicate our resolution limit of 1 km s −1 (i.e. half 
the channel width) and 0.40 pc (i.e. half the synthesized beam), respectively. In each panel, the black solid line with associated shading shows the best-fitting 
power-law relation of all resolved molecular structures with 1 σ confidence intervals, while the red dashed line shows the R c –σ obs, los relation predicted by our 
cloud–cloud collision model (see Section 4.4 ). The peach and purple solid lines show the size–linewidth relation of the MW disc (Solomon et al. 1987 ) and 
MW central molecular zone (Kauffmann et al. 2017 ), respectively. The typical uncertainty is shown as a black cross to the left of the legend in the bottom-right 
corner of each panel. 
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louds, i.e. branches and trunks, are shown as open brown triangles 
nd filled brown squares, respectively. The molecular structures 
dentified in NGC 404 span a relatively large dynamic range, 
ith sizes spanning about two orders of magnitude and velocity 
ispersions spanning o v er one order of magnitude. We note that
he observed velocity dispersions σ obs, los shown in Fig. 4 should 
e almost e xclusiv ely comprised of turbulent motions. Following 
he method of Liu et al. ( 2021 ) (i.e. comparing σ obs, los with the
radient-subtracted velocity dispersion measure σ gs, los ), we found 
o evidence of a significant contribution of galactic rotation at the 
lump and cloud scales (i.e. σ obs, los ≈ σ gs, los for most clumps and 
louds). Besides, as the galaxy is nearly face-on ( i ≈ 9 ◦ at R gal ≥
5 pc; Davis et al. 2020 ), contamination by (orbital) motions driven
y the background galaxy potential in the disc plane ( σ gal, r radially 
nd σ gal, t azimuthally; see Liu et al. 2021 ) should be negligible 
or most molecular structures. The use of the gradient-subtracted 
elocity dispersion σ gs, los is therefore unnecessary in this work. 

The best-fitting size–linewidth relation of each region is listed in 
able 2 . The molecular structures in the central re gion e xhibit an
nusually steep size–linewidth relation with a slope of 0.82 ± 0.11, 
hile those in the molecular ring have a much shallower relation
ith a slope of 0.30 ± 0.03. This trend is consistent with that in the
W, where the central molecular zone (CMZ) clouds have a size–

inewidth relation steeper than that of clouds elsewhere in the disc
slope ≈0.7 compared to ≈0.5; e.g. Oka et al. 2001 ; Kauffmann
t al. 2017 ). The molecular structures in the central region of
GC 404 also generally have velocity dispersions larger than those 
f similarly sized structures in the molecular ring. This is again
imilar to the behaviour observed in the MW, where at a given size
he clumps/clouds in the CMZ have velocity dispersions larger than 
MNRAS 517, 632–656 (2022) 
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Figure 5. Mass–size relation of the molecular structures in the central region, molecular ring, and whole disc of NGC 404, respectively. Symbols are as for 
Fig. 4 . The vertical blue dotted line indicates our spatial resolution limit of 0.40 pc (i.e. half the synthesized beam), while the horizontal blue dotted line indicates 
our mass detection limit (log (10 δM 

/M �) = 3.08; see Section 3.1 ). In each panel, the solid black, green, and brown lines show the best-fitting power-law relation 
of all resolved molecular structures, only resolved clumps (i.e. leaves), and only resolved clouds (i.e. branches and trunks), respectively, while the red dashed 
line shows the M c –R c relation of clumps predicted by our cloud–cloud collision model (see equation 35 and Section 5.2 ). 
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hose of clumps/clouds in the disc (e.g. Oka et al. 2001 ; Kauffmann
t al. 2017 ). 

It is worth noting that the power-law index found for the molecular
ing (0.30 ± 0.03) is similar to that of the Kolmogorov ( 1941 ) law
f incompressible turbulence, whereby σobs , los ∝ R 

1 / 3 
c based on a

onstant energy transmission rate in the turbulent cascade. Ho we ver,
he much steeper slope of 0.82 ± 0.11 is found in the central region,
uggesting that the turbulence is highly compressible in this area,
nd the energy transmission through decreasing spatial scales is no
onger conserv ati v e with kinetic energy also being e xpended to shock
nd/or compress the gas (e.g. Mac Low 1999 ; Federrath 2013 ; Cen
021 ). 
While a single power law seems to fit well the size–linewidth

elation observed in the central region, the same relation appears to
reak down in the molecular ring at a scale of R c ≈ 3 pc, where
 flattening (i.e. a turn-o v er) is observed. The scatter around the
 c –σ obs, los is also much larger at scales below this turn-o v er scale

primarily clumps) than abo v e (primarily clouds). The flattening and
catter of the R c –σ obs, los relation suggest a turbulence driving scale
f ≈3 pc in the molecular ring. Indeed, the velocity dispersion is
xpected to remain constant at scales larger than that driving the
urbulence (e.g. Blitz & Rosolowsky 2006 ). The flattening at R c ≈
 pc is not observed in the central region, but there are very few
tructures (all clouds) larger than this, and as we will argue later (see
ection 4.4 ) it is likely that the mechanism responsible for driving

he turbulence in that region is different. 
Overall, the molecular structures of NGC 404 e xhibit comple x

ize–linewidth relations, which vary strongly between the central re-
ion and molecular ring. It seems that molecular gas is more turbulent
n the central region, and thus different sources of turbulence may be
resent in the two regions. These will be discussed in Section 4.4 . 

.3 Multiple-scale mass–size relations 

 plot of log ( M c ) versus log ( R c ) often provides a useful way to
haracterize the density structure (e.g. Kauffmann et al. 2010 ) and
ractal nature (e.g. Mandelbrot & Whitrow 1983 ; Kritsuk, Lee &
orman 2013 ) of the ISM. Assuming all molecular structures have
 power-law mass volume density radial profile ρ( r ) ∝ r −k , the total
ass within a given radius is then M ( r ) ∝ r 3 − k . Thus, the lower

he slope of the mass–size relation, the more centrally condensed
NRAS 517, 632–656 (2022) 
he structure. The power-law index of the M c –R c relation may also
eflect the fractal dimension D m 

of the substructures 1 (Mandelbrot &
hitrow 1983 ). Indeed, as our identified molecular structures can

e treated as substructures of a fractal ISM (to zeroth-order approx-
mation; Roman-Duval et al. 2010 ), it is useful to adopt the fractal
imension D m 

to describe how fully the molecular structures fill the
pace of the underlying ISM, i.e. the degree of porosity of the ISM. 

Fig. 5 shows the mass–size relations of the molecular structures
f the central region, molecular ring, and whole disc of NGC 404,
ll very tight. The best-fitting mass–size relations of each region
re listed in Table 2 . Overall, the power-law index for all molecular
tructures in the whole disc of NGC 404, D m 

= 2.11 ± 0.01, is
imilar to (although statistically inconsistent with) that derived for

W clouds ( D m 

= 2.39 ± 0.01; Roman-Duval et al. 2010 ) and is
ithin the range inferred from observations of nearby galaxies (1.6
D m 

≤ 3.0; Kauffmann et al. 2010 ; Lombardi, Alves & Lada 2010 ;
rquhart et al. 2013 ; Zhang & Li 2017 ; Li & Zhang 2020 ). We
ote that D m 

≈ 2.1 implies a molecular gas mass volume density
gas ∝ R 

−0 . 9 
c and mass surface density 	 gas ∝ R 

0 . 1 
c . The latter is the

sual nearly constant mass surface density, but the former indicates
nhomogeneous mass volume densities for the resolved molecular
tructures of NGC 404. 

Interestingly, while clumps and clouds show similar power-law
ndices in the central region ( D m, clump = 2.07 ± 0.16 versus
 m, cloud = 2.22 ± 0.10), clumps e xhibit power-la w indices much

hallower than those of clouds in the molecular ring ( D m, clump =
.65 ± 0.04 versus D m, cloud = 2.04 ± 0.01). The power-law index
 m, clump of clumps in the molecular ring (and thus the whole disc) is

maller than 2, suggesting that in that region the larger the clumps,
he smaller their mass surface densities. The discrepancy between
he power-law indices of clumps and clouds in the molecular ring is
imilar to that observed in the MW, where M c ∝ R 

1 . 6 
c for clumps of

izes 0.01 pc ≤ R c ≤ 1 pc (Kauffmann et al. 2010 ; Lombardi et al.
010 ; Zhang & Li 2017 ), while M c ∝ R 

2 . 2 −2 . 3 for clouds of sizes 3 pc
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Figure 6. Virial mass–gaseous mass relation of molecular structures in the central region, molecular ring, and whole disc of NGC 404, respectively. Symbols 
are as for Fig. 4 . The black dashed lines show the 1: 1 relations (i.e. αvir, c = 1) and the black dotted lines the 2: 1 relations (i.e. αvir, c = 2). The vertical and 
horizontal blue dotted lines indicate our mass detection limit (log (10 δM 

/M �) = 3.08; see Section 3.1 ). In the inset of each panel, the distributions of log αvir, c 

of all resolved molecular structures (black), clumps (green), and clouds (brown) are shown, with their best lognormal fits o v erlaid in matching colours. The 
corresponding mean virial parameters are listed in the legend. 
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R c ≤ 100 pc (Roman-Duval et al. 2010 ; Miville-Desch ̂ enes et al.
016 ). These trends thus suggest that smaller structures are generally 
ore centrally concentrated (i.e. denser), and that the clumps and 

louds in the molecular ring may constitute different populations 
f molecular structures within the same region. We will discuss the 
hysical origins of the observed mass–size relations of NGC 404 in 
ection 5.2 . 

.4 Multiple-scale virial analyses 

 useful tool to quantify the dynamical state of a molecular structure
s the virial theorem. The virial parameter 

vir, c ≡ M vir, c /M c , (2) 

hich compares the virial mass 

 vir, c ≡
5 σ 2 

obs , los R c 

G 

(3) 

f the molecular structure to its gaseous mass M c , provides a useful
easure of its degree of gravitational binding. If αvir, c � 1, the 

ravitational binding energy is more important than the kinetic 
nergy, and the structure is gravitationally bound. If αvir, c ≈ 1, the 
inetic energy is roughly half the gravitational potential energy, and 
he structure is gravitationally bound and in (gravitational) virial 
quilibrium. If αvir, c  1, the kinetic energy is more important than 
he gravitational energy, and the structure is gravitationally unbound 
and thus transient). A virial parameter αvir, crit ≈ 2 is often considered 
he threshold between gravitationally bound and unbound objects 
e.g. Kauffmann, Pillai & Zhang 2013 ; Kauffmann et al. 2017 ). 

Fig. 6 compares the virial and gaseous masses of molecular 
tructures in the central region, molecular ring, and whole disc of
GC 404. The distributions of the resulting virial parameters of 

ll resolved molecular structures (black line), only resolved clumps 
green line), and only clouds (brown line) are also shown in an inset
n each panel. The corresponding mean virial parameters are listed 
n the legend of each panel and Table 2 . 

Overall, the molecular structures identified in NGC 404 tend 
o be gravitationally bound, as their mean virial parameter is 
maller than unity ( 〈 αvir, c 〉 = 0.73 ± 0.10 for all the molecular
tructures of the whole disc). Ho we ver, the distributions of virial
 2
arameters vary significantly across the different regions. First, 
he molecular structures in the central region tend to have much
arger virial parameters than those in the molecular ring ( 〈 αvir, c 〉 =
.35 ± 0.13 versus 〈 αvir, c 〉 = 0.67 ± 0.10). This is consistent with
he fact that gas seems to be more turbulent in the central region
see Section 3.2 ). 

Second, while clumps and clouds have similar virial parameters 
n the central region ( 〈 αvir, clump 〉 = 1.52 ± 0.11 versus 〈 αvir, cloud 〉 =
.14 ± 0.12), clumps have much larger virial parameters than clouds 
n the molecular ring ( 〈 αvir, clump 〉 = 1.82 ± 0.07 versus 〈 αvir, cloud 〉 =
.41 ± 0.02). Indeed, clumps have a log ( αvir, c ) distribution that
s clearly distinct from that of clouds in the molecular ring (see
iddle panel of Fig. 6 ). It thus seems that the dynamical states of

lumps and clouds are regulated by different physical mechanisms in 
hat region. This appears to support the suggestion that clumps and
louds in the molecular ring may constitute different populations 
f molecular structures (see Section 3.3 ). Possible reasons for the
ifferent dynamical states of clumps and clouds in the molecular 
ing will be discussed in Section 5.1 . 

It is also worth noting that the clouds in the molecular ring clearly
ave a double-peaked, double-Gaussian log ( αvir, c ) distribution, im- 
lying two distinct cloud populations. Indeed, ‘low-mass’ clouds 
learly have virial parameters larger than those of ‘high-mass’ clouds 
here ( 〈 αvir, cloud 〉 = 1.10 ± 0.07 for M cloud ≤ 10 5 M � and 〈 αvir, cloud 〉 =
.21 ± 0.0 for M cloud > 10 5 M �). 
Fig. 7 shows the dependences of αvir, c on M c for the central region,
olecular ring, and whole disc of NGC 404. The corresponding 

ower-law indices of the αvir, c –M c relations are listed in Table 2 .
here is no correlation between αvir, c and M c in the central region

left-hand panel of Fig. 7 ; Spearman rank correlation coefficient 
0.20 ± 0.07), but there is a clear trend in the molecular ring (middle

anel of Fig. 7 ; Spearman rank correlation coefficient −0.75 ± 0.01),
here the best-fitting power law is αvir, c ∝ M 

−0 . 27 ±0 . 01 
c (black solid 

ine in the middle panel of Fig. 7 ). It thus seems that the higher mass
olecular structures tend to be more bound than the lower mass ones

n the molecular ring (albeit with much scatter). An anticorrelation 
f αvir, c and M c has also been observed in the MW, where αvir, c ∝∼
 

−0 . 6 
c for Galactic clumps ( R c ≤ 5 pc; Zhang et al. 2016 ; Veltchev

t al. 2018 ) and αvir, c ∝ M 

−0 . 53 ±0 . 30 
c for ≈8000 molecular clouds

cross the entire Galactic plane (Miville-Desch ̂ enes, Murray & Lee 
017 ). 
MNRAS 517, 632–656 (2022) 
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Figure 7. Virial parameter–gaseous mass relation of molecular structures in the central region, molecular ring, and whole disc of NGC 404, respectively. 
Symbols are as for Fig. 4 . The black dashed lines indicate αvir, c = 1 and the black dotted lines αvir, c = 2, abo v e which structures are unbound in the absence of 
other confining mechanisms. In each panel, the black, green, and brown lines show the best-fitting power-law relation of all resolved molecular structures, only 
resolv ed clumps (i.e. leav es), and only resolv ed clouds (i.e. branches and trunks), respectiv ely. The slope of the best-fitting power-la w relation of all resolved 
molecular structures is listed in the legend. The vertical blue dotted lines indicate our mass detection limit (log (10 δM 

/M �) = 3.08; see Section 3.1 ). 

Figure 8. Fraction of emission originating from gravitationally bound (i.e. 
self-gravitating) structures ( αvir, c ≤ αvir, crit = 2) as a function of the 
structures’ spatial scales in NGC 404. The fraction grows with scale and 
saturates at 1 at scales � 3 pc. The blue vertical dotted line indicates our 
spatial resolution limit of 0.027 arcsec or 0.40 pc (i.e. half the synthesized 
beam). 
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We also calculate the fraction of emission originating from
ravitationally bound (i.e. αvir, c ≤ αvir, crit = 2) structures, and plot
his fraction as a function of the structures’ spatial scales in Fig. 8 . To
alculate this, we first measure the virial parameter of the emission
ontained within each resolved isosurface in the data cube, and define
he emission enclosed by an isosurface as self-gravitating if its αvir, c 

αvir, crit = 2. The fraction of self-gravitating gas is then defined as
he ratio of the total emission of the structures with αvir, c ≤ αvir, crit =
 to the total emission of all structures (of any αvir, c ), this within a
mall range of spatial scales (i.e. a spatial scale ‘bin’; see equation 6
f Rosolowsky et al. 2008 ). Similarly to the aforementioned trend,
e find the fraction of self-gravitating gas to be about unity at spatial

cales � 3 pc, implying that all these large-scale structures (that are
NRAS 517, 632–656 (2022) 
 xclusiv ely clouds) are gravitationally bound. However, the fraction
ecreases for smaller spatial scales and it drops below ≈0.7 at spatial
cales � 1 pc. A similar trend has been observed in the multiple-scale
tructures of the L1448 molecular cloud in the MW, where only a
mall fraction of small-scale objects appear to be self-gravitating,
ut the fraction of gravitationally bound gas grows to unity at larger
patial scales (Rosolowsky et al. 2008 ; Goodman et al. 2009 ). We
ill discuss this scale (and mass) dependence of the gravitational
oundedness in more detail in Section 5.1 . 

 C L U M P – C L U M P  COLLI SI ON  M O D E L  

loud–cloud collisions have been proposed in the past as a potentially
mportant mechanism for giant molecular cloud (GMC) formation
e.g. Kwan 1979 ; Cowie 1980 ) and star formation (e.g. Dobbs 2008 ;
 asker & T an 2009 ; Dobbs, Burkert & Pringle 2011 ; Fukui et al.
021 ; Maeda et al. 2021 ; Sano et al. 2021 ), but they were rejected
ecause of their supposedly long time-scale ( ∼100 Myr; e.g. Blitz &
hu 1980 ; Das & Jog 1996 ; McKee & Ostriker 2007 ; Dobbs 2008 ;
irota et al. 2011 ). Ho we ver, recent theory (Gammie, Ostriker &

og 1991 ; Tan 2000 ) and high-resolution hydrodynamic simulations
T asker & T an 2009 ; Li et al. 2018 ; Wu et al. 2018 ) suggested that
loud–cloud collisions can be efficient in a differentially rotating
isc, where collisions between clouds are driven by galactic shear.
n such a shear-driven collision scenario, the collision time-scale is
uch shorter than traditional estimates (a small fraction, ≈1/5, of the

rbital time rather than hundreds of Myr; Tasker & Tan 2009 ). A short
ollision time-scale has several important implications: (1) cloud–
loud collisions can be crucial to regulate cloud properties such as
ass and size (Tasker & Tan 2009 ; Li et al. 2018 ); (2) cloud–cloud

ollisions can be efficient to disturb the ISM and induce turbulence
Wu et al. 2017a , b , 2018 ; Li et al. 2018 ). 

In this work, instead of cloud–cloud collisions, we will hereafter
se the term ‘clump–clump collisions’, to better reflect the fact that
ost of the molecular structures we have identified in NGC 404 have

izes much smaller than those of molecular clouds (i.e. < 10 pc rather
han tens of parsecs; Solomon et al. 1987 ). More importantly, as we
ill see in Section 4.2 , in NGC 404 the collisions between clouds

re much less important than those between clumps. In this section,
e will thus develop and explore a new simple analytical model
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onnecting clump–clump collisions to the clump properties and gas 
urbulence. We will also demonstrate that a key ingredient of our 
ollision model is gravitational instabilities (i.e. a Toomre parameter 
 � 1). 

.1 Collision time-scale 

e consider an idealized model of a galactic disc that ignores the ef-
ects of supernovae, stellar winds, ram pressure, and magnetic fields, 
.e. all the physical processes other than galactic rotational shear, 
ravitational instabilities, and clump–clump collisions. Molecular 
lumps are assumed to be uniformly distributed o v er a small (coarse-
rained) region of an infinitely thin, two-dimensional disc, and to 
opulate perfectly circular orbits determined by the gravitational 
otential of the galaxy. We take clump–clump collisions to be any 
utual gravitational interaction and merging of clumps. In other 
ords, collisions between clumps are assumed to be completely 

nelastic, and to lead to the coalescence of the clumps (Fleck 1987 ;
ammie et al. 1991 ). Finally, we assume that collisions can only
ccur between (two) clumps of equal mass; i.e. collisions can be 
escribed as ‘major mergers’, as hydrodynamic simulations have 
hown that the mass ratio distribution of colliding objects peaks at 
1 (Li et al. 2018 ). 
Following Tan ( 2000 ), we set the velocity of the collision between

wo clumps to be the shear velocity 

 shear ≡ v shear ( R) = 2 Ab (4) 

nd the radius of the collision cross-section to be the tidal radius 

 t ≡ R t ( R) ≈
(

G 

2 A 

2 

)1 / 3 

M 

1 / 3 
c , (5) 

here A ≡ A ( R) = −R 
2 

d 

d R is Oort’s constant A e v aluated at the

alactocentric distance R of the clump ( R gal in Table 1 ), 
 ≡
( R ) = V circ / R is the angular velocity of orbital circular rotation,
 circ ≡ V circ ( R ) is the circular velocity of the galaxy, and b is the

adial distance between the orbits of the two colliding clumps. See 
ppendix B for a full deri v ation of the shear velocity and tidal

adius. The tidal radius R t rather than the actual clump radius R clump 

s adopted for the collision cross-section, because two clumps will 
ravitationally attract (i.e. collide with) each other despite the effects 
f the galaxy gravity (i.e. the effects of shear and tidal forces) as long
s their relative distance is smaller than their tidal radius R t . We note
hat our adopted tidal radius R t is derived by assuming a spherical
alaxy mass distribution, and is similar to the Roche limit defined in
he literature (e.g. Stark & Blitz 1978 ). 

The clump–clump collision time-scale can then be shown to be 

 coll ≡ t coll ( R) ≈ 1 

2 AN A R 

2 
t 

≈ A 

1 / 3 M 

1 / 3 
c 

2 1 / 3 G 

2 / 3 	 gas , disc 
(6) 

see Appendix B ), where N A ≡ N A ( R ) = 	 gas, disc / M c is the number
urface density of clumps and 	 gas, disc ≡ 	 gas, disc ( R ) is the coarse-
rained gaseous mass surface density of the disc. 

.2 Clump mass 

e assume here that clumps (i.e. connected, locally peaked struc- 
ures) are formed from the collisional agglomeration of smaller 
lumps (i.e. a ‘bottom-up’ scenario of clump formation; McKee & 

striker 2007 ). We first define an accumulation length as the length-
cale at which uniformly distributed gas can coalesces into a single 
entrally peaked clump via clump–clump collisions. The accumula- 
ion length can thus be approximated as the average distance between 
eighbouring clumps: 

 acc , clump ≡ L acc , clump ( R) = ( M clump /	 gas , disc ) 
1 / 2 = 1 /N 

1 / 2 
A . (7) 

his accumulation length naturally increases during the process of 
lump–clump collisions, as successive collisions constantly increase 
he clump mass and size (thereby decreasing the number surface 
ensity of clumps). 
We then propose that the clumps regulated by collisions should 

ave their accumulation length approximately equal to their tidal 
adius, i.e. L acc, clump ≈ R t, clump . This is intuitively easy to understand.
f L acc, clump < R t, clump , the distance between neighbouring clumps 
s smaller than the tidal radius, and thus the clumps will continue
o coalesce with (i.e. gravitationally attract) each other, forming 

ore massive clumps. If L acc, clump > R t, clump , the distance between
eighbouring clumps is larger than the tidal radius, and thus the
lumps will be pulled apart/sheared away from each other due to
he effects of external gravity. Therefore, clump growth via clump–
lump collisions naturally ceases when L acc, clump ≈ R t, clump . 

By posing L acc , clump = R t, clump ≈
(

G 

2 A 2 

)1 / 3 
M 

1 / 3 
c (assuming a 

pherical galaxy mass distribution, see equation 5 ), we can rewrite
he clump tidal radius and accumulation length as 

 t, clump ≈ L acc , clump ≈ G	 gas , disc / 2 A 

2 ≡ λcoll ( R) . (8) 

his naturally defines a critical collision length λcoll ≡ λcoll ( R ) =
 	 gas, disc /2 A 

2 , which is a key length-scale of our collision model.
hen R t, clump = λcoll or equi v alently L acc, clump = λcoll , then neces-

arily R t, clump = L acc, clump . 
Another way to understand this limitation is to compare the 

ollision time-scale of clumps t coll, clump (equation 6 ) with the shear
ime-scale 

 shear ≡ t shear ( R) = 1 / 2 A, (9) 

.e. the time-scale for gas instabilities to develop and grow before
he clumps are sheared apart (see Kruijssen & Longmore 2014 ; Liu
t al. 2021 ). If t coll, clump < t shear , collisions dominate o v er shear,
nd clumps can collide and merge into more massive clumps. If
 coll, clump > t shear , shear dominates o v er collisions, and collisions
etween clumps are disrupted by shear. Hence, clumps regulated by 
lump–clump collisions should have t coll ≈ t shear = 1/2 A , which is
qui v alent to L acc, clump ≈ R t, clump . 

A simple scenario of clump formation therefore emerges, whereby 
mall-scale clumps initially form and then collide and coalesce into 
ore massive clumps, until the clumps’ tidal radii reach λcoll . The

esulting clump mass ( M c, coll ) is thus directly obtained: 

 clump ≡ M clump ( R) = 	 gas , disc λ
2 
coll ≈ (2 A 

2 /G ) λ3 
coll 

≈ G 

2 	 

3 
gas , disc / 4 A 

4 ≡ M c , coll ( R) (10) 

see Section 6.1 for a more detailed discussion). The typical mass of
lumps formed via clump–clump collisions is thus determined only 
y galaxy properties ( 	 gas, disc and A ). 

.3 First comparison to NGC 404 

e now apply our clump–clump collision model to NGC 404. 
e first compare the clump–clump collision time-scale t coll, clump 

equation 6 ) with the shear time-scale t shear (equation 9 ) at each
alactocentric radius (see panel a of Fig. 9 ). To achieve this, we adopt
adially varying 
 and A (see Fig. B1 ), 	 gas, disc (see Fig. B2 ), and me-
ian clump mass M clump (which also happens to be the most common
lump mass; see panel b of Fig. 9 ). In the central region, the collision
ime-scale is much longer than the shear time-scale (i.e. t coll, clump 
MNRAS 517, 632–656 (2022) 
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M

Figure 9. Radial variation of the predicted collision time-scale ( t coll, clump ), clump mass ( M c, coll ), turbulence energy injection rate ( ̇εinject, coll ), and clump size 
( R c, coll ), respectively, of our clump–clump collision model, averaged over galactocentric radius bins of 2 pc in NGC 404. In each panel, the black vertical dashed 
line indicates the boundary ( R gal = 15 pc) between the central region and molecular ring, while the grey vertical dashed line indicates the galactocentric distance 
( R gal = 27 pc) beyond which the molecular gas disc is no longer gravitationally stable (i.e. Toomre parameter’s Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 ). The 
error bars of each quantity indicate the 1 σ scatter of the values within each radial bin (not the uncertainty on the mean within each bin, which is much smaller). 
Panel (a): comparisons of the orbital time-scale t orbit (equation 11 ), our model-predicted clump–clump collision time-scale t coll, clump (equation 6 ), and the shear 
time-scale t shear (equation 9 ) at each galactocentric radius. The clump–clump collision time-scale t coll, clump is much smaller than the orbital time-scale t orbit but 
is in good agreement with the shear time-scale t shear in the molecular ring (especially at R gal ≥ 27 pc where Q ≤ 1; see Section 4.2 ). Panel (b): comparisons 
of the observed median clump mass M clump , which also happens to be the most common clump mass, our model-predicted clump mass M c, coll (equation 10 ), 
and the Jeans mass M Jeans (equation 25 ) at each galactocentric radius. The black horizontal dotted line indicates our mass detection limit (log (10 δM 

/M �) = 

3.08; see Section 3.1 ). The median/most common clump mass M clump is in good agreement with the predicted clump mass M c, coll (and the Jeans mass M Jeans ) 
in the molecular ring (especially at R gal ≥ 27 pc where Q ≤ 1; see Section 4.2 ). Panel (c): comparisons of the observed median energy dissipation rate (per 
unit mass) of clumps ̇εdiss , clump (equation 14 ), our model-predicted energy injection rate (per unit mass) due to clump–clump collisions ̇εinject, coll (equation 13 ), 
the predicted energy injection rate (per unit mass) from gravitational instabilities ε̇inject, GI (equation 28 ), and the median virial energy dissipation rate (per 
unit mass) of clumps ε̇diss , vir (equation 33 ) at each galactocentric radius. The observed median energy dissipation rate ε̇diss , clump is consistent with the median 
virial energy dissipation rate ε̇diss , vir at all radii, but it agrees well with our predicted energy injection rate ε̇inject, coll and is within one order of magnitude of 
ε̇inject, GI in the molecular ring only (especially at R gal ≥ 27 pc where Q ≤ 1; see Section 4.4 ). Panel (d): comparison of the observed median clump size R clump , 
which also happens to be the most common clump size, and our model-predicted clump size R c, coll (equation 36 ), and comparisons of the observed clump 
tidal radius R t, clump (equation B3 ), accumulation length L acc, clump (equation 7 ), and collision critical length λcoll (equation 8 ) at each galactocentric radius. The 
blue horizontal dotted line indicates our spatial resolution limit of 0.027 arcsec or 0.40 pc (i.e. half the synthesized beam). The clump tidal radius R t, clump , 
accumulation length L acc, clump , and collision critical length λcoll are consistent with each other (see Section 4.2 ) in the molecular ring (especially at R gal ≥ 27 pc 
where Q ≤ 1; see Section 5.2 ), similarly for the observed clump size R clump and predicted clump size R c, coll . The clump collision time-scale t coll, clump , tidal 
radius R t, clump , and accumulation length L acc, clump are calculated using the median clump mass M clump at each galactocentric radius (see panel b). The quantities 
t coll, clump , M clump , ̇εdiss , clump , ̇εdiss , vir , R clump , R t, clump , and L acc, clump are calculated for resolved clumps only. 
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 t shear ), implying that clump–clump collisions are not important in
his region. In the molecular ring, ho we ver, the collision time-scale
ecreases significantly with increasing galactocentric distance, and
t becomes comparable to the shear time-scale at R gal ≥ 27 pc, where

ost ( ≈ 87 per cent ) of the molecular gas in the molecular ring is
ocated (see the gre y v ertical dashed line in each panel of Fig. 9 ). This
NRAS 517, 632–656 (2022) 
mplies clump–clump collisions must be important in the molecular
ing. 

Panel (a) of Fig. 9 also shows the orbital time-scale of clumps 

 orbit ≡ t orbit ( R) = 2 π/
 (11) 
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s a function of the galactocentric distance R (i.e. R gal ) in NGC 404.
he orbital time-scales of clumps are generally longer than their 
ollision time-scales. This is particularly the case in the molecular 
ing, where at R gal ≥ 27 pc the clump–clump collision time-scales 
re only 0.1–0.2 of the orbital time-scales. Our observations are 
hus consistent with simulation results ( t coll ≈ 0 . 2 t orbit ; Tasker &
an 2009 ; Dobbs, Pringle & Duarte-Cabral 2015 ; Li et al. 2018 ),
uggesting clump–clump collisions can indeed be frequent in galactic 
iscs with strong shear. We also note that, for a flat circular velocity
urve ( 
 = 2 A ), the shear time-scale t shear = 1/2 A = t orbit /2 π , and
hus in the molecular ring (where the rotation curve is almost flat) 

 coll , clump ≈ t shear ≈ t orbit / 2 π, (12) 

hich naturally accounts for our finding that t coll, clump / t orbit ≈ 0.1–0.2 
n the molecular ring. 

The observed clump accumulation length L acc, clump (equation 7 ) 
nd tidal radius R t, clump (equation 5 ) are also compared in panel (d)
f Fig. 9 (calculated again using the median clump mass M clump at
ach galactocentric radius; see panel b of Fig. 9 ). Again, the clump
ccumulation length is much larger than the clump tidal radius in 
he central region, but the two are comparable in the molecular ring
especially at R gal ≥ 27 pc). This again suggests that clump–clump 
ollisions are important in the molecular ring but not in the central
egion. 

We also compare our predicted clump mass M c, coll (equation 10 ) 
ith the observed (median) clump masses M clump , and our predicted 

lump tidal radius λcoll (equation 8 ) with the observed (median) 
lump tidal radii R t, clump at each galactocentric distance. As shown 
n panels (b) and (d) of Fig. 9 , our model successfully accounts
or the measurements in the molecular ring, especially at R gal ≥
7 pc, where M clump ≈ M c, coll and R t, clump ≈ L acc, clump ≈ λcoll . The 
ood match between the predicted and observed clump masses in 
he molecular ring can also be seen in the middle panel of Fig. 3 ,
here our predicted clump mass M c, coll for the molecular ring (the 

ed vertical dashed line) agrees well with the observed most common 
lump mass (i.e. the turn-o v er mass at M clump ≈ 4000 M �). 

Having said that, our collision model leads to significant under- 
stimates of the clump masses in the central region. This significant 
ismatch between the model M c, coll (or λcoll ) and the observed 

median) M clump (or R t, clump ) in the central region is unlikely to
e due to the limited spatial resolution and/or sensitivity of our 
ata, as the clumps in the central region have deconvolved sizes
arger than our spatial resolution limit (see the blue horizontal dotted 
ine in panel d of Fig. 9 ) and masses well abo v e our detection
imit [log (10 δM 

/M �) = 3.08; see the grey horizontal dotted line
n panel (b) of Fig. 9 ]. 

Overall, the good match between our predictions and the obser- 
ations in the molecular ring suggests that clump–clump collisions 
re an important mechanism regulating clumps in regions where 
 coll, clump ≤ t shear . Other physical mechanisms are required to explain 
he formation of massive clumps in the central region, where t coll, clump 

 t shear . It is interesting to note that the clumps in the central region
ev ertheless hav e masses and sizes similar to those in the molecular
ing (see panels b and d of Fig. 9 ). We will discuss this fact in
ection 6.3 . 
So far, we have only considered the importance of collisions 

etween clumps, but are collisions between clouds also likely to be 
mportant? The answer is probably no. This is because t coll ∝ M 

1 / 3 
c 

see equation 6 ), so clouds tend to have much longer collision time-
cales than clumps. We have also seen that most clumps have already
eached a critical state whereby t coll, clump ≈ t shear in the molecular 
ing (and t coll, clump > t shear in the central region). Clouds, which by
efinition contains several clumps, should therefore have t coll, cloud > 

 shear everywhere. In other words, it is likely that clouds in NGC 404
ill be pulled away from each other (by tidal and shear forces) before

he y hav e a chance to collide and coalesce with each other. Cloud–
loud collisions are therefore likely to be much less important than
lump–clump collisions in NGC 404. Hereafter, we will thus ignore 
loud–cloud collisions, and only discuss clump–clump collisions. 

.4 Turbulence dri v en by clump–clump collisions 

igh-resolution hydrodynamic simulations suggest that frequent 
lump–clump collisions can be an important source of turbulence 
n galaxies (e.g. Agertz et al. 2009 ; Namekata & Habe 2011 ; Tan,
haske & Van Loo 2013 ; Li 2017b ; Li et al. 2018 ; Wu et al. 2018 ).
ccording to these simulations, clump–clump collisions alone can 
rovide sufficient energy to maintain the observed level of turbulence 
n the ISM (e.g. Aumer et al. 2010 ; Li 2017b ; Wu et al. 2017a , b ,
018 ). In this section, we thus explore the impact of clump–clump
ollisions on turbulence, by relating the turbulent energy injected via 
lump–clump collisions to the kinetic energy of ordered differential- 
otation motions in the disc. In the process, we will show that our
odel of collision-induced turbulence matches well the observed 

urbulence in the molecular ring of NGC 404. 

.4.1 Energy injection rate by clump–clump collisions 

e have implicitly assumed that the collisions between clumps 
re inelastic. This assumption is reasonable, as theoretical and 
imulation works suggest that clumps in a differentially rotating 
alactic disc can have inelastic collisions, which give rise to viscosity
nd lead to energy dissipation and the transport of angular momentum 

e.g. Jog & Ostriker 1988 ; Ozernoy, Fridman & Biermann 1998 ;
ollmer & Duschl 2001 ; Williamson & Thacker 2012 ; Li 2017b ).
iven inelastic collisions, all the available kinetic energy is dissipated 

nto turbulence, i.e. the kinetic energy extracted from galactic differ- 
ntial rotation by clump–clump collisions is completely converted 
o turbulence. The average rate of ‘turbulent energy’ injection due 
o clump–clump collision (per unit mass), ε̇inject, coll , can then be 
xpressed as 

˙inject, coll ( R) = 

1 

t coll 

2 
∫ R t, clump 

0 

(
1 
2 M clump v 

2 
shear ( b) 

)
z coll ( b) d b 

2 
∫ R t, clump 

0 M clump z coll ( b) d b 

≈ 1 

t coll 

(2 A ) 3 N A 

∫ R t, clump 
0 b 3 d b 

Z coll 
≈ 2 A 

3 N A R 

4 
t, clump 

≈ 2 A 

3 N A λ
4 
coll ≈ ( G	 gas , disc ) 

2 
/

2 A, (13) 

here z coll ( b ) = N A v shear ( b ) = N A (2 Ab ) is the collision rate per unit
ength and N A is approximately constant o v er a re gion of radius
 t, clump (see equations B4 –B6 ), and we have used R t, clump ≈ λcoll as
emonstrated in Section 4.2 (see equation 8 ). The factor of 2 in both
umerator and denominator of equation ( 13 ) accounts for clumps
ither catching up with other clumps at larger R gal or being caught up
y other clumps at smaller R gal . As N A ∝ M 

−1 
clump and R t ∝ M 

1 / 3 
clump ,

˙inject, coll ∝ M 

1 / 3 
clump , suggesting that collisions between more massive 

lumps are more ef fecti ve at injecting turbulent energy. We note that
ur derived ̇εinject, coll again comprises galaxy properties only ( 	 gas, disc 

nd A ) and therefore does not depend on the clump properties. 
The question is then whether the energy injected by clump–clump 

ollisions in NGC 404 is sufficient to maintain the observed level
f turbulence. An important parameter to quantify the properties of 
urbulence is the rate at which energy is dissipated in the turbulent
MNRAS 517, 632–656 (2022) 
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ascade (per unit mass), or equi v alently the rate at which energy is
ransferred from large to small scales (per unit mass), ε̇diss (Miville-
esch ̂ enes et al. 2017 ). This can be estimated for each clump as the

otal kinetic energy (per unit mass) divided by the dynamical time
 t dyn = 2 R c / σ obs, los ; Mac Low et al. 1998 ; Mac Low 1999 ): 

˙diss , clump = 

1 

M clump 

1 
2 M clump σ

2 
obs , los 

2 R clump /σobs , los 
= 

1 

4 

σ 3 
obs , los 

R clump 
. (14) 

f turbulence is maintained by clump–clump collisions, we should
xpect 

˙diss , clump ≈ ε̇inject, coll . (15) 

Comparison to NGC 404. Panel (c) of Fig. 9 compares the energy
njection rate from clump–clump collisions ε̇inject, coll to the clumps’
urbulent energy dissipation rate ε̇diss , clump in NGC 404. The latter
s derived by utilizing the observed median clump size R clump and
edian clump velocity dispersion σ obs, los at each radius. We find

he energy injection rates of collisions are sufficient to balance the
urbulent energy dissipation rates of the clumps in the molecular ring
nd the inner parts ( R gal � 8 pc) of the central region, but not in the
uter parts (8 pc � R gal � 15 pc) of the central region. 

.4.2 Size–linewidth relation regulated by clump–clump collisions 

o check whether the gas turbulence is indeed triggered by clump–
lump collisions, one must also compare the observed size–linewidth
elation with that predicted from the collision model. This is because
he size–linewidth relation is often interpreted as a signature of turbu-
ent motions, representing the length-scales of velocity correlations
ithin a turbulent flow (e.g. Falgarone & Phillips 1991 ; Elmegreen &
algarone 1996 ; Roman-Duval et al. 2010 ). Energy is generally
onsidered to be fed into the turbulent medium on its largest spatial
cale (the turbulence driving scale L D ), and to be transmitted through
he so-called ‘turbulent cascade’ to smaller and smaller spatial scales
 , until the energy reaches a (very small) scale at which it is dissipated
nto heat (e.g. Bodenheimer 2011 ). If turbulence is maintained by
lump–clump collisions, the turbulence driving scale should be equal
o the critical collision length, i.e. 

 D , coll ≈ λcoll = G	 gas , disc / 2 A 

2 . (16) 

his is because λcoll is the maximum distance within which clumps
an collide with each other and thus trigger turbulence. 

As turbulence has self-similar properties only on spatial scales
elow the driving scale, the size–linewidth relation should exhibit a
ower law on spatial scales l < L D , and then turn over and flatten at
 ≥ L D (e.g. Blitz & Rosolowsky 2006 ). If we assume the turbulent
nergy due to clump–clump collisions ε̇inject, coll cascades down to
mall spatial scales with a constant energy dissipation rate (per
nit mass), i.e. if we assume a Kolmogorov spectrum of turbulence
e.g. Kolmogorov 1941 ; Lighthill 1955 ; Kritsuk et al. 2007 ; Miville-
esch ̂ enes et al. 2017 ), we can pose 

˙diss ≡ 1 

4 

σ 3 
obs , los ( l) 

l 
= constant = ε̇inject, coll for l ≤ L D ≈ λcoll 

(17) 

see equation 14 ). Combining this with equations ( 13 ) and ( 16 ),
e can infer the velocity dispersion of clumps (and clouds) due to

lump–clump (or cloud–cloud) collisions σ c, coll at all spatial scales: 

c , coll = 

{ (
2 G 

2 	 

2 
gas , disc /A 

)1 / 3 
R 

1 / 3 
c if R c � L D ≈ λcoll ; 

G	 gas , disc /A ≡ σmax , coll if R c � L D ≈ λcoll . 
(18) 
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ence, if clump–clump collisions constitute a major driver of turbu-
ence, the size–linewidth relation is linked to the galaxy properties
 gas, disc and A only. 
Comparison to NGC 404. The red dashed line shown in each

anel of Fig. 4 shows our predicted size–linewidth relation using
quation ( 18 ), with a slope of 1/3, a flattening at a clump/cloud
adius L D ≈ λcoll = G 	 gas, disc /2 A 

2 (equation 16 ), and a maximum
lump/cloud velocity dispersion σ max, coll = G 	 gas, disc / A , where the
olecular gas mass surface density 	 gas, disc and Oort’s constant A
ere spatially averaged within each region (i.e. the central region,
olecular ring, and whole disc, respectively). Our predicted size–

inewidth relation (with no free parameter!) strongly resembles the
bserved R c –σ obs, los trend in the molecular ring (see the middle
anel of Fig. 4 ), including its slope, normalization, turn-o v er scale,
nd plateau. This lends strong support to our conjecture that the
bserved turbulence in the molecular ring of NGC 404 is maintained
y clump–clump collisions. 
In the central region, although the energy injection rate due to

ollisions appears to be sufficient to balance the turbulent energy
issipation rate of the clumps in the very inner parts ( R gal ≤
 pc; see panel c of Fig. 9 ), the observed velocity dispersions
re much larger than those predicted by our collision model
and a turn-o v er at the scale predicted is not observed). Mecha-
isms other than collisions are therefore required to explain the
igher level of turbulence (and larger turbulence driving scale)
n that region. We will compare clump–clump collisions with
tellar feedback in Section 6.2 , and discuss the possibility of
lump migration as a source of turbulence in the central region in
ection 6.3 . 

.4.3 Vertical support from collision-induced turbulence 

f the disc velocity dispersion σ gas, disc is driven by clump–clump
ollisions and maintains the gas disc in vertical equilibrium, it should
e approximately equal to (or smaller than) the maximum velocity
ispersion possibly maintained by clump–clump collisions ( σ max, coll ;
ee equation 18 ), i.e. 

gas , disc ≈ σmax , coll ≈ G	 gas , disc /A. (19) 

n addition, as the gas disc scale height h gas, disc should be comparable
o the spatial scale on which the turbulence is driven (e.g. Blitz &
osolowsky 2006 ; Swinbank et al. 2011 ; Hughes et al. 2013 ; Kim &
striker 2015 ), we also expect 

 gas , disc ≈ L D ≈ λcoll = G	 gas , disc / 2 A 

2 (20) 

see equation 16 ). Therefore, if the turbulent kinetic energy that
upports the gas disc in vertical equilibrium is maintained by clump–
lump collisions, the disc velocity dispersion σ gas, disc and vertical
cale height h gas, disc are again linked only to the galaxy properties
 gas, disc and A . 
Comparison to NGC 404. In NGC 404, we do find that the

bserved one-dimensional (coarse-grained) gas disc velocity dis-
ersions σ gas, disc agree well with our predicted maximum velocity
ispersions σ max, coll in the molecular ring (especially at R gal ≥ 27 pc;
ee the middle panel of Fig. 10 ), where σ gas, disc ( R ) was obtained
gain by averaging measurements within galactocentric annuli of
ncreasing R gal (with a radial bin size of 2 pc and a fixed position
ngle PA = 1 ◦ and inclination angle i = 9.3 ◦). A very good agreement
etween our estimated scale height h gas, disc and the turbulence driving
cale L D ≈ λcoll is also found in the molecular ring (see the right-hand
anel of Fig. 10 ). We note that for this purpose we estimated the disc



WISDOM: Clump–clump collisions in NGC 404 645 

Figure 10. Radial variations of molecular gas disc properties of NGC 404, averaged over galactocentric radius bins of 2 pc. In each panel, the black vertical 
dashed line indicates the boundary ( R gal = 15 pc) between the central region and molecular ring, while the grey vertical dashed line indicates the galactocentric 
distance ( R gal = 27 pc) beyond which the molecular gas disc is no longer gravitationally stable (i.e. Q ≤ 1 at R gal ≥ 27 pc). The error bars of each quantity 
indicate the 1 σ scatter of the values within each radial bin (not the uncertainty on the mean within each bin, that is much smaller). Left-hand panel: Toomre 
parameter Q (equation 22 ) as a function of galactocentric radius. The horizontal black dotted line indicates Q crit = 1. The Toomre parameter Q  1 in the central 
region but decreases significantly in the molecular ring, and drops below unity at R gal ≥ 27 pc. Centre: Comparison of the observed coarse-grained velocity 
dispersion of the molecular gas disc σ gas, disc and our predicted maximum velocity dispersion sustained by clump–clump collisions σmax, coll (equation 18 ) at 
each galactocentric radius. We note that σ gas, disc  σmax, coll in the central region, while σ gas, disc ≈ σmax, coll in the molecular ring (especially at R gal ≥ 27 pc 
where Q ≤ 1). Right-hand panel: Comparisons of the molecular gas disc scale height h gas, disc (equation 21 ), collision critical length λcoll (equation 8 ), and Jeans 
length λJeans (equation 24 ), and comparison of the Toomre length λToomre (equation 29 ) and shear length λshear (equation 32 ) at each galactocentric radius. The 
scale height h gas, disc ≈ λcoll ≈ λJeans and λToomre ≈ λShear in the molecular ring of NGC 404 (especially at R gal ≥ 27 pc where Q ≤ 1; see Sections 4.5 and 5.1 , 
respectively). 

s

h

w  

2  

e
p

 

s
t
a

4
c

T  

i
m  

m  

p
m
c
s
p
t
O  

A  

G  

t
t
2  

B

o
2

b  

v  

1

Q

w

q
d

 

N  

r  

s  

m  

t
i
t  

g
a
e  

G  

o  

≤  

p

a  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/1/632/6748230 by guest on 19 Septem
ber 2023
cale height as 

 gas , disc ≈ σgas , disc / 
√ 

4 πGρ∗, (21) 

hich assumes a disc in vertical equilibrium (e.g. Koyama & Ostriker
009 ), where ρ∗ ≡ ρ∗( R ) is the stellar mass volume density at
ach galactocentric radius, here taken from the stellar mass model 
resented in Nguyen ( 2017 ) and Davis et al. ( 2020 ). 
In the central region, ho we ver, the observed disc velocity disper-

ions σ gas, disc and disc scale heights h gas, disc are significantly larger 
han the model predictions, suggesting other sources of turbulence 
re required in that region. 

.5 Gravitational instabilities as the onset of clump–clump 

ollisions 

he abo v e sections hav e shown that clump–clump collisions play an
mportant role to regulate clump properties and gas turbulence in the 
olecular ring of NGC 404. In the central region, ho we ver, the clump
asses (see panel b of Fig. 9 ) and velocity dispersions (see left-hand

anel of Fig. 4 ) are significantly underestimated by our collision 
odel. A question then arises: under what circumstance does our 

lump–clump collision model hold? Numerical simulations have 
hown that gravitational instabilities coupled with galactic shear is 
robably the only mechanism able to generate a population of clumps 
hat undergo mutual gravitational interactions and merging (Kim & 

striker 2007 ; Agertz et al. 2009 ; Dekel, Sari & Ceverino 2009b ;
umer et al. 2010 ; Elmegreen & Burkert 2010 ; Agertz, Romeo &
risdale 2015 ; Goldbaum et al. 2015 ). It has been further shown

hat gravitational instabilities are of great importance to generate 
urbulent motions from ordered circular motions (e.g. Agertz et al. 
009 ; Dekel et al. 2009a ; Goldbaum et al. 2016 ; Krumholz &
urkhart 2016 ). Indeed, gas would remain on approximately circular 
rbits without the onset of gravitational instabilities (Agertz et al. 
009 ). 
According to the standard analysis, a thin rotating gaseous disc 

ecomes unstable if the Toomre parameter Q is smaller than a critical
alue Q crit that is approximately unity (Toomre 1964 ; Lin & Pringle
987 ; Binney & Tremaine 2008 ): 

 ≡ Q ( R) = 

σgas , disc κ

πG	 gas , disc 
< Q crit ≈ 1 , (22) 

here κ ≡ κ( R) = 

(
R 

d
2 ( R) 
dR 

+ 4 
2 ( R) 
) 1 

2 
is the epicyclic fre- 

uency. Fig. B1 shows the dependence of κ on the galactocentric 
istance R (i.e. R gal ) in NGC 404. 
As shown in the left-hand panel of Fig. 10 , the central region of

GC 404 ( R gal < 15 pc) has Q significantly larger than unity at all
adii ( Q = 3–30), while the molecular ring ( R gal ≥ 15 pc) has Q
maller than unity at R gal ≥ 27 pc, where most ( ≈ 87 per cent ) of the
olecular gas in the molecular ring is located. This suggests the cen-

ral region is strongly gravitationally stable, while the molecular ring 
s gravitationally unstable or only marginally stable. The observed 
rends of the Toomre parameter Q in NGC 404 seem to suggest that
ravitational instabilities can indeed trigger clump–clump collisions, 
s already pointed out by many numerical simulations (e.g. Agertz 
t al. 2009 , 2015 ; Dekel et al. 2009b ; Elmegreen & Burkert 2010 ;
oldbaum et al. 2015 ). Indeed, we find a much better match between
ur model predictions and the observations at R gal ≥ 27 pc where Q

1 (see e.g. all the panels of Fig. 9 and the middle and right-hand
anels of Fig. 10 ). 
More importantly, using σ gas, disc ≈ σ max, coll (see equation 19 ) 

nd assuming a flat circular velocity curve ( κ = 

√ 

2 
 = 2 
√ 

2 A ), as
s approximately the case in the molecular ring of NGC 404 (see
MNRAS 517, 632–656 (2022) 
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ig. B1 ), we can rewrite the Toomre parameter (equation 22 ) as 

 coll ≡ Q coll ( R) ≈ σmax , coll κ

πG	 gas , disc 
≈ ( G	 gas , disc /A )(2 

√ 

2 A ) 

πG	 gas , disc 

= 

2 
√ 

2 

π
≈ 1 . (23) 

t thus seems that, if the velocity dispersions supporting a gas disc are
enerated by clump–clump collisions, this disc will necessarily self-
egulate and remain marginally gravitationally stable (i.e. Q ≈ 1).
onversely, for a gas disc with Q  1, the disc velocity dispersions
gas, disc are expected to be significantly larger than the maximum
elocity dispersions generated by clump–clump collisions σ max, coll ,
s is indeed the case in the central region of NGC 404 (see middle
anel of Fig. 10 ). Thus, other mechanisms are required to stir the
urbulence in such a disc (e.g. clump migration, stellar feedback, and
as inflo ws/outflo ws; Krumholz & Kruijssen 2015 ). 

A simple criterion to ascertain whether clump–clump collisions are
f ficient was gi ven in Section 4.2 , a comparison of the collision time-
cale t coll, clump (equation 6 ) and shear time-scale t shear (equation 9 ),
.e. t coll, clump ≤ t shear . But how does this criterion imply a gas disc that
s gravitationally unstable or marginally stable (i.e. a gas disc with
 � 1)? For a thin gas disc, the length-scale at which gravitational

ragmentation occurs is approximately the two-dimensional Jeans
ength (Bournaud et al. 2010 ; Swinbank et al. 2011 , 2015 ; Dobbs &
ringle 2013 ) 

Jeans ≡ λJeans ( R) ≈ πσ 2 
gas , disc / 8 G	 gas , disc . (24) 

hus, the mass of the clumps formed via large-scale gravitational
ragmentation should be approximately equal to 

 clump ≈ M Jeans ≡ M Jeans ( R) = 	 gas , disc λ
2 
Jeans = 

( π

8 G 

)2 σ 4 
gas , disc 

	 gas , disc 

(25) 

Kim & Ostriker 2001 ). We can then obtain the collision time-scale
hat depends on the Jeans mass: 

 coll , clump ≈ A 

1 / 3 M 

1 / 3 
Jeans 

2 1 / 3 G 

2 / 3 	 gas , disc 
= 

π2 A 

1 / 3 Q 

4 / 3 

2 7 / 3 κ4 / 3 

≈ π2 

2 10 / 3 

(
1 

2 A 

)
Q 

4 / 3 ≈ t shear Q 

4 / 3 , (26) 

here for the last line we have assumed a flat circular velocity
urve (i.e. κ = 2 

√ 

2 A ). Equation ( 26 ) implies that the time-scale
atio t coll, clump / t shear is directly related to the Toomre parameter Q . If
  1, t coll, clump  t shear and clump–clump collisions will not be

ele v ant in the disc. Only when Q ≤ 1 does t coll, clump ≤ t shear and
lump–clump collisions become important. 

It thus seems that gravitational instabilities are the ultimate sources
f the turbulent energy. As a sanity check, we now compare the
nergy injection rate from gravitational instabilities ε̇inject, GI to that
rom clump–clump collisions ε̇inject, coll (equation 13 ). The energy
njection rate (per volume) from gravitational instabilities is of the
rder of 

˙ inject, GI ≈ G ( 	 gas , disc /h gas , disc ) 
2 L 

2 
D 
 ≈ G	 

2 
gas , disc 
 (27) 

see equation 46 of Mac Low & Klessen 2004 ), where we have
sed h gas, disc ≈ L D as the scale height of the gas disc should be ap-
roximately equal to the turbulence driving scale for gravitationally
nstable gas discs (Blitz & Rosolowsky 2006 ; Swinbank et al. 2011 ;
ughes et al. 2013 ; Kim & Ostriker 2015 ), and as is indeed the

ase for the molecular ring of NGC 404 (see the right-hand panel
NRAS 517, 632–656 (2022) 
f Fig. 10 ). Thus, the energy injection rate (per unit mass) from
ravitational instabilities ε̇inject, GI is 

˙inject, GI = ė inject, GI /ρgas , disc ≈ G	 

2 
gas , disc 
/ ( 	 gas , disc / 2 h gas , disc ) 

≈ 2 G	 gas , disc 
 h gas , disc , (28) 

here we have used ρgas, disc = 	 gas, disc /2 h gas, disc . Panel (c) in Fig. 9
hows the derived energy injection rate (per unit mass) from gravita-
ional instabilities ε̇inject, GI as a function of the galactocentric radius
 gal in NGC 404. In the molecular ring, these energy injection rates

per unit mass) from gravitational instabilities ε̇inject, GI are indeed
ithin an order of magnitude of those from clump–clump collisions

˙inject, coll ( ̇εinject, GI ≈ 4 ̇εinject, coll ). This provides further evidence for
ravitational instabilities as the onset of clump–clump collisions
nd turbulence. We also note that ε̇inject, GI should in f act al w ays be
4 times larger than ε̇inject, coll for a flat rotation curve (i.e. 
 = 2 A ),

s h gas, disc ≈ λcoll = G 	 gas, disc /2 A 

2 (see equations 20 and 13 ). 

 I MPLI CATI ONS  O F  COLLI SI ON-I NDUCED  

U R BU L E N C E  

n Section 4.4 , we characterized the driving scale and energy injection
ate of turbulence from clump–clump collisions. The results have
rofound implications for the dynamics and density structures of
olecular gas, as interstellar turbulence is one of the main agents

pposing gravity (e.g. Federrath & Klessen 2012 ; Hennebelle &
 algarone 2012 ; P adoan et al. 2014 ) and shaping the molecular ISM
e.g. Kritsuk et al. 2011 ; Orkisz et al. 2017 ). 

In this section, we will discuss how clump–clump collision-driven
urbulence affects the dynamical states (virial parameters αvir, c ) and
ensity structures (mass–size relations) of clumps and clouds. We
ill tackle the following questions with regard to NGC 404: (1) why

re clumps in rough virial equilibria (i.e. αvir, clump ≈ 2) while clouds
re strongly self-gravitating (i.e. αvir, cloud < 1) in the molecular ring
see Section 3.4 ); (2) why do clumps have a mass–size relation
 D m, clump ≈ 1.7) different from that of clouds ( D m, cloud ≈ 2.1) in
he molecular ring (see Section 3.3 ); and (3) based on our estimates
f the dynamical states and mass–size relation of clumps, can we
redict the clump sizes in the molecular ring? 

.1 Stability of multiple-scale molecular structures 

eglecting magnetic fields, the stability and dynamics of molecular
as structures are generally go v erned by self-gravity and interstellar
urbulence. In a differentially rotating gas disc, shear (and tides,
.e. external/galactic gravity) is an additional factor. This leads to a
omplex interplay between shear and turbulence, both opposing self-
ravity. The key question is then in which ranges of size and mass
o shear, turbulence, and self-gravity individually dominate the gas
ynamics. 
In a differentially rotating gas disc, there are two critical lengths.

ne is the Toomre length 

Toomre ≡ λToomre ( R) = 2 π2 G	 gas , disc /κ
2 , (29) 

here the numerical coefficient 2 π2 applies to infinitely thin gas
iscs (Tasker & Tan 2009 ). The other is the Jeans length λJeans ≈
σ 2 

gas , disc / 8 G	 gas , disc (equation 24 ). Molecular structures with L acc 

λToomre (where L acc is the accumulation length; equation 7 ) are
upported against gravity by shear motions and thus cannot collapse,
hile molecular structures with L acc ≤ λToomre are supported against
ra vity by turb ulent motions. Only molecular structures with λJeans 

 L acc < λToomre are dominated by gravity, and thus can collapse
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Figure 11. Various masses as a function of galactocentric distance in 
NGC 404. The Toomre mass ( M Toomre ) is shown as a pink line, the Jeans 
mass ( M Jeans ) as a blue line, and individual clumps and clouds as data points. 
Symbols are as for Fig. 4 . In the pink-shaded region ( M c > M Jeans and M c 

> M Toomre ), molecular gas structures are supported against gravity by shear. 
In the blue-shaded region ( M c ≤ M Toomre and M c ≤ M Jeans ), molecular gas 
structures are supported against gravity by turbulence. In the grey-shaded 
region ( M Toomre < M c ≤ M Jeans ), molecular gas structures are supported 
against gravity by both shear and turbulence. In the magenta-shaded region 
( M Jeans < M c ≤ M Toomre ), molecular gas structures are gravitational unstable 
due to dominant self-gravity. The black vertical dashed line indicates the 
boundary ( R gal = 15 pc) between the central region and molecular ring, while 
the gre y v ertical dashed line indicates the galactocentric distance ( R gal = 

27 pc) beyond which the molecular gas disc is no longer gravitationally stable 
(i.e. Toomre parameter’s Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 ). The black 
horizontal dotted line indicates our mass detection limit (log (10 δM 

/M �) = 

3.08; see Section 3.1 ). 
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ravitationally. The two critical length-scales also correspond to two 
ritical masses: the Toomre mass 

 Toomre ≡ M Toomre ( R) = 	 gas , disc λ
2 
Toomre = 

(
2 π2 G 

κ2 

)2 

	 

3 
gas , disc 

(30) 

nd the Jeans mass M Jeans ≡ 	 gas , disc λ
2 
Jeans = 

(
π

8 G 

)2 σ 4 
gas , disc 

	 gas , disc 
(equa- 

ion 25 ). 
Fig. 11 shows the Toomre and Jeans masses as a function of the

alactocentric radius R (i.e. R gal ), as well as the masses of all clumps
nd clouds at their respective galactocentric radii. There are four 
egions in Fig. 11 : (1) M c > M Jeans and M c > M Toomre (pink-shaded
egion), where molecular structures are supported against gravity 
r even disrupted by shear (i.e. αvir, c > αvir, crit ); (2) M c ≤ M Toomre 

nd M c ≤ M Jeans (blue-shaded region), where molecular structures 
re supported against gravity by turbulence (i.e. αvir, c ≥ αvir, crit ); 
3) M Toomre < M c ≤ M Jeans (grey-shaded region), where molecular 
tructures are supported against gravity or even disrupted by both 
hear and turbulence (i.e. αvir, c ≥ αvir, crit ); and (4) M Jeans < M c 

M Toomre (magenta-shaded region), where molecular structures are 
ravitationally unstable due to dominant self-gravity (i.e. αvir, c < 

vir, crit ). We note that M Jeans > M Toomre (or equi v alently λJeans >

Toomre ) in the central region, while M Jeans < M Toomre (or equi v alently
Jeans < λToomre ) at R gal � 20 pc in the molecular ring (see also
he right-hand panel of Fig. 10 ). This is consistent with our earlier
onclusion that the central region is gravitationally stable, while the 
olecular ring is gravitationally unstable or only marginally stable 

Section 4.5 ). 

.1.1 Gas dynamics in the molecular ring 

e first assess the dynamical states of the molecular structures in
he molecular ring of NGC 404, where our collision model holds.

e find that the clumps in the molecular ring have their Jeans
asses M Jeans (or Jeans lengths λJeans ) approximately equal to the 

ollision critical masses M c, coll (or the collision critical lengths 
coll ), i.e. M Jeans ≈ M c, coll (or λJeans ≈ λcoll ), as shown in Fig. 11
or the right-hand panel of Fig. 10 ). In fact, for a gravitationally
nstable disc where the disc velocity dispersion σ gas, disc is set by the
aximum velocity dispersion sustained by clump–clump collisions 
max, coll = G 	 gas, disc / A (see equation 19 and Section 4.4.3 ), one
aturally expects 

Jeans = πσ 2 
gas , disc / 8 G	 gas , disc ≈ ( π/ 8 G	 gas , disc )( G	 gas , disc /A ) 2 

= ( π/ 4) λcoll ≈ λcoll , (31) 

nd thus M Jeans ≈ M c, coll . Our findings that λJeans ≈ λcoll and 
 gas, disc ≈ λcoll (see equation 20 ) are consistent with calculations and 
imulations showing that the average separation of clumps and the 
isc thickness are primarily regulated by gravitational instabilities 
nd are about the Jeans length (e.g. Elmegreen, Kim & Staveley-
mith 2001 ; Dutta et al. 2009 ; Bournaud et al. 2010 ). 
Clumps are supported by turbulence. The fact that λJeans ≈ λcoll 

or M Jeans ≈ M c, coll ) has important implications for the dynamical 
tates of clumps and clouds in our collision model. First, clumps
hould have their masses M clump ≈ M c, coll ≈ M Jeans (see Fig. 11 ),
nd thus should be supported against gravity by collision-induced 
urbulence (i.e. αvir, clump ≈αvir, crit ). Indeed, clumps are in rough virial 
quilibrium (mean virial parameter 〈 α vir, clump 〉 = 1.82 ± 0.07; see 
ection 3.4 ) in the molecular ring. This is consistent with numerical
imulations that show the kinetic energy injected by clump–clump 
ollisions is enough to counterbalance the self-gravity of clumps in 
ough virial equilibrium (e.g. Tasker & Tan 2009 ; Li et al. 2018 ; Wu
t al. 2018 ). 

We note that turbulent energy injected by clump–clump collisions 
s only sufficient to support clumps against self-gra vity, b ut is not
nough to drive them out of virial equilibrium (i.e. disrupt them),
.e. clumps should al w ays remain in rough virial equilibrium with
vir, clump ≈ αvir, crit . This is because clump–clump collisions can only 
appen ef fecti vely between gravitationally bound objects (e.g. Tan 
000 ; Gammie 2001 ; T asker & T an 2009 ; Goldbaum et al. 2016 ;
akahira et al. 2018 ). If the turbulent velocity dispersion is abnor-
ally high temporarily, such that clumps become unbound ( αvir, clump 

 αvir, crit ), the collisions between clumps become less frequent (as 
he number of bound clumps decreases), dri ving αvir, clump do wnward 
gain. Thus, clumps will be self-regulated by their collisions to have
vir, c ≈ αvir, crit . 
Clouds are dominated by self-gravity. On the other hand, clouds 

which by definition contain more than one clump) should have their
asses M cloud > M c, coll ≈ M Jeans (see Fig. 11 ), and thus should be

ominated by self-gravity (i.e. αvir, cloud < αvir, crit ), i.e. collision- 
nduced turbulence cannot support clouds against gravity in virial 
quilibrium. Indeed, clouds have a mean virial parameter much 
maller than unity ( 〈 α vir, cloud 〉 = 0.41 ± 0.02; see Section 3.4 )
n the molecular ring. 
MNRAS 517, 632–656 (2022) 
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Most massi v e clouds are dominated by shear. The most massive
louds, ho we ver, may not be gravitationally bound as their dynamics
re likely dominated by shear rather than turbulence and self-gravity.
s one can see from Fig. 11 , in the molecular ring of NGC 404,

he two most massive trunks (labelled by the two largest contours in
ig. 2 ) and some of their largest branches (with M cloud � 10 6 M �)
ave masses larger than the Toomre masses (pink line in Fig. 11 ),
uggesting that these structures may not be gravitationally bound. 

In fact, Liu et al. ( 2021 ) introduced a maximum size (diameter)
or a cloud to stay gravitationally bound in the presence of shear
otions, 

shear ≡ 2 R shear ≈ 3 πG	 gas , disc 

2 A 

2 
(32) 

see equation 54 in Liu et al. 2021 ), assuming that the cloud has
 spherical homogeneous density distribution. An ef fecti ve virial
arameter αeff, vir , which provides a straightforward measurable
iagnostic of cloud boundedness in the presence of a non-negligeable
xternal potential, was also defined in Liu et al. ( 2021 ) (see their
quation 34). A molecular structure with a size (diameter) larger
han λshear should have αeff, vir > αvir, crit (Liu et al. 2021 ). 

Our estimated maximum cloud size λshear is in good agreement
ith the Toomre length λToomre (equation 29 ) in the molecular ring,
ith the ratio of λToomre and λshear between 0.5 and 1.5 (see the right-
and panel of Fig. 10 ). This is expected, since the Toomre length
lso sets a natural spatial scale o v er which molecular gas structures
annot be bound by gravity due to shear. The fact that λToomre ≈ λshear 

mplies αeff, vir > αvir, crit for structures with M cloud > M Toomre . Indeed,
e find structures with M cloud > M Toomre to have estimated ef fecti ve
irial parameters αeff, vir ranging from 2 to 5 in the molecular ring.
s such, these massive clouds are not gravitationally bound. They

re likely to be disrupted or even torn apart by galactic shear. 

.1.2 Gas dynamics in the central region 

he central region ( R gal ≤ 15 pc) of NGC 404 is found to be
ravitationally stable, with Q = 3–30 (see Fig. 10 ). Our collision
odel is therefore not expected to hold there (see Section 4.5 ),

nd indeed M Jeans is significantly larger than M Toomre throughout
hat region (see Fig. 11 ). This implies that molecular structures in
he central region should not collapse gravitationally. As sources of
urbulence other than clump–clump collisions are likely present in
he central region (see Sections 4.4 and 4.5 ), not only clumps but
ven clouds there appear to be supported against gravity by turbulent
otions ( 〈 αvir, clump 〉 = 1.52 ± 0.11 and 〈 αvir, cloud 〉 = 1.14 ± 0.12 in

he central region). 
A few of the most massive molecular structures in the very centre

 R gal � 10 pc) re gion hav e masses M cloud much larger than M Toomre ,
uggesting shear motions may dominate their dynamics and tear them
part (i.e. αeff, vir > αvir, crit ). 

.2 Implications for the mass–size relation 

s shown in Section 5.1 , clumps are primarily dominated by
urbulence and clouds by self-gravity (except for the most massive
louds that are dominated by shear) in the molecular ring. As the two
ain drivers of density structures in molecular gas (thus the mass–

ize relation) are turbulence and self-gravity (Field, Blackman &
eto 2008 , 2011 ; Kritsuk & Norman 2011 ; Gouliermis 2018 ), could

t be that the different mass–size relations for the clumps and clouds
n the molecular ring ( D m, clump = 1.63 ± 0.04 versus D m, cloud =
.06 ± 0.01; see Section 3.3 ) also originate from these two different
NRAS 517, 632–656 (2022) 
hysical mechanisms (respectively, turbulence and self-gravity)? To
nswer this question, we predict the mass–size trend for both the
urbulence-dominated and the self-gravity-dominated regime below,
nd compare our predictions with observations. 

.2.1 Mass–size relation regulated by turbulence 

e first assess the mass–size relation regulated by collision-induced
urbulence, i.e. the mass–size relation of clumps in the molecular ring.
n our clump–clump collision scenario, the turbulent energy injected
y the collisions cascades down to small scales and counterbalances
elf-gravity to produce a rough virial equilibrium (i.e. the clumps
re able to maintain virialization; see Section 5.1 ). These virialized
lumps should al w ays have their energy dissipation rates (per unit

ass) ε̇diss , clump = 

1 
4 

σ 3 
obs , los 

R clump 
(equation 14 ) match their virial energy

issipation rates (per unit mass) 

˙diss , vir = 

1 

4 

(
αvir, crit GM clump / 5 

)3 / 2 
R 

−5 / 2 
clump (33) 

Li 2017b ), i.e. ε̇diss , clump ≈ ε̇diss , vir , where as before αvir, crit ≈ 2 is
he boundary between gravitationally bound and unbound objects
Kauffmann et al. 2013 , 2017 ). The virial energy dissipation rate
per unit mass) ε̇diss , vir is the energy dissipation rate (per unit mass) a
olecular gas structure would have if it were virialized. We therefore

xpect 

˙diss , vir ≈ ε̇diss , clump ≈ ε̇inject, coll (34) 

or the clumps in the molecular ring of NGC 404, where we have used
˙diss , clump ≈ ε̇inject, coll , i.e. the energy dissipation rates (per unit mass)
f clumps are approximately equal to the energy dissipation rates
per unit mass) from clump–clump collisions in the molecular ring
see Section 4.4 ). We indeed find very good agreements between the
stimated ε̇diss , vir , the measured ε̇diss , clump , and our predicted ε̇inject, coll 

n the molecular ring (see panel c of Fig. 9 ), providing more evidence
hat the turbulence induced by clump–clump collisions can support
nd maintain molecular ring clumps in virial equilibrium. 

The facts that ε̇diss , vir = 

1 
4 

(
αvir, crit GM clump / 5 

)3 / 2 
R 

−5 / 2 
clump ≈

˙inject, coll , and that ε̇inject, coll is independent of clump properties
it depends only on 	 gas, disc and A ; see equation 13 ), imply
 

3 / 2 
clump R 

−5 / 2 
clump is constant at any given location in the disc (i.e. for

n y giv en 	 gas, disc and A ). Thus, the mass–size relation should have
he form M clump ∝ R 

5 / 3 
clump , as suggested by Li ( 2017a ). Specifically,

y equating the virial energy dissipation rate ε̇diss , vir (equation 33 )
o the energy injection rate due to clump–clump collisions ε̇inject, coll 

equation 13 ), we obtain 

 clump = 

(
5 /αvir, crit G 

)(
4 ̇εinject, coll 

)2 / 3 
R 

5 / 3 
clump 

= 

(
5 /αvir, crit G 

)(
2 G 

2 	 

2 
gas , disc /A 

)2 / 3 
R 

5 / 3 
clump (35) 

or virialized clumps supported by collision-induced turbulence.
he mass–size relation of clumps should thus depend only on the
alactic properties (i.e. 	 gas, disc and A ). The red dashed line in the
iddle panel of Fig. 5 shows our predicted mass–size relation using

quation ( 35 ), which is in very good agreement (both slope and
ormalization) with the observed trend of the clumps in the molecular
ing (green dashed line), M clump ∝ R 

1 . 63 ±0 . 04 
clump . In equation ( 35 ), we

ave therefore predicted an accurate mass–size relation regulated by
ollision-induced turbulence only, with no free parameter. We also
ote that the molecular structures lying abo v e the predicted mass–
ize relation in Fig. 5 should have αvir, c < αvir, crit , while those lying
elow the relation should have αvir, c > αvir, crit . 
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Equation ( 35 ) also predicts the sizes of clumps, i.e. the clump size
 c, coll corresponding to the clump mass M c, coll : 

 clump = 

(
4 ̇εinject, coll 

)−2 / 5 (
αvir, crit GM clump / 5 

)3 / 5 

= 

(
4 ̇εinject, coll 

)−2 / 5 (
αvir, crit GM c , coll / 5 

)3 / 5 

= 

1 

5 3 / 5 
G	 gas , disc 

2 A 

2 
≈ 0 . 19 G	 gas , disc /A 

2 

= 0 . 38 λcoll ≡ R c , coll , (36) 

here we have used ε̇inject, coll = G 

2 	 

2 
gas , disc / 2 A (equation 13 ),

 c , coll = G 

2 	 

3 
gas , disc / 4 A 

4 (equation 10 ), and αvir, crit = 2. It there-
ore seems that the typical clump size regulated by clump–clump 
ollisions R c, coll is determined solely by galactic properties ( 	 gas, disc 

nd A ). A comparison between the observed most common clump 
ize, which also happens to be the median clump size R clump , and our
redicted R c, coll at each galactocentric radius is shown in panel (d) of
ig. 9 . Again, a very good agreement is found in the molecular ring of
GC 404. Our results thus support numerical simulations suggesting 

hat clump–clump collisions can be an important mechanism to 
etermine both the masses and the sizes of clumps (e.g. Tasker & Tan
009 ; Li et al. 2018 ). In the central region, clumps have sizes much
arger than our predictions, implying that in that region other physical 

echanisms are required to explain their formation. Clumps in the 
entral region nevertheless have sizes similar to those of clumps in 
he molecular ring, a feature we will discuss in Section 6.3 . 

It is also worth mentioning here that, for a flat rotation curve ( 
 =
 A ), we have λcoll = G 	 gas, disc /2 A 

2 = σ max, coll / 
 ≈ σ gas, disc / 
 (see
quations 8 and 18 , Section 4.5 , and the middle panel of Fig. 10 ) and
herefore 

 clump /R gal = R c , coll /R gal ≈ 0 . 38 λcoll /R gal 

= 0 . 38 λcoll 
/V circ ≈ 0 . 38 σgas , disc /V circ (37) 

see equation 36 ), where as usual R gal is the galactocentric distance
f the clump. This relation is a perfect match to the best-fitting
elation of the clumps in a sample of local analogues to high-
edshift galaxies in DYnamics of Ne wly-Assembled Massi ve Objects 
DYNAMO)- HST surv e y (Fisher et al. 2017 ): R clump /R = (0 . 38 ±
 . 02) σgas , disc /V circ . Fisher et al. ( 2017 ) explained their observed
elation by instabilities in a self-gravitating disc, but only predicted a 
ange of ( R clump / R )/( σ obs, los / V circ ) ratios of 1/3 to 

√ 

2 / 3 ≈ 0 . 47 (see
heir equation 3). A precise match between our model (0.38) and 
YNAMO- HST observations (0.38 ± 0.02) does not only suggest 

hat the molecular ring of NGC 404 is akin to high- z star-forming
isc galaxies, but also that clump–clump collisions are an important 
echanism to regulate clump sizes across redshifts. 

.2.2 Mass–size relation regulated by self-gravity 

e now analyse the mass–size relation regulated by self-gravity, i.e. 
he mass–size relation of clouds (rather than clumps) in the molecular 
ing of NGC 404. As clouds are gravitationally unstable and have 
vir, cloud � αvir, crit , they should lie above the mass–size relation 

egulated by turbulence in the middle panel of Fig. 5 (equation 35 ;
.e. the red dashed line). Indeed, the clouds in the molecular ring
re located abo v e both the predicted (red dashed line) and measured
green dashed line) mass–size relations of clumps there. 

In the molecular ring, the mass–size relation of clouds also 
xhibits a steeper power law ( M cloud ∝ R 

2 . 06 ±0 . 01 
cloud , brown dashed

ine) than that of clumps ( M clump ∝ R 

1 . 63 ±0 . 04 
clump , green dashed line;

ee Section 3.3 ). This again appears to be consistent with theoretical
esults suggesting that structures subject to gravitational collapse 
hould have fractal dimensions D m 

larger than the critical value 
 m, crit = 2 for gravitational instabilities (Perdang 1990 ; Kritsuk &
orman 2011 ). 

.2.3 Clumps versus clouds 

n summary, turbulence triggered by clump–clump collisions has 
mportant implications for the structure and dynamics of molec- 
lar gas. In a gravitationally unstable or only marginally stable 
as disc where clump–clump collisions are efficient, such as the 
olecular ring of NGC 404, the transition from the turbulence- 

o the self-gravity-dominated regime seems to occur at a mass 
 c , coll = 	 gas , disc λ

2 
coll ≈ M Jeans . Molecular structures with masses 

M c, coll (or ≈M Jeans ), which are typically clumps, have their internal
tructures and dynamics dominated by collision-induced turbulence 
see Section 5.2.1 ), which is not only able to support them against
ravity in a rough virial equilibrium, but also shapes them to yield
 mass–size relation with a power-law index D m 

smaller than 2:
 clump ∝ R 

5 / 3 
clump . Molecular structures with masses much larger than

 c, coll (or M Jeans ), which are primarily clouds, have their internal
tructures and dynamics increasingly go v erned by self-gravity and 
hus appear gravitationally unstable, as the turbulent kinetic energy 
njected by clump–clump collisions is unable to support them 

gainst gravitational collapse. The dominant self-gravity breaks the 
elf-similarity of gas structures established by collision-induced 
urbulence, leading to a mass–size relation with a steeper slope ( D m 

 2). 

 DI SCUSSI ON  

.1 Clump mass function due to clump–clump collisions 

f clumps are formed via collisions and mergers of (smaller) clumps
i.e. clump–clump collisions), the clumps’ lifetimes t life, clump should 
e approximately equal to their collision time-scales t coll, clump , as the
lumps are destroyed by becoming part of larger clumps (Tasker &
an 2009 ). If we make the zeroth-order approximation that the
umber density of clumps is proportional to their lifetimes (i.e. their
ollision times), we obtain 

 N clump ( M clump ) / d M clump ∝ t life , clump ≈ t coll , clump ∝ M 

1 / 3 
clump (38) 

see equation 6 ), where as before N clump ( M clump ) is the number of
lumps with masses ≥M clump (see equation 1 ). Thus, for those clumps
egulated by collisions (i.e. those clumps with M clump ≤ M c, coll ), the
ower-la w inde x of the differential mass distribution function should
e γ coll, clump ≈ 1/3. 
Having said that, clumps with M clump > M c, coll , cannot form

fficiently via clump–clump collisions, as they are disrupted by shear 
efore they can collide and merge with other clumps (see Section 4.2 ). 
he number density of clumps with M clump > M c, coll should thus
ecrease sharply with mass, and the differential mass distribution 
unction in the high-mass regime ( M clump > M c, coll ) should have
coll, clump < −2. This is also true of the o v erall mass distribution

unction, which is primarily sensitive to the mass distribution at high
asses. The result is consistent with the hydrodynamic simulation by 
i et al. ( 2018 ), who found the cloud population regulated by cloud–
loud collisions to have a cumulative mass distribution function with 
 power-la w inde x γ ≈ −2.4. Hence, our collision model predicts
he differential mass distribution function of clumps to exhibit two 
eparate power laws: γ coll, clump ≈ 1/3 in the low-mass regime ( M clump 

M c, coll ) and γ coll, clump < −2 in the high-mass regime ( M clump 
MNRAS 517, 632–656 (2022) 
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M

Figure 12. Galactocentric distance dependence of the gas fraction f gas of 
NGC 404. The black vertical dashed line indicates the boundary ( R gal = 15 pc) 
between the central region and molecular ring, while the grey vertical dashed 
line indicates the galactocentric distance ( R gal = 27 pc) beyond which the 
molecular gas disc is no longer gravitationally stable (i.e. Toomre parameter’s 
Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 ). The error bars indicate the 1 σ scatter 
of the different fractions within each radial bin (not the uncertainty on the 
mean within each bin, that is much smaller). 
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 M c, coll ). The observed clump mass distribution function in the
olecular ring of NGC 404 indeed closely follows this prediction

see Table 2 and Section 3.1 ), further suggesting that the clump
opulation in the molecular ring is indeed primarily regulated by
lump–clump collisions. 

.2 Effect of stellar feedback on turbulence 

s argued in Sections 4.4 and 4.5 , clump–clump collisions are
ikely to be an important mechanism driving the turbulence in (the
olecular ring of) NGC 404. Another important source of turbulence

n galaxies is stellar feedback, including superno va e xplosions,
tellar winds, ionizing radiation, and protostellar outflows (e.g. Mac
ow & Klessen 2004 ; Dib, Bell & Burkert 2006 ; Agertz et al.
009 ; Krumholz & Burkhart 2016 ). The question then arises: can
tellar feedback also play an important role to drive the turbulence
n NGC 404, which is a dwarf galaxy? 

One way to assess whether stellar feedback is important to drive
urbulence is to analyse whether clump–clump collisions alone
re sufficient to maintain the observ ed v elocity dispersions. High-
esolution 3D numerical simulations of ISM turbulence suggest that
lump–clump collisions serve as a baseline level for turbulence
n galaxies, and any excess random motions observed must be
aused by additional sources such as stellar feedback, active galactic
ucleus (AGN) feedback and/or the magneto-rotational instability
e.g. Agertz et al. 2009 ; Goldbaum et al. 2016 ). If this is right, then
tellar feedback should not be necessary in the molecular ring of
GC 404, as clump–clump collisions are sufficient to maintain the
bserv ed v elocity dispersions (see panel c of Fig. 9 and Section 4.4 ).
n the central region, ho we ver, the observed velocity dispersions are
uch larger than our collision model predictions (see equation 18
NRAS 517, 632–656 (2022) 
nd Fig. 4 ), and additional energy sources are required to disturb the
as there. Stellar feedback is one such potential energy source. 

To explore the origin of disc turbulence using observational
ests, Krumholz & Burkhart ( 2016 ) constructed two simple ana-
ytical models describing collision-driven turbulence and feedback-
ri ven turbulence, respecti vely. The models predict SFR ∝ σ 2 

obs , los 
or feedback-driven turbulence and SFR ∝ σobs , los f 

2 
gas for collision-

riven turbulence (i.e. turbulence triggered by gravitational insta-
ilities), where f gas ≡ 	 gas , disc 

	 gas , disc + 	 ∗, disc 
is the galaxy gas fraction and

 ∗, disc is the (coarse-grained) stellar mass surface density of the
alactic disc. Fig. 12 presents the galactocentric distance dependence
f the gas fraction f gas of NGC 404, assuming only the molecular gas
bserved here for the gas. The stellar mass surface density is taken
rom the stellar mass model presented in Nguyen ( 2017 ) and Davis
t al. ( 2020 ). One can see that the gas fraction f gas is very high across
he molecular ring, with a median of ≈0.5, similar to those found
n high-redshift star-forming gas discs (e.g. Swinbank et al. 2015 ;
anekar et al. 2020 ; Tacconi et al. 2020 ). 
To properly test the predictions of these two models in NGC 404,

patially resolved SFR measurements are required. High-resolution
 ≈0.28 arcsec) and high-sensitivity ( μ33GHz ≈ 3.1 μJy beam 

−1 )
bservations of the 33 GHz radio continuum emission (tracing free–
ree emission from H II regions) have been carried out in NGC 404
ith Very Large Array (VLA; Liu et al. in preparation). Ho we ver,

xcept for a very bright central point source possibly associated with
he AGN, no extended emission is detected, suggesting an upper
imit to the SFR surface density of (

	 SFR 

M � yr −1 pc −2 

)
< 4 . 6 × 10 −28 

(
T e 

10 4 K 

)( ν

GHz 

)0 . 1 

×
(

L v, beam 

erg s −1 Hz −1 

)(
beam 

pc 2 

)−1 

(
L v, beam 

erg s −1 Hz −1 

)
= 4 π

(
D 

pc 

)2 

× 10 −23 × (3 . 0857 × 10 18 ) 2 

×
(

μ33GHz 

Jy beam 

−1 

)
(39) 

see equation 11 in Murphy et al. 2011 ), where T e ≈ 11 000 K is
he electron temperature, ν = 33 GHz the frequency, L v, beam 

the
ree–free spectral luminosity per beam, D = 3.06 × 10 6 pc the
istance of NGC 404, μ33GHz ≈ 3.1 μJy beam 

−1 the sensitivity of
ur VLA observations, and beam ≈ 20 pc 2 the VLA synthesized
eam size. Thus, we derive a maximum SFR surface density of 	 SFR 

1 × 10 −6 M � yr −1 pc −2 for NGC 404, or an upper limit to the SFR
olume density of ρSFR ≡ 	 SFR /2 h gas, disc ≈ 1.6 × 10 −7 M � yr −1 pc −3 

using h gas, disc ≈ 3 pc; see panel d in Fig. 9 ). 
The energy injection rate (per volume) from supernova (SN)

xplosions is given by 

˙ SN = ξSN E SN ( f SN ρSFR ) (40) 

see equation 4 of Kawakatu, Wada & Ichikawa 2020 and equation 55
f Mac Low & Klessen 2004 ), where ξSN = 0.1 is the efficiency with
hich SN energy is transferred to the gas (e.g. Thornton et al. 1998 ),
 SN = 10 51 erg (or 5 × 10 7 M � km 

2 s −2 ) is the total energy injected
y one SN, and f SN = 10 −2 M 

−1 
� is the fraction of supernovae per solar

ass of star formation (e.g. Thompson, Quataert & Murray 2005 ).
he energy injection rate (per unit mass) from supernova explosions

s therefore 

˙SN = ė SN /ρgas = ξSN E SN ( f SN ρSFR ) /ρgas 

≤ 2 . 5 km 

2 s −2 Myr −1 , (41) 
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here we have used the ρSFR upper limit abo v e and the global gas vol-
me density of ρgas = 	 gas, disc /2 h gas, disc ≈ 10 3.5 M � pc −3 as measured
n NGC 404 (see Fig. B2 and panel d in Fig. 9 for the distributions
f 	 gas, dis and h gas, disc , respectively). This upper limit to the energy
njection rate (per unit mass) from stellar feedback is clearly smaller 
han the observed energy dissipation rate (per unit mass) of clumps 
nd the energy injection rate (per unit mass) from clump–clump 
ollisions, i.e. ε̇SN < ε̇diss , clump ≈ ε̇inject, coll ≈ 10 km 

2 s −2 Myr −1 (see 
anel c in Fig. 9 ). It therefore seems that feedback-driven turbulence
s much less important than collision-driven turbulence in NGC 404. 

.3 Clump migration towards the galaxy centre 

anels (b) and (d) of Fig. 9 show the clumps of NGC 404 have
elatively uniform properties (i.e. masses and sizes) as a function 
f galactocentric distance, with the median clump masses and sizes 
arying by at most a factor of ≈4 and ≈2, respectively. In fact, the
lumps of NGC 404 also seem to have similar velocity dispersions
or similar energy dissipation rates; see panel c in Fig. 9 ) at different
alactocentric distances. These surprisingly small variations are 
nlikely to be due to the dendrogram decomposition algorithm, as 
he dendrogram approach should allow to identify clumps with sizes 
arying by an order of magnitude (e.g. Colombo et al. 2014 ; Henshaw 

t al. 2016 , 2019 ; Wong et al. 2019 ; Krieger et al. 2020 ). 
It is easy to understand why the clump masses and sizes do not

ary much across the molecular ring. Indeed, we have demonstrated 
hat these clump properties depend only on the galactic properties in 
he molecular ring, specifically 	 gas, disc and A (see equations 10 and 
6 , respectively). As neither varies significantly across the molecular 
ing (see Figs B2 and B1 , respectively), the clump masses and sizes
re not expected to exhibit much variation across this region either 
see the red data points in panels b and panel d of Fig. 9 ). 

The question then is why do the clumps in the central region, where
alactic properties are significantly different, also share the same 
roperties as those in the molecular ring? One obvious possibility 
s that the clumps currently in the central region migrated inward 
rom larger galactocentric distances (i.e. from the molecular ring). 

e have shown in Section 4.4 that clump–clump collisions can 
xtract kinetic energy from ordered differential rotation and inject 
his energy into turbulence. Clumps must therefore loose angular 
omentum and migrate towards the galaxy centre (Gammie 2001 ; 
ollmer & Beckert 2002 ; Dekel et al. 2009b ; Namekata & Habe
011 ). This scenario of clump migration towards galactic centres 
s discussed at length in many theoretical works (Gammie 2001 ; 
lmegreen et al. 2007 ; Elmegreen, Bournaud & Elmegreen 2008 ; 
ekel et al. 2009b ; Krumholz et al. 2018 ), numerical simulations
f high- z gaseous discs (Aumer et al. 2010 ; Bournaud et al. 2014 ;
orbes et al. 2014 ; Goldbaum et al. 2015 ; Mandelker et al. 2016 ),
nd observations of high- z star-forming galaxies (Genzel et al. 2008 ,
012 , 2020 ; Swinbank et al. 2011 ; Guo et al. 2012 ; Tacconi et al.
020 ). The migrating clumps may eventually form bulges, which 
tabilize the systems against further fragmentation (e.g. Genzel et al. 
008 ; Aumer et al. 2010 ). 
Unfortunately, we have not found direct evidence of clump 
igration (i.e. inflow) in NGC 404, as its gas disc is viewed nearly

ace-on ( i ≈ 9.3 arcsec at R gal ≥ 15 pc; Davis et al. 2020 ) and
etecting clear non-circular motions is very dif ficult. Ne vertheless, 
here seems to be some indirect evidence supporting inward clump 

igration. First, the molecular ring of NGC 404 is connected to 
he central region via a single arm-like structure (see Fig. 1 ). The
inematics of this arm is complex and fairly chaotic, with signs of
trong streaming motions that may be due to the funnelling gas from
he outer regions inward (Davis et al. 2020 ). Secondly, the molecular
ing is incomplete (see, again, Fig. 1 ), implying it has recently been
isrupted, possibly by inward clump migration. A key requirement 
or making inward clump migration a long-term phenomenon is a 
ontinuous, rapid supply of cold gas, which would replenish the ring
or disc) as it is being drained (Dekel et al. 2009a ). If the gas supplied
o the molecular ring is reduced, the molecular ring will gradually
e destroyed, as seen in NGC 404. 
If this migration scenario is true and clumps survive with physical

roperties largely unchanged for a migration time-scale (i.e. as they 
igrate towards the galactic centre), one would naturally expect the 

lumps in the central region and molecular ring to have similar clump
roperties. We now calculate the time-scale of clumps migrating 
rom the molecular ring to the central region. According to standard
ccretion disc theory (e.g. Lynden-Bell & Pringle 1974 ), the time-
cale for clumps to migrate to the galaxy centre due to collisions (i.e.
iscosity) is 

 migrate = 

1 

4 
L 

2 
0 V 

−2 
0 v −1 (42) 

see section 3.1 of Lynden-Bell & Pringle 1974 ), where L 0 = R 

2 
0 
0 

s the angular momentum (per unit mass) of a clump at galactocentric
istance R 0 , V 0 = R 0 
0 is the orbital circular velocity of the clump,
0 is the angular velocity of orbital circular rotation of the clump, and
 = 

1 
3 v shear λcoll is the kinetic viscosity. By adopting a galactocentric 

istance at the boundary between the central region and molecular 
ing, i.e. R 0 = 15 pc, we derive a migration time-scale t migrate ≈
0 Myr. This rapid inward migration of clumps from the molecular
ing to the central region ( t migrate ≈ 5.6 t orbit at R 0 = 15 pc) suggests
hat the current molecular ring of NGC 404 is highly unstable and
ransient. Migrating clumps from the molecular ring may eventually 
erge once in the central region, forming a larger gravitationally 

table system against fragmentation (and clump–clump collisions) 
nd further gas inflow (i.e. further clump migration). 

Clump migration may also trigger turbulence by converting the 
inetic and gravitational energies of the clumps into turbulent energy 
e.g. Krumholz & Burkert 2010 ; Forbes, Krumholz & Burkert 2012 ;
ek el & Burk ert 2014 ; Forbes et al. 2014 ). Could it be that the large
isc velocity dispersion observed in the central region of NGC 404
riggered by clump migration? The energy injection rate (per unit 

ass) due to clump migration is (Dekel & Burkert 2014 ) 

˙inject, migrate = V 

2 
0 /t migrate . (43) 

t a galactocentric distance of R 0 = 15 pc, ε̇inject, migrate ≈
30 km 

2 s −2 Myr −1 . If the disc velocity dispersion is maintained
y clump migration, one expects 

˙inject, migrate ≈ ε̇diss , disc = 

1 

2 
σ 2 

gas , disc / (2 h gas , disc /σgas , disc ) (44) 

see equation 6 in Dekel & Burkert 2014 ), where ̇εdiss , disc is the energy
issipation rate (per unit mass) of the gas disc and 2 h gas, disc / σ gas, disc 

s the turbulence decay time-scale. Indeed, the central region (where 
gas, disc ≈ 10 km s −1 and h gas, disc ≈ 1 pc) has an average disc energy
issipation rate (per unit mass) ̇εdiss , disc ≈ 250 km 

2 s −2 Myr −1 , which
s approximately equal to the calculated energy injection rate (per 
nit mass) from clump migration ε̇inject, migrate ≈ 230 km 

2 s −2 Myr −1 . 
t thus seems that clump migration may be the major mechanism
riving turbulence in the central region of NGC 404, where the
bserved large velocity dispersions cannot be explained by clump–
lump collisions or stellar feedback. Ho we ver, other mechanisms 
ay also play a role given the potential jet–ISM interaction in the

ore of this galaxy. 
MNRAS 517, 632–656 (2022) 
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 C O N C L U S I O N S  

e studied the molecular structures (clumps and clouds) of the dwarf
enticular galaxy NGC 404. We performed a dendrogram analysis
f our high-resolution ( ≈0.86 × 0.51 pc 2 ) ALMA 

12 CO(2-1) data
nd identified a number of nested structures, including 953 resolved
lumps (i.e. leaves) and 1639 resolved clouds (i.e. branches and
runks), whose radii range from 0.4 to 25 pc. Our main findings are
s follows. 

(i) Two distinct regions are identified: a gravitationally stable
entral region (Toomre parameter Q = 3–30 and gas fraction f gas 

10–40 per cent ) and a gravitationally unstable molecular ring ( Q
 1 and f gas ≈ 50–70 per cent ). 
(ii) The differential mass distribution functions of the clumps are

est fitted by two power laws with a turn-o v er or peak at M clump ≈
000 M �. 
(iii) The molecular structures of the central region have an unusu-

lly steep size–linewidth relation R c ∝ σ 0 . 82 ±0 . 11 
obs , los , while those of the

olecular ring have a much shallower relation R c ∝ σ 0 . 30 ±0 . 03 
obs , los (with

 flattening or turn-o v er at R c ≈ 3 pc). The latter is similar to the
olmogoro v la w for turbulence ( σobs , los ∝ R 

1 / 3 
c ; Kolmogoro v 1941 ).

(iv) The molecular structures of the central region and the molec-
lar ring have similar mass–size relations (with power-law indices
 m 

= 2.27 ± 0.10 and D m 

= 2.12 ± 0.01, respecti vely). Ho we ver,
hile in the central region, clumps and clouds have similar power-law

ndices ( D m, clump = 2.07 ± 0.16 versus D m, cloud = 2.22 ± 0.10), in
he molecular ring, clumps have a much shallower power-law index
han clouds ( D m, clump = 1.63 ± 0.04 versus D m, cloud = 2.06 ± 0.01).

(v) In the central region, both clumps (mean virial parameter
 αvir, clump 〉 = 1.52 ± 0.11) and clouds ( 〈 αvir, cloud 〉 = 1.14 ± 0.12)
ppear to be in virial equilibria. In the molecular ring, ho we ver, while
lumps are in rough virial equilibria ( 〈 αvir, clump 〉 = 1.82 ± 0.07),
louds appear to be strongly gravitationally bound ( 〈 αvir, cloud 〉 =
.41 ± 0.02). 
he virial parameter of molecular structures in the molecular ring is

n turn dependent on mass: αvir, c ∝ M 

−0 . 27 ±0 . 01 
c . 

We developed an analytical model of clump–clump collisions to
xplain the clump properties and gas turbulence in the molecular ring.
ur model suggests that the collisions between clumps are driven by
ravitational instabilities coupled with galactic shear, which leads to
everal results. 

(i) The formation of clumps with R t, clump ≈ L acc, clump ≈ λcoll 

where λcoll ≡ G 	 gas, disc /2 A 

2 is the critical collision length arising
rom our model), i.e. the tidal radii of clumps approximately equal
o the average distance between neighbouring clumps. 

(ii) A typical clump mass M clump ≈ 	 gas , disc λ
2 
coll ≈

 

2 	 

3 
gas , disc / 4 A 

4 ≡ M c , coll and a typical clump size R clump ≈
.38 λcoll ≡ R c, coll . 
(iii) An energy injection rate (per unit mass) for the collision-

nduced turbulence ε̇inject, coll ≡ G 

2 	 

2 
gas , disc / 2 A ≈ ε̇diss , clump . 

(iv) A size–linewidth relation σobs , los ≈ (2 G 

2 	 

2 
gas , disc /A ) 1 / 3 R 

1 / 3 
c 

assuming a Kolmogorov spectrum of turbulence), with a flattening
t the turbulence driving scale L D ≈ λcoll . 

(v) If the turbulence that supports the gas disc in vertical
quilibrium is sustained by clump–clump collisions, a gas disc
elocity dispersion σ max, coll ≡ G 	 gas, disc / A ≈ σ gas, disc and a gas disc
cale height h gas, disc ≈ L D ≈ λcoll . Turbulence from clump–clump
ollisions can maintain the disc in a marginally gravitationally stable
tate, i.e. Q ≈ 1. 

(vi) A virial parameter αvir, clump ≈ αvir, crit = 2 for clumps and
vir, cloud < 1 for clouds, as M clump ≈ M Jeans ≈ M c, coll while M cloud >
NRAS 517, 632–656 (2022) 
 Jeans ≈ M c, coll . Collision-induced turbulence can thus maintain the
lumps (but not the clouds) in rough virial equilibria. 

(vii) A mass–size relation for clumps M clump =
5 /αvir, crit G )(2 G 

2 	 

2 
gas , disc /A ) 2 / 3 R 

5 / 3 
clump . 

Our predictions abo v e all match the observations very well in
he molecular ring of NGC 404, suggesting clump–clump collisions
re the dominant mechanism regulating clump properties and gas
urbulence in that region. As expected, the collision model fails to
xplain the observations in the central region of NGC 404, where the
as disc is strongly gravitationally stable ( Q = 3–30). It also seems
hat clumps migrate inward from the molecular ring to the central
egion, so that the clump properties do not change much between the
wo regions. In turn, clump migration may be the major source of
urbulence in the central region, although other sources are possible
e.g. AGN feedback and/or the magneto-rotational instability). 

Our model may be rele v ant to the understanding of molecular gas
iscs and star formation in high- z disc galaxies, as the molecular
ing of NGC 404 resembles in many ways the star-forming gas
iscs observed at high redshifts (e.g. clumpy morphology, low
oomre parameter, and high gas fraction). We note, ho we ver, that our
ndings are based on only one galaxy. High-resolution observations
f molecular gas in more gravitationally unstable gas discs are thus
eeded to further confirm our model. 
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PPENDI X  A :  C U M U L AT I V E  MASS  F U N C T I O N  

F  CLUMPS  

The cumulative clump mass distribution function can be character-
zed quantitatively by a power law 

 clump ( M 

′ 
clump > M clump ) = 

(
M clump 

M 0 , clump 

)γclump + 1 

, (A1) 

here N clump ( M 

′ 
clump > M clump ) is the number of clumps with a mass

reater than M clump , M 0, clump sets the normalization, and γ clump is the
ower-la w inde x. 
Fig. A1 presents the normalized cumulative mass distribution

unction (and its power-law fit as a dashed green line) of the resolved
lumps in the the central region, molecular ring, and whole disc of
GC 404, respectively. The power-law fits are only performed above

he mass completeness limit M comp = 1.8 × 10 3 M � (see Section 3.1 ).
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WISDOM: Clump–clump collisions in NGC 404 655 

Figure A1. Normalized cumulative mass distribution function of the resolved clumps in the central region, molecular ring, and whole disc of NGC 404, 
respecti vely. The po wer law best fitting the cumulati v e mass distribution is o v erlaid as green dashed lines in each panel. Our mass completeness limit is indicated 
by a black vertical dashed line in each panel. The red dotted line in the middle panel indicates our model-predicted turn-o v er mass in the molecular ring ( M c, coll ; 
see Sections 4.2 and 6.1 for more details). 
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Figure B1. Galactocentric distance dependence of the orbital circular ve- 
locity V cir (black curve), orbital circular angular velocity 
 (green curve), 
Oort’s constants A (blue curve), and epicyclic frequency κ (orange curve) 
in NGC 404. The coloured envelope around each curve indicates the ±1 σ
uncertainties. The black vertical dashed line indicates the boundary ( R gal = 

15 pc) between the central region and molecular ring, while the grey vertical 
dashed line indicates the galactocentric distance ( R gal = 27 pc) beyond 
which the molecular gas disc is no longer gravitationally stable (i.e. Toomre 
parameter’s Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 ). The circular velocity 
curve is nearly flat in the molecular ring. 
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We find power laws fit the cumulative mass functions relatively 
ell in the mass regime M clump � 4000 M �. The best-fitting power-

a w inde x γ clump of the cumulative mass distribution function is
2.36 ± 0.10, −2.70 ± 0.06, and −2.67 ± 0.07 for the central 

egion, molecular ring, and whole disc, respectively. These best- 
tting power-law indexes are similar to those of the differential mass
istribution function in the high-mass regime γ + 

clump ( −2.63 ± 0.49, 
2.87 ± 0.13, and −2.67 ± 0.16 for the central region, molecular 

ing, and whole disc, respectively; see Section 3.1 ). It thus seems that
ost of the molecular gas mass of NGC 404 is located in low-mass

lumps. 
We note, ho we ver, that po wer-law functions only seem to fit well

t the high-mass ends of the cumulative clump mass distribution 
unctions, and ‘turn-o v ers’, which are break points in the power-la w
unctions, seem to be present in all the cumulative mass distributions
t the same clump mass M clump ≈ 4000 M �. Indeed, the cumulative
ass distribution functions show strong deviations from the best- 
tting power laws (green dash lines in the Fig. A1 ) below this turn-
 v er mass. As this turn-o v er mass is much larger than the mass
ompleteness limit, these deviations are most likely real and probe 
and thus inform on) the underlying formation and destruction of 
lumps. The presence of these turn-o v ers may in fact suggest less
e gativ e or even positive power-law indices (i.e. ‘slopes’) at the low-
ass ends of the cumulative clump mass distribution functions. 

PPENDIX  B:  COLLISION  TIME-SCALE  

In this section, we derive the collision time-scale of clumps from
rst principles. Following Tan ( 2000 ), we set the collision velocity
f clumps to be the shear velocity 

 shear ≡ v shear ( R) = b ( 
 − d V circ 

d R 

) = 2 Ab (B1) 

see equation 46 in Liu et al. 2021 ), where A ≡ A ( R) = −R 
2 

d 

d R is

ort’s constant A e v aluated at the galactocentric distance R of the
lump ( R gal in Table 1 ), 
 ≡ 
( R ) = V circ / R is the angular velocity
f orbital circular rotation, V circ ≡ V circ ( R ) is the circular velocity of
he galaxy, and b is the radial distance between the orbits of the two
olliding clumps. We note that the shear velocity v shear is derived 
sing the shearing-sheet approximation (e.g. Binney & Tremaine 
008 ). Fig. B1 shows the dependence of 
 and Oort’s constant A on
he galactocentric distance R in NGC 404. 

We adopt the circular velocity curve of Davis et al. ( 2020 ), derived
y creating a gas dynamical model using the Kinematic Molec-
lar Simulation ( KinMS ) package of Davis et al. ( 2013 ).

nputs to the model include the stellar mass distribution, stellar mass-
o-light ratio, molecular gas mass, SMBH mass, as well as the disc
rientation (position angle and inclination) and position (spatially 
nd spectrally). The stellar mass distribution is parametrized by a 
MNRAS 517, 632–656 (2022) 
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igure B2. Galactocentric distance dependence of the coarse-grained depro-
ected molecular gas mass surface density of the NGC 404 disc, with a radial
in size of 2 pc. The error bars indicate the 1 σ scatter of the different mass
urface densities within each radial bin (not the uncertainty on the mean within
ach bin, which is much smaller). The black vertical dashed line indicates the
oundary ( R gal = 15 pc) between the central region and molecular ring, while
he gre y v ertical dashed line indicates the galactocentric distance ( R gal =
7 pc) beyond which the molecular gas disc is no longer gravitationally
table (i.e. Toomre parameter’s Q ≤ 1 at R gal ≥ 27 pc; see Section 4.5 ). 

ulti-Gaussian expansion (MGE; Emsellem, Monnet & Bacon 1994 ;
appellari 2002 ) fit to HST images of the nucleus from Nguyen
 2017 ), while the molecular gas mass distribution is parametrized by
n MGE fit to the ALMA CO(2-1) image of Davis et al. ( 2020 ). We
se stellar mass-to-light ratios calculated on a pix el-by-pix el basis
rom multiband imaging by Davis et al. ( 2020 ). The MGE model of
he molecular gas does not account for the flocculent substructure of
he molecular gas disc, but it does allow to quantify the contribution to
he potential of an ideal axisymmetric approximation of the observed
olecular gas disc (Davis et al. 2020 ). The SMBH mass ( M BH ≈

.7 × 10 5 M �), position angle (PA = 37.2 ◦ at R gal < 15 pc and PA =
 

◦ at R gal ≥ 15 pc) and inclination ( i = 37.1 ◦ at R gal < 15 pc and
 = 9.3 ◦ at R gal ≥ 15 pc) were then obtained from the best fit to the
inematics of the CO gas. Full details of the fitting procedure can be
ound in Davis et al. ( 2020 ). 

We set the radius of the ef fecti ve collision cross-section of a
lump to be its tidal radius R t rather than its actual radius R clump , as
e consider clump–clump collisions to be any mutual gravitational

nteraction and ultimate merging of clumps (rather than e xclusiv ely
hysical collisions). We adopt the definition of tidal radius from
ammie et al. ( 1991 ) and Tan ( 2000 ), whereby the tidal radius marks

he radial distance from a clump’s centre at which the shear velocity
f the clump due to differential galactic rotation is equal to its escape
elocity. This leads to 

 t = (1 − βcirc ) 
−2 / 3 

(
2 M c 

M gal 

)1 / 3 

R (B2) 

see equation 8 in Tan 2000 ), where as before M c is the clump’s mass,
circ ≡ βcirc ( R) = 

d ln V circ 
d ln R , and M gal ≡ M gal ( R ) is the total galaxy mass

nterior to R . Equation ( B2 ) assumes a spherical mass distribution,
NRAS 517, 632–656 (2022) 
.e. M gal ( R) = V 

2 
circ ( R) R/G , and can therefore be simplified to 

 t = 

(
G 

2 A 

2 

)1 / 3 

M 

1 / 3 
c . (B3) 

he tidal radius defined in this manner is the maximum size of a
ravitationally bound cloud (of a given mass M c ) allowed by galactic
otational shear (quantified by A ). Normally, the tidal radius of a
elf-gravitating object is at least a few times larger than its actual
adius. We note that in our formalism, a collision occurs between
wo clumps only when the radial distance between their orbits b is
maller than their tidal radius R t . 

Using the abo v e-defined collision v elocity (i.e. the shear v elocity
 shear ) and collision cross-section (i.e. the tidal radius R t ), we can
erive a clump–clump (or cloud–cloud) collision rate 

 coll ≡ Z coll ( R) = 2 
∫ R t 

0 
z coll d b 

= 2 
∫ R t 

0 
N A v shear d b 

= 4 A 

∫ R t 

0 
N A b d b, (B4) 

here z coll ≡ z coll ( b) = N A v shear is the collision rate per unit length,
 A ≡ N A ( b ) = 	 gas, disc / M c is the number surface density of molecular

tructures, 	 gas, disc ≡ 	 gas, disc ( b ) is the coarse-grained gaseous mass
urface density of the disc, and v shear is taken from equation ( B1 ).
t is reasonable to define the number surface density of clumps N A 

n this manner as we have assumed collisions occur only between
lumps of equal mass. The first factor of 2 in equation ( B4 ) accounts
or clumps/clouds either catching up with others clumps/clouds at
arger R gal or being caught up by other clumps/clouds at smaller
 gal (Tan 2000 ). If we assume clumps are approximately uniformly
istributed o v er a re gion of radius ≈R t centred on the clump, then
 A in equation ( B4 ) (or equi v alently 	 gas, disc ) is approximately
onstant, i.e. N A ( b) ≈ N A ( R) = 

1 
M c 

	 gas , disc ( R), where 	 gas, disc ( R ) is
he coarse-grained gaseous mass surface density of the disc e v aluated
t the centre (galactocentric distance) of the reference clump ( R gal in
able 1 ). This leads to 

 coll ≈ 4 AN A 

∫ R t 

0 
b d b ≈ 2 AN A R 

2 
t . (B5) 

The clump–clump (or cloud–cloud) collision time-scale is then 

 coll ≡ t coll ( R) = 1 /Z coll ≈ 1 

2 AN A R 

2 
t 

≈ A 

1 / 3 M 

1 / 3 
c 

2 1 / 3 G 

2 / 3 	 gas , disc 
, (B6) 

here the last expression assumes a spherical galaxy mass distri-
ution (via equation B3 ). Fig. B2 shows the deprojected molecular
as mass surface density 	 gas, disc as a function of the galactocentric
istance R (i.e. R gal ) in NGC 404. The mass surface density 	 gas, disc is
omputed by summing the molecular gas mass within galactocentric
nnuli of increasing R gal (with a radial bin size of 2 pc), corrected
or inclination (where a fixed position angle PA = 1 ◦ and inclination
ngle i = 9.3 ◦ were adopted). We note that our derived collision
ime-scale abo v e is essentially the same as that derived by Tan ( 2000 ;
ee their equation 13), except that we adopted R t rather than 1 . 6 R t 

s the radius of the ef fecti ve collision cross-section. We use the
ubscript ‘c’ when referring to the masses of the molecular structures
n equations B2 –6 , as the equations apply equally to clump–clump
ollisions and cloud–cloud collisions. 
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