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Molecular cloud formation in spiral galaxies
 Jeans instabilities

- traditionally argued to produce ~106 M⊙ GMCs regularly spaced along spiral 

arms (e.g. Elmegreen 1979, Cowie 1980, 1981, Elmegreen & Elmegreen 1983, 

Balbus & Cowie 1985, Kim & Ostriker 2002, 2006)

 cloud-cloud collisions

e.g. Field & Saslaw 1965, Scoville & Hersch 1971, Handbury et. al. 1977

- long timescales problematic (Blitz & Shu 1980)

- but collisions more numerous with spiral arms (Casoli & Combes 1982, 

Tomisaka 1984, 1986, Roberts & Stewart 1987, Dobbs et al. 2015)

 thermal instabilities (Koyama & Inutsuka 2003, Kim et al. 2003)

 Parker instabilities (Kim et al. 1998, 2003, Kortgen et al. 2017)



Numerical simulations of galaxies

• Use Smoothed Particle Hydrodynamics 

• Galactic potential represents halo and spiral arms

• Gas self gravity



Cloud-cloud collisions versus Jeans instability

Self gravity has much more effect on the large scale 
structure of the gas
Massive clouds form via gravitational instabilities 
along the spiral arms

Σ=4 M⨀pc-2 - cold and warm gas          

Σ=20 M⨀pc-2 - cold and warm gas   
Self gravity and cloud collisions

Mostly cloud collisions (1 per ~8 Myr, Dobbs et al. 
2015)

Cloud properties and spacing from cloud-cloud 
collisions

Dobbs 2008



Numerical simulations of galaxies
• Use Smoothed Particle Hydrodynamics (8 million particles)

• Galactic potential represents halo and spiral arms

• Gas self gravity

• Cooling and heating according to Glover & MacLow 2007

• (H2 and CO formation)

• Stellar Feedback - energy added according to Sedov snow plough 

phase: E= ɛ M x1051ergs   ɛ~0.05 (see Dobbs et al. 2011)
               

kinetic + thermal energy, added instantaneously or over time

   160 M⊙



Properties of clouds

Mass distribution Viral parameters Rotation

Use clump-finding algorithm to identify clouds

Clouds both bound and unbound (see also e.g. Colombo et al. 2014, 

Miville-Deschenes et al. 2017)

Many GMCs exhibit retrograde rotation (see also observations by e.g. 
Rosolowsky et. al. 2003, Koda et al. 2006, Imara et al. 2011)



Properties of clouds

Cloud-properties unrealistic without 
stellar feedback

Properties of GMCs 5

Figure 2. Normalised distributions of the properties (mass, radius, velocity dispersion, surface density, virial parameter) of GMCs detected with the 2D
method. The red, blue and black lines show data from the simulations with feedback, without feedback and data from H09 respectively. The dashed vertical
line in the middle-bottom panel shows ↵vir = 2, i.e the border between bound and unbound.

GMCs in the simulation without feedback either form with
(or grow) up to masses up to ⇠ 107.5 M�, radii extending to ⇠
100 pc, and velocity dispersions as large as ⇠ 100 km s�1 (not
visible in the figure). This leads to a larger fraction of unbound
clouds (↵vir > 2), and the distributions from this run are in poor
agreement with observations.

3.1.2 GMC scaling relations (2D)

Fig. 3 shows the distributions of our (stacked) clouds in the planes
of the Larson relations. In each panel, we show our simulated
GMCs (heat map) and the position of all the observed clouds from
H09 (black contours), and linear least squares fit to our simulated
data (red line) to the H09 GMCs (blue line). We note that due to
the resolution limit of our simulations, and the requirement that all
GMCs have a minimum of 9 cells, we are unable to study the scal-
ing relations for sizes . 8 pc.

In all three parameter spaces, we retrieve the Larson correla-
tions, with a ⇠ 0.56, b ⇠ 2.29 and c ⇠ 0.41 (see Eq. 1–3) in
the simulation with feedback. This is in excellent agreement with
the H09 data, as well as other recent work discussed in §1 (e.g.
b = 2.36± 0.04, Roman-Duval et al. 2010), with a highly signifi-
cant overlap between observations and our most densely populated
region. The simulations feature larger scatter around the mean rela-
tions compared to observations, which is likely an effect of stacking
which multiplies the number of detection of short-lived clouds on
the verge of dispersing.

Without feedback, the scaling relations are always steeper, in
poor agreement with the H09 data, particularly in the �–R and �–

R⌃ planes. This adds further evidence that feedback play an im-
portant role in the formation and shaping of GMCs.

3.2 GMCs in 3D

3.2.1 General properties

In Fig. 4, we show the normalised distributions of GMCs, this time
identified with the 3D clumpfinder (see §2.3). Here again, we stack
the distributions from several snapshots to eliminate small-number
statistics.

The differences between GMCs in the simulation with and
without feedback found in projection is also present when analysed
in 3D. As before we find that feedback acts to limit the masses,
sizes, velocity dispersions, surface densities and virial parameters.
The same is true for their physical densities, as shown in the bot-
tom right panel; in the feedback simulations GMCs are less dense,
with ⇠ 75% of GMCs being found with 100.5 M� pc�3 < ⇢ <
100.8 M� pc�3. Without feedback we find that ⇠ 80% of GMCs
are found with 100.8 M� pc�3 < ⇢ < 101.3 M� pc�3.

We find an almost uniform shift in the 3D property distribu-
tions compared to their 2D counterparts, with the 3D properties
being shifted to larger values in all cases (except ↵vir). Despite
these differences, the maximum cloud mass in the two detection
methods is the same (⇠ 107 M�). As we are using the same def-
inition of molecular gas in both methods (⇢mol = 100 cm�3), the
cause of this difference is likely due to projection effects. Isolated
regions of molecular gas that wouldn’t be identified as GMCs by
the 3D clump finder (e.g. too few connected cells) can in projection
appear as coherent, but low mass, GMCs (see also Duarte-Cabral
& Dobbs 2016).
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Feedback

No feedback
Many more massive 
clouds without feedback
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together to produce larger clouds. Though we have only a
relatively small sample of galaxies, observations also seem to
indicate that molecular clouds are less massive in galaxies
without a strong spiral pattern, e.g. M33 (Rosolowsky et al.
2003). For both the 10 and 20 per cent e�ciency cases, the
masses of the clouds exceed those in the calculation with no
spiral potential.

Though we caution there are only a small number of
clouds found in Run L5nosp, and these clouds are not well
resolved, we found that there are a higher fraction of bound
clouds. With no spiral potential 70 per cent of the clouds
are bound compared to only 30 per cent with the spiral po-
tential (even when just considering the lower mass clouds).
In other respects the clouds are similar. The distributions
of aspect ratios are similar, and the clouds in Run L5nosp

are short-lived. This di↵erence in ↵ could reflect that the
spiral potential allows gas to be gathered together indepen-
dently of gravity, whereas without the spiral potential, the
clouds are more often formed bound, undergo gravitational
collapse, and are then dispersed.

The third and fifth panels compare the properties of
clouds in models with di↵erent surface densities (L10 and
M10, with 8 and 16 M� pc�2 and ✏ = 10 per cent). The
properties of the clouds are similar. There is a greater dif-
ference between models L5 and M5 (as likewise between L1
and L5), but M5 does not show convergence.

We compute mass spectra for the calculations with dif-
ferent star formation e�ciencies in Fig. 20 (Runs L1, L5
and L20). The cloud mass function has a slope of around
dN/dM / M�1.9±0.1 for the clouds in Runs L5 and L20,
with 5 and 20 per cent e�ciencies (and though not shown,
the slope is similar for Run L10 with 10 per cent e�ciency).
This is similar to the results we obtained in Dobbs (2008),
and to observations (Heyer et al. 2001). Thus the star for-
mation e�ciency does not change the slope, rather the level
of stellar feedback determines the normalisation of the cloud
mass function. For the calculation with 20 per cent e�ciency,
there are fewer clouds, and the maximum mass is 7.5⇥ 105

M�. Though we do not show it in Fig. 20, the cloud mass
spectrum for Run M10, with a higher surface density, has
a slightly shallower slope (dN/dM / M�1.65±0.1), which
could be due to the increased importance of self gravity
(Dobbs 2008; Dib et al. 2008). The normalisation is also
naturally higher.

The mass function for Run L1, with ✏ = 1 per cent is
very di↵erent. There is a peak at 5⇥ 106 M�, which is not
seen in observations. Again these high mass clouds are grav-
itationally bound, long lived clouds. In Run L1, feedback
is insu�cient to disrupt the clouds, therefore they can con-
tinue to increase in size. Their mass is instead only limited
by their age, and the accretion of gas from the surround-
ing medium. In fact any of the simulations where we find
a significant number of clouds which do not follow a con-
stant surface density relation (i.e. L1, eventually L5, and
M5) would exhibit such a bimodal distribution.

7.2 Cloud heights and Orion

Earlier in Fig. 9 we showed the heights of supernovae events
in the disc. We also determined the height of the clouds
found in calculations L5, L10 and L20, at a time of 200
Myr. The maximum heights of the clouds are ⇠ 120, 220

Figure 20. The mass spectra are shown for the calculations with

✏ = 1, 5 and 20 per cent (L1, L5 and L20), where there is a spiral

potential. The spectra are calculated at a time of 200 Myr for

Runs A5 and A20, and 125 Myr for Run A1. The slope of the

mass spectra is about dN/dM / M�1.9±0.1
when ✏ = 5 and 20

per cent, the mass spectrum is merely shifted to lower masses

with the higher star formation e�ciency. The spectra for the 1

per cent e�ciency case (Run L1) exhibits a bimodal distribution

due to a population of long-lived bound clouds.

and 300 pc for the calculations with 5, 10 and 20 per cent
e�ciency respectively. Orion lies at a height of 200 pc above
the midplane. For the 10 and 20 per cent e�ciency calcu-
lations, clouds with heights similar to Orion are relatively
easy to produce. For the 5 per cent calculation, they are
much rarer. Fig. 9 shows that a small number of supernovae
have occured at heights of 200 pc, suggesting we would only
find such a high latitude cloud at particular time intervals.
The scale heights are similar or higher for the higher surface
density calculations.

7.3 Cloud rotation

The angular momenta of the clouds is shown in Fig. 21 for
Run L5. As pointed out in Dobbs (2008), cloud collisions
can be su�ciently disruptive to cause GMCs to have a net
rotation in a direction opposite to the rotation of the galaxy.
The distribution is similar to that shown in Dobbs (2008),
with a similar fraction (37 per cent) of retrograde rotating
clouds. The low mass clouds have slightly higher angular
momenta compared to Dobbs (2008). The distribution of
angular momenta is similar for Run M10, though with a few
more higher momentum clouds.

We show the fraction of retrograde clouds for the dif-
ferent calculations in Fig. 22. Observations of clouds in our
Galaxy, and M33, suggest that ⇠ 40–60 per cent of clouds
exhibit retrograde rotation (Phillips 1999; Rosolowsky et al.
2003; Imara et al. 2011; Imara & Blitz 2011). For the calcu-
lations with ✏ = 5, 10 and 20 per cent (L5, L10 and L20),
and the medium surface density calculation with ✏ = 10 per
cent (M10), the fraction of retrograde clouds agrees with
observations. For Run L1 (✏ = 1 per cent) however, there

c� 0000 RAS, MNRAS 000, 1–19



Properties of clusters
D

ob
bs

 e
t 

al
. 2

01
7

6 Dobbs

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10

fra
ct

io
n 

of
 s

ta
rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10

fra
ct

io
n 

of
 s

ta
rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10
fra

ct
io

n 
of

 s
ta

rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10

fra
ct

io
n 

of
 s

ta
rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10

fra
ct

io
n 

of
 s

ta
rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

x (kpc)

y 
(k

pc
)

 

 

−10 −8 −6 −4 −2 0 2 4 6 8 10
−10

−8

−6

−4

−2

0

2

4

6

8

10

fra
ct

io
n 

of
 s

ta
rs

−6

−5.5

−5

−4.5

−4

−3.5

−3

Figure 1. The normalised number density of stars is shown for
the low feedback isolated galaxy model (left) and high feedback
model (right). The number density is calculated for star particles
of ages 0-10 Myr (top), 10-100 Myr (middle) and 100-200 Myr
(lower panels). Spiral structure is clear for all stars, in all age
ranges, though strongest in the youngest stars. The spiral arms
are also stronger in the lower feedback model.

the 4:1 resonance (see e.g. Shu et al. 1973; Patsis et al. 1997;
Few et al. 2016.

Figure 1 shows quite a di↵erent distribution for the
youngest stars (ages < 10 Myr, top panels) compared to
the older stars (lower and middle panels). In particular the
youngest star particles are concentrated into patches with
very low numbers of stars, or no stars in between. There is a
high concentration of star particles in the arms, and a large
di↵erence between arm and inter arm regions. By contrast,
even for the low feedback model, the star particles aged 10-
100 Myr show a more even distribution, with a factor of 10 or
less di↵erence between the arm and inter arm region. There
is relatively little di↵erence between the ages of 10-100 and
100-200 Myr, particularly for the high feedback model.

Figure 1 also indicates some di↵erences between the low
(left) and high (right) feedback models. For the low feedback
model, massive clusters are still obvious for ages 10-100 Myr,
and to a lesser extent for ages 100-200 Myr, whereas in the
high feedback model, massive clusters are not particularly
evident. The reason for the di↵erence between the models
is that with the lower feedback, GMCs are less able to dis-
perse. Statistically some GMCs will disperse, but others will
remain bound for 10s if not 100s of Myrs. In these GMCs, the
mass of gas and young clusters in the clouds simply builds

up over time. At some point, all the gas may be turned into
stars, but we do not reach this time in our simulation. In
Dobbs et al. (2011), we also saw a couple of clouds which
were not dispersed, whilst Tasker et al. (2015) similarly note
a population of very long lived clouds. By comparison in
the higher feedback model, the GMCs are fairly readily dis-
persed.

We also compare the spatial distribution of ‘clusters’ by
grouping the star particles into clusters as described in Sec-
tion 2.3. Whilst bearing more relation to observed clusters,
this approach has the disadvantage that the clusters do not
necessarily have well defined ages. Here we simply assign
clusters to di↵erent age bins if there is a given overdensity
of stars. So if the stars were distributed uniformly by age in
a cluster, we would expect 5% in the 0-10 Myr bin, 45% in
the 10-100 Myr bin, and 50% in the 100-200 Myr age bin.
We assign a cluster to a particular age bin if there are at
least 50% more stars in that bin compared to a uniform dis-
tribution (i.e. 7.5% in the 0-10 Myr bin, 67.5% in the 10-100
Myr bin, 75% in the 100-200 Myr bin; if this occurs for more
than two bins we choose the one with the highest overden-
sity). We choose a 50% overdensity to try and avoid having
very few star particles in each bin, and note that we cannot
take a 100% higher overdensity or more, without starting to
underpopulate the 100-200 Myr bin.

Figure 2 shows the distribution of ‘clusters’ of di↵erent
ages, determined as described above (now plotted simply
as points) for the low feedback model. There are now far
fewer points (and some clusters are not shown as they do
not show an overdensity of stars of any age), which as we
will see is more similar to the observational data. By group-
ing the star particles into clusters, we also now allow scope
for cluster evolution (see Section 4.4), and in particular clus-
ters can disperse over time (though individual star particles
survive indefinitely). The clusters in the youngest bins (0-10
and 10-100 Myr) are still very concentrated in the arms. The
main di↵erence compared to taking the star particles is that
there are relatively fewer clusters of older age. So there are
approximately the same number of clusters in the 0-10 to
the 10-100 Myr bin, and notably few clusters in the 100-200
Myr bin. The scarcity of the clusters in the 100-200 Myr bin
presumably reflects that the oldest clusters have dispersed,
or become part of clusters now dominated by younger stars.
As we will show in Section 4.4, both of these possibilities
occur, although most clusters likely disperse as there are
not so many massive clusters that have been in existence for
at least 100 Myr. There are too few clusters in the 100-200
Myr bin to determine if there is spiral structure simply from
Figure 2. Overplotting on an image of the galaxy simulation
(not shown) indicates that they appear less concentrated
(⇠ 50% in arms and inter-arm regions respectively) in the
spiral arms compared to the earlier bins. The higher feed-
back model shows similar behaviour, but also with fewer
clusters in the 10-100 Myr range.

We also tried using the mean or median age, using all of
the clusters. Particularly when using the mean, the cluster
ages are often larger because the age distributions tend to
be skewed towards higher ages. Consequently we used the
overdensity definition rather than the mean. When using the
mean, there are few young clusters, and other clusters are
generally given older ages, so consequently spiral structure
tends to persist more in the older clusters.

MNRAS 000, 1–19 (2012)
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Mass spectrum for clusters 
slightly steeper than for 
clouds

See also Messa et al. 2018

ideally need detailed 
feedback prescription to 
follow clusters fully (see 
poster by Tom Bending)



‘That doesn’t look like any 
galaxy I observe’



Modelling ‘real’ galaxies

 is there a difference for galactic structure and dynamics?

- Yes

 is there a difference in molecular cloud properties and 
star formation?

- Maybe not



Spiral structure

see Elmegreen 2011

Type of spiral What produces spiral 
arms?

Grand design
Tidal interaction

Bar

Multi-armed
Gravitational instabilities in 

stars

Flocculent (no spiral)
Gravitational instabilities in 

gas



Galactic structure

Grand design galaxies can be due to

1. steady state density waves

- fixed pattern; gas flows through spiral 
arms; gas may spend 10s Myrs in the 
arms

19
 6 9

Ap
J. 

. .
15

8.
 .1

23
R 

Fig. 3.—A. Typical STS Solution. In passing through two cycles of the STS solution, the gas completes 
one revolution about the two-armed spiral pattern in the galactic disk. Gas enters the shock at a super- 
sonic velocity normal to the shock of about 31 km sec“1 and leaves the shock at a subsonic velocity normal 
to the shock of about 3.2 km sec”1. The density contrast across the shock is about 9.6. 

Fig. 4.—Shock and background spiral pattern in the Galaxy. The shock occurs slightly on the inner 
side of the background spiral arm of trailing type. In the TASS picture each streamline appears as a 
sharp-pointed oval with a sharp turning point at each shock. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

2. kinematic density waves

- no fixed pattern (arms wind up) 
but gas still flows through arms

Roberts 1969



Galactic structure

Multi-armed: Q<1 in 
stars
Pattern speed ~ rotation of 
galaxy; gas does not flow 
through spiral arms

1898 C. L. Dobbs and I. A. Bonnell

Figure 2. These images zoom in on a small region from the simulation with 50 per cent cold gas, Run B. The plots correspond to a time of 200 Myr, and
show areas of size (i) 22 × 22 kpc, (ii) 8 × 8 kpc, (iii) 4 × 4 kpc and (iv) 1.5 × 1.5 kpc. The gas appears increasingly structured at smaller scales, becoming
sheared into filamentary structures in the inner regions. The figure focuses on a bridge of gas between two spiral arms which corresponds with the remnants of
a previous arm. Dense material has agglomerated either side of this bridge, where spiral arms have collided. The same scale is used as shown in Fig. 1.

The variation in the velocity dispersion is dominated by the cold
gas.

The increase in the velocity dispersion occurs as clumpy gas
passes through a spiral shock (Dobbs & Bonnell 2007a) and the
magnitude of the increase is dependent on the Mach number of the
shock. At smaller radii, the potential is much stronger, so the Mach
number and therefore velocity dispersion are higher. Likewise, for
a given radius, the velocity dispersion in the spiral arms increases
with time whilst the strength of the perturbation to the potential
increases. However, the velocity dispersion starts decreasing by
250 Myr, since little gas is entering the spiral arms and shocks
are no longer occurring.

3.4 Spurs and branches

In simulations of grand-design galaxies, regular spurs are found to
extend from the arms into the interarm regions. These spurs are due
to the shearing of clumps of gas leaving the spiral arms. They can
occur if there is cold gas (<1000 K) without self-gravity (Dobbs
& Bonnell 2006), or evolve from gravitational instabilities in warm
gas (Kim & Ostriker 2006). These features are not apparent in the
simulations with the active potential. As mentioned in Section 3.2,
gas tends to stay in the spiral arms and retain spiral structure, even
as the minimum dissolves. Thus without gas leaving the spiral arms,

gas cannot form spurs. From a survey of feathering in spiral galaxies
(La Vigne, Vogel & Ostriker 2006), 20 per cent of galaxies are
found to have periodic feathers. Generally galaxies with complex
or flocculent structures are less likely to contain clearly defined
feathers, although those with clearly defined dust lanes are more
likely to contain such features.

Instead, when a minimum in the potential disappears, the gas re-
tains the shape of the whole arm. Thus much larger branches occur
in these simulations, located between the main spiral arms. A clear
example is shown in Fig. 2(b). These features are not present in sim-
ulations with time independent potentials, except where resonances
occur (Patsis et al. 1997; Chakrabarti et al. 2003). As the potential
minimum decays, the velocity of the spiral arm adjusts to that of
circular velocities, and the shape of the spiral arm changes by dif-
ferential rotation. Large branches can be seen extending from the
main spiral arms in many galaxies such as M101, M74 and M33. The
pitch angle and length of these features tend to vary much more than
would be expected from spurs which originate from instabilities in
the spiral arms.

3.5 Molecular gas in the disc

We show the distribution of molecular gas, overplotted on the total
gas density in Fig. 6, for Runs A and B. Similar to previous results

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 385, 1893–1902
Downloaded from https://academic.oup.com/mnras/article-abstract/385/4/1893/1033127
by University of Exeter user
on 01 May 2018

Dobbs & 
Bonnell 2008

Flocculent / no spiral 
arms: Q<1 in gas, Q>>1 in 
stars
leads to lots of small scale 
structure (e.g. Tasker & Tan 2009, 
Nguyen et al. 2018)
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Figure 4. Evolution of the galactic disk. Images are 20 kpc across and show the disk gas mass surface density, Σg (integrated vertically over |z| ! 1 kpc) at
t = 50, 100, 200, and 300 Myr. The formation of rings via the Toomre instability is evident at earlier times. These rings fragment into individual clouds, which then
suffer interactions via galactic differential rotation. The properties of the clouds in this fully fragmented stage (t " 140 Myr) are the focus of this paper.
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Figure 5. Galactic disk azimuthally averaged (60 pc wide annuli) radial profiles and their evolution; from left to right: (a) gas mass surface density, Σg =
! +1 kpc
−1 kpc ρ(z)dz,

(b) one-dimensional gas velocity dispersion, σg , (mass-weighted average over −1 kpc < z < 1 kpc utilizing only disk plane velocity components), (c) gas temperature,
T, (mass-weighted average over −1 kpc < z < 1 kpc), (d) Toomre Q parameter, evaluated using Σg and σg .
(A color version of this figure is available in the online journal.)

start interacting gravitationally, there is a significant increase
in the velocity dispersion of the gas and some heating. At late
times the Toomre stability parameter rises to values above unity,
because of the strong gravitational scattering of clouds.

Figure 6 shows the probability distribution function (PDF)
for gas density. The top panel shows the volume-weighted PDF,
evaluated over a volume extending radially from 2.5 to 8.5 kpc
and ± 1 kpc above and below the disk midplane. The mass-
weighted PDF is shown in the bottom panel. These figures show
the relatively fast evolution from the initial conditions caused
by the early cooling and fragmentation. Evolution after 100 Myr
proceeds more slowly: there is very little change from 200 to
300 Myr.

Figure 6 also shows a fit of a log-normal distribution,
p(ln x )d ln x = (2πσ 2

PDF)−1/2exp(−0.5σ−2
PDF[ln x −ln x ]2), where

x = ρ/ρ, to the volume-weighted PDF at the densities rel-
evant to clouds (see also Wada & Norman 2007; Tasker &
Bryan 2008). Since we are only fitting to a portion of the
PDF, here we are only interested in the width of the distribu-
tion, σPDF, not the normalization. We find σPDF = 2.0. Fol-
lowing the empirical relation σ 2

PDF = ln[1 + (3M2/4)] de-
rived from analysis of simulations of isothermal, non-self-
gravitating supersonic turbulence (Padoan et al. 1997; Padoan &
Nordlund 2002; Krumholz & McKee 2005), where M is the
one-dimensional Mach number, we estimate M = 8.5. For
a sound speed of 1.80 km s−1, this corresponds to a veloc-
ity dispersion of 15 km s−1, about 50% larger than the typical
internal velocity dispersions of clouds (Section 4.2) or the disk-
mass-averaged velocity dispersions (Figure 5). This moderate
discrepancy may be due to self-gravity skewing the high-side
of the PDF and/or the effects of shearing streaming motions

in the disk, which are removed from the disk-averaged velocity
dispersions.

The density-temperature phase space of the ISM is shown in
Figure 7. In the top row, the contours are related to the vol-
ume in the simulation at the given densities and temperatures.
After disk fragmentation, most of the volume is at low densi-
ties, nH∼10−5 cm−3, and high temperatures, T ∼106 K. The
temperature floor of the cooling curve at 300 K is evident on
the left-hand side of these diagrams: most of the GMC mate-
rial is at this effective temperature, i.e., has an effective sound
speed of 1.8 km s−1, and these clouds occupy very little volume.
Note that cooler temperatures are possible via adiabatic cooling.
In the bottom row, the contours are related to the mass in the
simulation at the given densities and temperatures. Most mass
is in high density, nH∼1–1000 cm−3, structures, including our
defined “GMCs” with nH ! 100 cm−3.

The typical local Milky Way total diffuse ISM pressure is
about 2.8 × 104 K cm−3 and its thermal components are about
an order of magnitude smaller (Boulares & Cox 1990). These
pressures are shown by straight lines in Figure 7. Our simulated
diffuse ISM is at significantly lower pressures compared to
the observed Milky Way pressures. This is not surprising
since this simulation does not include feedback from star
formation, including FUV heating, stellar winds, ionization, and
supernovae. Nevertheless, much of the volume of the simulated
ISM is in approximate pressure equilibrium. The pressure is set
by energy input from hot gas produced in shocks resulting from
cloud–cloud collisions. GMCs in the simulation are at much
higher pressures than the diffuse ISM, due to their self-gravity
(see below). In fact the thermal pressure of the cloud threshold
density at the minimum cooling temperature is about equal to

Tasker & Tan 
2009



Galactic structure

M51: tidally induced spiral (Dobbs et 
al. 2010, Salo et al. 2003, Hernquist 1990)

Milky Way: spiral arms may form as 
a result of local gravitational 
instabilities in stars (Baba et al. 2011, 
Pettitt et al. 2015, Hunt et al. 2018)

M33: likely spiral arms are local 
gravitational instabilities in stars 
(Dobbs et al. 2018)

3920 A. R. Pettitt et al.

Figure 10. Our four best-fitting CO radiative transfer l–v emission maps with their x–y counterparts. The models from top to bottom are Bb, Bc(207 Myr),
Bc(292 Myr) and Bd. The top-down maps only show gas material that is seen in CO l–v space; that of the highest density. The cross indicates the observer’s
position (which differs between models). SCC refers to the Scutum-Centaurus-Crux arm in the four-armed paradigm of the Milky Way, also referred to in the
main text as the Inner Ridge when viewed in l–v space. Arrows indicate locations of prominent features in l–v space.

MNRAS 449, 3911–3926 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/449/4/3911/1203989
by University of Exeter user
on 23 April 2018

Milky Way: Pettitt et al. 2015

Dobbs et al. 2010
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Unperturbed stellar disc

6 A. R. Pettitt et al.

Figure 5. As Figure 2 but for the live isolated disc. Note that
the stellar mock image includes the old stellar population.

this is on a logarithmic scale compared to the data in Figure
3. The slightly higher values in the outer disc result from the
spiral presence triggering star formation, whereas the Static
disc has only gas-self gravity and a much lower mass young
stellar disc to seed collapse. The lower value for the cen-
tral radii is due to the random bulge star orbits stabilising
the disc to collapse, compared to the Static disc where only
rotational shear stands in the way of star formation.

3.3 Perturbed live disc

3.3.1 Basic morphology

Figure 6 shows the stars and gas in the perturbed galactic
disc 450Myr after the introduction of the companion into
the system. The central disc is very similar in appearance
to the isolated live disc (Fig. 5), and the tidally induced

Figure 6. As Figure 5 but for the perturbed galactic disc, 400Myr
after the inclusion of the companion (approximately 200Myr after
the closest approach).

two-armed component dominates outside of approximately
3kpc. The lack of inner spiral features is the product of the
mass model and rotation curve. A massive bulge was cho-
sen to inhibit bar formation, which allows for the study of
the tidal spiral without contamination by bar-driven spiral
arms. As such the high Q-barrier that suppresses bar forma-
tion also inhibits the penetration of the spiral arms to the
inner disc. We will be studying the impact of di↵erent mass
models on the tidal response in a future study (Pettitt et
al., in preparation). The mock stellar image shows regions
of fresh star formation predominately along the spiral arms,
coincident with the high density gas.

A time-series of the perturbed gas disc is shown in Fig-
ure 7 from the time of closest approach (20kpc from galactic
centre) to 800Myr after. The white arrows point to the po-
sition of the companion, with a length proportional to the

MNRAS 000, 1–17 (2017)
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Variation of GMC properties during tidal interaction
6 A. R. Pettitt et al.

Figure 5. Histograms of GMC radii, virial parameter, masses and velocity dispersion as a function of time (increasing downwards). The
orange outline indicates the properties at 300Myr when the system is e↵ectively in isolation.

of � for the same dataset of clouds in the LMC, depending
on how the clouds are defined and the disc is decomposed.
This seems a recurring theme, with many observations of the
same galaxy o↵ering quite di↵erent values for �, question-
ing its robustness as a metric of a given cloud population
(see the discussion in Elmegreen et al. 2017). Note that the
disc in isolation exhibits material arm like structures with a
steep power law slope compared to the more wave-like arm

features after isolation, which is also seen in the material and
density wave arm decomposition of Colombo et al. (2014).
We leave a detailed comparison of � in di↵erent regions of
the disc to M51 data to Section 4.
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Figure 2. Gas (top) and stellar (bottom) material in Static
simulation which includes a static, axisymmetric background po-
tential. The gas is shown as an integrated column density map
through the entire domain, while the stellar map shows mock
three-colour image of the stars (rbg) dictated by the ages of the
stars formed in the simulation. Both images were made using the
pynbody package (Pontzen et al. 2013).

3.2 Isolated live galactic disc

In Figure 5 we show a similar plot to Figure 2, but for the
Live calculation after 400Myr of the activation of cooling,
star formation and feedback. In this case the mock stellar im-
age is made of both old and new stellar components, where
the old stars (those present at t = 0) have been assigned
an age corresponding to the simulation duration and solar
metallicity (the old population is responsible for the cen-
tral bulge emission). The disc has developed a clear multi-
armed spiral component in both the gas and the stars. At
the time stamp-shown the dominant mode in the mid disc
is m = 3, with the dominant arm mode increasing with

Figure 3. Star formation histories for the Static (blue dashed)
and Live )solid green) stellar disc simulations. Rates are calcu-
lated across the entire galactic disc.

Figure 4. The KS relation for star formation in disc galaxies
for the calculations shown here after 600Myr of evolution with
star formation, cooling and feedback active. The shaded grey line
shows the observationally motivated KS law with error bounds
denoted by the shaded region, with laws of 10% and 1% the fidu-
cial formation e�ciencies denoted by the dashed and dotted lines
respectively. Each point denotes a radial annulus bin of width
1kpc.

increasing radius in accordance with swing amplification
theory (see other recent simulations: (Pettitt et al. 2015;
D’Onghia 2015)). Once again the gas shows clear cavities
caused by clustered stellar feedback, showing a marked dif-
ference to the stellar density. High density gas arms tend to
be coincident with the stellar arms, this will be discussed
further in Section 3.3.3.

Figures 3 and 4 include the data from this model, shown
as the green line and triangle points respectively. The SFH
shows a similar initial burst as the Static calculation, though
relatively shallower compared to the equilibrium rate. This
calculation has a steadier SFH at late times, maintaining a
rate of about 1.3M�yr

�1, whereas the Static model shows a
gradual decay on the Gyr time-scale. The points in Figure
4 show only minimal di↵erence to the Static model, though

MNRAS 000, 1–17 (2017)
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Figure 10. The sites of new star formation in the perturbed disc
at four times shortly after companion closest approach. Newly
formed stars are coloured red and blue for the tail and bridge
arms respectively, and white for interarm stars in the same age
bandpass as those shown for the arms. A density render of the
gas is plotted under the stars for reference.

pear to swap in terms of star formation e�ciency, with the
tail arm experiencing the stronger star formation activity
at 600Myr, and the bridge arm showing stronger rates at
750Myr. The star formation activity also appears to retreat
towards the galactic centre over time, owing to the spiral
features gradual winding up. This can be seen from the top-
down maps of Figure 10, where we can see the radial extent
of new stars being smaller in the 650Myr map compared to
that of 600Myr (both for arm and interarm regions).

The cause of this o↵set in collapse times and SFH be-
tween the two arms is due to two e↵ects. The first is the
nature of the orbits in each arm. In Oh et al. (2008) the
authors showed that the tail arm is made of collective over-
lapping of particle orbits on the far side of the disc (see their
Fig. 5). Whereas the orbits in the bridge have been elon-
gated in a teardrop-like feature and are experiencing forced
oscillations due to the close proximity of the companion.
The infalling gas then flows through the density-wave like
bridge feature in a steady stream that extends to the per-
turber. Also note the much sharper arm-interarm contrast in
the tail arm where the orbits of almost all particles have be-
come coincident, compared to the bridge arm which still has
a large amount of upstream gas ready to fall in the bridge
region and a weaker arm-interarm contrast. Elmegreen et al.
(2000) also saw such tidal pile-ups in the tail arms of sim-
ulations, and inferred that such mechanisms were occurring
in the interacting galaxy IC 2163 (see their Fig. 2). Recent
observations of this galaxy made using the Atacama Large
Millimeter Array also show a strong pile-up of molecular gas
into ‘eyelid’-shaped arm features that also display asymme-
tries between bridge and tail regions (Kaufman et al. 2016).

The second reason for this SFH o↵set is that much of

Figure 11. The surface SFR in the arms in each of the time-
stamps in Figure 10. Red and blue lines represent the tail and
bridge arms, respectively. The total SFR in each arm is shown in
the bottom left of each panel.

the bridge arm gas mass has transferred to the perturber.
In Di Matteo et al. (2007) strong interactions tended to dis-
rupt and mute star formation on a galactic scale due to
stripping of the gas disc by the companion. In our models
the tidal forces are not strong enough to cause widespread
stripping, but have instead transferred a significant amount
of the gas budget via the bridge tidal arm (seen in Figure
9). This causes the bridge arm to have a deficit in star form-
ing gas compared to the tail arm, which would result in the
asymmetric star formation properties seen in Figure 11.

3.3.3 Shocks and o↵sets

We now look at the o↵set of gas and stellar structures in
these simulations. To do so we fit logarithmic spiral functions
to the Live and Pert simulations at multiple time frames,
which is a function of the form:

✓ = ln (R/Ro)cot(↵) (3)

where the pitch angle is ↵, and the parameter Ro simply
defines the initial azimuthal position of the spiral at r = 0.

MNRAS 000, 1–17 (2017)

Location of star formationStar formation rate during 
perturbation ~ 5 M⊙yr-1

Star formation rate before / after ~ 2 M⊙yr-1 (see also Dobbs et al. 2011)
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Comparing to a particular galaxy: M5112 A. R. Pettitt et al.

Figure 12. Histogram of the fraction of clouds of a given oblate-
ness at three di↵erent timeframes in the simulation, measured as
the ratio between the measured surface areas in di↵erent orthog-
onal planes. The vertical dashed line indicates clouds that are
e↵ectively spherically symmetric.

The latter uses data from CO J = 1 � 0 survey to
identify a catalogue of 1071 GMCs with a spatial
resolution of 160pc. The PAWS survey is a 40pc
resolution survey of CO J = 1 � 0, identifying 1508
clouds, o↵ering the largest extragalactic GMC cata-
logue to date. However, Colombo et al. (2014) use a highly
segregated categorisation for their GMCs, including many
di↵erent regions of a single arm. We instead categorise their
data according to the definition used in Egusa et al. (2017)
where the disc is divided into Arm1 (tail arm), Arm2 (bridge
arm connecting to M51b), interarm regions and inner disc.
The cumulative histogram of the masses is shown in Fig-
ure 13. The arms host the largest number of clouds
in both datasets, and the inner disc having a similar
distribution to the arm/central regions but harbour-
ing fewer mid-mass (⇡ 105M�) clouds in comparison.
Arm2 also appears to harbour higher mass clouds
than Arm1 in both datasets. Note that clouds from the
PAWS catalogue are limited to R < 6kpc.

In Figure 14 we show the GMCs of P2017 at four dif-
ferent times sub-divided into similar categories as Figure 13.
Four timeframes are shown due to the time-varying nature of
both the morphology and the cloud population. We use the
arm definition of P2017, see their Fig. 10 and 11 and text for
arm definition details. We do not use the exact same defini-
tion as Egusa et al. (2017) for two reasons. The first is that

Figure 13. Cumulative distribution of M51 GMC masses from
Colombo et al. (2014) (left) and Koda et al. (2009) (right). Data
has been decomposed into the arm definitions of Egusa et al.
(2017).

Figure 14. Cumulative distribution of GMC masses categorised
by region form the tidal spiral simulation from P2017 at four

di↵erent timeframes. Arm1/2 being analogous to Arm1/2 in
Figure 13, with a similarly defined interarm and central region.

the evolving system is quite hard to fit with one underly-
ing model, with arms wrapping up and branching over time.
The second is that the disc is not morphologically a perfect
match to M51. The spiral arms do not penetrate as far into
the centre of the model as the real M51, but do propagate to
larger radii, due to the choice of rotation curve (see Pettitt
& Wadsley 2018 for the impact of di↵erent rotation curves
on tidal spiral properties). We use the same nomenclature
and denote Arm2 as the bridge arm that connects to the
companion at closest approach.

The GMCs in the simulated disc show some similar-
ities to the observed data. Most notably the interarm re-
gions have some of the lowest fraction of high mass GMCs,
consistent with the observed clouds, especially at later
times (750Myr). The arms tend to have the higher
fraction of high mass clouds, with a slight prefer-
ence for Arm2 hosting the most massive clouds at

MNRAS 000, 1–15 (201X)

12 A. R. Pettitt et al.

Figure 12. Histogram of the fraction of clouds of a given oblate-
ness at three di↵erent timeframes in the simulation, measured as
the ratio between the measured surface areas in di↵erent orthog-
onal planes. The vertical dashed line indicates clouds that are
e↵ectively spherically symmetric.

The latter uses data from CO J = 1 � 0 survey to
identify a catalogue of 1071 GMCs with a spatial
resolution of 160pc. The PAWS survey is a 40pc
resolution survey of CO J = 1 � 0, identifying 1508
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logue to date. However, Colombo et al. (2014) use a highly
segregated categorisation for their GMCs, including many
di↵erent regions of a single arm. We instead categorise their
data according to the definition used in Egusa et al. (2017)
where the disc is divided into Arm1 (tail arm), Arm2 (bridge
arm connecting to M51b), interarm regions and inner disc.
The cumulative histogram of the masses is shown in Fig-
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in both datasets, and the inner disc having a similar
distribution to the arm/central regions but harbour-
ing fewer mid-mass (⇡ 105M�) clouds in comparison.
Arm2 also appears to harbour higher mass clouds
than Arm1 in both datasets. Note that clouds from the
PAWS catalogue are limited to R < 6kpc.
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Four timeframes are shown due to the time-varying nature of
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Figure 13. Cumulative distribution of M51 GMC masses from
Colombo et al. (2014) (left) and Koda et al. (2009) (right). Data
has been decomposed into the arm definitions of Egusa et al.
(2017).

Figure 14. Cumulative distribution of GMC masses categorised
by region form the tidal spiral simulation from P2017 at four

di↵erent timeframes. Arm1/2 being analogous to Arm1/2 in
Figure 13, with a similarly defined interarm and central region.

the evolving system is quite hard to fit with one underly-
ing model, with arms wrapping up and branching over time.
The second is that the disc is not morphologically a perfect
match to M51. The spiral arms do not penetrate as far into
the centre of the model as the real M51, but do propagate to
larger radii, due to the choice of rotation curve (see Pettitt
& Wadsley 2018 for the impact of di↵erent rotation curves
on tidal spiral properties). We use the same nomenclature
and denote Arm2 as the bridge arm that connects to the
companion at closest approach.

The GMCs in the simulated disc show some similar-
ities to the observed data. Most notably the interarm re-
gions have some of the lowest fraction of high mass GMCs,
consistent with the observed clouds, especially at later
times (750Myr). The arms tend to have the higher
fraction of high mass clouds, with a slight prefer-
ence for Arm2 hosting the most massive clouds at

MNRAS 000, 1–15 (201X)

Pe
tt

itt
 e

t 
al

., 
su

bm
itt

ed

se
e 

al
so

 T
re
β 

et
 a

l., 
 in

 p
re

p.



Comparing to a particular galaxy: M33

Dobbs et al. 2018

Stellar and gas profiles chosen to match observations (Corbelli et al. 2014)

NFW dark matter halo (Corbelli et al. 2014)

Spiral arms form via gravitational instabilities in the stellar disc 

Strong feedback required to best match observations (see also Rahini & Kawata 
2012)



Comparing to a particular galaxy: M33

Dobbs et al., 
in prep.

Druid et al. 
2014

C. Druard et al.: The IRAM M 33 CO(2–1) survey

Fig. 1. CO(2–1) integrated intensity map in K km s�1, expressed in the main beam temperature scale and computed as described in Sect. 3.1.3. The
contours show H i-poor regions where the H i line does not reach 10 K. The beam size is shown in the lower left corner of the figure. The white
ellipse represents a 7.2 kpc radius from the center.
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J. Braine et al.: Properties and rotation of molecular clouds in M 33

The lower panel of Fig 7 compares the sub-sample of non-
star-forming clouds (A) with clouds showing embedded and
exposed star formation (respectively B and C clouds, Corbelli
et al. 2017). The spectra are remarkably different: the C clouds
are more massive and have a distinctly flatter spectrum than,
particularly, the clouds without star formation. The B clouds,
less numerous, are intermediate. This behavior mimics the radial
variation and indeed there is some degeneracy as the star-
forming clouds are on average closer to the center than those
without star formation. While the cloud classification system
is not the same, Kawamura et al. (2009) also found that the
more evolved clouds were more massive. We (Corbelli et al.
2017) attribute this to continued gas accretion. Since we measure
CO emission, and not mass directly, a systematic variation in
the N(H2)/ICO conversion factor could generate a similar result.
There are two reasons for thinking that this is unlikely. A sophis-
ticated Bayesian analysis of the N(H2)/ICO factor (and “dark
gas”) by Gratier et al. (2017) found no identifiable variation in
the N(H2)/ICO conversion as a function of radius in M 33. Sec-
ondly, the dust-based cloud masses from the Herschel data show
the same trends with star formation class.

The sample is large enough to be divided further in order to
determine whether the steepening is primarily due to lack of star
formation or position in disk. We thus selected A and C clouds
beyond 2 kpc from the center of M 33, obtaining 98 A clouds
above the completeness limit with an average galactocentric dis-
tance of 3.5 kpc and respectively 174 clouds and a distance of
3.9 kpc for the C clouds. These are plotted as solid lines in Fig. 8.
Despite the higher average galactocentric distance, the outer disk
C clouds have significantly higher masses and a shallower mass
spectrum than the A clouds. In the figure, the number of clouds
given is the total sample population, not the number above the
completeness limit (given above).

Although A clouds are not common in the inner disk, we
selected A and C clouds within respectively 2.5 and 2.8 kpc
from the center, yielding 47 and 135 clouds above the complete-
ness limit with an average galactocentric distance of 1.6 kpc for
both samples. Again, the mass spectra are very different, with
the non-star-forming clouds being very similar to the outer disk
population even when they belong to the inner disk. Clouds, and
their mass spectra, change as star formation develops and pro-
gresses. This change is more important than their position in
the disk although the change in CO luminosity is greater as a
function of galactocentric distance than star-formation class.

2.5. Dust temperatures with and without star formation

Herschel SPIRE data are available for M 33 and, following
Braine et al. (2010b), we use the 250 µm to 350 µm flux ratio
(after convolving the 250 µm maps to the 350 µm resolution) to
estimate dust temperatures for the clouds. We use a dust emis-
sivity � = 1.8 for M 33, following Tabatabaei et al. (2014) for
inner disk clouds, in order to calculate the temperatures. While
the absolute temperatures determined will vary, the fact that star-
forming clouds have demonstrably higher dust temperatures (see
Fig. 9) than non-star-forming clouds does not change with the
value of � or wavelengths used.

The non-star-forming (“A”) clouds have significantly lower
dust temperatures and FIR fluxes than the star-forming clouds,
although the fluxes have a very broad distribution for all cloud
types. The “B” clouds, with embedded star formation but little or
no H↵ emission, are presumably on average younger than those
(“C”) with exposed star formation. The dust temperatures in the

Fig. 7. Mass spectra of M 33 molecular clouds. The y-axis gives the
cumulative number of clouds with mass above the corresponding x-
axis mass. The vertical line shows the completeness limit as in Corbelli
et al. (2017). The black line shows the whole sample in both panels.
The color-coded ↵ values give the slopes of the mass spectra. In the
top panel, clouds are segregated by galactocentric radius as indicated –
the sample has been divided into three roughly equally populated radial
bins. In the lower panel, the types indicate clouds with exposed star
formation (e.g., H↵ emission), embedded star formation, and no star
formation, denoted respectively C, B, and A types. The division into
types is discussed in Corbelli et al. (2017) and Gratier et al. (2012). The
solid lines are the results of the fits, with the color corresponding to the
(sub)sample.

Herschel bands are not distinguishable between B and C clouds
but the 250 µm fluxes are slightly lower for the B clouds.

3. Rotation of molecular clouds

As in all previous work on the subject (see references in introduc-
tion), we assume that velocity gradients reflect cloud rotation.
Rotation clearly results in velocity gradients. However, other
processes such as turbulence may be able to create velocity gra-
dients (see e.g. Burkert & Bodenheimer 2000, for small scales).
The velocity gradient is our only measurable and the system-
atic aspect of the gradients (Sect. 3.2) argues against other
processes. As in earlier work (e.g. Rosolowsky 2005), the first
moment of each spatial pixel in the cloud was calculated. In our
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retrograde fraction
observations: 39%
simulations: 35%

retrograde clouds from cloud-
cloud collisions

D
ob

bs
 e

t 
al

., 
in

 p
re

p.



Observational results

The Astrophysical Journal, 779:46 (20pp), 2013 December 10 Hughes et al.
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Figure 7. Plot of CO luminosity versus radius for objects identified within
the M51, M33, and LMC data cubes. The panels and plot symbols are the
same as in Figure 6. The gray dot–dashed lines indicate constant values of
CO surface brightness: I (CO) = 1, 10, and 100 K km s−1, which correspond
to H2 mass surface densities of ΣH2 = 4, 44, and 440 M⊙ pc−2 for XCO =
2.0 × 1020 cm−2 (K km s−1)−1. The solid colored curves represent an estimate
of the 3σ sensitivity limits of each survey (see also Section 2).
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Figure 8. Plot of virial mass versus CO luminosity for the objects identified
in M51, M33, and the LMC. The panels and plot symbols are the same as
in Figure 6. The gray dashed lines indicate constant values of the CO-to-H2
conversion factor, XCO = 0.4, 4.0, 40 cm−2 (K km s−1)−1.

Table 5
Spearman Rank Correlation Coefficients for Size–Linewidth Correlations

Galaxy/Region rsp
a rsp

b rsp
c rsp

d rsp
e rsp

f

Compositeg 0.62 0.18 0.72 0.49 0.69 0.30
M51 0.16 0.16 0.37 0.44 0.26 0.18
M51 arm+central 0.18 0.17 0.41 0.68 0.25 0.46
M51 interarm 0.13 0.07 0.28 0.28 0.21 0.05
LMC 0.37 0.32 0.59 0.45 0.59 0.45
M33 0.33 0.14 0.44 0.05 0.44 0.05

Notes.
a Cloud decomposition, intrinsic resolution.
b Cloud decomposition, matched resolution.
c Island decomposition, intrinsic resolution, excluding structures with radii
larger than 500 pc.
d Island decomposition, matched resolution, excluding structures with radii
larger than 500 pc.
e Island decomposition, intrinsic resolution, excluding structures with radii
larger than 150 pc.
f Island decomposition, matched resolution, excluding structures with radii
larger than 150 pc.
g Our composite sample consists of all objects in M51, M33, and the LMC.

resolved clouds where the relative uncertainty in the size and
linewidth measurements is less than 50%.

For the cloud decompositions (Figures 6(a) and (b)), there is
no compelling evidence for a size–linewidth correlation within
any of the galaxies and the different cloud populations yield rsp
between 0.07 and 0.37 (see Table 5). For a composite sample
containing all the clouds in M33, M51, and the LMC, rsp = 0.62
using the R and σv measurements determined from the original
data cubes. This good correlation is mostly a consequence of the
differences in the spatial and spectral resolutions of the LMC
and M51 surveys, however, and disappears once the correlation
is determined using a composite cloud sample derived from the
matched cubes, for which rsp = 0.18.

A stronger relationship between R and σv is apparent for
the island decompositions (Figures 6(c) and (d)), with higher
rsp values than those obtained using a cloud decomposition for
all three galaxies. The size–linewidth relationships for the LMC
and the M51 arm+central region yield rsp values greater than 0.5
(see Table 5), indicative of a moderate correlation. We caution,
however, that the correlation in the M51 arm+central region
may be driven by the largest islands with sizes larger than a few
hundred parsecs. Although we have excluded the largest CO-
emitting structures in M51 (with R ! 0.5 kpc; represented by
magenta squares in Figures 6(c) and (d)) from our correlation
and regression analysis, lowering the size threshold to 150 pc
tends to make the correlation weaker and steepens the best-
fitting size–linewidth relation (see Table 6). It is remarkable
how well the large (R ! 200 pc) island structures in M51
appear to follow the classical S87 size–linewidth relation, since
the physical similarity of these structures to Galactic GMCs
is limited. We would expect the size–linewidth relationship
for GMCs to break down on such large scales, moreover,
since existing interpretations for the size–linewidth relation
would predict no correlation for non-virialized structures or
if an object’s size exceeds the turbulence driving scale. We
discuss how the size–linewidth correlation depends on scale
and decomposition approach in Section 5.2.2.

Figure 7 shows the relationship between size and luminosity.
Once again, tighter correlations are detected for the island
decompositions than for the cloud decompositions. We note
that a good correlation between R and LCO is expected since
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matched-resolution cubes (and, as noted above, the bulk of the
cloud population in M33 and the LMC have such small sizes
and narrow linewidths that they are not detected in the matched-
resolution cubes). In the case of the LMC, the tendency for the
size and linewidth distributions to extend to low values may
be partially due to the MAGMA survey’s higher sensitivity,
which allows us to recover a greater proportion of clouds that
are small and/or have narrow linewidths. The matched cubes
for M33 and M51 have almost identical sensitivity, however, so
the differences in the size and linewidth distributions for these
galaxies are likely to be physical.

Cloud properties related to CO brightness, such as Tpeak and
ΣH2 , also vary among the three galaxies. The average peak CO
brightness of clouds in M51 is significantly higher than in the
other galaxies. Assuming that the CO-to-H2 conversion factor
XCO does not vary significantly among the different galaxies,
this implies that the mass surface density of a typical cloud in
M51 is higher than in M33 and the LMC by a factor of a few. We
discuss the assumption of a constant XCO factor in Section 5.1.
Once again, the lower average values of Tpeak and ΣH2 for the
LMC clouds are partly due to the higher sensitivity of the LMC
data, which allows us to detect a greater fraction of faint clouds.
However, there are no well-resolved (R > 50 pc) clouds in
the matched LMC cubes with ΣH2 > 50 M⊙ pc−2, even though
such clouds would have easily been detected by MAGMA, if
present. In contrast, 90% of clouds with R > 50 pc in M51 have
ΣH2 > 50 M⊙ pc−2. This suggests that differences in the Tpeak
and ΣH2 distributions for the LMC and M51 cloud populations
would remain even if we had a more sensitive CO survey of
M51. Finally, there appear to be genuine differences between
the properties of clouds in different M51 environments: clouds in
the interarm region tend to be fainter and have narrower velocity
dispersions than clouds in the spiral arms and central region. A
detailed comparison between the properties of clouds within
different M51 environments is presented elsewhere (Colombo
et al. 2013).

In summary, our analysis suggests that the properties of
GMCs are not the same across different galactic environments.
More precisely, clouds in the spiral arm and central region
of M51 tend to be larger, brighter, and have larger velocity
dispersions than the clouds in M33 and the LMC. Clouds in
the interarm region of M51 tend to be more similar to clouds
in the low-mass galaxies. These conclusions hold even after
matching the spatial and spectral resolution of the input data
cubes and using the same methods to identify and decompose
the CO emission into cloud structures.

4.2. Scaling Relations

Since the very first studies of GMCs in the inner Milky Way
(e.g., S87), scaling relations between the physical properties of
molecular clouds have become a standard tool for assessing
the similarity of GMC populations (e.g., Blitz et al. 2007,
B08). We plot the relations between size and linewidth, size
and luminosity, and luminosity and virial mass for the objects
identified in our M51, M33, and LMC cubes in Figures 6–8. In
each figure, we also indicate the extragalactic GMCs studied by
B08 with small gray crosses; note that we have not re-analyzed
these data and simply adopt the cloud property measurements
published by B08. The relations for clouds identified in the
intrinsic and matched-resolution data cubes are shown in panels
(a) and (b), respectively. Since the GMC identification procedure
employed by S87 is most similar to our islands decomposition,
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Figure 6. Plot of velocity dispersion versus radius for objects identified within
the CO data cubes for M51, M33, the LMC. Large symbols with error bars
indicate resolved clouds where the relative uncertainty in both the size and
linewidth measurements is less than 50%; small symbols indicate resolved
clouds with larger measurement uncertainties. We omit the error bars on the
small symbols for clarity. In panel (a), we plot the relation for clouds identified
in the cubes at their intrinsic resolution. The relation for clouds identified in the
matched-resolution cubes is shown in panel (b). The relation for island structures
is shown in panels (c) and (d) for the decompositions of the original and matched
data cubes, respectively. Islands with radii larger than 0.5 kpc (i.e., objects that
are much larger than GMCs) are indicated by magenta squares in panels (c)
and (d). In all panels, the black dashed line indicates the relationship derived
from the S87 inner Milky Way data and the black solid line indicates the best-
fitting relation for extragalactic GMCs determined by B08. The horizontal and
vertical dotted lines indicate the radius and velocity dispersion corresponding
to the spatial and spectral resolution of each survey. The sample of extragalactic
GMCs analyzed by B08 is indicated in each panel by gray crosses.

we also plot the relations for islands in panels (c) and (d) of each
figure.

We assess the strength of scaling relations using the Spearman
rank correlation coefficient, rsp. We regard 0.3 < rsp < 0.5
to indicate a weak correlation, 0.5 < rsp < 0.75 to indicate
a moderate correlation, and rsp > 0.75 to indicate a strong
correlation. For GMC samples where a correlation between
size and linewidth is evident, we estimated the best-fitting
power law σv = ARn using the BCES bisector linear regression
method presented by Akritas & Bershady (1996). This method
is designed to take into account the measurement errors in
both the dependent and independent variable and the intrinsic
scatter of a data set. We use the bisector method because our
goal is to estimate the intrinsic relation between the cloud
properties (e.g., Babu & Feigelson 1996). For the measurement
errors, we adopt the uncertainties derived by CPROPS. We have
assumed that measurement errors in the property measurements
are uncorrelated, although some pairs of parameters should have
substantial covariance. The resulting fits are tabulated in Table 6.
To determine both the correlation strength and the best-fitting
relations, we work with resolved clouds only. We verified that
our results are not driven by clouds with poorly determined
properties by repeating the calculations using a subsample of
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matched-resolution cubes (and, as noted above, the bulk of the
cloud population in M33 and the LMC have such small sizes
and narrow linewidths that they are not detected in the matched-
resolution cubes). In the case of the LMC, the tendency for the
size and linewidth distributions to extend to low values may
be partially due to the MAGMA survey’s higher sensitivity,
which allows us to recover a greater proportion of clouds that
are small and/or have narrow linewidths. The matched cubes
for M33 and M51 have almost identical sensitivity, however, so
the differences in the size and linewidth distributions for these
galaxies are likely to be physical.

Cloud properties related to CO brightness, such as Tpeak and
ΣH2 , also vary among the three galaxies. The average peak CO
brightness of clouds in M51 is significantly higher than in the
other galaxies. Assuming that the CO-to-H2 conversion factor
XCO does not vary significantly among the different galaxies,
this implies that the mass surface density of a typical cloud in
M51 is higher than in M33 and the LMC by a factor of a few. We
discuss the assumption of a constant XCO factor in Section 5.1.
Once again, the lower average values of Tpeak and ΣH2 for the
LMC clouds are partly due to the higher sensitivity of the LMC
data, which allows us to detect a greater fraction of faint clouds.
However, there are no well-resolved (R > 50 pc) clouds in
the matched LMC cubes with ΣH2 > 50 M⊙ pc−2, even though
such clouds would have easily been detected by MAGMA, if
present. In contrast, 90% of clouds with R > 50 pc in M51 have
ΣH2 > 50 M⊙ pc−2. This suggests that differences in the Tpeak
and ΣH2 distributions for the LMC and M51 cloud populations
would remain even if we had a more sensitive CO survey of
M51. Finally, there appear to be genuine differences between
the properties of clouds in different M51 environments: clouds in
the interarm region tend to be fainter and have narrower velocity
dispersions than clouds in the spiral arms and central region. A
detailed comparison between the properties of clouds within
different M51 environments is presented elsewhere (Colombo
et al. 2013).

In summary, our analysis suggests that the properties of
GMCs are not the same across different galactic environments.
More precisely, clouds in the spiral arm and central region
of M51 tend to be larger, brighter, and have larger velocity
dispersions than the clouds in M33 and the LMC. Clouds in
the interarm region of M51 tend to be more similar to clouds
in the low-mass galaxies. These conclusions hold even after
matching the spatial and spectral resolution of the input data
cubes and using the same methods to identify and decompose
the CO emission into cloud structures.

4.2. Scaling Relations

Since the very first studies of GMCs in the inner Milky Way
(e.g., S87), scaling relations between the physical properties of
molecular clouds have become a standard tool for assessing
the similarity of GMC populations (e.g., Blitz et al. 2007,
B08). We plot the relations between size and linewidth, size
and luminosity, and luminosity and virial mass for the objects
identified in our M51, M33, and LMC cubes in Figures 6–8. In
each figure, we also indicate the extragalactic GMCs studied by
B08 with small gray crosses; note that we have not re-analyzed
these data and simply adopt the cloud property measurements
published by B08. The relations for clouds identified in the
intrinsic and matched-resolution data cubes are shown in panels
(a) and (b), respectively. Since the GMC identification procedure
employed by S87 is most similar to our islands decomposition,
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Figure 6. Plot of velocity dispersion versus radius for objects identified within
the CO data cubes for M51, M33, the LMC. Large symbols with error bars
indicate resolved clouds where the relative uncertainty in both the size and
linewidth measurements is less than 50%; small symbols indicate resolved
clouds with larger measurement uncertainties. We omit the error bars on the
small symbols for clarity. In panel (a), we plot the relation for clouds identified
in the cubes at their intrinsic resolution. The relation for clouds identified in the
matched-resolution cubes is shown in panel (b). The relation for island structures
is shown in panels (c) and (d) for the decompositions of the original and matched
data cubes, respectively. Islands with radii larger than 0.5 kpc (i.e., objects that
are much larger than GMCs) are indicated by magenta squares in panels (c)
and (d). In all panels, the black dashed line indicates the relationship derived
from the S87 inner Milky Way data and the black solid line indicates the best-
fitting relation for extragalactic GMCs determined by B08. The horizontal and
vertical dotted lines indicate the radius and velocity dispersion corresponding
to the spatial and spectral resolution of each survey. The sample of extragalactic
GMCs analyzed by B08 is indicated in each panel by gray crosses.

we also plot the relations for islands in panels (c) and (d) of each
figure.

We assess the strength of scaling relations using the Spearman
rank correlation coefficient, rsp. We regard 0.3 < rsp < 0.5
to indicate a weak correlation, 0.5 < rsp < 0.75 to indicate
a moderate correlation, and rsp > 0.75 to indicate a strong
correlation. For GMC samples where a correlation between
size and linewidth is evident, we estimated the best-fitting
power law σv = ARn using the BCES bisector linear regression
method presented by Akritas & Bershady (1996). This method
is designed to take into account the measurement errors in
both the dependent and independent variable and the intrinsic
scatter of a data set. We use the bisector method because our
goal is to estimate the intrinsic relation between the cloud
properties (e.g., Babu & Feigelson 1996). For the measurement
errors, we adopt the uncertainties derived by CPROPS. We have
assumed that measurement errors in the property measurements
are uncorrelated, although some pairs of parameters should have
substantial covariance. The resulting fits are tabulated in Table 6.
To determine both the correlation strength and the best-fitting
relations, we work with resolved clouds only. We verified that
our results are not driven by clouds with poorly determined
properties by repeating the calculations using a subsample of
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matched-resolution cubes (and, as noted above, the bulk of the
cloud population in M33 and the LMC have such small sizes
and narrow linewidths that they are not detected in the matched-
resolution cubes). In the case of the LMC, the tendency for the
size and linewidth distributions to extend to low values may
be partially due to the MAGMA survey’s higher sensitivity,
which allows us to recover a greater proportion of clouds that
are small and/or have narrow linewidths. The matched cubes
for M33 and M51 have almost identical sensitivity, however, so
the differences in the size and linewidth distributions for these
galaxies are likely to be physical.

Cloud properties related to CO brightness, such as Tpeak and
ΣH2 , also vary among the three galaxies. The average peak CO
brightness of clouds in M51 is significantly higher than in the
other galaxies. Assuming that the CO-to-H2 conversion factor
XCO does not vary significantly among the different galaxies,
this implies that the mass surface density of a typical cloud in
M51 is higher than in M33 and the LMC by a factor of a few. We
discuss the assumption of a constant XCO factor in Section 5.1.
Once again, the lower average values of Tpeak and ΣH2 for the
LMC clouds are partly due to the higher sensitivity of the LMC
data, which allows us to detect a greater fraction of faint clouds.
However, there are no well-resolved (R > 50 pc) clouds in
the matched LMC cubes with ΣH2 > 50 M⊙ pc−2, even though
such clouds would have easily been detected by MAGMA, if
present. In contrast, 90% of clouds with R > 50 pc in M51 have
ΣH2 > 50 M⊙ pc−2. This suggests that differences in the Tpeak
and ΣH2 distributions for the LMC and M51 cloud populations
would remain even if we had a more sensitive CO survey of
M51. Finally, there appear to be genuine differences between
the properties of clouds in different M51 environments: clouds in
the interarm region tend to be fainter and have narrower velocity
dispersions than clouds in the spiral arms and central region. A
detailed comparison between the properties of clouds within
different M51 environments is presented elsewhere (Colombo
et al. 2013).

In summary, our analysis suggests that the properties of
GMCs are not the same across different galactic environments.
More precisely, clouds in the spiral arm and central region
of M51 tend to be larger, brighter, and have larger velocity
dispersions than the clouds in M33 and the LMC. Clouds in
the interarm region of M51 tend to be more similar to clouds
in the low-mass galaxies. These conclusions hold even after
matching the spatial and spectral resolution of the input data
cubes and using the same methods to identify and decompose
the CO emission into cloud structures.

4.2. Scaling Relations

Since the very first studies of GMCs in the inner Milky Way
(e.g., S87), scaling relations between the physical properties of
molecular clouds have become a standard tool for assessing
the similarity of GMC populations (e.g., Blitz et al. 2007,
B08). We plot the relations between size and linewidth, size
and luminosity, and luminosity and virial mass for the objects
identified in our M51, M33, and LMC cubes in Figures 6–8. In
each figure, we also indicate the extragalactic GMCs studied by
B08 with small gray crosses; note that we have not re-analyzed
these data and simply adopt the cloud property measurements
published by B08. The relations for clouds identified in the
intrinsic and matched-resolution data cubes are shown in panels
(a) and (b), respectively. Since the GMC identification procedure
employed by S87 is most similar to our islands decomposition,
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Figure 6. Plot of velocity dispersion versus radius for objects identified within
the CO data cubes for M51, M33, the LMC. Large symbols with error bars
indicate resolved clouds where the relative uncertainty in both the size and
linewidth measurements is less than 50%; small symbols indicate resolved
clouds with larger measurement uncertainties. We omit the error bars on the
small symbols for clarity. In panel (a), we plot the relation for clouds identified
in the cubes at their intrinsic resolution. The relation for clouds identified in the
matched-resolution cubes is shown in panel (b). The relation for island structures
is shown in panels (c) and (d) for the decompositions of the original and matched
data cubes, respectively. Islands with radii larger than 0.5 kpc (i.e., objects that
are much larger than GMCs) are indicated by magenta squares in panels (c)
and (d). In all panels, the black dashed line indicates the relationship derived
from the S87 inner Milky Way data and the black solid line indicates the best-
fitting relation for extragalactic GMCs determined by B08. The horizontal and
vertical dotted lines indicate the radius and velocity dispersion corresponding
to the spatial and spectral resolution of each survey. The sample of extragalactic
GMCs analyzed by B08 is indicated in each panel by gray crosses.

we also plot the relations for islands in panels (c) and (d) of each
figure.

We assess the strength of scaling relations using the Spearman
rank correlation coefficient, rsp. We regard 0.3 < rsp < 0.5
to indicate a weak correlation, 0.5 < rsp < 0.75 to indicate
a moderate correlation, and rsp > 0.75 to indicate a strong
correlation. For GMC samples where a correlation between
size and linewidth is evident, we estimated the best-fitting
power law σv = ARn using the BCES bisector linear regression
method presented by Akritas & Bershady (1996). This method
is designed to take into account the measurement errors in
both the dependent and independent variable and the intrinsic
scatter of a data set. We use the bisector method because our
goal is to estimate the intrinsic relation between the cloud
properties (e.g., Babu & Feigelson 1996). For the measurement
errors, we adopt the uncertainties derived by CPROPS. We have
assumed that measurement errors in the property measurements
are uncorrelated, although some pairs of parameters should have
substantial covariance. The resulting fits are tabulated in Table 6.
To determine both the correlation strength and the best-fitting
relations, we work with resolved clouds only. We verified that
our results are not driven by clouds with poorly determined
properties by repeating the calculations using a subsample of
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Conclusions
Cloud formation driven by combination of gravitational instabilities 
and cloud-cloud collisions

Clouds unbound and bound, some retrograde rotating

Cloud properties reproduced well for M33 and M51

Only small dependence on nature of spiral arms

- see also Bruce’s talk, Elmegreen et al. 1986, Stark et al. 1987, Eden 
et al. 2015


