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INTRODUCTION

Does the galactic structure affect GMCs properties?

In grand-design galaxies, 
star formation is higher in 
the spiral and bar regions.

Is this because the clouds 
out of which the stars are 
born are different in these 
regions?
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Code
•Enzo : a 3D adaptive mesh refinement (AMR) hydrodynamics code

Box size : (50 kpc)3 Root grid :1283

Radiative cooling : T > 300K

Self-gravity of gas
(No star formation or feedback)

(e.g. Bryan & Norman 1997)

NUMERICAL METHODS
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Figure 1. Images of the galactic potential of stellar component,
which are made of star particles. Top panel shows the axisym-
metric part of the star particles (blue is disc and black is bulge).
Bottom panel shows the nonaxisymmetric part of the star par-
ticles (red is bar and green is spiral arm). We only rotated the
nonaxisymmetric part of the star particles at constant speed.

2.2.1 Initial gas distribution

For the radial gas distribution, we assumed that the initial
radial profile of gas mass density was exponential and the
radial scale height was 2265 pc, which was the observational
results (Lundgren et al. 2004a). For the vertical gas distri-
bution, we assumed that the initial vertical profile of the
gas was proportional to sech2(z/zh) and the vertical scale
height zh was 100 pc. For the total gas mass in this simula-
tion, we used the H2 gas mass 3.9 × 109M⊙, which was the
observational results (Lundgren et al. 2004a). The initial gas
distribution, therefore, was

ρgas(r, z) = 0.67 exp

„
− r

2265pc

«
sech2

„
z

100pc

«
M⊙/pc3.

(1)
The initial gas motion is set circular motion and the

circular velocity is calculated as Vcir(R) = (GMtot/R)1/2,
Mtot is the enclosed mass of stars, dark matter and gas in
the radius R.

2.2.2 Stellar potential

We used 105 fixed motion star particles to give the stellar
potential model in keeping with the observed global charac-
teristics of the stellar distribution in M83. This model was
from the work of Hirota (2009) who analysed the 2Mass K-
band image of M83 (Jarrett et al. 2003). The stellar density,
consisting of the disc, the bulge, the bar, and the spiral arm
was given by

ρstar(r, θ, z) = Σ(r, θ)h(z)

= {Σdisc(r) + Σbulge(r) +

Σbar(r) cos(2θ) + Σspiral(r) sin(2θ)}h(z),

(2)

where Σi(r) is the radial distribution of each component and
h(z) is the vertical distribution. They were given by

Σdisc(r) = 20 exp(−r/2231pc), (3)

(0 pc <
= r <

= 9200 pc)

Σbulge(r) =
1000

{1 + (r/138pc)2}1.5
, (4)

(0 pc <
= r <

= 9200 pc)

Σbar(r) =
3

100
(1150pc − r) + 2.7, (5)

(0 pc <
= r <

= 3220 pc)

Σspiral(r) = − 0.7
900

(r − 3450pc)2 + 0.7

− 0.6
2500

(r − 3450 pc)(r − 5750 pc). (6)

(2760 pc <
= r <

= 5750 pc)

In this model, Hirota (2009) assumed that the mass to light
ratio was constant between bulge and outer disc region.
However, M83 has a starburst at the nucleus and so the
actual total stellar mass of the nucleus has to be less than
that of their model. Owing to this, we decreased the influ-
ence of the bulge potential by 35%.

We assumed the vertical stellar distribution h(z) was

h(z) =
1

892
sech2

„
z

446pc

«
(−4600 pc ! z ! 4600 pc)

=
1

892

ȷ
2

exp(z/446pc) + exp(−z/446pc)

ff2

. (7)

Figure 1 shows the distribution of the star particles.
Top panel shows the axisymmetric part of the star particles
(blue is disc and black is bulge) and bottom panel shows the
nonaxisymmetric part of the star particles (red is bar and
green is spiral arm). We only rotated the nonaxisymmetric
part of the star particles at a constant speed given by the
estimated pattern speed for M83. This pattern speed was 54
km/s/kpc (Hirota 2009). We set the star particle mass 5.0×
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bar & spiral

disc & bulge

• potential model of M83  
(A. Hirota private communication)	


•        star particles	


• The disc and bulge particles are stationary, 
and the bar and spiral particles rotate at a 
constant pattern speed.

105

NUMERICAL METHODS



cloud : 	

coherent structure contained 
within contours at the 
threshold density of 

1kpc

� � 100cm�3

Cloud definition and tracking
NUMERICAL METHODS

cloud

cloud tracking using a tag 
number to analyse a lifetime 
of cloud and merger rate



RESULTS
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Figure 2. Evolution of the galactic disc. Images are 15kpc across and show the disc gas mass surface density (M⊙/pc2) at t = 200, 240,
and 280 Myr (from left to right).
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Figure 3. Galactic disc azimuthally averaged (333pc wide annuli) radial gas profiles and their evolutions; left: gas mass surface density,

Σgas =
R +1kpc
−1kpc ρ(z)dz, middle: gas circular velocity (mass-weighted average over -1kpc < z < 1kpc), right: one-dimensional gas velocity

dispersion (mass-weighted average over -1kpc < z < 1kpc).

in a quasi-equilibrium. In these figures, we show the az-
imuthally averaged gas properties as a function of the galac-
tic radius. The left panel is the radial profile of the gas
mass surface density summed up over a disc height of
−1kpc < z < 1kpc. There is no remarkable changes with
time. Because of the concentration of the gas to the galaxy
centre by the gas motion induced by the bar gravity, the
surface density in the galaxy centre after 200 Myr is much
higher than the initial condition. M83 has a starburst re-
gion in the central region of the radius r < 300pc (Harris
et al. 2001). The stellar feedback is not implemented in our
simulation and the strong feedback from the starburst re-
gion at the centre would suppress the concentration of the
gas. We ignored the galaxy centre region (r < 600pc) in
our analysis of the cloud properties. The middle panel is the
radial profile of the mean circular velocity of the gas. We
use a mass-weighted average over −1kpc < z < 1kpc. As
well as the surface density profile, there is no remarkable
changes with time. Outside 3 kpc, the circular velocity is
approximately 200 km/s after 200 Myr, and this mean ve-
locity agrees with the rotation curve of M83 reasonably well
(Lundgren et al. 2004b). Inside the bar-end radius (r = 2.3

kpc), the gas flows along elliptical orbits because of the bar
potential. The circular velocity after 200 Myr is a little lower
than the initial condition in which circular motion of the gas
are assumed. Outside the 3.5 kpc, the gas motion is affected
by the spiral potential which rotates at the constant pattern
speed. The circular velocity after 200 Myr is slightly higher
than the initial circular velocity. The right panel is the radial
profile of the one-dimensional velocity dispersion defined asp

(v⃗ − v⃗cir)2/3, where v⃗ is the velocity of the gas and v⃗cir

is the circular velocity of the gas. This is a mass-weighted
average over −1kpc < z < 1kpc. After 200 Myr, there aren’t
significant changes. Because the initial gas motion is set as
the circular motion, the initial velocity dispersion is zero.
Once clouds are formed, they interact with each other by
mutual gravity of themselves. Additionally, the gas and the
clouds are accelerated radially and vertically by the spiral
arm well. By the bar potential, the gas and the clouds flow
along the elongate elliptical orbits. Therefore, the velocity
dispersion increases with time. Especially, inside 2 kpc, the
velocity dispersion is quite large due to the strong elliptical
motion indued by the bar potential.

In Figure 4 , we show the strong vertical motion of
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200 Myr 240 Myr 280 Myr

• One pattern rotation period is ~ 120 Myr.
• The grand design of the bar and spiral arms can be clearly seen in each panel.

• Between 200 and 280 Myr, the galactic disc settles into a quasi-equilibrium.

• We investigate cloud properties at 240 Myr 
and evolution between 200 and 280 Myr.



Disc

Spiral

Bar

Three galactic regions
RESULTS

‣ Bar region : box-like 
region at the galactic 
centre

‣ Spiral region : ring region 
within the radii 2.5 > r > 
7.0 kpc. 

‣ Disc region : ring region 
outside the spiral region 



Distribution of the cloud properties
Mass Radius

RESULTS

‣ Bar clouds have bimodality and high-end tails.

‣ Peak is the same in all regions.

Do GMCs care about the galactic structure? 7

Figure 6. Normalized distributions of the cloud properties in the bar region (solid red lines), spiral region (dotted green lines) and disc region (dashed blue
line) at 240 Myr. Plots show: (a) the cloud mass, Mc, (b) the average cloud radius, Rc =

!
(Axy + Ayz + Azx )/3π, where Axy is the projected area of the

cloud in the x–y plane, Ayz is that in the y–z plane and Azx is in the z–x plane, (c) the cloud surface density, !c = Mc/(πR2
c ), (d) the 1D velocity dispersion,

σ1D = 1√
3

!
[(vx − vcx )2 + (vy − vcy )2 + (vz − vcz)2], where (vx, vy, vz) is the velocity of the gas and (vcx, vcy, vcz) is the cloud’s centre of mass velocity,

(e) the virial parameter, αvir = 5(σ 2
1D + cs

2)Rc/(GMc), where cs is a sound speed. The virial parameter is a measure of gravitational binding; a value greater
than 2 indicates that the cloud is gravitationally unbound, (f) the angle θ between the cloud angular momentum vector and the galactic rotation axis.

M83 due to the low resolution of the molecular line observations; a
situation that should change with the results from ALMA Cycles 0
and 1. In the meantime, the observations from M33 and the Milky
Way provide a guide to assess our simulated cloud results.

Fig. 6(a) shows the mass distribution for these three environ-
ments, where the cloud mass is calculated the sum of the gas mass
in each cell belonging to the cloud, as identified by the contour
method described in Section 2.3. In all three cases, the peak value
for the cloud mass lies at around Mc ≃ 5 × 105 M⊙. This is in
reasonable agreement with the GMCs observed in M33, where the
peak mass was found to be ≃105 M⊙ and larger than observations
of the Milky Way, where the peak weighs in at ≃5 × 104 M⊙. The
Milky Way, however, has an average surface density that is almost
one-eighth that of M83 (Sparke & Gallagher 2000; Lundgren et al.
2004a), likely aiding the production of smaller clouds.

While the typical mass for the clouds does not appear to depend
on galactic environment, there are two clear differences between
the mass distributions in Fig. 6(a). First, there is a trend in the
broadness of the mass distribution, with the bar clouds having the
larger abundance of the most massive (Mc > 107 M⊙) and smallest
(Mc < 105 M⊙) clouds. The disc cloud profile has the most lim-
ited range, with the maximum cloud mass found in the disc being
just under 2 × 107 M⊙, compared to the bar region’s maximum
at almost 2 × 108 M⊙. This high-mass end is in keeping with ob-
servations performed by Foyle et al. (2013), who investigated the
compact FIR-bright sources on the Herschel maps of M83 to es-
timate the mass of the GMAs. These GMAs had a gas mass in
the range of 106–108 M⊙, in agreement with our own clouds. It
should be noted, however, that the Foyle et al. (2013) resolution is
limited to spatial scales around 200–300 pc and our own simulation
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M83 due to the low resolution of the molecular line observations; a
situation that should change with the results from ALMA Cycles 0
and 1. In the meantime, the observations from M33 and the Milky
Way provide a guide to assess our simulated cloud results.

Fig. 6(a) shows the mass distribution for these three environ-
ments, where the cloud mass is calculated the sum of the gas mass
in each cell belonging to the cloud, as identified by the contour
method described in Section 2.3. In all three cases, the peak value
for the cloud mass lies at around Mc ≃ 5 × 105 M⊙. This is in
reasonable agreement with the GMCs observed in M33, where the
peak mass was found to be ≃105 M⊙ and larger than observations
of the Milky Way, where the peak weighs in at ≃5 × 104 M⊙. The
Milky Way, however, has an average surface density that is almost
one-eighth that of M83 (Sparke & Gallagher 2000; Lundgren et al.
2004a), likely aiding the production of smaller clouds.

While the typical mass for the clouds does not appear to depend
on galactic environment, there are two clear differences between
the mass distributions in Fig. 6(a). First, there is a trend in the
broadness of the mass distribution, with the bar clouds having the
larger abundance of the most massive (Mc > 107 M⊙) and smallest
(Mc < 105 M⊙) clouds. The disc cloud profile has the most lim-
ited range, with the maximum cloud mass found in the disc being
just under 2 × 107 M⊙, compared to the bar region’s maximum
at almost 2 × 108 M⊙. This high-mass end is in keeping with ob-
servations performed by Foyle et al. (2013), who investigated the
compact FIR-bright sources on the Herschel maps of M83 to es-
timate the mass of the GMAs. These GMAs had a gas mass in
the range of 106–108 M⊙, in agreement with our own clouds. It
should be noted, however, that the Foyle et al. (2013) resolution is
limited to spatial scales around 200–300 pc and our own simulation
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Figure 6. Normalized distributions of the cloud properties in the bar region (solid red lines), spiral region (dotted green lines) and disc region (dashed blue
line) at 240 Myr. Plots show: (a) the cloud mass, Mc, (b) the average cloud radius, Rc =
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M83 due to the low resolution of the molecular line observations; a
situation that should change with the results from ALMA Cycles 0
and 1. In the meantime, the observations from M33 and the Milky
Way provide a guide to assess our simulated cloud results.

Fig. 6(a) shows the mass distribution for these three environ-
ments, where the cloud mass is calculated the sum of the gas mass
in each cell belonging to the cloud, as identified by the contour
method described in Section 2.3. In all three cases, the peak value
for the cloud mass lies at around Mc ≃ 5 × 105 M⊙. This is in
reasonable agreement with the GMCs observed in M33, where the
peak mass was found to be ≃105 M⊙ and larger than observations
of the Milky Way, where the peak weighs in at ≃5 × 104 M⊙. The
Milky Way, however, has an average surface density that is almost
one-eighth that of M83 (Sparke & Gallagher 2000; Lundgren et al.
2004a), likely aiding the production of smaller clouds.

While the typical mass for the clouds does not appear to depend
on galactic environment, there are two clear differences between
the mass distributions in Fig. 6(a). First, there is a trend in the
broadness of the mass distribution, with the bar clouds having the
larger abundance of the most massive (Mc > 107 M⊙) and smallest
(Mc < 105 M⊙) clouds. The disc cloud profile has the most lim-
ited range, with the maximum cloud mass found in the disc being
just under 2 × 107 M⊙, compared to the bar region’s maximum
at almost 2 × 108 M⊙. This high-mass end is in keeping with ob-
servations performed by Foyle et al. (2013), who investigated the
compact FIR-bright sources on the Herschel maps of M83 to es-
timate the mass of the GMAs. These GMAs had a gas mass in
the range of 106–108 M⊙, in agreement with our own clouds. It
should be noted, however, that the Foyle et al. (2013) resolution is
limited to spatial scales around 200–300 pc and our own simulation
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of the Milky Way, where the peak weighs in at ≃5 × 104 M⊙. The
Milky Way, however, has an average surface density that is almost
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2004a), likely aiding the production of smaller clouds.
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larger abundance of the most massive (Mc > 107 M⊙) and smallest
(Mc < 105 M⊙) clouds. The disc cloud profile has the most lim-
ited range, with the maximum cloud mass found in the disc being
just under 2 × 107 M⊙, compared to the bar region’s maximum
at almost 2 × 108 M⊙. This high-mass end is in keeping with ob-
servations performed by Foyle et al. (2013), who investigated the
compact FIR-bright sources on the Herschel maps of M83 to es-
timate the mass of the GMAs. These GMAs had a gas mass in
the range of 106–108 M⊙, in agreement with our own clouds. It
should be noted, however, that the Foyle et al. (2013) resolution is
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‣ The bar and spiral clouds tend to have higher surface density and 
virial parameter. 

‣ Peak is the same in all regions.

‣ Surface density distributions are bimodal in all region (not only bar region).



Scaling relation
radius-mass

RESULTS

‣ There is no difference between the three galactic regions
‣ The split in radius-mass relation corresponds to the bimodality in the surface 

density distribution.
‣ There is another split in the upper sequence, which corresponds to the 

bimodality in the mass and radius distributions in the bar region.
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Figure 7. Mass versus radius relation (left) and velocity dispersion versus radius relation (right) for clouds at 240 Myr. Coloured markers denote clouds in
different galactic regions: green × show spiral clouds, blue triangles are disc clouds and red squares are bar clouds. The thin black solid lines show the splitting
points of the distributions in Fig. 6. The black dashed lines in the both panels show the scaling relation for M33, with Mc = 801 Rc

1.89 (left-hand panel) and
σ c = 1.9 Rc

0.45 (right-hand panel) (Rosolowsky et al. 2003), while the black dott–dashed line in the left-hand panels shows scaling relation for the Milky Way,
with Mc = 228 Rc

2.36 (Roman-Duval et al. 2010). The fit to the clouds in our simulation are shown as thick solid black lines with power laws Mc = 260 Rc
2.89

(left) and σ c = 0.3 Rc
1.1 (right).

2010). This steepening may be due to a sensitivity to the physics not
included in this simulation. In particular, the lack of feedback may
allow our larger clouds to become more bound (and thereby have a
higher velocity dispersion) while our smaller clouds may struggle
to resolve the internal motions.

As with the mass–radius scaling relation in the left-hand panel,
the linewidth–radius relation shows two sequences, although the
lower sequence is significantly smaller than the upper trend. In the
upper sequence of the bar clouds, there is a gap at σ c ∼ 16 km s−1

and Rc ∼ 30 pc, corresponding to the bimodal splits in Figs 6(d)
and (b), the same segregation that is seen for the bar clouds in the
mass and radius relations.

The final two plots in Fig. 6 show the virial parameter and the
orientation of the GMCs. The virial parameter in Fig. 6(e) is defined
at

αvir = 5
σ 2

c Rc

GMc
. (13)

and is a measure of the gravitational binding. A value of αvir > 2
indicated that the cloud is gravitationally unbound while αvir < 2
suggests a bound system (Bertoldi & McKee 1992). The clouds in
all three environments show a peak αvir value of ∼1, indicating that
the majority of the clouds are virialized but only marginally bound.
Clouds in the Milky Way are observed to have a slightly lower αvir

value of ≃ 0.46.
There is no obvious bimodal split in any of the cloud populations,

but at values of αvir > 2, the bar region contains a significantly higher
fraction of clouds. This is followed by clouds in the spiral and disc
region, whose distributions drop off smoothly after αvir ∼ 1. While
the bar clouds also peak at this value, the majority of clouds sit to its
right, indicating that most clouds in the bar region are unbound and
take on a wide range of virial parameters. By contrast, the range in
αvir in the disc is much lower, with most of the populations sitting

close to the peak value. This difference in the range of αvir could
indicate a more dynamic environment, where clouds have less time
to settle to a virialized state.

The final plot in Fig. 6, (f), shows the distribution of the angle θ ,
between the cloud angular momentum vector and the galactic rota-
tion axis. The cloud angular momentum is defined as the rotation
with respect of the centre of mass of the cloud, with 0◦ < θ < 90◦

indicating a prograde rotation in the same sense as the galaxy and
90◦ < θ < 180◦ consisting of clouds with retrograde motion. In
agreement with previous simulations (Tasker & Tan 2009), clouds
forming during the initial fragmentation of the disc (t < 10 Myr)
are born prograde, inheriting the galactic disc’s rotational direction,
θ ∼ 0◦. After one pattern rotation period (t < 120 Myr), when the
disc has fully fragmented, the fraction of clouds at different spin
orientations begins to increase. The disc clouds show the slow-
est evolution, with the population of high prograde and retrograde
clouds increasing fastest in the bar, followed by clouds in the spiral
region. By 240 Myr, all three regions have clouds with the full range
of orientations to the galactic rotation axis. The peak rotation angle
actually sits at θ = 90◦, suggesting most clouds rotate perpendicular
to the disc. The fraction of retrograde rotating clouds is largest in the
bar region, with the disc clouds remaining predominantly prograde.

In their isolated Milky Way model, Tasker & Tan (2009) sug-
gest that the cloud’s initial prograde rotation can be lost during
encounters with other clouds, e.g. cloud–cloud collisions or tidal
interactions. The faster shift towards a more retrograde population
is therefore indicative of a more dynamic environment with many
cloud interactions. This ties in with the virial parameter distribution
in Fig. 6(e), which shows clouds in the spiral and bar tend to be less
bound, consistent with a high number of interactions.

Observations of M33 shows a range of cloud rotations, with
47 per cent having a prograde rotation, 32 per cent having a rotation
perpendicular to the disc and 21 per cent with retrograde rotation.

 at H
okkaido U

niversity on February 5, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 



Short summary
RESULTS

‣ The typical value of the cloud properties is independent of galactic 
environment.

‣ The surface density distributions are bimodal in all regions, and there are 
two sequences in the radius-mass relation.

‣ The bar clouds have a bimodality in the mass and radius distributions.

two sequences? bimodality?
-> re-classification



Three cloud typesRESULTS
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Figure 8. Scaling relations between Type A, Type B and Type C clouds. Top left: (a) mass vs. radius relation at t = 240Myr. Using this
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tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-
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tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-
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❖ Cloud classification based on radius-mass relation

‣ Monster : massive GMAs which have larger radius than 30 pc.
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tribution. The merger rate is the number of mergers with the
other smaller clouds per 1 Myr. The number of absorption by
other larger clouds is not counted. Type B clouds have high
merger rate; the distribution extends to 0.4 Myr−1. Type
C clouds have low merger rate; almost all clouds have less
than 0.03 Myr−1. Type A clouds have a moderate merger
rate between Type B and C.

These three clouds have clear differences in their proper-
ties. The properties of Type A are those of the typical GMCs
observed in the Milkey Way and nearby galaxies. Type B
clouds have quite larger mass, radius, velocity dispersion,
lifetime and merger rate than those of Type A clouds. Type
C is a transient clouds, which have quite smaller mass, ra-
dius, lifetime and merger rate and quite higher virial param-
eter than those of Type A clouds.

3.3.3 What Characterise Differences of Clouds Between
Bar, Spiral, and Disc Regions

The percentages of these three clouds are clearly different
between regions as shown in Table 1. In the bar region, the
percentages of Type B and Type C are higher than those of
the other regions: Type B is 13.0 % and Type C is 37.7 %.
The percentage of Type A is lowest in the three regions; 49.4
%. On the other hand, in the disc region, almost all clouds
are Type A: the percentage is 83.3 %. The percentages of
Type B and Type C are quite low: Type B is 5.9 % and
Type C is 10.8 %. In the spiral region, the percentages of
these three clouds are the middle between the bar and the
disc region. For example, the percentage of Type A is higher
than that of the bar region and lower than that of the disc
region.

The pictures of these three types of clouds are in Fig-
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Figure 9. Normalised distribution of lifetime and merger rate of
clouds who exist between t = 200 Myr and 280 Myr. Top: (a)
lifetime of clouds. Note that we calculate the lifetime between
t = 200 ∼ 280 Myr even if the clouds exist before t = 200 Myr
or after 280 Myr. Bottom: (b) merger rate of clouds. The merger
rate is the number of mergers with the other smaller clouds per
1 Myr.

bar spiral disc

Type A 49.4% (38/77) 64.1% (330/515) 83.3% (85/102)

Type B 13.0% (10/77) 12.8% (66/515) 5.9% (6/102)

Type C 37.7% (29/77) 23.1% (119/515) 10.8% (11/102)

Table 1. The percentages of the three clouds in the three regions.
The numbers in the bracket is the number of clouds: the left is
the number of clouds of each type in each region and the right is
the sum of the clouds in each region.

height in Tasker & Tan (2009) is about 50 pc, which is quite
smaller than that of us.

3.3 Three Cloud Types and Galactic Structures

3.3.1 Three Cloud Types Based on Their Radius and
Surface density

To understand physical reason of difference of clouds be-
tween the regions, we classify all clouds into three types as
shown in Figure 8(a) according to the two sequences in the
mass-radius relation in Figure 7(a) and the bimodality in
the mass and radius distributions of the bar clouds in Fig-
ure 6(a)(b). ”Type A” clouds have smaller radius than 30 pc
and larger surface density than 230 M⊙/pc2. They have typ-

ical GMC mass (105 ∼ 106 M⊙) and radius (10 ∼ 20 pc).
”Type B” clouds have larger radius than 30 pc and larger
surface density than 230 M⊙/pc2. Most of them have a quite
large mass (> 5 × 106M⊙), which corresponds to the mass
of the high mass population in the mass distribution of the
bar region in Figure 6(a). ”Type C” clouds have smaller sur-
face density than 230 M⊙/pc2. They have quite small mass
(∼ 104 M⊙) although they have nearly same radius as that
of Type B clouds.

3.3.2 Properties of Type A, B, and C clouds

Although the three types of clouds are classified based on
their radius and surface density, they have clear differences
in their other properties: velocity dispersion, virial parame-
ter, lifetime and merger rate.

Figure 8(b) is the velocity dispersion versus radius re-
lation. Type A clouds have 3 ∼ 10 km/s, which is the typ-
ical velocity dispersion of GMCs in observations. Type B
clouds have larger velocity dispersion than ∼ 15 km/s. On
the other hand, the Type C clouds have lower velocity dis-
persion (2 ∼ 3 km/s) than the other clouds.

Figure 8(c) is the virial parameter αvir versus radius
relation. The Type A clouds have αvir ≈ 1, so they are on the
border line of gravitationally bound and unbound. The Type
B clouds have slightly higher αvir ≈ 2 than Type A clouds
because of their high velocity dispersion as shown in Figure
8(b). The Type C clouds have quite high αvir: the max value
is nearly 60. They are more gravitationally unbound than
others because of their quite low surface density as shown
in Figure 8(a).

Figure 8(d) is the theta versus radius relation. There is
no correlation between theta and radius. There is also no
correlation between theta and the 3 cloud types.

Figure 9(a) shows the cloud lifetime distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution, not only clouds who exist
at t = 240 Myr. Although many clouds of all three types
have shorter lifetime than 10 Myr, the range of this distri-
bution is quite different in the three cloud types. There are
Type A clouds who has 20 ∼ 30 Myr, which is the typi-
cal lifetime of GMCs estimated from observation (Blitz et
al. 2007; Kawamura et al. 2009; Miura et al. 2012), and
the maximum extend to 50 Myr. The Type B clouds have
longer lifetime than other clouds: many of them have life-
time longer than 30 Myr and the range extends to 80 Myr,
which is the maximum lifetime in our analysis. The Type
C clouds have shortest lifetime in the three type: most of
them have shorter lifetime than 10 Myr. Note that we un-
derestimate these lifetimes because we calculate the lifetime
between t = 200 ∼ 280 Myr even if the clouds exist before
t = 200 Myr or after 280 Myr. For example, the cloud who
lives from t = 180 Myr to 240 Myr have only 40 Myr lifetime
in our analysis. We don’t remove clouds who live before t =
200 Myr or after 280 Myr from our analysis because many
Type B clouds have longer lifetime than 80 Myr. If we re-
move the clouds who exist before t = 200 Myr or after 280
Myr from our analysis, only short lifetime clouds who are
minority of Type B clouds remain.

Figure 9(b) shows the merger rate distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution as same as the lifetime dis-
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Figure 9. Normalised distribution of lifetime and merger rate of
clouds who exist between t = 200 Myr and 280 Myr. Top: (a)
lifetime of clouds. Note that we calculate the lifetime between
t = 200 ∼ 280 Myr even if the clouds exist before t = 200 Myr
or after 280 Myr. Bottom: (b) merger rate of clouds. The merger
rate is the number of mergers with the other smaller clouds per
1 Myr.
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Type A 49.4% (38/77) 64.1% (330/515) 83.3% (85/102)

Type B 13.0% (10/77) 12.8% (66/515) 5.9% (6/102)

Type C 37.7% (29/77) 23.1% (119/515) 10.8% (11/102)

Table 1. The percentages of the three clouds in the three regions.
The numbers in the bracket is the number of clouds: the left is
the number of clouds of each type in each region and the right is
the sum of the clouds in each region.

height in Tasker & Tan (2009) is about 50 pc, which is quite
smaller than that of us.

3.3 Three Cloud Types and Galactic Structures

3.3.1 Three Cloud Types Based on Their Radius and
Surface density

To understand physical reason of difference of clouds be-
tween the regions, we classify all clouds into three types as
shown in Figure 8(a) according to the two sequences in the
mass-radius relation in Figure 7(a) and the bimodality in
the mass and radius distributions of the bar clouds in Fig-
ure 6(a)(b). ”Type A” clouds have smaller radius than 30 pc
and larger surface density than 230 M⊙/pc2. They have typ-

ical GMC mass (105 ∼ 106 M⊙) and radius (10 ∼ 20 pc).
”Type B” clouds have larger radius than 30 pc and larger
surface density than 230 M⊙/pc2. Most of them have a quite
large mass (> 5 × 106M⊙), which corresponds to the mass
of the high mass population in the mass distribution of the
bar region in Figure 6(a). ”Type C” clouds have smaller sur-
face density than 230 M⊙/pc2. They have quite small mass
(∼ 104 M⊙) although they have nearly same radius as that
of Type B clouds.

3.3.2 Properties of Type A, B, and C clouds

Although the three types of clouds are classified based on
their radius and surface density, they have clear differences
in their other properties: velocity dispersion, virial parame-
ter, lifetime and merger rate.

Figure 8(b) is the velocity dispersion versus radius re-
lation. Type A clouds have 3 ∼ 10 km/s, which is the typ-
ical velocity dispersion of GMCs in observations. Type B
clouds have larger velocity dispersion than ∼ 15 km/s. On
the other hand, the Type C clouds have lower velocity dis-
persion (2 ∼ 3 km/s) than the other clouds.

Figure 8(c) is the virial parameter αvir versus radius
relation. The Type A clouds have αvir ≈ 1, so they are on the
border line of gravitationally bound and unbound. The Type
B clouds have slightly higher αvir ≈ 2 than Type A clouds
because of their high velocity dispersion as shown in Figure
8(b). The Type C clouds have quite high αvir: the max value
is nearly 60. They are more gravitationally unbound than
others because of their quite low surface density as shown
in Figure 8(a).

Figure 8(d) is the theta versus radius relation. There is
no correlation between theta and radius. There is also no
correlation between theta and the 3 cloud types.

Figure 9(a) shows the cloud lifetime distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution, not only clouds who exist
at t = 240 Myr. Although many clouds of all three types
have shorter lifetime than 10 Myr, the range of this distri-
bution is quite different in the three cloud types. There are
Type A clouds who has 20 ∼ 30 Myr, which is the typi-
cal lifetime of GMCs estimated from observation (Blitz et
al. 2007; Kawamura et al. 2009; Miura et al. 2012), and
the maximum extend to 50 Myr. The Type B clouds have
longer lifetime than other clouds: many of them have life-
time longer than 30 Myr and the range extends to 80 Myr,
which is the maximum lifetime in our analysis. The Type
C clouds have shortest lifetime in the three type: most of
them have shorter lifetime than 10 Myr. Note that we un-
derestimate these lifetimes because we calculate the lifetime
between t = 200 ∼ 280 Myr even if the clouds exist before
t = 200 Myr or after 280 Myr. For example, the cloud who
lives from t = 180 Myr to 240 Myr have only 40 Myr lifetime
in our analysis. We don’t remove clouds who live before t =
200 Myr or after 280 Myr from our analysis because many
Type B clouds have longer lifetime than 80 Myr. If we re-
move the clouds who exist before t = 200 Myr or after 280
Myr from our analysis, only short lifetime clouds who are
minority of Type B clouds remain.

Figure 9(b) shows the merger rate distribution. Note
that all clouds formed between t = 200 Myr and 280 Myr
are countered in this distribution as same as the lifetime dis-
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‣ Monster : 
long lifetime ; some have longer lifetime than 40 Myr.  
high merger rate ; some have higher meter rate than 0.1 [1/Myr] (t_merger < 10 Myr)

‣ Transient : 
short lifetime ; almost all of them have shorter lifetime than 10 Myr.  
low merger rate ; almost all of them have never merge with the other clouds.

‣ Normal : middle properties between Monster and Transient.



Percentage of each cloud type 
in each galactic region

RESULTS

• In all regions, the most numerous cloud type is normal.

• In the bar region, percentages of monster and transient are highest.

• In contrast, in the disc region, these percentages are lowest.

Bar Spiral Disc

Normal 50% 64% 83%

Monster 13% 13% 6%

Transient 38% 23% 11%



Do GMCs care about the galactic structure? 13

Figure 10. 2 kpc gas surface density images of regions in the bar 1.5 kpc from the galactic centre (left) and disc, 8 kpc from the galactic centre. The position
of these two sections is shown on Fig. 5. Markers show the location of the three different cloud types. Green diamonds label type A clouds, blue circles mark
type B and red triangles are type C.

formation model is the simplest product of this assumption, with
the star formation rate depending only on the cloud mass and its
free-fall time,

SFRc = ϵ
Mc

tff,c
= ϵ

Mc!
3π

32Gρc

, (14)

where ϵ = 0.014, the SFE per free-fall time Krumholz & McKee
(2005), and ρcloud is the mean density of the cloud.

The top panel in Fig. 11 shows the Kennicutt–Schmidt relation
(equation 1) using this model. Each point on the graph marks the
value for a cylindrical region with radius 500 pc in the galactic
plane. This region size was chosen to be comparable to the observa-
tional data in nearby galaxies, which finds a near linear relationship
between the gas surface density, #gas, and the surface star formation
density, #SFR, for densities higher than 10 M⊙ pc−2 (Bigiel et al.
2008). Since multiple GMCs exist within these regions, the star
formation rate is calculated as the sum for each cloud within the
cylinder.

In agreement with observations, the gas and star formation rate
surface densities follow a nearly linear trend in all three galactic
environments. There is a small deviation towards a steeper gradient
at densities below ∼10 M⊙ pc−2 and also an increased scatter due
to the smaller number of clouds found within our measured region.
Note that this change has a different origin to the observational
results, where the break at the same threshold is due to the transition
between atomic and molecular hydrogen. In our simulations, only
atomic gas is followed, so we do not expect to observe such a split.

It is more likely that clouds in low-density regions are less centrally
concentrated, due to fewer interactions resulting in tidal stripping.

The overall star formation rate is approximately a factor of 10
higher than that observed. Such elevation in simulations is usually
put down to the absence of localized feedback, which would be
expected to dissipate the densest parts of the cloud and thereby
reducing the star formation rate regardless of whether the cloud
itself was also destroyed (Tasker 2011). In our case, we also lack an
actual star formation recipe, meaning that our densest gas is allowed
to accumulate inside the cloud without being removed to create a
star particle. This adds to the cloud mass and raises the expected
star formation rate.

While there is an overall agreement in the gradient, the difference
in the star formation rate in the bar, spiral and disc is also apparent.
The bar region contains the highest density of clouds, as well as
a larger fraction of the massive type B clouds. This produces the
upper end of the gas and star formation rate surface densities. The
sparser, smaller clouds of the disc region result in correspondingly
lower values and the spiral region sits in between.

3.4.2 GMC turbulence star formation model

We can compare the results of the straightforward free-fall collapse
with a star formation model that also considers the importance
of turbulent motions within the GMCs. Proposed by Krumholz &
McKee (2005), this power-law model assumes that the clouds are
supersonically turbulent, producing a log-normal density distribu-
tion. By demanding that gas collapses when the gravitational energy
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RESULTS Visual inspection
bar region disc region

• In the bar region, massive monster clouds are the most obvious, forming 
GMAs that drag in surrounding gas.  
In the dense tidal filamentary structures, transient clouds are formed.

• In the disc region, the clouds are more widely spaced and lack filament 
structures around them. The vast majority of the clouds are normal clouds.
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Conclusions
๏ Bar region

- Due to the high density of gas gathered by the 
stellar bar potential and the constrained elliptical 
motions, monster and transient clouds are formed.

Disc

Spiral

Bar

๏ Disc region

๏ Spiral region

- Monster clouds are the product of multiple mergers.

- Transient clouds are formed in the dense filament 
structures that surround encounters of monster and 
normal clouds

- Due to the lack of the grand design potential to gather gas, merger rate between the 
clouds is low.

- That leads to a large population of normal clouds.

- Due to the spiral potential, this region is the next 
most interactive.


