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Overview - the role of spiral arms

• Triggering star formation vs rearranging molecular clouds

 - Roberts 69, Fujimoto 68 : spiral shock triggering of star formation

 - Elmegreen & Elmegreen 86: ‘Do density waves trigger star formation?’ 

 - Pre-existing clouds swept up by arms (Stark et al. 87, Vogel et al. 88) 

 - star formation in arms versus inter-arms: Eden et al. 12, Foyle et al 10 
find no difference

 - but correlation of Hα and shock strength (Seigar & James 02)

 - also nonlinear increase in star formation in spiral arms (Cepa & 
Beckman 90)
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Spiral arms and GMC formation
• Gravitational instabilities: 

- spiral arms influence gas stability, characteristic 
spacings and masses (Elmegreen 79, 82, 
Elmegreen & Elmegreen 83, Balbus & Cowie 85, 
Balbus 88)
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Two phase calculations

Model T (cold) ! ! Self F Qc Qh Spacing rE "maxc
"maxh

Mclump

(K) (M!pc"2) gravity (%) (kpc) (kpc) (kpc) (kpc) (106 M!)

A 100 4 4 Yes 2 0.5 5 0.84 ±0.04 0.45 0.066 6.6 0.5
B 100 4 4 Yes 4 0.5 5 1.05 ±0.06 0.53 0.066 6.6 1
C 100 4 0.4 Yes 4 0.5 5 0.91 ±0.04 0.53 0.066 6.6 0.2
D 100 4 4 Yes 8 0.5 5 1.52 ±0.09 0.73 0.066 6.6 3
E 1000 4 4 Yes 8 0.5 5 1.33 ±0.09 0.73 0.21 6.6 0.7
F 100 4 4 Yes 16 0.5 5 1.66 ±0.04 0.85 0.066 6.6 4
G 100 4 4 No 4 - - 1.04 ±0.04 0.53 - - 0.4
H 100 8 4 Yes 4 0.25 2.5 1.12 ±0.07 0.53 0.033 3.3 3
I 100 20 4 Yes 4 0.1 1 1.26 ±0.06 0.53 0.013 1.3 20

Single phase calculations

Model T ! ! Self F Qc Qh Spacing rE "maxc
"maxh

Mclump

(K) (M!pc"2) gravity (%) (kpc) (kpc) (kpc) (kpc) (106 M!)

J 100 4 1 Yes 4 0.5 - 1.00 ±0.03 0.53 0.066 - 1
K 10000 4 4 Yes 4 - 5 - 0.53 - 6.6 -
L 100 20 4 Yes 4 0.1 - - 0.53 0.013 - -
M 10000 20 4 Yes 4 - 1 1.43 ±0.06 0.53 - 1.3 8.5
N 10000 32 4 Yes 4 - 0.63 1.04 ±0.04 0.53 - 0.8 7

Table 1. Table showing the parameters used in these calculations. All calculations use 4 million particles and in the two phase calculations,
half the gas is distributed in the temperature indicated in the table, and half is 104 K. ! is the ratio of thermal to magnetic pressure
for the cold gas, and F is a measure of the strength of the spiral perturbation. rE is the epicyclic radius at R = 7.5 kpc and Q is the
Toomre parameter. The calculation of these quantities is described in Sections 2.2 and 2.3. The spacing is calculated (also described in
the text) after 265 Myr for all models except I (with time 130 Myr), L (time = 180 Myr) and N (time = 85 Myr) where gravitational
collapse prevents the simulations continuing. The final column is the mass of the most massive clump in a 5 kpc x 5 kpc section of the
disc, using a clump-finding algorithm with a surface density threshold of 5!. In models K and L, regular large scale GMCs and spurs do
not form within the time of the simulation.

both cold and warm gas form along the spiral arms. How-
ever this treatment probably underestimates Q in the low
surface density cases (where the fluids are more separate)
and the disc is more stable than suggested in Table 1. This
calculation of Q also neglects magnetic fields, which would
modify Q by a factor of 1 + 1/! (e.g. Shu 1992).

For a thin disc, the dispersion relation arising from sta-
bility analysis of a di!erentially rotating disc is

"2 ! #2 + 2$G"|k|! k2c2
s = 0 (7)

(e.g. Binney & Tremaine 1987). The separation of the clouds
is expected to be approximately

%max = 2c2
s/G", (8)

the wavelength corresponding to the peak growth
rate of perturbations (Elmegreen & Elmegreen 1983;
Balbus & Cowie 1985) whilst the minimum length at which
perturbations become unstable for a thin disc, the Jeans
length, is c2

s/G". The mass enclosed within a cloud is

M = "

„

%max

2

«2

=
c4
s

G2"
, (9)

the Jeans mass for a thin rotating disc. Again " includes
both the warm and cold gas in the two fluid models. How-
ever if only one component is included, this still produces
a very di!erent spacing from that of the low surface mod-
els. Also if we take the surface density of the spiral arms,
as oppose to the average value, %max decreases still further
for the cold gas. The warm gas does not experience such a

strong increase in density in the spiral arms, but our %max

may be a high estimate. Overall though, %max turns out
to be very di!erent from the spacing in calculations where
gravitational instabilities are not believed to be dominat-
ing the large scale structure, but similar when gravitational
instabilities are thought to be responsible.

For calculations where the spacing is believe to corre-
spond to formation by agglomeration, we compare the spac-
ing to the epicyclic radius of the stellar orbits, a measure of
the strength of the spiral potential. The epicyclic radius is
calculated for a 2D test particle simulation subject to the
spiral potential alone, at a radius of 7.5 kpc. Particles are
placed in a disc, and those with an average radius between
7.4 and 7.6 kpc over 2 rotational periods are selected. The
epicyclic radius is then the average (rmax ! rmin)/2 of these
particles (although this is a radial measurement in the disc
as oppose to along a spiral arm) .

3 RESULTS

We show the structure of the galactic disc for several simu-
lations in Figs 1, 2 and 7. Except for models K, N (no cold
gas) and G (no self gravity), both agglomeration and accre-
tion by gravity contribute to the formation of GMCs. When
" ! 8 M! pc"2, clouds and spurs form predominantly by
agglomeration. However in models I, M and N, when " = 20
M! pc"2, the gas becomes gravitationally unstable, and self
gravity has a greater e!ect on the structure of the disc and
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Two phase calculations

Model T (cold) ! ! Self F Qc Qh Spacing rE "maxc
"maxh

Mclump

(K) (M!pc"2) gravity (%) (kpc) (kpc) (kpc) (kpc) (106 M!)

A 100 4 4 Yes 2 0.5 5 0.84 ±0.04 0.45 0.066 6.6 0.5
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"maxh

Mclump

(K) (M!pc"2) gravity (%) (kpc) (kpc) (kpc) (kpc) (106 M!)

J 100 4 1 Yes 4 0.5 - 1.00 ±0.03 0.53 0.066 - 1
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L 100 20 4 Yes 4 0.1 - - 0.53 0.013 - -
M 10000 20 4 Yes 4 - 1 1.43 ±0.06 0.53 - 1.3 8.5
N 10000 32 4 Yes 4 - 0.63 1.04 ±0.04 0.53 - 0.8 7
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for the cold gas, and F is a measure of the strength of the spiral perturbation. rE is the epicyclic radius at R = 7.5 kpc and Q is the
Toomre parameter. The calculation of these quantities is described in Sections 2.2 and 2.3. The spacing is calculated (also described in
the text) after 265 Myr for all models except I (with time 130 Myr), L (time = 180 Myr) and N (time = 85 Myr) where gravitational
collapse prevents the simulations continuing. The final column is the mass of the most massive clump in a 5 kpc x 5 kpc section of the
disc, using a clump-finding algorithm with a surface density threshold of 5!. In models K and L, regular large scale GMCs and spurs do
not form within the time of the simulation.

both cold and warm gas form along the spiral arms. How-
ever this treatment probably underestimates Q in the low
surface density cases (where the fluids are more separate)
and the disc is more stable than suggested in Table 1. This
calculation of Q also neglects magnetic fields, which would
modify Q by a factor of 1 + 1/! (e.g. Shu 1992).

For a thin disc, the dispersion relation arising from sta-
bility analysis of a di!erentially rotating disc is

"2 ! #2 + 2$G"|k|! k2c2
s = 0 (7)

(e.g. Binney & Tremaine 1987). The separation of the clouds
is expected to be approximately
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the wavelength corresponding to the peak growth
rate of perturbations (Elmegreen & Elmegreen 1983;
Balbus & Cowie 1985) whilst the minimum length at which
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the Jeans mass for a thin rotating disc. Again " includes
both the warm and cold gas in the two fluid models. How-
ever if only one component is included, this still produces
a very di!erent spacing from that of the low surface mod-
els. Also if we take the surface density of the spiral arms,
as oppose to the average value, %max decreases still further
for the cold gas. The warm gas does not experience such a

strong increase in density in the spiral arms, but our %max

may be a high estimate. Overall though, %max turns out
to be very di!erent from the spacing in calculations where
gravitational instabilities are not believed to be dominat-
ing the large scale structure, but similar when gravitational
instabilities are thought to be responsible.

For calculations where the spacing is believe to corre-
spond to formation by agglomeration, we compare the spac-
ing to the epicyclic radius of the stellar orbits, a measure of
the strength of the spiral potential. The epicyclic radius is
calculated for a 2D test particle simulation subject to the
spiral potential alone, at a radius of 7.5 kpc. Particles are
placed in a disc, and those with an average radius between
7.4 and 7.6 kpc over 2 rotational periods are selected. The
epicyclic radius is then the average (rmax ! rmin)/2 of these
particles (although this is a radial measurement in the disc
as oppose to along a spiral arm) .

3 RESULTS

We show the structure of the galactic disc for several simu-
lations in Figs 1, 2 and 7. Except for models K, N (no cold
gas) and G (no self gravity), both agglomeration and accre-
tion by gravity contribute to the formation of GMCs. When
" ! 8 M! pc"2, clouds and spurs form predominantly by
agglomeration. However in models I, M and N, when " = 20
M! pc"2, the gas becomes gravitationally unstable, and self
gravity has a greater e!ect on the structure of the disc and

• Cloud-cloud collisions

- Spiral arms increase frequency of cloud collisions (Casoli & Combes 82, Dobbs 08)

- Cloud collisions may determine star formation rate (Tan 00, Tasker & Tan 09)

• Spiral shocks also increase velocity dispersion (Bonnell et al. 06, Dobbs et al. 06, 
Dobbs & Pringle 09)

Q will be constant for the whole disk. We first consider models
in which the initial surface density profiles are indeed inversely
proportional to the galactocentric radius. Such a distribution is
consistent with many surface density profiles shown in Regan
et al. (2001) and Wong & Blitz (2002).

To test the inherent stability of disks with constant Q, we
consider cases with self-gravity, but with no external potential,
models SHDne1, SHDne2, and SMHDne, shown in Figure 6.
Since the initial density has random white-noise 0.1% perturba-
tions, the overdense regions can grow due to self-gravity. As
these regions grow, they also become stretched azimuthally due
to the background shear. The runaway growth of the overdense
regions eventually causes neighboring regions to have extremely
large velocities, such that the Courant condition would require
an extremely small time step; we therefore halt the simulation.
Model SHDne1 has Q0 !1 and becomes unstable very rapidly
(within one orbit at R0), as shown in Figure 6a. Figure 6b shows
model SHDne2, with Q0 ! 2, at the same time as the Q0 !1
model in Figure 6a. Since the Q0 ! 2 model is more stable, not
enough time has yet elapsed for the overdense regions to dominate.

The addition of magnetic fields, as shown in Figure 6c from
model SMHDne with Q0 ! 1, does not affect the growth of

filaments significantly. The subtle difference is that the magnetic
fields slow the growth of overdense regions slightly. As a result,
models including magnetic fields evolve longer before the flow
velocities in some zones become extreme. Figure 6d is the last
snapshot of model SHDne2 at t /torb ! 1:49 orbits. Here the outer
regions have evolved to the point that the structure is similar to
that in Figure 6a. However, it is clear that the radius of the stable
inner region in theQ0 ! 2model is larger than that of theQ0 ! 1
model (SHDne1). As expected, increasing the value of Q0 in-
creases the area of stability in the inner regions and requires more
time for the instability in the outer regions to grow.
The stability tests show that filament-like structures will grow

in a shearing diskwith sufficient gas surface density regardless of
the presence of magnetic fields. The Toomre stability parameter
governs which regions are prone to gravitational instabilities. As
Q0 increases, the outer disk becomes more stable, and more time
is required for growth of instabilities. In the models presented
thus far, we have considered disks for which the initial surface
densities vary as R"1, so that Q is initially constant everywhere
in the disk. The reason that the outer disk becomes unstable even
when the inner disk does not is that the disk thickness H is
constant throughout the disk. The finite thickness stabilizes the

Fig. 6.—Snapshots of models with self-gravity, but no external potential: (a) Model SHDne1 (Q0 ! 1) at t /torb ! 0:97; (b) model SHDne2 (Q0 ! 2) at t /torb ! 0:97;
(c) model SMHDne (Q0 ! 1, ! ! 1) at t /torb ! 0:97; (d ) model SHDne2 (Q0 ! 2) at t /torb ! 1:49. Gray scale is in units of log (!/!0). [See the electronic edition of the
Journal for a color version of this figure.]
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We have also explored models with varying values of the
pattern speed and spiral pitch angle. Figure 13a shows snapshots
after one orbit of model SMHD4. Model SMHD4 is similar to
the fiducial model SMHD2, except that !p ! 42 km s"1 kpc"1.
The corotation radius for such a pattern speed is 5 kpc. At first
glance, this snapshot may seem rather similar to the snapshot of
model SMHD2 in Figures 8c and 8d. However, in regions out-
side corotation the interarm features protrude inward, toward the
galactic center. The arms still have the overdense knots, but the
stretched features near the arms project in the opposite direction
from those in the fiducial model. This is as expected, because
outside corotation the rotating spiral potential has a greater an-
gular velocity than the gas. The flow enters the arms from the
outer (convex) side and leaves from the inner (concave) side.
Azimuthally varying over- or underdense regions created within
the arm return to the interarm region on the inside of the arm and
are sheared into trailing structures. This reversed orientation is
even more apparent in models where the Toomre parameterQ /
R, as presented in x 4.4. The trailing features in the outermost
part of the disk arise in a different way, however, as we discuss
in x 5.

Model SMHD5, shown at t /torb ! 1 in Figure 13b, is similar
to the fiducial model, but with a larger pitch angle of i ! 20#.
Besides the expected difference in the shape of the spiral arms,
many of the other features evident in SMHD2 (in Figs. 8c and
8d), such as the knots of matter in the arm and the trailing fea-
tures in the outermost and innermost regions, are also present.

4.4. Spiral Models with Q / R

For spiral models with initial surface density distributions
/R"2, we only present cases with magnetic fields (! ! 1); we
have shown that magnetic fields act to keep the arms intact.
Otherwise, self-gravity causes the runaway growth of the clumps
in the arms. Figure 14 shows snapshots of models SMHD3 0

(Q0 ! 1) and SMHD20 (Q0 ! 2). Comparing with Figures 8, 9,
and 12, these models are much more stable in the outer regions,
as expected. Nevertheless, strong interarm trailing structures do
grow in the inner (14 kpc)2. Since these models are more stable,
the interarm features do not extend as far away from the spiral
arms as those in the constant-Q models. These features grow in
both the Q0 ! 1 and 2 models, but are stronger in the Q0 ! 2
case. It is also clear that the interarm features connect with the
most dense clumps in the arms, which are more dense in model
SMHD2 0 than SMHD30.
Even though the self-gravitational force is stronger in model

SMHD3 0 (Q0 ! 1) than in model SMHD2 0 (because the abso-
lute " is larger in SMHD3 0), the clumps in the arms of model
SMHD2 0 are more dense (relative to "0). This results because
more gas flows into the spiral arms in the more stable disk of
model SMHD20. As shown from the corresponding disk stability
tests in Figure 7, the inner regions of models with Q0 ! 1 are
muchmore unstable thanmodels withQ0 ! 2. These background
instabilities will grow regardless of the presence of an external
spiral potential. For a stable disk as in model SMHD20, stability
of the background disk allows more gas to flow into the arms,
resulting in stronger arms, as well as clumps.
Figure 15 shows a snapshot of model SMHD40, with a large

pattern speed (!p ! 42 km s"1 kpc"1) at t /torb ! 1:25. The co-
rotation radius of 5 kpc is indicated as well. For this model,
Q in the initial conditions varies from 0.4 at the inner radius to
6.3 at the outer radius. The nature of the interarm features in this
model is much more clear than in the corresponding model with
constant Q (SMHD4, shown in Fig. 13a). Inside corotation the
interarm features, which are connected with the arm clumps,
occur exterior to the main spiral arms. However, outside corota-
tion the interarm sheared features emanate inward from the main
arms in the opposite sense from those inside corotation. This di-
rection is downstream from the arms, as seen in a frame rotating

Fig. 11.—Model SHD1 (F ! 10%, ! ! 1) at (a) t /torb ! 1:0 and (b) t /torb ! 1:125. Gray scale is in units of log ("/"0). [See the electronic edition of the Journal for
a color version of this figure.]
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Shetty & Ostriker 06
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Types of spiral galaxy
Very flocculent with no 
clear, long spiral arms Multi-armed Grand design

see Elmegreen & 
Elmegreen 82, 87, 
Elmegreen 94

Local transient gravitational 
instabilities in stars and gas 
(Toomre 64, Lynden Bell & 
Goldreich 65, Li et al. 05)

Larger scale, transient, 
gravitational instabilities 
in stars and gas

Interaction (Toomre & 
Toomre 72), bar (e.g. 
Huntley et al. 78), QSSS 
(Lin & Shu 64, Lindblad 61)
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Relevance for gas dynamics

Dobbs & Bonnell 07,   Wada et al. 11

Very flocculent with no 
clear, long spiral arms

Multi-armed (arms 
rotate at ~same speed 
as galaxy)

Grand design - slowly 
rotating spiral arms

gas dynamics governed 
by gas self gravity

gas ‘falls’ into spiral arms 
from both sides

gas travels along the spiral 
arm and out the other 
side
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Relevance for gas dynamics
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The Astrophysical Journal, 735:1 (9pp), 2011 July 1 Wada, Baba, & Saitoh

Figure 7. Same as the middle and right panels of Figure 6, but the velocities are defined on the local galactic rotation.

(An animation and a color version of this figure are available in the online journal.)

Figure 8. Same as Figure 5, but a close-up of a collision of gas clouds near the stellar arm every 20 Myr.

(An animation of this figure is available in the online journal.)

Figure 9. Left: V-band surface luminosity calculated from stellar density with a population synthesis model. Right: cold gas (T < 100 K) density and star particles,
whose ages are < 30 Myr and are represented by light blue color, formed from cold, dense gas are overlaid on the left panel.

(An animation of this figure is available in the online journal.)

2006; Wada & Koda 2004; Shetty & Ostriker 2006; Dobbs &
Bonnell 2006). This implies that the difference of rotational ve-
locities between spiral potentials and the ISM is essential for
forming the downstream spurs/feathers. In the present model,
there are no strong shears or ordered motions of the gas in the
live spiral model, because both the stellar spirals and the ISM

follow the galactic rotation, i.e., !p ! !(R). If !p < !(R),
as suggested by recent numerical simulations of tidally excited
spirals (Dobbs et al. 2010; Struck et al. 2011), spurs could be
formed. This is consistent with the fact that spurs tend to be
clearly observed in well-defined two-arm spirals, such as M51
(Scoville et al. 2001).
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Gas dynamics of spiral galaxies 1899

Figure 3. The particles are shown for a subsection of the disc at times of 70 Myr (top left-hand panel), 76 Myr (top right-hand panel), 82 Myr (bottom left-hand

panel) and 195 Myr (bottom right-hand panel) for the simulation with warm gas (Run C). Particles indicated in black were selected from the spiral arm displayed

in the bottom left-hand panel, and are shown at earlier and later times in the other panels. The first three panels show the accumulation of gas into a spiral arm.

The spiral arm structure of the gas persists as the gas encounters multiple spiral arm passages, as indicated by the fourth panel. At the latest time, only one in

10 of the total number of particles is plotted.

with a grand-design potential (Dobbs & Bonnell 2007b), there is

much more molecular gas when there are equal amounts of cold

and warm gas, compared to when the gas is nearly all cold. This is

because, as mentioned in the previous paper, more of the interarm

gas is molecular, when it is confined to higher densities by the warm

gas. There is also more molecular gas in these simulations compared

to the grand-design case. This is due to a combination of factors:

a stronger potential, the fact that gas tends to remain in the spiral

arms and collisions between spiral arms leading to more gas at higher

densities. After 200 Myr (Table 1), 40 and 23 per cent of the total

disc mass is molecular for Runs A and B. However, the system is

not yet in equilibrium, and both fractions are still increasing.

3.6 Molecular clouds

We also applied a clump-finding algorithm to the distribution of

molecular gas in Runs A and B, predominantly to calculate the mass

spectrum for comparison with previous results for grand-design

galaxies (Dobbs & Bonnell 2007b). For Run B, from Fig. 6, it

is apparent that clumps in the outer part of the disc, where there

is no spiral perturbation, have formed which are numerical in ori-

gin. At later times in the simulations, these clumps have retained

high densities for a sufficient time that they contain molecular gas.

We therefore only consider a region of 10 ! 10 kpc centred at the

mid-point of the disc, which does not include these clumps.

As for Dobbs & Bonnell (2007b), we use a clump-finding al-

gorithm to identify molecular clouds. We take the clump-finding

method CF1 previously described in Dobbs & Bonnell (2007b),

which selects grid cells above a certain column density and classes

groups of adjacent cells as a single clump. We select cells which have

a molecular gas surface density above 4 M" pc#2, as used for our

previous results (Dobbs & Bonnell 2007b), and only include clouds

with >30 particles. The resolution of the simulations shown here is

over twice that of previous analysis (Dobbs & Bonnell 2007b) with

the mass of each particle approximately 40 M". The minimum total

mass of a cloud is then 103 M", although the mass of molecular gas

may be less.

We find that the most massive molecular clouds (>105 M") are

located where spiral arms are colliding or merging. This agrees with

the previous predictions by Clarke & Gittins (2006) that enhanced

star formation would occur here. We also find that there are very

few interarm clouds between 2 and 4 kpc where most of the gas is

in the spiral arms, whereas at lower radii there are more interarm

clouds as a result of multiple collisions between spiral arms.

Fig. 7 shows the mass spectra for Runs A and B. Assuming a

mass spectrum of dN/dM = M#! , ! = 1.75 ± 0.12 for the sim-

ulation with predominantly cold gas, and ! = 2.05 ± 0.1 with a

C$ 2008 The Authors. Journal compilation C$ 2008 RAS, MNRAS 385, 1893–1902
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in the bottom left-hand panel, and are shown at earlier and later times in the other panels. The first three panels show the accumulation of gas into a spiral arm.

The spiral arm structure of the gas persists as the gas encounters multiple spiral arm passages, as indicated by the fourth panel. At the latest time, only one in

10 of the total number of particles is plotted.
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much more molecular gas when there are equal amounts of cold

and warm gas, compared to when the gas is nearly all cold. This is

because, as mentioned in the previous paper, more of the interarm

gas is molecular, when it is confined to higher densities by the warm

gas. There is also more molecular gas in these simulations compared

to the grand-design case. This is due to a combination of factors:

a stronger potential, the fact that gas tends to remain in the spiral

arms and collisions between spiral arms leading to more gas at higher

densities. After 200 Myr (Table 1), 40 and 23 per cent of the total

disc mass is molecular for Runs A and B. However, the system is

not yet in equilibrium, and both fractions are still increasing.

3.6 Molecular clouds

We also applied a clump-finding algorithm to the distribution of

molecular gas in Runs A and B, predominantly to calculate the mass
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is apparent that clumps in the outer part of the disc, where there

is no spiral perturbation, have formed which are numerical in ori-

gin. At later times in the simulations, these clumps have retained

high densities for a sufficient time that they contain molecular gas.

We therefore only consider a region of 10 ! 10 kpc centred at the

mid-point of the disc, which does not include these clumps.

As for Dobbs & Bonnell (2007b), we use a clump-finding al-

gorithm to identify molecular clouds. We take the clump-finding

method CF1 previously described in Dobbs & Bonnell (2007b),

which selects grid cells above a certain column density and classes

groups of adjacent cells as a single clump. We select cells which have

a molecular gas surface density above 4 M" pc#2, as used for our

previous results (Dobbs & Bonnell 2007b), and only include clouds

with >30 particles. The resolution of the simulations shown here is

over twice that of previous analysis (Dobbs & Bonnell 2007b) with

the mass of each particle approximately 40 M". The minimum total

mass of a cloud is then 103 M", although the mass of molecular gas

may be less.

We find that the most massive molecular clouds (>105 M") are

located where spiral arms are colliding or merging. This agrees with

the previous predictions by Clarke & Gittins (2006) that enhanced

star formation would occur here. We also find that there are very

few interarm clouds between 2 and 4 kpc where most of the gas is

in the spiral arms, whereas at lower radii there are more interarm

clouds as a result of multiple collisions between spiral arms.

Fig. 7 shows the mass spectra for Runs A and B. Assuming a

mass spectrum of dN/dM = M#! , ! = 1.75 ± 0.12 for the sim-

ulation with predominantly cold gas, and ! = 2.05 ± 0.1 with a
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Evidence in converging flows

contours indicate 
convergence on 
timescales of  4 
(red), 10 (orange) 
and 100 (green 
Myr), divergence on 
4 (violet), 10 (blue) 
and 100 (cyan) Myr.

No spiral arms Spiral arms

Feedback dominated Transient spirals
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Relevance for gas dynamics
Very flocculent with no 
clear, long spiral arms

Multi-armed (arms 
rotate at ~same speed 
as galaxy)

Slowly rotating spiral 
arms

gas dynamics governed 
by gas self gravity

gas ‘falls’ into spiral arms 
from both sides

gas travels along the spiral 
arm and out the other 
side

see review by Keiichi 
Wada, Thursday
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Detailed evolution of a GMC in a fixed 
spiral arm  8 million particles

 m=2 imposed spiral

 Self gravity+cooling

 Stellar feedback 

 Ʃ=8 M⊙pc-2

lo
g 

H
2

clouds form by 
agglomeration,+ self 
gravity (Dobbs 08)
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Detailed evolution of GMCs

• SPH - can track particles with time 

• Use clump-finding algorithm to find all the clouds at 
different time frames 

• All particles have a unique number

• Identify clouds which contain the same particles at 
different times

• Thus can track GMC evolution
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Giant Molecular clouds 5
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Figure 3. The evolution of Cloud380 is shown over a period of 40 Myr. All the panels are shown in the rotating frame of the spiral potential. Clouds are
indicated by blocks of colour overplotted on the column density plots. The clouds shown are all those which contain at least 20 original cloud particles of
Cloud380. Cloud380 is shown in the middle panel. The fraction of particles which are original cloud particles of Cloud380 are indicated for some of the
clouds, for clarity fractions are typically only shown for a couple of clouds. The total fraction of the original cloud particles of Cloud380 which are located in
clouds is also indicated on the top left of each panel. The remainder of this gas lies in the ambient ISM. The locus of the region containing the original cloud
particles of Cloud380 is indicated by the dashed white lines for each panel (for the middle panel obviously this locus is simply the region in red).

gas has not yet had time to re-form massive clumps in the spiral
arm (This again reflects our finding the molecular clouds in spiral
arms are not ‘ridge clouds’).

Stellar feedback contributes to the structure of the gas along
the spiral arms, and in the inter-arm regions, although clear holes
relating to multiple supernovae are not easy to see. This is partly
because we choose a moderate star formation efficiency (for exam-
ple in Dobbs et al. 2011a with a star formation efficiency of 20%
we could clearly see large holes). There is substructure due to feed-
back within, and around, the clouds in our simulations but it is on

relatively small scales (e.g. 10-20 pc) and would require zooming
in to the plots in Figure 3 to see clearly. 1

5.1.3 Cloud formation: evolution at times t < T0

Prior to time T0 � 20 Myr less than 15 percent of Cloud380 is in
cloud gas, with the rest in the ambient ISM. In Figure 3 we plot at

1 Note that we have chosen to plot the cloud components as opaque blocks
of colour in order to emphasise particular subsets of cloud particles, but that
this then tends to obscure the detailed structure of the cloud itself.

c� 2012 RAS, MNRAS 000, 1–15
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Star formation during GMC evolution

• Generally ~1% of mass of GMCs 
turned into stars during their 
lifetime

similar findings by Hopkins et al. 12

Cloud 380
Total mass of stars formed~5x104M⊙

Mass of cloud ~ 2x106M⊙ 

Efficiency = 2.5%

most star formation occurs during time cloud is in the spiral arm (and is most 
massive)
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Timescales for GMC evolution

• Cloud lifetimes are of order a 
crossing time (as supposed by 
Elmegreen 2002)

Giant Molecular clouds 11

Figure 12. The point at which Cloud159 disperses: at 254 Myr, the suc-
cessor of Cloud159 is a single cloud, however at 255 Myr, this cloud has
split into two. The times are only given to the nearest Myr, but the time
difference between the two stages is 1.0 Myr.

Figure 13. The actual lifetime of clouds (defined in Section 5.3.1) is plotted
against our estimated time given by Equation 4. Outlying clouds are often
those with particularly elongated, or compact shapes.

can estimate a timescale of t = L/�. Taking L = 10 pc we obtain
a time of t =2 Myr. This is a reasonable estimate of the timescale
to split up the cloud.

Obviously we cannot study every cloud individually, to deter-
mine how, and where each cloud splits into multiple pieces. Fur-
thermore larger clouds such as Cloud380 split up rather by many
smaller clouds breaking away over a period of time. However we
can expect that the time for clouds to disperse will depend on their
dimensions, and their velocity dispersion. We can obtain a simple
estimate of a cloud’s age from the crossing time of a cloud. We
estimate the lifetime according to

t
est

=
2b
�

(4)

where b is the semi-minor axis of the cloud, and � the velocity
dispersion of the cloud. Overall, feedback, shear and spiral shocks
are likely to contribute to �, as discussed earlier, though Equation 4
makes no attempt to incorporate these explicitly. We include the

factor 2 because when we select a cloud, it is not at the start of
its lifetime. We make the simplest assumption that the cloud life is
symmetric about the point which we observe it.

In Figure 13 we show the measured lifetime of the GMCs ver-
sus this estimated lifetime. There is a correlation between the actual
and estimated lifetimes (the actual lifetime typically within a fac-
tor of 2 of the estimated lifetime), suggesting that to first order, the
lifetime is related to the crossing time, however there is quite a lot
of scatter. Some scatter may simply be because we assumed the
evolution of the cloud is symmetric about T0 = 250 Myr, which
is unlikely to be true for all clouds (see Figure 6). We also inves-
tigated whether the scatter was related to the aspect ratio, cloud
porosity, virial parameter or star formation activity and examined
individual outliers in Figure 13. We found that both the aspect ra-
tio, and the cloud porosity contributed to the scatter, and outliers
in Figure 13 were typically either very long, filamentary clouds or
compact clouds. Thus although we take into account the shape of
the cloud by using the semi-minor axis in Equation 4, this does not
satisfactorily represent the complex shape of the cloud, or likewise
the porosity. Therefore the shape of the cloud appears have a com-
plex effect on its lifetime, which is difficult to disentangle. We also
found a weak correlation of lifetimes with galactocentric radius.
The lifetimes were found to increase slightly with radius, which we
interpret as being due to the reduced role of shear at larger radii.

5.3.3 Were (will) most clouds (be) constituent pieces of larger
GMCs, or are they at the top of the food chain?

In Section 5.2 we highlighted examples of some ⇠ 105 M� clouds
that were previously part of larger GMCs. Here we check whether
GMCs are typically at their most massive when we observe them
or not. We define 4 types of cloud:

(i) Clouds which are their most massive at T0.
(ii) Clouds which were part of more massive GMCs prior to T0.
(iii) Clouds which will become part of more massive GMCs af-

ter T0.
(iv) Clouds which were part of more massive GMCs prior to T0,

and become more massive GMCs again after T0.

We again take our sample of > 105 M� GMCs at T0 = 250 Myr
and look for precursor or successor clouds between T0 � 20 Myr
and T0 + 20 Myr which contain the same particles. For a more
massive precursor or successor cloud to be classed as significant,
we denote that it has to contain at least twice as much mass as the
original cloud. Otherwise, the cloud is assigned to the first cate-
gory. In Table 2 we show the percentage of different types of cloud.
Nearly 2/3 of clouds are at least half of their maximum mass at the
time they are selected (T0). 30 % of clouds were previously, or will
be, part of GMCs which are twice as massive. The remaining few
are clouds which were previously part of more massive GMCs and
will again be part of massive GMCs. Thus most GMCs we observe
are roughly at their maximum mass. However the fraction which
become, or were previously, part of significantly bigger objects is
still clearly important.

6 CONCLUSIONS

In this paper we have followed the detailed evolution of individ-
ual GMCs in a global galactic disc simulation. We studied one
2⇥ 106 M� GMC, Cloud380, in particular detail. We showed that
this GMC was formed from a mixture of clouds (mostly lying in

c� 2012 RAS, MNRAS 000, 1–15

• Predicted estimate of cloud 
lifetime:

test = 2b
σ

semi-minor axis of cloud

velocity dispersion of cloud

See also Hopkins et al. 2012, 
Fujimoto et al. 2014
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Longest lifetimes ~ time clouds pass 
through spiral arm

Without spiral arms, expect only short 
lifetimes, smaller efficiencies
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Cloud-cloud collisions

Frequency of cloud-cloud 
collisions ≲ 10 Myr

agrees with theoretical 
prediction:

     1         
π r2 nsp v

using cloud number density 
in spiral arms

Frequency Nature
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~20% of collisions are mergers if 50% 
of each colliding cloud in new cloud
remainder are grazing collisions
again consistent with theory Dobbs et al. 2014, in prep.
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Cloud-cloud collisions
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Comparison of GMCs in models with /
without arms and inter-arm regions

Dobbs, Burkert & Pringle 11 Evolution without spiral component of potential
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Cloud properties in different environments
Differences in cloud masses

Dobbs, Burkert & Pringle 11

No spiral arms Spiral arms

Smaller clouds with no spiral arms, inter-arm regions, and outer region of 
galaxy (with weak spiral pattern)

Cloud-cloud collisions likely lead to more massive clouds in spiral arms

– 51 –

In conclusion, the presence of spiral arms has a dramatic e!ect on the GMC properties observed

in the central 9 kpc of M51. Excluding phenomena such as a varying ISRF, molecular gas frac-

tion and XCO factor that are observed to be roughly constant across the disk, we propose that a

large amount of gas is accumulated by the spiral arm dynamics, and subsequently fragmented by

gravitational instabilities. We further propose that the variations in the shape of the cloud mass

spectra can be interpreted as the evolution of clouds traveling from one side of a spiral arm to

the other arm. However, further work is required to understand the relative importance of shear

and star formation feedback between and within M51’s inner spiral arms, and to characterize the

e!ect of these destruction processes on the shape of the GMC mass distributions. The presence of

high mass objects in the circumnuclear ring can be best explained by gas accumulation and strong

gravitational instabilities in the absence of strong destructive dynamical e!ects such as shear. It is

likely that shear helps prevent the formation of massive clouds in the nuclear bar region, but the

enhanced ISRF in M51’s bulge and the AGN make it di"cult to separate their contribution from

large-scale dynamical e!ects in this region.

Fig. 16.— The cumulative mass distributions for the arm (blue) and inter-arm (green) regions in a simulation

of a two armed spiral galaxy. The simulation is described in Section 7 of Dobbs et al. (2012) and is presented in

Dobbs & Pringle (2013). The mass per particle was 312.5 M!. Clouds were identified using a clump-finding algorithm

that selects contiguous regions with > 25 M! pc"2, an approach that is not dissimilar to CPROPS.

Colombo et al. 14
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Similar findings in Fujimoto et al. 2014

8 Fujimoto et al.
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Figure 6. Normalised distributions of the cloud properties in the bar region (solid red lines), spiral region (dotted green lines) and disc

region (dashed blue line) at 240Myr. Plots show: (a) the cloud mass, Mc, (b) the average cloud radius, Rc =

p
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)/3⇡,

where A

xy

is the projected area of the cloud in the x-y plane, A

yz

is that in the y-z plane, and A

zx

is in the z-x plane, (c) the cloud

surface density, ⌃c = Mc/(⇡R
2
c), (d) the 1D velocity dispersion, �1D =
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) is the cloud’s centre of mass velocity, (e) the virial parameter, ↵vir = 5(�

2
1D+ cs
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)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 ✓ between the cloud angular momentum vector and the galactic rotation axis.

105 M� and at Mc ' 2.0 ⇥ 107 M�. The second of these
peaks marks out the high mass clouds which appear as a
distinct population, rather than a declining tail as seen in the
spiral and disc regions. Similar splits can be seen in the radii
and surface density distributions and was an unexpected
phenomenon whose origin we will return to below.

All the trends observed in the mass distribution are
repeated in the distribution for the cloud radii, shown in
Figure 6(b), which defines the average radius of the cloud as

Rc ⌘

r
(A

xy

+A

yz

+A

zx

)
3⇡

, (9)

where A
xy

is the projected area of the cloud in the x-y plane,
A

yz

is that in the y-z plane, and A

zx

is that in the z-x
plane. As with the mass, the peak value for the radius is
the same for the bar, spiral and disc regions at Rc ' 11 pc.
This typical size agrees well with observations of the GMCs
in both the Milky Way and M33, which show characteristic

c� 2013 RAS, MNRAS 000, 1–21
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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
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105 M� and at Mc ' 2.0 ⇥ 107 M�. The second of these
peaks marks out the high mass clouds which appear as a
distinct population, rather than a declining tail as seen in the
spiral and disc regions. Similar splits can be seen in the radii
and surface density distributions and was an unexpected
phenomenon whose origin we will return to below.

All the trends observed in the mass distribution are
repeated in the distribution for the cloud radii, shown in
Figure 6(b), which defines the average radius of the cloud as
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where A
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is the projected area of the cloud in the x-y plane,
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is that in the y-z plane, and A
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is that in the z-x
plane. As with the mass, the peak value for the radius is
the same for the bar, spiral and disc regions at Rc ' 11 pc.
This typical size agrees well with observations of the GMCs
in both the Milky Way and M33, which show characteristic
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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 ✓ between the cloud angular momentum vector and the galactic rotation axis.

105 M� and at Mc ' 2.0 ⇥ 107 M�. The second of these
peaks marks out the high mass clouds which appear as a
distinct population, rather than a declining tail as seen in the
spiral and disc regions. Similar splits can be seen in the radii
and surface density distributions and was an unexpected
phenomenon whose origin we will return to below.

All the trends observed in the mass distribution are
repeated in the distribution for the cloud radii, shown in
Figure 6(b), which defines the average radius of the cloud as

Rc ⌘

r
(A

xy

+A

yz

+A

zx

)
3⇡

, (9)

where A
xy

is the projected area of the cloud in the x-y plane,
A

yz

is that in the y-z plane, and A

zx

is that in the z-x
plane. As with the mass, the peak value for the radius is
the same for the bar, spiral and disc regions at Rc ' 11 pc.
This typical size agrees well with observations of the GMCs
in both the Milky Way and M33, which show characteristic
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Disc

Spiral

Bar

Figure 5. The three di↵erent galactic environments: bar, spi-

ral and disc. The surface density of the galactic disc is shown

at 240Myr, overplotted with markers denoting the cloud type

according to location. Blue circles, green diamonds and red trian-

gles show clouds in the disc, spiral and bar respectively. The black

markers show clouds not included in our analysis. The width of

the image is 20 kpc, with the two squares marking regions that

are shown in close-up in Figure 10.

3.2 Cloud classification based on galactic location

To compare the impact of di↵erent galactic environments
on GMC properties, we assigned an environment group
based on the cloud’s physical location within the disc. The
boundaries of our three regions, the bar, spiral and disc,
are shown in Figure 5. If a cloud is found within the radii
2.5 > r > 7.0 kpc, we recognise the cloud as a spiral cloud.
Outside r = 7.0 kpc are the disc clouds, where we inten-
tionally ignore clouds forming on the outer ring instability.
This outer dense band of gas is from the Toomre instability
(Toomre 1964) during the disc’s initial fragmentation and
therefore not as realistic an environment for cloud forma-
tion. Bar clouds form in a box-like region at the galactic
centre, with a length of 5.0 kpc and width 1.2 kpc. The nu-
cleus region inside 600 pc is ignored due to it being very
di�cult to track clouds in this very high density area and
the absence of a star burst degrading the comparison with
observed GMC populations, as discussed in section 3.1. We
also do not distinguish the di↵erence between spiral arm and
interarm regions; the number of clouds sitting between the
spiral arms is small and hard to identify consistently as the
spiral pattern rotates.

The results of our identification scheme are shown using
di↵erent coloured markers overlaying the gas surface density
at 240Myr in Figure 5. Blue circles show the position of the
disc clouds, green diamonds denote spiral clouds and red
triangles mark the bar clouds. Black markers are for clouds
identified via our contour method described in section 2.3
but which we do not include in our analysis for one of the
reasons described above. The number of clouds is roughly

constant during our main time period of analysis, from 200
- 280Myrs and clouds rarely move environment during their
lifetime. In the 240Myr snap-shot shown in Figure 5, 77
clouds are in the bar region, 515 are in the spiral region and
102 are in the disc.

3.2.1 Cloud properties in each galactic environment

To see the impact of their environment on the cloud forma-
tion, we plot the cloud property distributions for clouds in
each of our defined regions at 240Myr in Figure 6. In each
plot, the red solid line denotes the distributions for clouds
found in the bar region, the green dotted line is for clouds
in the spiral region and the blue dashed line is the disc
clouds. When describing our results below, we have com-
pared most extensively with observational GMC catalogues
from the Milky Way (Roman-Duval et al. 2010) and M33
(Rosolowsky et al. 2003). These comparisons have limits,
since as Hughes et al. (2013) notes, GMC populations be-
tween galaxies have systematic di↵erences and the surveys
have been performed at di↵erent resolutions. At present,
there is no survey of GMCs in M83 due to the low reso-
lution of the molecular line observations; a situation that
should change with the results from ALMA cycle 0 and 1.
In the meantime, the observations from M33 and the Milky
Way provide a guide to assess our simulated cloud results.

Figure 6(a) shows the mass distribution for these three
environments, where the cloud mass is calculated the sum
of the gas mass in each cell belonging to the cloud, as iden-
tified 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 than is al-
most one-eighth that of M83 (Lundgren et al. 2004a; Sparke
& Gallagher 2000), 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 di↵er-
ences between the mass distributions in Figure 6(a) . Firstly,
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 limited range, with the
maximum cloud mass found in the disc being just under
2 ⇥ 107 M�, compared to the bar region’s maximum at al-
most 2 ⇥ 108 M�. This high mass end is in keeping with
observations performed by Foyle et al. (2013), who inves-
tigated the compact FIR bright sources on the Herschel
maps of M83 to estimate the mass of the giant molecular
associations. 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 Foyle et al. (2013)’s resolution is lim-
ited to spatial scales around 200-300 pc and our own simu-
lation lacks star formation and feedback. Both of these may
have an influence in increasing maximum cloud size, with
similar simulations demonstrating star formation can reduce
cloud mass above 107 M� (Tasker 2011).

The second notable feature is that the distribution of
the bar clouds is bimodal, with two peaks at Mc ' 5 ⇥

c� 2013 RAS, MNRAS 000, 1–21

Disc = outer region of galaxy with little 
spiral structure

Cloud properties in different environments
Mass Virial parameter Velocity dispersion
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Star formation rate

• Little difference in star formation 
rate - small difference due to 
presence of massive clouds

• Star formation instead regulated by 
stellar feedback (see also Hopkins et 
al. 12,  Agertz et al. 13; Bonnell et al. 
2013, Van Loo et al 2013 - no feedback)

• Thus spiral arms largely just gather 
clouds together
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Stellar Ages

• Numerous studies of nearby molecular clouds (e.g. Jeffries 
et al. 11, Wright et al. 10, Oliveira et al. 09, Soderblom et al. 
PPVI 14)

• Most show a small age spread (few Myrs)

• Stellar ages computed in colliding flow simulations 

• Clouds supposed to be formed by colliding flows on short 
timescales with short lifetimes (e.g. Hartmann et al. 2012)

• Clouds typically small ~ 104 M⊙
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Stellar Ages

• Very different to external galaxy 
GMCs, with longer lifetimes (e.g. 
Fukui et al. 99, Kawamura et al. 09, 
Koda 13, Miura et al. 12)

• Few examples of larger clouds 
(Carina, Orion, Sco-Cen), age 
spreads ~10-15 Myr

• We consider whole galaxy and 
>105 M⊙ clouds

Carina nebula, 7x105 M⊙ (N 
Smith) 
ages of stars up to 15 Myr 
(Smith & Brooks 08, 
Townsley 11)
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All stars formed over 
a 50 Myr period

Stellar Ages

Stars by age (blue, 
cyan, green, orange)
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Star Formation in 2 GMCs
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Star Formation in GMCs

Stellar age distribution for all >105 M⊙ clouds
Confirms spiral arm clouds statistically contain more younger stars
Inter-arm clouds are older (originated in spiral arms) and also 
contain older stars
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Star Formation in a Galaxy without strong 
spiral arms

Again GMCs contain predominantly young stars

Here GMCs form (by gravitational and thermal instabilities) and 
disperse quickly (so ages reflect formation mechanism)
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Conclusions

• Differences in gas dynamics for differently generated spiral arms

• For fixed spiral potential, some difference in cloud properties evident:

- spiral arm clouds more massive compared to inter-arm clouds, or 
clouds in galaxies with no strong spiral arms

- spiral arm clouds may exhibit higher velocity dispersions / greater 
range in virial parameters

- not clear whether clouds differ in transient stellar spiral arms 

- differences in stellar ages in inter-arm spurs, spiral arm clouds and 
clouds formed in absence of spiral arms

• But no large difference in overall star formation rate
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Velocity dispersion of gas

Dobbs, Burkert & Pringle 11

Velocities of the gas in spiral arms

Velocity dispersions slightly higher in 
spiral arms, for strong enough 
potential (see also Bonnell et al. 06)

Generation of velocity dispersion in GMCs 43

Figure 6. The velocity dispersion is plotted as a function of size at five dif-

ferent times during the passage of the gas through a spiral shock (Simulation

A). The velocity dispersion is plotted at 4.2 ! 106 yr (crosses), 1.4 ! 107 yr

(open triangles), 1.8 ! 107 yr (open octagons), 2.3 ! 107 yr (filled circles)

and 2.7 ! 107 yr (filled triangles) after the start of the simulation. Star for-

mation is initiated at "2.3 ! 107 yr. The velocity dispersion is calculated

from the velocities in the plane of the disc, which are then averaged over

many different regions of a given size that each have central gas densities in

excess of 10#21 g cm #3. The dashed line indicates the Larson relation for

molecular clouds, where ! $ R#1/2 (Larson 1981; Heyer & Brunt 2004).

At the same time, the velocity dispersion increases more on larger

scales than on smaller scales thus establishing a velocity dispersion

size-scale relationship which is approximately

vdisp " 1

!

R

1 pc

"1/2

km s#1. (2)

By the time that star formation has been triggered, the gas contains

the characteristic kinematics of GMCs. The passage of the clumpy

gas through the shock produces both the power-law slope and the

magnitude of the velocity dispersion.

In the spiral shock, there is no distinction between the velocity

dispersion inside a given cloud and the intercloud velocity disper-

sion. Thus, presumably the intercloud velocity dispersion in the spi-

ral shock will follow the same size-scale relation. Once the clouds

have passed through the shock they expand, with a simultaneous

decrease in the internal velocity dispersion due to the dissipation

of kinetic energy in the internal shocks. The velocity dispersion

maintains a R1/2 scaling but the magnitude decreases. Such clouds,

if observed, should somewhat decrease the slope of the intercloud

velocity dispersion/size-scale relation. The caveat on this being that

such clouds are likely to be increasing difficult to detect in this epoch

due to their decreasing surface densities.

This driving of the internal velocity dispersion due to the spiral

shock occurs even for simulations where self-gravity is not included.

We can thus exclude that the velocity dispersion in our simulations is

simply a reflection of the virialized nature of self-gravitating clouds.

These clouds can be far from virialized, in fact completely unbound,

and still display the same velocity dispersion. Thus we can fully

attribute the generated velocity dispersion, and its dependency on

the length-scale considered, to the passage of the clumpy gas through

the spiral shock.

5 D I S C U S S I O N

The scenario presented here, of a dynamical triggering of star for-

mation by the passage of inhomogeneous interstellar gas through

a spiral shock, is consistent with the emergent viewpoint that star

formation is a relatively fast process whereby clouds form out of the

ISM, produce stars and then disperse, all on their local dynamical, or

crossing, times (Elmegreen 2000; Hartmann et al. 2001). Few GMCs

are observed without ongoing star formation suggesting that star for-

mation must occur soon after the clouds form. Estimates based on

the ages and distribution of young stellar populations imply that

star formation itself occurs on a dynamical time-scale (Elmegreen

2000) while the lack of molecular gas around older systems suggest

that the clouds disperse after at most a few dynamical time-scales

(Leisawitz, Bash & Thaddeus 1989). From our simulations we esti-

mate lifetimes of the dense clouds of order 107 yr, or a few dynamical

times (t dyn " 4 ! 106 yr), with pre-star formation lifetimes of or-

der 2 ! 106 yr. We find star formation efficiencies in the range

5–30 per cent, but note that these are likely to be reduced by in-

cluding the effects of feedback from young stars and/or magnetic

fields.

Our simulations also demonstrate that the observed internal kine-

matics of GMCs can be caused simply by the passage of an initially

clumpy ISM through the spiral shock. There is then no need for any

internal or external driving mechanism for the ‘turbulence’’ in terms

of magnetic instabilities, gravitational instabilities, stellar outflows,

winds or supernovae (Mac Low & Klessen 2004). The velocity dis-

persion is generated at all scales simultaneously (Brunt 2003) and

thus no turbulent cascade of energy from larger to smaller length-

scales is required. Once generated, these internal motions are likely

to evolve as in simulations of decaying supersonic turbulence (Mac

Low et al. 1998). A caveat to this notion of decaying turbulence is

that only 25 per cent of the gas in the dense clouds has centre of mass

motions with radii of curvature of 10 pc or less. Thus the majority

of the internal motions in the dense clouds do not show evidence

for significant eddy motions on size-scales of molecular clouds.

Furthermore, we have seen that GMCs do not need be globally

gravitationally bound in order to explain their properties or their

evolution. This relaxation of a generally held assumption (that the

GMCs are in virial equilibrium) permits a straightforward explana-

tion for the low star formation efficiency in GMCs. The vast ma-

jority of the gas is never gravitationally bound and thus does not

undergo star formation. Local regions in unbound clouds can dissi-

pate sufficient kinetic energy to become gravitationally bound and

thus collapse to form stars (Clark & Bonnell 2004). These regions

then provide the initial conditions for detailed studies of the star

formation process (Bate, Bonnell & Bromm 2003; Bonnell, Bate &

Vine 2003). A recent simulation of an unbound GMC has shown that

star formation efficiencies on the order of 10 per cent are a natural

outcome of the unbound nature of the clouds (Clark et al. 2004).

Although our models are explicitly made with two-armed grand-

design spiral features, the spiral shock origin for star formation

could equally apply to flocculent spiral galaxies. In such systems

any gravitational instabilities will be sheared into local spiral arms

(Elmegreen, Elmegreen & Leitner 2003) as occurs in any weakly

self-gravitating disc (Rice et al. 2003). Shocks due to the passage of

gas through these spiral arms can then trigger star formation much

in the way described in this paper.

C% 2005 The Authors. Journal compilation C% 2005 RAS, MNRAS 365, 37–45
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Multi-armed spiral galaxies

• Including live stellar component

- see Dobbs et al. 2012,  Hopkins et al. 2012, 2013

• No great difference in cloud properties

• Or how clouds are formed

• Clouds and star formation instead regulated by stellar feedback

4 Hopkins et al.

Table 2. Feedback Physics for Simulations Used in This Paper

Simulation Name Physics Included
Star Formation Gas Mass Recycling Radiation Pressure SNe (Types I & II) Stellar Winds HII Photo-

& Molecular Gas Cooling (SNe & Winds) (Local/Long-Range) (Energy/Momentum) (Energy/Momentum) Ionization

Standard X X X X/X X/X X/X X
No Feedback X X X ⇥/⇥ ⇥/⇥ ⇥/⇥ ⇥
No Feedback or SF ⇥ X ⇥ ⇥/⇥ ⇥/⇥ ⇥/⇥ ⇥
No Heating X X X X/X ⇥/X ⇥/X ⇥
No Rad. Mom. X X X ⇥/⇥ X/X X/X X
Rad. Mom. Only X X X X/X ⇥/⇥ ⇥/⇥ ⇥
No Stellar Wind X X X X/X X/X ⇥/⇥ X
No HII Heating X X X X/X X/X X/X ⇥
Molecular Model A Mod X X X/X X/X X/X X
Molecular Model B X X X X/X X/X X/X X
Molecular Model C Mod Mod X X/X X/X X/X X
Enforced SED (§ A) X X X X/Mod X/X X/X X
Paper I Simulations Mod X ⇥ X/⇥ ⇥/⇥ ⇥/⇥ ⇥
Summary of the physics included or excluded in the simulations shown throughout this paper. The implementation of each set of
physics is described in § 2. A X means the given “module” was included, ⇥ means it was excluded. Mod=“Modified” runs are
described in the text. The Enforced SED models modify the calculation of the long-range radiation pressure and are discussed in the
Appendix. Paper I simulations use the SF model of Molecular Model A.

3 kpc 3 kpc

3 kpc 3 kpc

Figure 2. Stellar and gas images as in Figure 1, but for the Sbc model, a
dwarf starburst galaxy. The disk is again clumpy, but the clumps are rela-
tively much smaller than those in the HiZ model, and do not gravitationally
dominate – the global disk structure more clearly traces spiral structure al-
beit with a disturbed, filamentary and irregular pattern in the gas. There is a
stellar bar in the central few kpc and a bright starburst, but the disk is quite
dusty, especially edge-on. Strong outflows arise from the central few kpc,
producing a clumpy, multi-phase wind.

Gas follows a standard atomic cooling curve but in addition
can cool to < 100K via fine-structure cooling. This allows it to
collapse to very high densities, and star formation occurs in dense
regions above a threshold n > 1000cm�3, with a rate ⇢̇⇤ = ✏⇢/tff

where tff is the free-fall time and ✏ = 1.5% is an efficiency taken
from observations of star-forming regions with the same densities
(Krumholz & Tan 2007, and references therein). In Paper I we show

3 kpc 3 kpc

3 kpc 3 kpc

Figure 3. Stellar and gas images as in Figure 1, but for the Milky Way
model. These images are for a model with a slightly higher dark matter
fraction than our standard MW model, such that a bar does not form. The
resulting morphology in gas and stars is a canonical spiral (compare e.g.
M101), with dust lanes along the spiral arms, flocculant morphology and
features such as spurs/feathers in the outer arms. The star formation is still
concentrated in star clusters (visible as small blue knots, largely along the
arms) – but these are relatively much smaller than the giant clumps in Fig-
ure 1, owing to the much smaller Jeans mass. SNe-driven bubbles/holes are
clear in the outer gas disk.

that the equilibrium structure and SFR are basically independent
of the small-scale star formation law (robust to order-of-magnitude
variations in the threshold and efficiency, and changes in the power-
law index ⇢̇ / ⇢1�2) because it is feedback-regulated (so clumps
simply form stars until sufficient feedback halts further collapse).

The feedback models are implemented in four distinct initial
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Figure 14. Predicted mass function of GMCs in the simulations (see §8 for a discussion of how we identify GMCs). We show the different galaxy models,
each with runs that include different feedback mechanisms (see Table 2). The distributions can all be fit by a power-law with a cut-off at high mass (eqn. 10).
For the MW model and dwarf/SMC model, we compare with the observed MW and LMC mass functions, respectively (Williams & McKee 1997; Rosolowsky
2005, orange diamonds). Characteristic slopes in observed systems are also shown for comparison (orange lines for ↵=�1.5,�1.8,�2.1, where N(> M)/
M�↵+1). In all models, the predicted slope is similar to that observed: it follows generically from gravitational collapse (with super-sonic flows). The cutoff
mass traces the Jeans mass in each model (eqn. 11); since all reach Q ⇠ 1, the high mass cutoff is weakly sensitive to feedback, primarily through more/less
efficient gas exhaustion ( fgas(R)). With weak/absent feedback, the very high-mass tail is enhanced even though typical clouds are less massive; this is because
massive clouds along global ISM structures (e.g., spiral waves) do not disrupt but accrete continuously.

in the � 108 M� range, similar to the number predicted (Förster
Schreiber et al. 2011).

The mass function slope appears fairly generic. To see this,
we compare models with different feedback mechanisms enabled
and disabled, as in § 6. The characteristic or maximum masses may
shift by small amounts without certain feedback included, but the
slope ↵ is similar in all cases. We have also checked this within
each feedback model, for example, arbitrarily multiplying or divid-
ing the strength of the momentum coupling from radiation pressure
by a factor of 5. A mass function slope close to ↵ ⇠ �2 tends to
emerge generically in any system dominated by gravitational col-
lapse (e.g. Press & Schechter 1974; Bond et al. 1991); the loca-
tion of the high-mass cutoff and exact deviation from �2 depend
on details of e.g. the power spectrum, non-gravitational terms, and
Jeans conditions (if the medium is gaseous), but the low-mass slope
must be close to �2 because gravity is scale-free.8 This explains

8 Implicit here is the assumption that motions are super-sonic, so the ther-
mal properties do not set a preferred length scale, but this is easily satisfied
in the simulations and observations, down to scales well below what we
resolve (. 0.03pc).

why simulations with very different physics included recover simi-
lar behavior (compare our runs and e.g. Audit & Hennebelle 2010;
Tasker 2011).

The cutoff mass M0 appears to be simply related to the turbu-
lent Jeans mass in each disk:

MJ =
�4

⇡G2 ⌃
= 4⇡⌃h2

⇡
⇣⌫Q

2

⌘2
f 2
gas Mgas(< R) (11)

where the latter expression includes the Toomre Q ⇠ 1 and the pa-
rameter ⌫ = 1�2 which depends on the mass profile, and fgas refers
to the fraction of gas mass relative to the total enclosed mass. Eval-
uated at Re for the typical conditions of each galaxy model seen
in Figure 9, this gives MJ ⇠ (1� 5⇥ 106, 0.5� 2⇥ 107, 1� 4⇥
107, 0.3�1⇥109)M� for the SMC, MW, Sbc, and HiZ cases. Of
course, the exact values will change with time and the precise loca-
tion in the disk, and mergers and agglomerations can grow clumps
beyond this limit. But it appears to be a quite good approximation
to the “cutoff” in the integrated mass functions.

When we compare models with different feedback mecha-
nisms enabled or disabled, the slope is similar, but there are some
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Figure 18. Correlation of the GMC virial parameter ↵ (Figure 17) with
mass for our standard simulations with all feedback mechanisms enabled.
We compare the observed local group clouds from Solomon et al. (1987).
The model and observations both show a weak trend in which more massive
GMCs tend to be more tightly bound ↵/ M�0.3

cl .

material), and the remaining “non-core” material; we find typical
h↵truei ⇠ 0.05�0.2 and h↵truei ⇠ 30�100, respectively.10

With no feedback, clouds are at least an order-of-magnitude
more tightly bound, ↵⇠ 0.05�0.1. This follows from their (largely
vertical) collapse, giving smaller R and � at the same mass (these
quantities often collapse together in a way that keeps the clouds
not far off the linewidth-size relation, but gives much smaller ↵
at fixed mass). However, once sufficiently strong feedback is in
place to slow/dissociate clumps, the properties are relatively insen-
sitive to the feedback model. This is not surprising: provided suffi-
cient energy/momentum to slow Jeans collapse and/or dissociate a
cloud, objects will either globally equilibrate at marginal binding,
or spend most of their lifetime at the point where infall reverses to
expansion, i.e., at the maximum value of ↵. If the feedback operates
rapidly, this minimum ↵ will be near the value where star forma-
tion commences. This is why (as we saw with other cloud proper-
ties) models with very different assumptions and more simplified
models for feedback have also seen similar characteristic ↵ (Dobbs
et al. 2011). For the HiZ case, we again find that radiation pressure
momentum is most important (removing sources of hot gas has lit-
tle effect). For the SMC-like case, in contrast, gas heating plays a
large role in regulating the virial parameters.

Figure 18 plots the virial parameters of GMCs as a function of
their mass. We show this only for our standard model, as the sys-
tematic offsets between models can easily be read off Figure 17.
For comparison, we plot the observed points from Solomon et al.
(1987). The simulated and observed GMCs agree well. Not only is
the median ↵ similar, but the simulations reproduce the observed
weak scaling of ↵ with Mcl, approximately ↵ / M�0.3

cl , such that
more massive clumps tend to be more bound (see Heyer et al.
2001). This is partly related to the fact we show below, that more
massive clumps tend to have longer lifetimes. We note, however,
that Figure 18 implies that large fractions of the population are re-
ally not self-gravitating – it is better in this regime to consider the

10 Note that because the “diffuse” material is a non-negligible fraction of
the mass, calculating the “true” ↵ for all cloud material often gives large
values, dominated by the material which is transiently associated in shocks
and has large kinetic energy.

systems as simply “molecular overdensities” rather than “clouds”
in the traditional sense.

8.5 Lifetimes and Star Formation Efficiencies

We next consider typical cloud “lifetimes” and integrated star for-
mation efficiencies. To define these, we need to link clouds in time
between different snapshots. Given a specific clump p in snapshot
i, we identify the descendant d of this clump (in snapshot i+ 1)
as the clump which contains the most total mass in particles from
the original clump p. If no clump in snapshot i+ 1 contains any
particles from p, then the clump has no descendant (its mass be-
comes zero). This defines a “merger tree” for clumps with time.11

To consider a “main branch” of that tree (i.e. growth of the pri-
mary clump, which may grow by accretion/inflow, or by mergers
of smaller clumps), we note that if a clump d is identified with
multiple progenitor clumps p, the “main progenitor” is simply the
most massive. The other progenitors are marked as having “merged
onto” the main branch at this time.

For each main branch, we then have a mass evolution versus
time, Mcl(t). This generally rises exponentially as the clump starts
forming, then (with feedback enabled) falls rapidly as feedback un-
binds the gas. We can then define other important quantities: the
maximum mass of the clump (just Mmax = MAX(Mcl[t])), and the
lifetime tcl. We take the latter to be the total time when the clump
is above some cutoff threshold ⌘ ⇡ 10% of Mmax – the choice is ar-
bitrary, but because the clumps tend to grow and dissociate quickly
the lifetimes are not especially sensitive to the choice so long as
⌘ ⌧ 1.

Figure 19 plots the distribution of the resulting clump life-
times in our standard simulations. We plot it in absolute units and
in units of the clump dynamical time, tdyn = 1/

p
G⇢cl. We do not

include clumps that are lost via merger onto more massive clumps,
because we cannot know how long they would have survived, but
their growth/decay curves tend to be no different from main-branch
clumps of similar mass and spatial locations until their merger. And
we find that the majority of clouds grow primarily by accreting
“smooth” gas (i.e. gas not in another massive cloud), rather than
via (at least major) hierarchical mergers, so this is not a large ef-
fect.

Our simulated GMCs are short-lived: with feedback present,
most live ⇠ 106 � 107 yr, ⇠ 1� 10 free-fall times. Star formation
within clouds should therefore be inefficient: we expect just a few
percent of their mass will be turned into stars, but we can calcu-
late this explicitly. We sum the SFR from all cloud particles at
each time, integrated over the cloud lifetime to get the total stellar
mass formed, and compare this to the maximum clump mass (defin-
ing the efficiency M⇤, formed/Mcloud,max). The typical cloud converts
⇠ 1� 10% of its peak mass into stars, similar to what has been
inferred from a range of observations (Zuckerman & Evans 1974;
Williams & McKee 1997; Evans 1999; Evans et al. 2009). This
does not necessarily mean, however, that this fraction of all mass
that enters the cloud is converted into stars. Over the cloud lifetime,
mass is continuously accreted and lost, so the total mass in gas that
gets processed “through” the cloud can be even larger, implying an
even lower net “efficiency” of converting GMC material to stars.

11 To properly sample this requires that the snapshot time spacing be less
than typical clump lifetimes. We have experimented with spacings as short
as 105 yr, and generally find converged results for the lifetime statistics pre-
sented here for spacings . 106 yr.
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