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Key questions

 How do GMCs form?

 What are the properties of GMCs?

- what are their lifetimes? - how long do they form stars?

- are they dominated by turbulence, magnetic fields, gravity? 

 How are they influenced by stellar feedback?

 Are they formed from atomic or molecular gas?

 Why does such a small fraction of the gas form stars?
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Formation of GMCs by Cloud-Cloud Coalescence + Self 
gravity

Without self gravity:                 With self gravity: Higher surface density:

Gas organised into increasingly massive clumps
Gas artificially prevented from collapse (by pressure) or 
simulation stopped when collpase occurs

Dobbs et al. 2006
Dobbs 2008
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 Galaxy simulations

Other numerical work on galaxy scales

Tasker & Tan 2009, Tasker 2011
No spiral potential or stellar 
arms
No large scale structure, very 
flocculent
Cloud formation primarily by 
gravitational instabilities, also 
cloud-cloud collisions
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Figure 4. Evolution of the galactic disk. Images are 20 kpc across and show the disk gas mass surface density, Σg (integrated vertically over |z| ! 1 kpc) at
t = 50, 100, 200, and 300 Myr. The formation of rings via the Toomre instability is evident at earlier times. These rings fragment into individual clouds, which then
suffer interactions via galactic differential rotation. The properties of the clouds in this fully fragmented stage (t " 140 Myr) are the focus of this paper.
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Figure 5. Galactic disk azimuthally averaged (60 pc wide annuli) radial profiles and their evolution; from left to right: (a) gas mass surface density, Σg =
∫ +1 kpc
−1 kpc ρ(z)dz,

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

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

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

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

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

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

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

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

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

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

12 Wada et al.

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 Myrs represented by light blue color, formed from cold, dense gas are overlaid on the
left panel.

Figure 10. Same as Fig. 8, but snapshot every 5 Myrs after t = 1.385 Gyrs.

angle from the arms at different locations. After an additional
orbit, the bifurcated part of the inner arm has moved radially out-
ward and connected with the outer arms. In the meantime, the
arms that lost matter during bifurcation regain strength and attain
a surface density similar to the arms in the inner regions.

Figure 2d shows the central regions of model HD2 at t /torb ¼ 3.
Here, unlike in the case with a weaker potential (Fig. 1d ), the
arms remain continuous and distinct. However, there are also
prominent interarm filamentary features, some even connecting
two adjacent arm segments. Such features can be seen to develop
as early as t /torb ¼ 2, in Figure 2b. WK04 found similar features,
which they identified as spurs or fins, in their hydrodynamic
models (the detailed morphology differs because they use a
different rotation curve). They attribute the formation of their
spurs or fins to the Kelvin-Helmholtz instability. In our models,
these features only grow in the innermost regions; we show in
x 3.2 that magnetic fields prevent their formation.2 We further
show that it is the combination of magnetic fields and self-

gravity that results in spurs forming everywhere in a disk, not
just in the innermost regions.

Another difference between models HD1 and HD2 is the rela-
tive location of the gas density peaks of the arms. The gaseous
arms in model HD1 (F ¼ 3%) form farther downstream than in
model HD2 (F ¼ 10%). We discuss the offset between the dust
lanes and the spiral potential minimum in x 6, as well as compare
with the results from the recent study by Gittins & Clarke (2004,
hereafter GC04).

Changing the pattern speed of the spiral potential does not
dramatically alter the resulting spiral structure. Figure 3a shows
a snapshot of model HD3 one orbit after the external spiral po-
tential with F ¼ 10% is fully applied. Here the corotation radius
is at 5 kpc, instead of 25 kpc. The spiral structure is similar to that
shown in Figure 2b, but the arms are not as dynamic, and the
bifurcation region is shifted inward, as expected if this phe-
nomenon is indeed due to a resonance. For all our models the
shock locus transitions from the concave to the convex side
of the gaseous arm at or near corotation. Inside this radius, the
shock front is located on the concave side of the gaseous spiral
arm. Farther out in the disk, the shock front moves to the outer,
convex side of the arm.

Fig. 2.—Snapshots from non–self-gravitating, unmagnetized model HD2 (strong external spiral potential, F ¼ 10%). Surface density at (a) t /torb ¼ 1, when the
external potential is turned on fully, (b) t /torb ¼ 2, and (c) t /torb ¼ 3. (d ) Inner 6:8 ; 6:8 kpc2 box shown in (c). Gray scales are arranged in the same manner as in Fig. 1.
[See the electronic edition of the Journal for a color version of this figure.]

2 Recent models by Kim & Ostriker (2006) have also shown that the insta-
bility identified by WK04 is suppressed by three-dimensional effects even in
unmagnetized models.

SPURS IN SPIRAL GALAXIES 1001No. 2, 2006

Wada et al. 2011
Stars and gas produces 
multi-armed spiral

Shetty & Ostriker 2006
Spiral potential, but 
isothermal, only 104K gas
Cloud formation solely by 
gravitational instabilities
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But have neglected stellar feedback...

Would feedback disrupt smaller clouds before GMCs can form?

Also some problems in the absence of feedback:

- scale height of disc too low (Douglas et al. 2010)

- velocity dispersion only high in spiral arms

- clouds have long (>50 Myr) lifetimes
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Details of simulations

 Use Smoothed Particle Hydrodynamics (SPH)

 Particles model gas

 Halo + stellar disc included as external potential 

   ψ = 1/2 V02  log (R2+Rc2)         

with 4 armed spiral component (Cox & Gomez 2002)

     of form ψsp (r,θ,z,t) = A cos (n log(r/ro)- (θ -Ωsp)t)

where n=4,  i=pitch angle,  Ωsp=pattern speed of galaxy

tan i
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 Thermodynamics of the ISM (Glover & Maclow 2007; Dobbs, 
Glover, Clark & Klessen 2008)

- H2 formation (Bergin et al. 2004; Dobbs, Bonnell & Pringle 2006)

 Self gravity (Dobbs 2008)

~1000-5000 M⊙, 10-20 pc resolution

Details of simulations
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Adding stellar feedback

Stellar (supernovae) feedback: above densities of 100, 
1000, 104 cm-3

region must be gravitationally boumd, converging flow,     
div(v)<0
Add kinetic and thermal energy in form of Sedov solution, 
equal to ɛ M(H2)x1051ergs       ɛ=0.01,0.05, 0.1, 0.2,0.4
                  160 M⊙

Σ=8, 16, 40 M⊙pc-2

Dobbs, Burkert & Pringle 2011
Thursday, October 13, 2011



Mark McCraughrean
University of Exeter

Four Calculations

Model Spiral 
potential? ε (%) Dominant 

physics

1 Y 1 Self gravity

2 Y 5 Spiral shocks

3 Y 20 Stellar 
feedback

4 N 5 Self gravity

What are the properties of the ISM and GMCs in these different 
regimes?

All Σ=8 M⊙pc-2
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Mark McCraughrean
University of Exeter

OUTLINE

 Global properties of the disc

 Properties of GMCs

 Evolution of GMCs: what gas do GMCs 
form from, how do they disperse?
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Feedback insufficient to 
disrupt clouds: no 
equilibrium state

Feedback 
dominates 
structure

Clear spiral 
arms and spurs

Mark McCraughrean
University of Exeter

Structure of the disc: different levels of feedback

ε=1 % ε=5 % ε=20 %
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Equilibrium: 150-350 Myr
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Feedback insufficient to 
disrupt clouds: no 
equilibrium state

Feedback 
dominates 
structure

Clear spiral 
arms and spurs

Mark McCraughrean
University of Exeter

Structure of the disc: different levels of feedback
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Mark McCraughrean
University of Exeter

Structure of the disc: spiral vs no spiral potential

-5             0              5

-5

0

5

x (kpc)

 
  ε=5 %

No imposed spiral: structure only on small scales
very flocculent, unlike most observed galaxies
Similar to Tasker & Tan 2009, Wada & 
Norman1999, 2001,2002

ε=5 %
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Mark McCraughrean
University of Exeter

ε=5 %
Σ=8 M⊙pc-2
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Properties of the ISM: phases

ε=5 % ε=20 %

With no, or 1 % feedback, 60-70 % of gas is cold
For 5%, one third of the gas lies in cold, unstable, warm phases

With 20 % efficiency feedback, too little gas is cold
Thursday, October 13, 2011



Velocity dispersion

ε (%) σ (km/s)

1 1-7

5 4-8

20 8-20

Slightly higher in spiral arms

ε=5 %

σz

σr

• With little or no 
feedback, σ is too low
• σ fits best for ε=5%
• σ primarily driven 
by feedback, also spiral 
shocks 
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Scale height

Comparison of HI 
scale height from 

models with THINGS 
survey of galaxies 

(Bagetakos et al. 2011) 

The Astronomical Journal, 141:23 (35pp), 2011 January Bagetakos et al.
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Figure 1. Scale heights as a function of galactocentric (R) radius normalized to R25 for dwarf galaxies (top panels), early-type (bottom left), and late-type (bottom
right) spirals. The dotted lines correspond to the scale height calculated using Equation (2) and the solid lines to a best-fit function.

holes “by eye,” despite the fact that it is less objective than an
algorithm and quite a time-consuming process.

The search for H i holes in the 20 THINGS galaxies was
conducted with the KARMA10 visualization software package
which contains a large number of modules (tasks) several of
which were used for this project. In particular, the task kvis
was used to display and investigate the integrated H i maps as

10 The KARMA visualization software package was developed by Richard
Gooch, formerly of the Australia Telescope National Facility (ATNF).

well as digital movies of the data cube. The task kpvslice was
also extensively used as it offers many ways to look at a data
cube by producing interactive position–velocity (pV) cuts in any
orientation through a data cube.

The detection process involved several steps which were
followed in a consistent way for all 20 galaxies. First, the task
kvis was used to inspect the natural weighted integrated map
for the most obvious, more extended structures. The second step
was to search the higher resolution robust weighted integrated

5

ε=5 %

ε=10 %
ε=20 %

 

 

Bagetakos et 
al. 2011

again scale height 
scales with feedback
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Scale height - synthetic HI maps

Feedback required 
to reproduce scale 
height similar to 
CGPS (Acreman 
et al. 2011, 
submitted) + HISA 
distribution 

The structure of HI in galactic disks
David Acreman, Chris Brunt (University of Exeter), 
Clare Dobbs (MPE & LMU Munich), Kevin Douglas (Arecibo Observatory/NAIC)

Method
We take spiral galaxy simulations from Dobbs et al (2011) and use the Torus radiative transfer code (Harries, 2000) to generate 
synthetic, spectral line data cubes in the 21cm atomic hydrogen line. An observer is placed inside the galaxy, at a location similar to 
that of the Sun, and brightness temperatures along diverging lines of sight are calculated using ray tracing. This produces a spectral 
cube with co-ordinates of Galactic longitude, Galactic latitude and velocity, similar to spectral cubes derived from a Galactic Plane 
survey. The method is described further in Acreman et al (2010) and Douglas et al (2010).

References: 

1. Acreman D. M. , Douglas K. A., Dobbs C. L. and Brunt C. M., 2010, MNRAS, 406, 1460
2. Dobbs C. L., Burkert A., and Pringle J. E., 2011, MNRAS, 413, 2935 
3. Douglas K. A., Acreman D. M. , Dobbs C. L. and Brunt C. M., 2010, MNRAS, 407, 405
4. Harries T. J., 2000, MNRAS, 315, 722

5% feedback 
efficiency

10% feedback 
efficiency

No feedback

CGPS

These figures (left) show brightness 
temperature distributions for three different 
synthetic observations (top three plots) and 
for the Canadian Galactic Plane Survey 
(CGPS), in a velocity channel corresponding 
to the Perseus Arm. The top two plots are 
derived from the simulations of Dobbs et al 
(2011) and include include self-gravity and 
stellar feedback (with 5% and 10% 
efficiency). The third plot is from Douglas et 
al (2010) and is derived from a galaxy 
simulation without self-gravity and feedback. 
The addition of feedback results in an 
increased scale height of HI emission, in 
better agreement with observations. This is 
more clearly seen in the longitude averaged 
plot of brightness temperature against 
latitude shown below (red solid line; CGPS, 
green dashed line; no feedback, blue dotted 
line; feedback with 5% efficiency, cyan dot-
dash line; feedback with10% efficiency). The 
normalisation of the synthetic profiles is 
allowed to vary, to minimise the RMS 
difference from the CGPS profile, to allow the 
shape of the profiles to be more easily 
compared. 

In observations the signature of HI self-absorption 
(HISA) is used as a diagnostic of cold, dense material 
which is likely to undergo star formation. When 
creating synthetic data the emitting and absorbing 
components are separately determined (in addition to 
calculating the total intensity). This allows HISA to be 
unambiguously identified in our synthetic 
observations. 

A plot of HISA derived from the simulation with 5% 
feedback efficiency (right) shows a similar morphology 
to HISA seen in observations, where there are knots 
of strong absorption embedded in widespread diffuse 
absorption. 

HI structure

HI self-absorption

With feedback included in 
the galaxy simulation there is 
more spatial structure seen 
in the HI distribution. This 
structure includes features 
such as supernova blown 
bubbles, as shown in this 
example (right).
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Conclusions - global properties

 Velocity dispersion and scale height only matched 
when feedback is included 

 Best fit for all properties (structure, thermal, 
distribution, σ, scale height) when there is a moderate 
(5 %) level of feedback
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Properties of GMCs

 Cloud mass spectra

 Virial parameters

 Cloud rotations

 Aspect ratio
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Properties of GMCs: Mass function

ε=1 %

14 C. L. Dobbs

are bound compared to only 30 per cent with the spiral po-
tential (even when just considering the lower mass clouds).
In other respects the clouds are similar. The distributions
of aspect ratios are similar, and the clouds in Run L5nosp

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

The third and fifth panels compare the proper-
ties of clouds in models with different surface den-
sities (L10 and M10, with 8 and 16 M⊙ pc−2 and
� = 10 per cent). The properties of the clouds are
similar. There is a greater difference between mod-
els L5 and M5, as in L5 the feedback is sufficient to
disrupt the clouds, but not M5. However we do not
compare these two cases, as the M5 model does not
show convergence.

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

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

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

7.2 Cloud heights and Orion

Earlier in Fig. 9 we showed the heights of supernovae events
in the disc. We also determined the height of the clouds
found in calculations L5, L10 and L20, at a time of 200
Myr. The maximum heights of the clouds are ∼ 120, 220
and 300 pc for the calculations with 5, 10 and 20 per cent
efficiency respectively. Orion lies at a height of 200 pc above
the midplane. For the 10 and 20 per cent efficiency calcula-
tions, clouds with heights similar to Orion are relatively easy
to produce. For the 5 per cent calculation, they are much
rarer. Fig. 9 shows that a small number of supernovae have
occured at heights of 200 pc, suggesting we would only find
such a high latitude cloud at particular time intervals.

Figure 20. The mass spectra are shown for the calculations with
� = 1, 5 and 20 per cent (L1, L5 and L20), where there is a spiral
potential. The spectra are calculated at a time of 200 Myr for
Runs A5 and A20, and 125 Myr for Run A1. The slope of the
mass spectra is about dN/dM ∝ M−1.9±0.1 when � = 5 and 20
per cent, the mass spectrum is merely shifted to lower masses
with the higher star formation efficiency. The spectra for the 1
per cent efficiency case (Run L1) exhibits a bimodal distribution
due to a population of long-lived bound clouds.

7.3 Cloud rotation

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

We show the fraction of retrograde clouds for the dif-
ferent calculations in Fig. 22. Observations of clouds in our
Galaxy, and M33, suggest that ∼ 40–60 per cent of clouds
exhibit retrograde rotation (Phillips 1999; Rosolowsky et al.
2003; Imara et al. 2011; Imara & Blitz 2011). For the calcu-
lations with � = 5, 10 and 20 per cent (L5, L10 and L20),
the fraction of retrograde clouds agrees with observations.
For Run L1 (� = 1 per cent) however, there are only ∼ 13
per cent retrograde clouds, much lower then observations. In
this calculation, much of the gas accumulates into > 106M⊙
clouds which rarely collide and are not substantially dis-
rupted by stellar feedback. Thus there is no mechanism to
cause these clouds to rotate retrogradely. Instead the clouds
continue to accrete gas due to self gravity.

We also show in Fig. 22 the fraction of retrograde clouds
for Runs L5nosp and L10nosp. In both cases the fraction of
retrograde clouds is less than with the spiral potential. This
again points to a scenario where collisions are less important
in the calculations without a spiral potential, and the clouds
mainly form by self gravity.

c� 0000 RAS, MNRAS 000, 1–18

1% Feedback is insufficient to 
disrupt clouds - end up with 
large population of massive 

clouds

Spectra roughly match 
observations with 5% 

feedback
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Properties of GMCs: Masses

No spiral potential: no 
massive clouds
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Virial parameters of GMCs

ε=5 %

MOST CLOUDS ARE UNBOUND!

Observations

α~5σ2R
    3GM
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s With only 1% efficiency, 

clouds more bound 
compared to observations

Clouds no longer exhibit 
constant surface densities
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Cloud rotation
For 5% feedback, 

40% of clouds 
exhibit 

retrograde 
rotation

Stellar feedback and the ISM 15

Figure 21. The angular momenta are shown for clouds from Run
L5 (� = 5 per cent) at a time of 200 Myr. Nearly 40 per cent of
the clouds exhibit retrograde rotation, though the 2 very massive
clouds, long-lived clouds are prograde.

Figure 22. The fraction of retrograde clouds is shown versus
star formation efficiency for the models L1, L5, L10, L20, L5nosp,
and L10nosp. The dashed line shows the fraction of retrograde
clouds estimated for M33 (Rosolowsky et al. 2003). The fraction of
retrograde clouds matches observations for the spiral calculations,
with the exception of the � = 1 per cent case, whilst the fraction
is a little low without a spiral potential.

8 CONCLUSIONS

In order to model the ISM in spiral galaxies we have car-

ried out numerical three-dimensional hydrodynamic simu-

lations of gas flowing in a fixed, full disc, global potential.

The model involves a standard cooling law, and heating from

background UV radiation together with localised input from

star-formation episodes. Star formation is assumed to occur

instantaneously when a parcel of the ISM becomes suffi-

ciently compact and self-gravitating that it undergoes dy-

namical collapse. When this occurs a fraction, �, of this gas

is assumed to form stars and to provide instantaneous feed-

back to the ISM. Using these simple ideas we are able to

reproduce the following features of the ISM:

8.1 Gas properties

(i) The relative fractions of gas which are in the cold

(T < 150K), intermediate, thermally unstable (150K <
T < 5000K) and warm (T > 5000K) phases. The relative

fractions depend mainly on the assumed efficiency � of star-

formation feedback (Figure 4).

(ii) The scaleheights of the cold, unstable and warm

phases. Here values of � in the range 0.1 – 0.2 give the best

fit to the observations of the Galaxy (Figure 7), as well as

for a number of external early-type spirals (Figure 8).

(iii) The velocity dispersion both in the plane, σr, and

perpendicular to it, σz. Values obtained range from an av-

erage of around 6 km s
−1

for � = 0.05 to around 12 km s
−1

for � = 0.2 (Figure 5). For the smaller values of � we find

that σr ≈ σz , and note that values in the interarm regions

are marginally smaller (≈ 5 km s
−1

) than in the arms (≈ 7

km s
−1

). For the higher values there is little arm/interarm

dependence, but there is then a slight trend for σz to be on

average larger than σr.

8.2 Molecular cloud properties

(i) The mass spectra of clouds are of the form dN/dM ∝
M1.9±0.1

for values of � in the range 0.05 � � � 0.2, with the

masses being shifted to lower values for the higher values of

� (Figure 20).

(ii) The range of values of the α parameter which de-

scribes the degree to which the clouds are bound (see also

Dobbs et al. 2011). For a surface density of Σ = 8M⊙ pc
−2

,

similar to the Galaxy and for values of � in the range � =

0.05 – 0.2 it is found that most clouds are unbound and have

α in the range α ≈ 1.0 – 10. For smaller values of � or larger

values of Σ the models produce clouds which are dispropor-

tionately massive and strongly gravitationally bound.

(iii) If molecular clouds formed simply by gravitational

collapse from the ISM then conservation of angular mo-

mentum acquired from the galactic shear would ensure that

they all rotate in the prograde direction. In fact, both in the

Galaxy and in M33 about 40 per cent of clouds rotate in the

retrograde direction. As we have remarked before (Dobbs

2008), if clouds build predominantly by collisional build-up

of dense structures within an already inhomogeneous ISM,

then the tendency of clouds to display both prograde and

retrograde rotations in almost equal measure can be ex-

plained. We confirm this results in the current simulations

(Figures 21 and 22). In Figure 22 we note that the models

with no spiral structure, in which the clouds build prefer-

entially by self-gravity rather than collisions, the fraction of

retrograde clouds is significantly reduced.

8.3 Star formation

(i) After initial transient behaviour, we find for � ≈ 0.1–

0.2 that global star formation rates settle down to equilib-

rium values (Figures 11, 13 and 17) which depend on the

average galactic gas surface density in agreement with the

c� 0000 RAS, MNRAS 000, 1–18

ε=5 %

Range from 
Rosolowsky et 

al. 2003
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Cloud rotation
For 5% feedback, 

40% of clouds 
exhibit 

retrograde 
rotation

only few % 
retrograde for 1% 

efficiency calculation

fewer clouds 
retrograde for case 

without spiral 
potential
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Aspect ratios of molecular clouds

in Figure 2. The small clouds are predominantly elongated along
the Galactic plane, as is the case for the large clouds. These clouds
are much smaller than the width of the gas disk (about 100 pc)
and stellar disk (about 600 pc).

5. SPIN

It is possible that the elongation is supported by the spin of
molecular clouds. In order to evaluate this, we measured the
velocity gradient in molecular clouds (projection on the sky)
and the position angle perpendicular to the maximum velocity
gradient, i. e., parallel to the axis of possible spin (Fig. 3). The
velocity gradient is estimated from the observed velocity field
by fitting a plane. The position angle  is oriented with 0! at
+b, increasing toward +l. Typical velocity gradients dv /dr pro-
jected on the sky are about 0.15 km s"1 pc"1. We did not correct
for the apparent velocity gradient due to the projected LSR
velocity over the diameter of the clouds, since this gradient is

at most #0.04 km s"1 pc"1, assuming a rotation velocity of
220 km s"1. Prograde and retrograde spins with respect to the
Galactic rotation are indicated with different patterns, and their
populations are equal.

Figure 3 (right) can be directly compared to Figure 2 (right).
If spin supports the elongation, the  should be distributed
similarly to the !; their peaks should be related as  peak #
!peak " 90!. The figures, however, show that the spin is ran-
domly oriented and has no dominant peak. Figure 4 shows the
difference of the position angles of the elongation axis and spin
axis. This figure shows no significant peak at 90!, compared
with Figure 2 (right) and considering the statistical error#N 1/2.
Therefore, the cloud elongations are not supported by internal
spins but should be related to the internal velocity dispersions
(supersonic motions).

It is noteworthy that confusion (blending) in cloud identifi-
cation is likely to align the apparent spin axis perpendicular to

Fig. 2.—Distribution of axis ratios (left) and position angles (right) of molecular clouds. The values are calculated using the moments of inertia. Position angle ! is
defined from the +b-direction going to positive l. Hence, ! ¼ 90! is the direction along the Galactic plane. Large (D > 15 pc) and small (D < 15 pc) clouds are
indicated with different patterns and illustrated cumulatively.

!

Fig. 3.—Distribution of velocity gradients (left) and position angles of spin (right) of molecular clouds. Position angle  is defined as in Fig. 2 (right) but ranges
between "90! and 90!. Hence,  ¼ 0! is the direction perpendicular to the Galactic plane. The right panel can be compared directly with Fig. 2 (right). Prograde and
retrograde spins are indicated with different patterns.

ELONGATIONS OF MOLECULAR CLOUDS 193No. 1, 2006

ε=1 % ε=5 %

Gravitationally dominated:
clouds are predominantly 

spheres

Dynamically driven:
more clouds are elongated

Milky Way clouds 
(Koda et al.  2006)

Again, 5% case fits well, 1% is wrong
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Conclusions - GMC properties

 Properties of GMCs all disagree with observations 
when there is minimal feedback (and GMCs are 
strongly dominated by self gravity)

 Some feedback necessary to disperse the clouds and 
prevent them becoming too strongly bound

 Imposed spiral structure produces more massive 
clouds

 Cloud collisions increase the fraction of retrograde-
rotating clouds
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GMC formation - what gas forms GMCs?

Cloud-
coalescence (5%)

Gravitational 
instabilities 
(no spiral)

Supernovae 
(20%)

 Cloud-coalescence: clouds 
formed from mixture of low 
and high density gas

 Gravitational instabilities/ 
supernovae : a transition 
from atomic to molecular gas 
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What about converging flows?
Spiral 

5% SFE

Red= -4 Myr
Orange= -10 Myr
Green= -100 Myr

Cyan= 100 Myr
Blue= 10 Myr
Violet= 4 Myr

                     20 kpc

ε=5% red=converge in 4 Myr
violet=diverge in 4 Myr

red=converge in 1 Myr
green=diverge in 1 Myr

ε=20%
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+

189 Myr 198 Myr 200 Myr 202 Myr

Individual clouds (5% case)

+

Dobbs, Burkert & Pringle 2011
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Individual clouds

 cloud 
disrupted by 
feedback on 
timescales of 
10-20 Myr

 clouds stay 
unbound/
marginally 
bound 
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Conclusions / Future Work

 GMCs likely formed by a combination of cloud coalescence, and self 
gravity

 With 5% efficiency feedback we can reproduce reasonably well:
- the properties of the ISM
- large scale structure
- properties of GMCs

 Minimal feedback: properties of GMCs do not match observations
 Future simulations: 

- use higher resolution, test delay    - consistently model spiral structure
- use radiative transfer models to obtain CO emission, and to use same 
techniques as observers to consistently compare GMC properties 
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