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Star Formation in Disc Galaxies

Star formation scales linearly with dense gas
- star formation is additive over galaxy?
- not so simple: Schinnerer, Meidt, Longmore 
1. What produces dense (CO) gas? 2. What produces dense (104 cm-3) 
gas? 3. What produces stars?
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Figure 8. Sampling data for all seven spiral galaxies plotted together. Top left: ΣSFR vs. ΣHI; top right: ΣSFR vs. ΣH2; middle right: ΣSFR vs. Σgas. The bottom-left and
right panels show ΣSFR vs. Σgas using Hα and a combination of Hα and 24 µm emission as SF tracers, respectively (for a subsample of six spirals). The sensitivity
limit of each SF tracer is indicated by a horizontal dotted line. The black contour in the bottom panels corresponds to the orange contour in the middle-right panel and
is shown for comparison. The vertical dashed lines indicate the value at which ΣHI saturates and the vertical dotted lines (top-right and middle-left panels) represent
the sensitivity limit of the CO data. The diagonal dotted lines and all other plot parameters are the same as in Figure 4. The middle-left panel shows histograms of the
distributions of H i and H2 surface densities (normalized to the total number of sampling points above the respective sensitivity limit) in the sample.

Bigiel et al. 2008

also Kennicutt et al. 2007
Lada et al. 2012

The Astrophysical Journal, 745:190 (6pp), 2012 February 1 Lada et al.
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Figure 2. SFR–molecular-mass diagram for local molecular clouds and galaxies
from the Gao & Solomon (2004a) sample. The solid symbols correspond to
measurements of dense cloud masses either from extinction observations of
the galactic clouds or HCN observations of the galaxies. The open symbols
correspond to measurements of total cloud masses of the same clouds and
galaxies, either from extinction measurements for the galactic clouds or CO
observations for the galaxies. For the galaxies, pentagons represent the locations
of normal spirals, while the positions of starburst galaxies are represented by
squares (LIRGs) and inverted triangles (ULIRGs). Triangles represent high-z
BzK galaxies. The star formation rates for the Gao and Solomon galaxies have
been adjusted upward by a factor of 2.7 to match those of galactic clouds when
extrapolated to local cloud masses (see the text).

these galaxies are those determined by GS04 after the upward
adjustment described above.

Adjusting the GS04 SFRs upward implicitly assumes that
the SFRs determined from LFIR underestimate the true SFRs, at
least when extrapolated to local clouds. In an attempt to assess
this possibility we investigated the relation between LFIR and
SFR in the local cloud sample. In the local cloud sample of
Paper I, the SFR is dominated by the Orion A and B molecular
clouds which account for 67% of the total SFR for all the clouds
in the sample. Following the prescription of GS04 we used
IRAS observations to determine the FIR luminosity of a 100 pc
diameter region encompassing both the Orion A and B clouds.
We calculated the FIR luminosity to be 5.4 × 105 L". Using
the relation ṀSFR ≈ 2 × 10−10(LIR/L") M"yr−1 (following
GS04 and Kennicutt 1998b), this corresponds to SFR = 1.1 ×
10−4 M" yr−1, a value which is a factor of eight lower than the
combined SFR (8.7 × 10−4 M" yr−1) determined for the Orion
A and B clouds in Paper I. We note that much of this deficit is
likely due to the fact that the extragalactic FIR prescription for
SFRs is appropriate for star formation timescales of 10–100 Myr
and a well-sampled IMF at high stellar masses while the SFRs
for the local cloud sample are derived for a 2 Myr timescale and
for a young stellar population that does not as completely sample
the high mass end of the IMF. Nonetheless, these considerations
suggest that at least some upward adjustment of the GS04 SFRs
may be necessary for comparison with local clouds. Indeed, a
recent comparison of SFR estimates for the whole Galaxy with
those for external galaxies also suggests that an upward revision
of extragalactic SFRs may generally be warranted (Chomiuk &
Povich 2011).

Another consequence of the upward adjustment of the SFRs
is that of a corresponding decrease in the estimated total
molecular gas depletion times for the GS04 galaxies. This
decrease would amount to a factor of 2.7 for the adjustment
factor we adopted and have potentially important consequences
for our understanding of galaxy evolution. These decreased gas
depletion times for the GS04 galaxies are consistent with those
that describe the local galactic clouds (e.g., Figure 1). However,
we hesitate in drawing too firm a conclusion regarding this
particular issue since it does depend somewhat on our choice
of adjustment options (i.e., (1), (2), or (3)). For example, if we
selected option (2) above, only the depletion time for the dense
gas component of the galaxies would be lowered. It is also
interesting to note in this context that the depletion times for the
dense star-forming gas are typically an order of magnitude lower
than those estimated for the total molecular gas component in
both galaxies and local clouds, and this remains true independent
of any adjustments to the galaxy data.

As discussed earlier, instead of adjusting the SFRs, we could
have adjusted the GS04 galaxy masses (downward) by the
same constant offset in log(M). By not correcting the mass
estimates we are assuming that the molecular-line derived
masses and the extinction derived masses accurately reflect
the same cloud material, that is, MDG = MHCN and MTG =
MCO. To assess this possibility for the case of the total cloud
masses, MTG, we compared the extinction measurements with
CO observations of a subset of the local cloud sample. We
obtained CO data for five of the clouds from the archive of the
CfA 1.2 m Millimeter-wave Telescope (Dame et al. 2001). The
12CO observations were averaged over the individual clouds
and the integrated CO intensities were measured for each cloud.
Applying the standard CO-to-H2 conversion factor of 2 ×
1020 cm−2 (K km s−1)−1 (Dame et al. 2001) to convert the
integrated intensities to H2 column densities, we determined
the mass of each cloud. We found these CO derived masses
to all agree with the corresponding extinction (AK ! 0.1 mag)
derived masses to better than 12%, indicating that the extinction
(AK > 0.1 mag) and CO derived total masses both trace the
same cloud material for local clouds. This suggests that total
masses derived from CO can be a good proxy for extinction
derived total masses and thus that the masses derived from CO
observations of galaxies can be compared directly with those of
the local cloud sample, provided that the galaxy measurements
trace the summed CO emission from a population of Giant
Molecular Clouds (GMCs). If there is any diffuse CO emission
from inert, non-star-forming, molecular gas contributing to the
galaxy-averaged CO measurements, then the CO masses derived
for galaxies overestimate the masses in star-forming GMCs. In
such a case the CO derived masses for the galaxies would have
to be adjusted downward to compare to the local observations.

A similar comparison of extinction and HCN derived masses
is not possible for the local clouds since the corresponding HCN
observations of these clouds do not exist. This is unfortunate
because the HCN masses derived by GS04 are likely upper
limits to the true masses (Gao & Solomon 2004b). For example,
if the clouds are bound but not virialized then the derived masses
could be somewhat overestimated. Thus, although it appears that
the extragalactic CO derived masses can be directly placed on
the SFR–molecular-cloud-mass diagram without any systematic
adjustment, the situation is somewhat less certain for the HCN
masses derived by GS04. However, we note that the average
ratio of dense gas (i.e., AV ! 0.8 mag) to total cloud mass
(i.e., AV ! 0.1 mag) calculated from the extinction data is
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1. Gravitational instabilities
Cowie 1981; Elmegreen 1978, 1982; Elmegreen & 

Elmegreen 1986; Shetty & Ostriker 2006; Dobbs 

2008

Kim & Ostriker 2006

Spacing between 

clouds ~

Mass of clouds ~

from the shock location (or density peak), xsp, ky ¼ 2!/ky with
ky corresponding to the spur spacing, and kx(0) the initial
x-wavenumber at " ¼ 0 (Paper I; see also Balbus 1988). Fig-
ure 2b also plots (in black) the theoretical wave fronts of spurs
given by dy/dx ¼ "kx/ky ¼ T with an initial condition Kx(0) #
kx(0)/kJ; sp ¼ 0:45, where kJ; sp ¼ 2!/kJ; sp. The fact that the shape
of spurs matches quite well with the theoretical prediction sug-
gests that the former simply reflects the shearing and expanding
properties of the background flow (Paper I). Note that the gas
streamlines rather quickly converge to the spur wave front as they
move downstream from the spiral shock, indicating that spurs
grow stronger by gathering material mainly along the y-direction
(parallel to the spiral arm).

When the density within the spurs has grown sufficiently, self-
gravity causes them to fragment into gravitationally bound con-
densations. Figure 2c shows the density andmagnetic field lines
at t/torb ¼ 3:2 of model ME2d1. The magnetic fields roughly
parallel the arm overall, although they pinch inward within the
spurs and are strongly twisted locally in the vicinity of the bound
clumps. Bending of field lines is most severe in interarm regions,
where the gas moves faster. Model ME2d1 forms four clumps
with mass M $ 3:3 ; 107 M% each; this is about an order of
magnitude larger than the clumps that formed in razor-thin disk
models of Paper I. Roughly 40% of the total mass, therefore, is
collected into bound clumps. These condensations aremagnetically
supercritical, with the mean mass-to-flux ratioM /!B $ 2:0G"1/2,
where !B is the magnetic flux that passes through each clump
and G is the gravitational constant.3 The numerical box of model
ME2d1 initially has a mass-to-flux ratio of M /!B ¼ 3:6G"1/2,

about twice as supercritical as the clumps that form. This result is
consistent with Vázquez-Semadeni et al. (2005), who found that
self-gravitating substructures formed in turbulent MHD simu-
lations are in general less supercritical than the parent system,
presumably because fragmentation occurring along the flux tubes
reduces the cloud mass while preserving magnetic flux (see also
Li et al. 2004). Various physical properties of bound clouds that
form in two-dimensional thick-disk models are quite similar to
those in full, three-dimensional models; we defer detailed dis-
cussion to x 4.2.3, where the vertical stratification of disks is
explicitly taken into account.
The reduced self-gravity in disks with finite thickness results

in a smaller number of spurs compared to a razor-thin disk with
properties otherwise the same. In order to check whether our
simulation results are consistent with the linear theory prediction,
we perform a linear stability analysis in a Lagrangian frame co-
movingwith the background flow through a spiral arm.Assuming
that the perturbed quantities are well described by plane waves
with sinusoidal variations on scales TR, one can show that
equations (2)–(6) and (11) lead to the following set of linearized
equations:

d#$

d"
¼ Ky(T #u" #v); ð14Þ

1

R
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¼ 2#v" %KyT

; 1" 1
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&0"0
K2#m;
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Fig. 2.—Snapshots of model ME2d1 at t/torb ¼ 2:5 and t/torb ¼ 3:2. For fiducial parameters, the simulation box has a size of Lx ¼ Ly /2 ¼ 3:14 kpc. (a) Surface
density and velocity fields seen in the comoving frame with the spiral pattern. (b) Surface density and a few selected streamlines (red ) in the frame comoving with the
spurs, together with wave fronts (black) defined by eq. (12) of Paper I withKx(0) ¼ 0:45. The y-boundaries are shifted so as to make the left wall coincide with the shock
location. (c) Magnetic field lines (red ) are overlaid on surface density. Color bars label log"/"0.

3 The critical mass-to-flux limit is 0.16G"1/2.
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Clumpy galaxies are disks: kinematics

« Disturbed rotation »
Typical for internally-clumpy disks,

not mergers

Bournaud, Daddi, Elmegreen et al. 2008

clear in clumpy z~2 galaxies:
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Two phase calculations

Model T (cold) Σ β Self F Qc Qh Spacing rE λmaxc
λmaxh

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 Σ β Self F Qc Qh Spacing rE λmaxc
λmaxh

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. β 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 5Σ. 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/β (e.g. Shu 1992).

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

ω2 − κ2 + 2πGΣ|k|− k2c2
s = 0 (7)

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

λmax = 2c2
s/GΣ, (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/GΣ. The mass enclosed within a cloud is

M = Σ

„

λmax

2

«2

=
c4
s

G2Σ
, (9)

the Jeans mass for a thin rotating disc. Again Σ 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 different 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, λmax 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 λmax

may be a high estimate. Overall though, λmax turns out
to be very different 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
Σ ! 8 M! pc−2, clouds and spurs form predominantly by
agglomeration. However in models I, M and N, when Σ = 20
M! pc−2, the gas becomes gravitationally unstable, and self
gravity has a greater effect on the structure of the disc and
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Two phase calculations
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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. β 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
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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 5Σ. 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/β (e.g. Shu 1992).

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

ω2 − κ2 + 2πGΣ|k|− k2c2
s = 0 (7)

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

λmax = 2c2
s/GΣ, (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/GΣ. The mass enclosed within a cloud is

M = Σ
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the Jeans mass for a thin rotating disc. Again Σ 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 different 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, λmax 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 λmax

may be a high estimate. Overall though, λmax turns out
to be very different 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
Σ ! 8 M! pc−2, clouds and spurs form predominantly by
agglomeration. However in models I, M and N, when Σ = 20
M! pc−2, the gas becomes gravitationally unstable, and self
gravity has a greater effect on the structure of the disc and
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2. Collisions / Coalescence / Agglomeration 
Field & Saslaw 1965, Scoville & Hersch 1979, Casoli & Combes 1982, Kwan & Valdes 1983, 1987, 

Tomisaka 1984, 1986, Dobbs, Bonnell & Pringle 2006, Dobbs 2008,  Tan 2000,  Tasker & Tan 2009

section of 

galactic disc

Dobbs, 

Bonnell & 

Pringle 2006

A. Duarte-Cabral et al.: Was a cloud-cloud collision the trigger of the recent star formation in Serpens?

Fig. 3. C18O J = 1 → 0 emission separated into blue and red com-
ponents, using the line fitting and splitting by Duarte-Cabral et al.
(2010). The blue emission corresponds to the total integrated intensity
of the low-velocity cloud and the red emission corresponds to the high-
velocity cloud. The submillimetre sources from the 850 µm emission
(Davis et al. 1999) are marked with white triangles and serve as a guide
to the location of the dust emission. The positions of the PV diagrams
in Fig. 2 are shown by the white solid lines, and the main axis of the
blue-shifted and red-shifted cloud is shown as blue and red dashed line,
respectively.

locations with a broad single component (in the north of the SE
sub-cluster), which then splits into two clearly separated com-
ponents (Fig. 3 and lower panel of Fig. 2). At the southern end
of the sub-cluster, the filamentary structure is then only visible
in one velocity component along the line of sight (lower PV di-
agram of Fig. 17 of Graves et al. 2010). Furthermore, the gas
and submillimetre emission peaks do not coincide. Instead, the
gas emission appears to peak between the submillimetre sources
(Duarte-Cabral et al. 2010). Finally, there are only a few 24 µm
sources associated with the submillimetre dust continuum emis-
sion (Fig. 1). The overall picture resembles that of a region
where star formation is an on-going process, with some younger
sources (the purely submillimetre sources) and others older (the
purely 24 µm sources), unlike the NW sub-cluster where the
sources appear to be all at the same evolutionary stage.

A final difference between the two Serpens sub-clusters is the
gas temperature (Duarte-Cabral et al. 2010). The NW has a very
homogeneous temperature around 10 K, while the SE has higher
and more varied temperatures, ranging between 10 and 20 K.
In addition, the temperature peaks are not coincident with any
submillimetre source, but appear between them, in the region
where the two velocity components overlap.

Thus the differences between the two sub-clusters indicate
that they have had a complicated history. A scenario capable of
explaining what triggered the Serpens star formation has to re-
produce the inhomogeneities in the sources’ age, velocity struc-
ture, and temperature distribution. The collision of two filament-
like clouds, colliding only over part of their length, could provide
such a trigger.

3. SPH simulations
To test the proposal that the structure and star formation in the
Serpens Main Cluster results from triggering by a cloud-cloud
collision, we performed a set of SPH simulations, which are

compared in detail with millimetre and submillimetre observa-
tions of Serpens.

3.1. Numerical code

The calculations were performed with an SPH code based on
a version by Benz et al. (1990), which was subject to sub-
stantial modifications including sink particles (Bate 1995), vari-
able smoothing lengths (Price & Monaghan 2005), and magnetic
fields (Price & Bate 2007). The code has been frequently used
for simulations of star formation (e.g. Dobbs et al. 2006; Bate
2009a).

We performed calculations that include the hydrodynamics
and self-gravity, but not magnetic fields. We used sink particles,
which are inserted in regions of high density (10−12 g cm−3) that
are undergoing collapse, to represent protostars. However, for
the whole analysis we used the frame of the simulation when the
first sink particle appears, i.e. before stellar feedback is likely to
have an effect. Therefore our results are not dependent on the
details, or the dynamics of the sink particles.

For all calculations we adopted an isothermal equation of
state. Again, we are only interested in the evolution of the clouds
up to the point where star formation takes place. This renders a
reasonable simplification given that we consider the structure of
the gas prior to stellar feedback.

3.2. Initial conditions

Given the elongated appearance of the high- and low-velocity
clouds in Serpens, we hypothesised that the velocity structure of
the Serpens cluster is caused by the collision of two elongated
clouds (∼1 pc long). Cloud collisions have long been thought
to be an important process in the ISM (since Oort 1954). They
are potential triggers for star formation (e.g. Scoville et al. 1986;
Vallee 1995), and are frequently found in galactic scale simula-
tions (e.g. Dobbs 2008; Tasker & Tan 2009). We do not suggest
that cloud collisions are responsible for all star formation in the
Galaxy, but aim to test how well this scenario can model the
specific case of Serpens. Taking individual clouds from galactic
simulations to model the collision is beyond the scope of this
paper, and furthermore does not allow any freedom of the ge-
ometry of the clouds or collision. Instead, we assume a simpli-
fied initial configuration with cylindrical clouds for our models.
The choice of cylinders is reasonable given that the most com-
monly observed aspect ratio of molecular clouds is ∼2 (Koda
et al. 2006). Thus our model is a simplified but plausible sce-
nario in the local Galaxy.

For our calculations, we based the properties of the cylinders
on the observations of Serpens, but with the requirement that the
cylinders are not too far from virial equilibrium. We required the
star formation to be primarily driven by the collision, and the
cylinders should preferably retain their elongated shape as much
as possible prior to the collision. Based on the observed spa-
tial distribution of the Serpens’ high- and low-velocity clouds,
all simulations we ran involved two cylindrical clouds with radii
of 0.25 pc. We kept one cylinder vertical and the other tilted
throughout and, with the exception of run D (Table 1), the cylin-
ders have a length of 0.75 and 1 pc respectively.

To ensure the stability of the cylinders prior to the colli-
sion, we used the formula for stability of finite cylinders given
in Bastien (1983) to estimate the masses of the cylinders,

J =
GM f (L/D)

LRgT/µ
, (1)

A50, page 3 of 13

C18O 

emission in

Serpens

Duarte Cabral 

et al. 2011 

Evidence in nearby clouds (Greaves & White 

1991, Vallee 1995, Schneider et al. 2010, Galvan-

Madrid et al. 2010, Nakamura et al. 2012)

separation of features α 

epicylic radius (shock 

strength) Dobbs 2008
Friday, 3 August 12



3. Colliding flows
Koyama & Inutsuka 2000, Heitsch et al. 2006, 2008, Vazquez-Semadeni et al. 2006, ....2011, Hennebelle 

et al. 2008, Banerjee et al. 2009, Inoue & Inutsuka 2008, 2012, Clark & Glover 2012

From Spiral shocks, Supernovae flows
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l. 
20

11

LMC: responsible for only few % 
of clouds (Dawson, et al. in prep)

CO emission at edges of 
supershells

– 28 –

b.

a2.

20pc

20pc

c.

a1. 20pc

2. 2.

2.

2.

1.
1.

1.

2.

2.
2. 1.

20pc

Fig. 2.— Integrated intensity images showing subregions of interest in GSH 287+04–17. Greyscale

images are Hi and pink contours are 12CO(J=1–0). The velocity integration ranges and contour

levels are as follows: (a1) �26.5 < v
lsr

< �19.9 km s�1, 1.5+3.0 K km s�1; (a2) �23.2 < v
lsr

<

�21.5 km s�1, 1.3+1.0 K km s�1; (b) �33.0 < v
lsr

< �25.6 km s�1, 1.5+5.0 K km s�1; (c)

�14.1 < v
lsr

< �10.8 km s�1, 1.5+3.0 K km s�1. Panels (a1) and (b) show the regions referred to

in the text as the ‘approaching limb complex’ and ‘high latitude complex’, respectively. CO clouds

labelled 1 and 2 indicate those specifically referred to as ‘embedded’ and ‘o↵set’ in the text.

Ntormousi et 

al. 2011: 

2 adjacent 

supernovae 

bubbles

Fig. 2.— Superbubble collision snapshots in a uniform diffuse medium. Plotted on the top panels is the
logarithm of the hydrogen number density in log(cm−3) and on the bottom panels the logarithm of the gas
temperature in log(K). Left: 3 Myrs after star formation, right: 7 Myrs after star formation

5

 also  

Gaczkowski 

poster
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4. Thermal instabilities

5. Parker instabilities

magnetic loops in the Galactic 

centre (Fukui et al. 2006)

- Generally gravitational 

instabilities believed to dominate 

magnetic

from the center. We interpret these features as
magnetically floated loops within the nuclear
disk, analogous to the solar loops, caused by the
Parker instability.

The new molecular image of the 2.6-mm CO
emission obtained with NANTEN, a millimeter/
submillimeter telescope with a 4-m diameter, is

shown in Fig. 1 (6, 7). The CO intensity dis-
tribution at a negative radial velocity referred
to the local standard of rest—defined as a point
in space that has a velocity equal to the average
velocity of all stars including the Sun located
within 100 pc of the Sun (hereafter referred to
as velocity)—reveals two loops named here as

loop 1 and loop 2 (Fig. 1, A and B). In a
galactic latitude range from b 0 0- to 2-, loop 1
and loop 2 are seen at l , 356- to 358- and l ,
355- to 356-, respectively. The typical widths
of the loops are È0.2-.

The projected velocity distribution within the
loops is shown in two ways. First, the average
velocity in the loops is shown in Fig. 1C. Second,
a longitude-velocity diagram presents the two
loops in Fig. 2. The data in Fig. 2 indicate that
the two loops have strong velocity gradients:
È80 km sj1 per 250 pc along loop 1 and
È60 km sj1 per 150 pc along loop2.

It is clear that the foot points of the loops
at b , 0.7- show a very broad linewidth of
È40 to 80 km s–1, as seen at l , 355.5-, 356-,
and 357.4- EFig. 2, supporting online material
(SOM) text, and figs. S3 and S4^. The broadest
one, at l , 356-, is actually a superposition of
two components at l , 356.20- and 356.05-; the
foot points of loop 1 and loop 2 are evident in
the optically thin 13CO data (Fig. 2). These
large velocity spans in the foot points of the
loops are characteristic of the molecular gas
near the galactic center, including the so-called
central molecular zone (CMZ) with a radius of
a few hundred parsecs (2, 8, 9), and are quite
unusual in the disk molecular clouds that have
much smaller velocity extents of less than
10 km s–1. Therefore, we classified the loops
as being located in the galactic center, and
we adopt a distance of 8.5 kpc, hereafter. The
projected lengths of the loops were then es-
timated asÈ500 andÈ300 pc for loops 1 and 2,
respectively, with typical widths ofÈ30 pc. The
heights of these loops are È220 to 300 pc from
the galactic plane, substantially higher than
the typical scale height in the nuclear disk of
È100 pc (SOM text and fig. S5).

By combining the 12CO and 13CO data and
assuming local thermodynamical equilibrium at
50 K, we estimated that the total molecular mass
of loops 1 and 2 was È1.7 ! 105 solar masses
as a conservative lower limit and that each of the
loops has a total mass of È0.8 ! 105 solar
masses (SOM text). The kinetic energy involved
in a loop was estimated to be È0.9 ! 1051 erg
for a velocity dispersion of 30 km s–1. This
energy is too large to be explained by a single
supernova explosion if we take into account that
only a part of the explosion energy of a su-
pernova, 1051 erg, can be converted into the gas
kinetic energy; it is also too large to be explained
by a supershell if we take into account that the
maximum velocity extents of CO in a supershell
is only È20 km s–1 (10, 11), much smaller than
the present ones, which are È80 km s–1. In
addition, an expanding shell would look like a
circle in the position-velocity diagram instead
of the linear features we observed (Fig. 2).

We now present a model incorporating the
Parker instability in an effort to explain the
formation of the two loops (12, 13). The Parker
instability is a magnetohydrodynamic instabil-
ity that occurs if a gas layer is supported in part

Fig. 1. Integrated intensity map of loops 1 and 2 in 12CO ( J 0 1 to 0) 2.6-mm wavelength
emission. (A) Loop 1 is shown toward l , 356- to 358-. The integration range in velocity is from –180
to –90 km s–1. Contours are illustrated from 7.1 K km s–1 (white) with an interval of 50 K km s–1

(black). (B) Loop 2 is shown toward l , 355- to 356-. The region is the same as that in (A), but the
integration range in velocity is from –90 to –40 km s–1. Contours and color scale are the same as in
(A). The feature around (l, b) 0 (356.53-, 1.33-) corresponds to loop 1. (C) Schematic drawing of loop
1 (blue) and loop 2 (red). Numbers indicate the velocity in the loop in kilometers per second by
averaging the several pixels nearby. Local standard of rest (VLSR) is defined as a point in space that has
a velocity equal to the average velocity of all stars including the Sun with 100 pc of the Sun.

www.sciencemag.org SCIENCE VOL 314 6 OCTOBER 2006 107
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- very small structures (0.1 pc) 

Field et al. 1969, Wolfire 1995,  Burkert & Lin 2000, Audit & 

Hennebelle 2005, Piontek & Ostriker 2005, Koyama & Ostriker 

2009, Heitsch et al. 2006, 2011, Tachihara et al. 2012

Mouschovias et al. 1974, 2011, Kosinski & Hanasz 

2006, 2007

Elmegreen 1982; Kim et al 1998; Kim et al. 2002

4 Tachihara et al.

Figure 1. Pseudo color image of peak TMB map in CO J = 1–0 observed with the NRO 45 m telescope. The two red squares denote the
regions where CO J =3–2 data are taken with ASTE.

dispersion of a few km s�1 and coalesce with each other
to form larger structures up to several ⇥1000 AU. Our
results are consistent with this scenario from the mor-
phological and kinematical point of view. In order to
further corroborate the theory, estimation of gas density
and temperature are attempted in the following.
The 0.6 km s�1 width component is well traced by both

of the CO J =1–0 and 3–2 lines. The gas density and
temperature can be constrained from the intensities of
multiple lines by the large velocity gradient (LVG) anal-
ysis, which requires density, temperature, column den-
sity, abundance, and velocity gradient. For the calcula-
tion, we adopt flowing assumptions setting the density
(n(H

2

)) and the kinetic temperature (T
kin

) as free pa-
rameters. 1) H

2

density (n(H
2

)), CO abundance ratio
to H

2

(Z), and column density (N(CO)) have the rela-

tion of N(CO) = Zn(H
2

)l where l is the path length of
the cloud along the line of sight. 2) The path lengths
(l) are the same as the apparent diameters of the clouds
(2⇥ r), i.e., spherical or axial symmetry. 3) The velocity
gradients are the same as the CO J =1–0 line widths di-
vided by the path lengths (�V/l). 4) The CO abundance
is constant as Z ⇠ 3 ⇥ 10�5 for the entire clouds. The
last assumption is, however, unlikely because the present
region is under strong UV radiation and a considerable
amount of CO molecules is dissociated to be C I, par-
ticularly at the cloud surface. We therefore tested the
calculation altering the CO abundance with 3 di↵erent
Z values of 5 ⇥ 10�5, 1 ⇥ 10�5, and 5 ⇥ 10�6. As a
result, it is found that the response of R

3�2/1�0

to the
same n(H

2

) and T
kin

changes with Z by a factor of 3 or
less, while the velocity integrated CO intensity, W (CO),
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Formation of dense clouds

In fact all occur:

• no self gravity - less massive, less coherent clouds

• spiral arms - promote coalescence of gas clouds

• thermal instabilities - lead to dense, small scale structure 
which coalesces into more massive clouds

• spiral shocks / feedback - lead to ‘colliding flows’

Friday, 3 August 12



Numerical simulations

• Potential with 4 armed spiral component (also no spiral, model 
with stars later)

• Heating and cooling (Glover & Maclow 2006)

• Self gravity

• Stellar feedback 

- instantaneous, inserted above a critical density

- energy added= ɛ M(H2)x1051  ergs as Sedov solution

• 1 million particles (8 million later)                     
160 M⊙ (thermal + kinetic)        
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Rotation Mass spectrum

(see also Tasker & Tan 2009, Tasker 2011, Hopkins 2012, Khoperskov, Fujimoto posters) 

What do cloud properties tell us about cloud formation?

dN/dMαM-1.9 ~40% retrograde

dependent on feedback cloud-cloud interactions important
Dobbs, Burkert & Pringle 2011
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No spiral potentialWith spiral potential

more massive clouds formed by coalescence in spiral arms

What do cloud properties tell us about cloud formation?
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Virial parameter Scale height in disc

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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Bound and unbound clouds 
(Dobbs et al. 2011): gravity not 
dominant in many clouds

Feedback required to reproduce scale 
height (Acreman et al. 2012)

What do cloud properties tell us about cloud formation?
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What do velocity flows in galaxies 
tell us about cloud formation?

Dobbs, Pringle & Burkert 2012
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Gas flows in galaxies - 4 examples

Spiral 20 %

Spiral 5 %No spiral 5%

Flocculent 5%

5, 20% 
indicates level 
of feedback in 
the simulation

1 million gas 
particles

‘Flocculent’ spiral 
contains star 
particles rather 
than potential
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Gas flows in galaxies - 4 examples

Feedback dominated 

Spiral shock dominatedGravity dominated

Spiral arms + gravity

5, 20% 
indicates level 
of feedback in 
the simulation

1 million gas 
particles

‘Flocculent’ spiral 
contains star 
particles rather 
than potential
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What are the signatures of cloud formation?

Take Cauchy strain tensor:

Evaluate eigenvalues, λ1, λ2

Then use α= λ1+λ2 (divergence), β=|λ1-λ2| (‘measure of 
asymmetry’)

α shows convergence, αβ plane indicates nature of flows
 (2D gas flows, neglect vertical dimension)
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Maps of divergence (α)        Contours from grid of 100 pc resolution

Red - converging on 4 Myr
Orange - converging on 10 Myr

Spiral 5 % (Spiral Shock) Spiral 20 % (Feedback)

Purple - diverging on 4 Myr
Blue - diverging on 10 Myr

What are the signatures of cloud formation?
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What are the signatures of cloud formation?

Spiral 20% (Feedback)

Red=dense

Blue=low 
density
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1D expansion

1D contraction

inflow/outflow

Spiral 5% (Spiral shock)

1D 
Converging 
flows 
(dense gas)
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What are the signatures of cloud formation?

Spiral 20% (Feedback)

Red=dense

Blue=low 
density

un
ifo

rm
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ex
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1D expansion

1D contraction

inflow/outflow

Gas converges / 
diverges on 
short timescales 
(< 1 Myr) 

Gas gathered 
together 
independently of 
density

Spiral 5% (Spiral shock)

1D 
Converging 
flows 
(dense gas)
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What are the signatures of cloud formation?

For other 
cases see 

paper!
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What gas do GMCs form from? 
and 

How long do they take to disperse?

Use SPH to trace gas in GMCs to earlier and later times

Dobbs, Pringle & Burkert 2012

density 
distribution?

density 
distribution?
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Gas flows in galaxies - 4 examples

Spiral 20 %

Spiral 5 %No spiral 5%

Flocculent 5%

5, 20% 
indicates level 
of feedback in 
the simulation

‘Flocculent’ spiral 
contains star 
particles rather 
than potential

1 million gas 
particles
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What gas goes in to GMCs?

-50 Myr

-30 Myr

-10 Myr

0 Myr

average ISM

Gas which 
forms GMCs is 
atypical 30 Myr 

beforehand 
(overdense)

No spiral Spiral 5 %

Spiral 20 % Flocculent
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What gas goes in to GMCs?

-50 Myr

-30 Myr

-10 Myr

0 Myr

average ISM

Gas which 
forms GMCs is 
atypical 30 Myr 

beforehand 
(overdense)

No spiral Spiral 5 %

Spiral 20 % Flocculent

No spiral - 
sudden phase 

change

Spiral 5% - 
gradually more 
gas becomes 

dense 
(molecular) 
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When is gas in GMCs?

>10 cm-3

>100 cm-3

>1 cm-3

Very dense gas 
occurs 5-10 
Myr around 

star formation

Moderately 
dense gas 

exists for much 
longer

Spiral 20 %

No spiral Spiral 5 %

Flocculent
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What happens to gas which was in GMCs?

Gas also takes 
a long time (50 
Myr to return 
to typical ISM)

For spiral 5% 
and flocculent 
models, gas is 

not completely 
recycled!

+100 Myr+30 Myr

+10 Myr 0 Myr

No spiral Spiral 5 %

Spiral 20 % Flocculent

average ISM
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8 million particles

Cooling / heating

Self gravity

n=2 spiral potential

Supernovae feedback

Evolution of a 2x106 M⊙ GMC
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Lifetime of 2x106 M⊙ GMC
• What is ‘lifetime’?

• No obvious definition

Most gas in a cloud which is also in 
chosen 250 Myr cloud

Lifetime~20 Myr?

Total mass of stars formed~5x104M⊙

Efficiency (stars formed / cloud mass ) = 
2.5%
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What about star formation?
Star formation from galactic 
scales:
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What about star formation?
Star formation from galactic 
scales:

Bonnell et al., 
in prep.

- reproduce ~ linear relation
-  but star formation too efficient
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What reduces star formation efficiency?

Feedback

Dobbs, Pringle & Burkert 2011

1310 VÁZQUEZ-SEMADENI ET AL. Vol. 715

Figure 10. Evolution of the instantaneous SFE in the dense clouds in the simulations. The left panel shows the SFE for the Central Cloud of the SA runs, with and
without feedback. The measurements refer to a cylindrical box with a diameter and a length of 10 pc. The middle panels show the SFE for Clouds 1 and 2 in the LAF0
simulation (without feedback), for three different cylindrical boxes, of length and diameter indicated in the labels. The gaps in the curves for the smaller cylindrical
boxes correspond to times when some stellar particles migrate out of them, and no new particles have been formed. The right panels show the SFE for Clouds 1 and 2
in the LAF1 simulation (with feedback). In the middle top panel, no curve for the 10 pc cylinder is shown because there are no stellar particles within that volume in
that simulation (see Figure 6).
(A color version of this figure is available in the online journal.)

Central Cloud) out of the three clouds the total mass is similar
regardless of the presence of feedback, highlighting again the
importance of accretion. It must be emphasized, however, that
for the dense star-forming regions, the accretion consists of
already dense (“molecular”) gas, rather than of atomic gas from
the diffuse phase, and is driven by gravity, rather than by the
initial compressive flow.

It is also important to check that the tendency of the dense gas
mass to increase in the presence of the feedback is not simply
an artifact of the density threshold we have chosen for defining
the dense gas (100 cm−3), since this is very close to the post-
phase transition value of the inflowing gas. Thus, this relatively
low threshold might imply that we are sampling distant, non-
collapsing gas that is unrelated to the gravitational contraction
leading to the star formation process in the clouds, and thus
not affected by the stellar feedback. To test for this, we have
redone Figures 5 through 7, using a higher density threshold of
1000 cm−3 for defining the dense gas. We find that the results
are similar for the three clouds. In Figure 15, we show the case
of Cloud 2 as an illustrative example. As expected, we observe
that in this case the dense gas appears later in the evolution,
because large amounts of gas at densities n > 1000 cm−3 can
only be formed by gravitational contraction. Nevertheless, the
result that the dense gas mass increases rather than decreasing
upon the inclusion of feedback persists. This implies that the
increase of the dense gas mass upon the inclusion of feedback is
an actual feature of the gas directly involved in the star formation
process, and that this includes even the lower density, “atomic”
envelope of the cloud.

An important conclusion from the above results is that the
gas involved in the gravitational contraction leading to the star
formation process extends to large scales and is not confined to
the local environment of the final collapse, where the effect of the
feedback is active. Moreover, besides the fact that the clouds at
the largest scale are accreting material from the diffuse medium,
the densest, star-forming clumps within them are accreting gas
from their already dense (“molecular”) environment. Thus, there
appears to exist a continuous mass flux extending from the
diffuse medium to the star-forming regions, in which molecular

Figure 11. Reduction factor of the SFE upon inclusion of the feedback in the
simulations, both for the three clouds and for the entire mass of dense gas in
the simulations. The data points indicate the value of this reduction factor at
t = 40 Myr. The masses for Clouds 1 and 2 are those measured using the 30 pc
cylinders. The error bars in the masses indicate their range of fluctuation over
time after their rapid initial growth phase has ended (see Figures 5–7). The error
bars in the reduction factor for Clouds 1 and 2 are calculated by taking the
maximum and minimum values of the ratio SFE (without feedback)/SFE (with
feedback) that can be obtained using the SFE data for the three cylinder sizes
of 10, 20, and 30 pc, at t = 40 Myr.

clouds and their cores, far from being equilibrium entities, are
simply the last stages in this contraction process, which begins
in post-condensation atomic gas.

Within this scenario, the significant reduction of star for-
mation by stellar feedback is accomplished by a finely focused
targeting of its action. Because it is injected by the newly formed
stars, the stellar feedback acts preferentially on gas that is about
to form stars next. This allows an efficient suppression of star
formation, although only a modest fraction of the total available
dense gas is destroyed. Presumably, a large fraction is relocated
within the GMC by the feedback, slowing down the process,
which may not fully terminate until the gas supply to the cloud
ends, or it is completely destroyed by more powerful energy
sources, such as supernova explosions.

Vazquez-Semadeni et al. 2010

no feedbackfeedback

see also Hopkins talk,  Agertz poster
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Conclusions

Formation of dense clouds complex: 

• observational and theoretical evidence for a variety of processes - 
cloud coalescence, self gravity, thermal instabilities, supernovae flows

• cloud properties in good agreement with observations

• cloud formation mechanisms can be distinguished by velocity 
flows

• evolution of individual GMC very complex, involving clouds 
merging, splitting apart, accreting gas
- cloud lifetimes difficult to determine

• star formation too efficient - but both feedback and magnetic 
fields shown to reduce amount of star formation
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