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ABSTRACT

Aims. In this second paper of the sequel of two papers, we continue to investigate the problem of molecular cloud (MC) collision.
The companion paper to this one considered highly supersonic cloud collisions and examined the effect of bending and shearing
instabilities on the shocked gas slab. We now consider moderately supersonic cloud collisions (precollision cloud velocities from
1.2 km s−1 to 2.4 km s−1).
Methods. In the current paper, we present five SPH simulations of fast head-on and/or off-centre cloud collisions to study the evolution
of a ram-pressure confined gas slab. The relevant thermodynamical details of the problem have been simplified by adopting a simple
barytropic equation of state. We explore the parameter space by varying the pre-collision velocity and the temperature of the post
collision gas slab.
Results. Slab temperature appears to play a key role in its dynamical evolution. The pressure-confined gas slab becomes Jeans unstable
if the average sound crossing time, tcr, of putative clumps condensing out of it is much longer than their respective freefall time, tff .
Self gravitating clumps may spawn multiple/larger N-body star clusters. Warmer gas slabs are less likely to fragment and may simply
end up as diffuse gas clouds.
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1. Introduction

Potential star-forming clouds move randomly with velocities
in the range of a few km s−1 to a few tens of km s−1 (e.g.
Larson 1981; Elmegreen 1997, 2000). Having investigated the
paradigm of high-velocity cloud collisions in our earlier paper
(Anathpindika 2009, hereafter referred to as Paper I), we now
proceed to explore the low-velocity cloud collisions. In Paper I,
we suggested that high velocity cloud collisions produced ap-
proximately isothermal, cold shocked slabs dominated by inter-
nal shear, irrespective of whether the collision was head-on or
off-centre. The shocked slab evolved through a complex inter-
play between the hydrodynamical instabilities and the gravita-
tional instability. Our simulations show that, generally the latter
is suppressed by the former.

Internal shear leads to mixing between slab layers and, ap-
parently, makes it susceptible to the non linear thin shell insta-
bility (NTSI) and the Kelvin-Helmholtz (KH) instability. This is
a dominant mechanism for dissipation of internal energy, caus-
ing the shocked slab to collapse and form a thin, long filament,
aligned with the collision axis. This is quite similar to the in-
tegral filament in Orion. While all but one of our high velocity
cloud collision models finally yielded a filamentary structure, we
consider such collisions, a viable mechanism to explain the ob-
served filamentary structure in giant molecular clouds (GMCs).
As a corollary to this problem, below we present an investigation
of the evolution of gas slabs confined by ram pressure.

We demonstrate that such slabs could be a result of
moderately supersonic (precollision Mach number of order
unity) cloud collisions. It has been suggested by, for in-
stance, Whitworth et al. (1994), Clarke (1999), and Boyd &
Whitworth (2005), among others, that cold, isothermal pressure
confined slabs may undergo gravitational fragmentation. If suf-
ficiently massive, clumps formed in this way may become self

gravitating. This is, therefore, a particularly interesting when
considering the formation of small multiple systems or even
larger star clusters. Observations of various star forming regions
have shown that, stars seldom form in isolation and are usually
a part of multiple systems or larger N-body clusters. The orbital
dynamics of clusters have enabled observers to estimate various
physical properties of multiples such as orbital eccentricities,
orbital stability, and stellar masses. Star clusters have reason-
ably homogeneous environs and therefore, are useful regions for
studying stellar evolution (e.g. Clarke et al. 2000; Pudritz 2002).

A related problem is that of the correspondence between the
dense core mass function (DCMF) and the stellar initial mass
function (IMF) (cf. Nutter & Ward-Thompson 2007). An under-
standing of possible core formation mechanisms might help us
better understand any correlation between the DCMF and the
IMF. The mechanisms of star formation may be broadly classi-
fied into two paradigms, the quiescent mode of star formation –
the cloud – core picture (Hoyle 1953; Whitworth et al. 1996) and
the dynamical mode – also called triggered star formation. The
former picture is elucidated by self-gravitating MCs. Potential
star forming clouds may become self-gravitating due to internal
perturbations or may be compressed either by shock waves or
galactic density waves. Such theories are encouraged by spatial
correlation between between star formation and the spiral arms
of disk galaxies. Gravitational perturbations grow in regions that
become Toomre unstable and the surface density in star-forming
regions, Σgas, is supposedly related to the star formation rate
(SFR), ΣSFR, through the Schmidt-Kennicutt power-law

ΣSFR ∝ ΣN
gas,

where N = 1.4 ± 0.15 (Schmidt 1959; Kennicutt 1989, 1998).
Both quantities in the equation above are averaged over the
galactic disk.
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This paradigm, however, suffers on two counts. First, it in-
evitably leads to a correlation between the SFR and the den-
sity wave amplitude; however, there is no corroborative observa-
tional evidence (e.g. Elmegreen & Elmegreen 1986; Kennicutt
1989). Second, this paradigm fails to reconcile the observations
of star formation in those spirals, which have a small density
wave amplitude (e.g. Block et al. 1994). This suggests that the
density waves and disk instabilities are not quintessential to star
formation. We may therefore have to explore certain aspects
of the second paradigm stated above. Tan (2000), for instance,
invoked cloud collision in the SFR calculations for a galactic
disk and arrived at a power-law similar to the Schmidt-Kennicutt
correlation.

Triggered star formation is elucidated by dynamical inter-
action between fluid flows within GMCs. Colliding flows pro-
duce gas slabs that are dynamically unstable (e.g. Klessen et al.
1998; Klessen & Burkert 2000). For instance, dense gas shells
swept up by expanding ionising fronts from massive star clus-
ters are also dynamically unstable and may fragment to produce
a number of potential star-forming clouds and filaments (e.g.
Wada et al. 2000; Dale et al. 2007; Furuya et al. 2008; Lefloch
et al. 2008). The other model suggested and investigated fur-
ther in the present work, is that of gravitational fragmentation
of an external pressure confined gas slab; see for e.g. Elmegreen
& Elmegreen (1978), Whitworth et al. (1994), Clarke (1999),
and Boyd & Whitworth (2005). These slabs result from clouds
colliding with relatively small precollision Mach numbers (e.g.
Chapman et al. 1992; Bhattal et al. 1998).

Below, we present five simulations, which include two each
of fast (precollision velocity ∼1.2 km s−1 to ∼2.4 km s−1) head-
on and off-centre cloud collisions, respectively. The remaining
one is the case of a slow head-on cloud collision, which leads
to a continuous (C) shock rather than a jump (J) shock, such as
the one in the previous four cases. In this paper, we attempt to
contrast the evolution of a shocked slab, discussed in Paper I,
with that of a pressure-confined slab. The plan of the paper is
as follows. In Sect. 2 below we briefly introduce the numerical
scheme employed for our work and the code used. In Sect. 3
we describe the initial conditions and list the simulations per-
formed. The results are discussed in Sect. 4 and we conclude in
Sect. 5. The column density is measured in M� pc−2 and all the
column density plots presented here are plotted on a logarithmic
scale since they span about six orders of magnitude. The spatial
coordinates are marked in parsecs.

2. Numerical method and code

We use the smoothed particle hydrodynamics (SPH) numerical
method for our simulations. This scheme treats the fluid under
investigation as an ensemble of particles. The simulations pre-
sented here, were performed using an extensively tested SPH
code, DRAGON (Goodwin et al. 2004). It uses the Barnes-Hut
octal spatial tree (Barnes & Hut 1986) to search nearest neigh-
bours and, evaluate the net force on a SPH particle. The crit-
ical cell opening angle of a leaf cell used is θcrit ∼ 0.45, and
each particle has 50 ± 5 neighbours. In order to improve the ac-
curacy of force calculations, the code also includes quadrupole
moments of remote leaf cells. The code employs the multiple
particle time-stepping scheme (Makino 1991).

An extremely dense agglomeration of particles in the sim-
ulation is replaced by a sink particle. The sink is characterised
by two physical variables viz. the sink radius, Rsink, and the sink
density, ρsink, both of which are predefined (Bate et al. 1995). We
set ρsink = 10−12 g cm−3 in all the simulations presented here. The

sink radius is so chosen, that the initial mass of a sink particle is
comparable to the minimum resolvable mass, Mmin, in the sim-
ulation, which is essentially the same as the Bate-Burkert mass
(Bate & Burkert 1997). We may remind our reader that an iden-
tical prescription was adopted in Paper I (refer Sect. 2 therein).
In the present work, protostellar cores are modelled as sinks.

3. Initial conditions and numerical experiments

We model MCs as unconfined Bonnor-Ebert spheres. Thus, there
is no external pressure on the cloud edges. Individual clouds are
assembled in the same way as described in Paper I. We compro-
mise with the intercloud medium in these simulations to permit
more gas particles in each cloud.

In the first four models tested here, we adopted the same
equation of state (EOS) as in Paper I, albeit with appropriate
changes in the density switches. Using the (temperature) jump
condition, we calculated the post shock temperature, Tps, for
each model. In the first two simulations, we cool the gas down-
stream of the shock down to the original precollision cloud tem-
perature, Tcld, while in the next two, the gas is cooled even fur-
ther, to 10 K. The EOS employed is

P
ρ
= (kB/m̄)

×
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(1)

Here kB and m̄ are the Boltzmann constant and the average mass
of a hydrogen atom, respectively, Tps the post shock gas temper-
ature. In cases 1 and 2, we set T0 = Tcld, while T0 = 10 K in
models 3 and 4.

By virtue of the adiabatic nature of a C-shock, we employed
a slightly stiffer EOS to model it. Thus, in model 5, the gas tem-
perature is determined according to the equation below

(T
K

)
=

(Tcld

K

)(
ρ

10−21 g cm−3

)γ−1
, (2)

where all the symbols have their usual meanings and the adia-
batic gas constant, γ = 5

3 for either EOS. Models tested here
have been listed in Table 1, along with their relevant physical
details.

4. Discussion

The question of gravitational instability in cold, semi-infinite
planar gas slabs has been extensively studied in the past.
However, most of these analyses were restricted to slabs with
no external pressure on them; see for instance, McKee (1999)
and Larson (1985). On the other hand, stability analysis of cold,
external pressure-confined isothermal slabs by Elmegreen &
Elmegreen (1978) and Elmegreen (1989) suggests that the mini-
mum mass of a fragment condensing out of such a slab increases
with the age of that slab as it continues to accrete matter. The
monotonic growth period of the shortest unstable mode in such
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Table 1. List of simulations performed with relevant physical details.

Serial Experimental Precollision Number of Head-on or T0
2

No. details1 Mach Number (M) gas particles off-centre

1 Mcld1 = Mcld2 = 50 M� 3 Ngas = 120 000 Yes 54 K
Rcld1 = Rcld2 = 0.8 pc, Tcld = 54 K

2 Mcld1 = Mcld2 = 50 M� 3 Ngas = 120 000 No 54 K
Rcld1 = Rcld2 = 0.8 pc, Tcld = 54 K b = 0.2 pc

3 Mcld1 = Mcld2 = 50 M� 3 Ngas = 120 000 Yes 10 K
Rcld1 = Rcld2 = 0.8 pc, Tcld = 54 K

4 Mcld1 = Mcld2 = 2000 M� 3 Ngas = 120 000 No 10 K
Rcld1 = Rcld2 = 4.5 pc, Tcld = 377 K b = 1.25 pc

5 Mcld1 = Mcld2 = 50 M� 1 Ngas = 120 000 Yes 54 K
Rcld1 = Rcld2 = 0.8 pc, Tcld = 54 K

1 Mass, radius, and temperature of individual clouds.
2 Temperature at which the post shock gas slab is maintained.

Fig. 1. A column density plot of the time (mea-
sured in Myr) sequence of cloud collision in
model 1. Cloud collision results in the forma-
tion of a pressure confined gas slab, which
then expands and terminates in a diffuse gas
cloud, as can be seen in the last snapshot (t =
3.49 Myr).

a slab is ∼0.25(Gρlayer)−
1
2 (Elmegreen 1989), where ρlayer is the

average density of the post-shock gas slab.
Expressions for the length of the fastest growing mode, the

timescale of growth of this mode and the minimum mass of
the fragment condensing out of the slab have been derived by
(Whitworth et al. 1994) and Boyd & Whitworth (2005). Below
we discuss the models tested in the present work and compare
the results of models 3 and 4 with the analytic findings of the
latter group of authors.

4.1. Fast cloud collision (T0 = Tcld; models 1 and 2)

In model 1, MCs of mass 50 M� each collide head-on with
each other at a pre-collision velocity of ∼1.3 km s−1 (M = 3).
Individual clouds are thermally supported against self gravity.
The post-collision thermodynamics in this model is governed by
the EOS, defined by Eq. (1) above. The clouds collide and form
a planar gas slab confined by ram pressure. The time sequence

of colliding clouds and their evolution after collision is shown
in Fig. 1. We treat the gas slab as approximately isothermal and
hold it at the original pre-collision cloud temperature. Our as-
sumption of a somewhat lower post collision temperature, Tps,
is unlikely to have any significant effect on the final state of the
gas slab for Tps, calculated using the jump condition will only be
higher, making the slab even warmer.

The post-shock gas slab in this model does not fragment.
After formation, it simply expands and ends up as a diffuse gas
cloud (t = 3.49 Myr in Fig. 1). The gas slab in this case is not
massive enough, or in other words, it is not cold enough (for the
mass that it has) to support the Jeans instability. According to
Whitworth et al. (1994), the length of the fastest growing unsta-
ble mode is

Lfastest ∼
2a2

layer

GΣlayer
, (3)

which is roughly a few parsecs for the present case, at least an
order of magnitude greater than the slab thickness.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911762&pdf_id=1
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Fig. 2. Column density plot showing a
time (measured in Myr) sequence track-
ing model 2. This sequence shows the
colliding clouds, formation of the post-
collision gas slab, and then its expansion.

Unlike those reported in Paper I, the slab in this model does
not seem to develop any bending modes. However, gas elements
within the slab are non static and dissipate mechanical energy
via shocking, facilitated by the artificial viscosity. The gas slab
in this case seems to evolve via an interplay between gravity
and thermal pressure. There are two phases in this evolution. In
the first, thermal pressure builds up in the slab after collision;
in the next phase as we permit the gas to cool, thermal pressure
within the slab rapidly diminishes. The slab is too warm to be-
come Jeans unstable and simply expands. The expansion may
seem similar to that of the shocked slabs reported in Paper I;
however, unlike those slabs, the one in this case does not col-
lapse to form an elongated object along the collision axis. This
suggests that gravity and thermal pressure attain a state of dy-
namic equilibrium.

In model 2, we maintain physical conditions identical to
those in the previous case, except now the cloud collision is
off-centre. The impact parameter, b, is a fourth of the cloud ra-
dius, Rcld. The time sequence of colliding clouds in this model
is shown in Fig. 2. The cloud collision results in an oblique
shocked slab unlike a planar slab in model 1. After formation,
the slab tumbles about the z-axis and eventually expands, as in
model 1. This can be seen in the snapshot corresponding to t =
1.89 Myr in Fig. 2.

As in model 1, the gas slab in this case also evolves through
an interplay between gravity and thermal pressure. Contrary to
intuition, the slabs in either case evolve on a similar timescale.
This suggests that the expansion of the oblique slab also com-
mences at a similar epoch to the planar slab. In fact, the oblique

slab expands slightly faster than the planar slab of model 1. This
is presumably because of axial transfer of angular momentum
as the far ends of the oblique slab move outward (see snapshot
corresponding to t = 1.89 Myr in Fig. 2). The terminal state in
this case is similar to case 1.

Equation (3) is still valid in this case, as we chose a rather
small impact parameter, b. The length of the fastest growing
mode, Lfastest, calculated using this equation for the present
model is much longer than the slab thickness. The gas slab in
this case as well fails to become Jeans unstable. Such a scenario
(as in models 1 and 2) will thus simply lead to formation of dif-
fuse clouds in the ISM. These clouds may spawn star formation
only when they have been sufficiently squeezed.

4.2. Fast cloud collision (T0 = 10 K; models 3 and 4)

We now repeat the simulations preformed in models 1 and 2 in
our next two cases, 3 and 4 respectively, but with one change.
We now allow the post-shock gas slab to cool down to 10 K. As
discussed above, we intend to explore the effect of cooling on the
dynamical evolution of the gas slab. We noted in models 1 and
2 above, that the gas slab at temperature, Tcld, did not support
gravitational instability.

However, in model 3 where the MCs collide head-on, we
observe that the post-collision gas slab undergoes gravitational
fragmentation. In Fig. 3, we present a time sequence of the gas
slab after its formation, as seen face-on. As the gravitational
instability starts growing, the slab shows signs of flocculation

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911762&pdf_id=2
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Fig. 3. A time (measured in Myr) sequence
of column density plots showing the com-
mencement of gravitational fragmentation,
formation of clumps, and finally the frag-
mented planar gas slab, in model 3.

(t = 0.65 Myr, t = 0.7 Myr in Fig. 3), and clumps in the slab
eventually condense out. Some of the smaller clumps merge to
form larger clumps, while others lie embedded in filamentary
structures. Because most of the clumps are spheroidal, appear
non circular in the projection maps (see Fig. 4 above).

The gravitational instability grows on a timescale that is
much smaller than the free fall time of the individual precollision
clouds, or even the cloud crushing time, tcr

1. We now compare
observations from this model with corresponding analytic pre-
dictions. In our simulation we observe that the clump formation
commences after about 0.65 Myr. This is the time required for
the growth of the unstable mode, tgrowth, leading to condensation
of a clump and defined as

tgrowth ∼
( L
Gσlayer − a2L−1

) 1
2

(4)

(Whitworth et al. 1994).
Here L, σlayer, and alayer are the size of the clump, average

surface density of the slab, and the average sound speed in the
slab, respectively. Plugging in the appropriate values from the
simulation, we get tgrowth = 0.6 Myr, which agrees with the epoch
observed in the simulation. We again note that clump formation
commences after about 0.65 Myr. Thereafter the gravitational

1 tcr =
2Rcld
v

, where v is the precollision speed of a cloud and Rcld is its
radius.

instability grows quickly and the slab fragments into a number
of clumps. The minimum mass of a fragment is given by

Mfrag =M 1
2

a3
layer

(G3ρ̄layer)
1
2

(5)

(Whitworth et al. 1994). Here ρ̄layer is the average density of
the layer andM the precollision Mach number. Using Eq. (5),
we calculated the mass of this fragment, Mfrag, to be 0.32 M�
(0.22 M�) for the present simulation. The number in brackets
is the minimum mass of the fragment that condenses out of the
slab.

The fragmentation of this slab results in the formation of
36 big and small clumps. Figure 4 shows a close-up of the frag-
mented slab. At this epoch a few clumps have already become
self-gravitating, while a few others oscillate for some time before
collapsing under self gravity. The column density plot in Fig. 5
shows a closer view of the central region of this slab. A few other
small clumps merge with similar clumps and form larger clumps
and filaments. To facilitate identification of the structure in the
slab, we have overlayed the density contours on the column den-
sity plot in this figure.

The slab as seen in Figs. 4 and 5 is fairly evolved and, at
this epoch, the gravitational instability has fully grown. Almost
all the gas in the slab ends up in density structures. The aver-
age density of the structure in the slab is ∼10−18 g cm−3, which
then suggests that the growth period of the instability, as defined
by Elmegreen (1989) and quoted above, is ∼0.8 Myr. This is

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911762&pdf_id=3
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Fig. 4. Column density plot (t = 0.85 Myr) of
the fragmented slab in model 3. Density con-
tours have been overlayed to facilitate identifi-
cation of the structure in it.

Fig. 5. Column density plot showing a closer view of the central region
of the fragmented slab in model 3. The (three) black dots are the (three)
sinks formed in various clumps.

comparable to the epoch (0.85 Myr) when the instability has
fully grown.

According to Nakamura et al. (1993), the characteristic
length scale of a filamentary structure is

H = 0.0035
( alayer

0.3 km s−1

)( n̄layer

2 × 106 cm−3

)− 1
2

pc, (6)

where all the symbols have their usual meanings. The average
temperature of the densest regions in the slab is about 10 K,
while n̄layer ∼ 107 cm−3. Substituting these values in Eq. (6)

above, we get H ∼ 0.13 pc. Fragmenting gas filaments produce
clumps, separated by approximately one Jeans length, λJ, which
is λJ ∼ 22H for a filament (Nakamura et al. 1993). In the present
case, λJ ∼ 0.3 pc. This agrees with the average separation be-
tween clumps embedded in filamentary structures, as seen in
Fig. 3 above. This simulation was terminated after t ∼ 0.87 Myr,
by which time seven sinks had formed in various self gravitating
clumps.

Next, in model 4 the cloud collision produces an oblique gas
slab confined by ram pressure. As in the previous case (model 3),
this slab also undergoes gravitational fragmentation. However,
the fragmentation observed here is somewhat different from
what Chapman et al. (1992) and Pongracic et al. (1992) report.
According to these authors, the oblique gas slab tumbles about a
direction perpendicular to the plane of collision and breaks into
two blobs, which then undergo secondary fragmentation to form
multiple systems. The initial fragmentation, reported by these
authors, resembles a bar-mode instability. In the present case,
although the oblique slab exhibits a similar tumbling motion,
the final outcome is different from what is reported by the re-
spective authors. Also, the reported simulations were performed
with only a few thousand particles, so it is likely that their simu-
lations suffered from lack of resolution.

Another possible reason for this observed difference in the
unstable mode could be a shorter Jeans length in the present case.
Since our clouds are more massive, their collision produces a
slab with higher surface density, which shortens the Jeans length
and enhances its growth rate. In this eventuality, the gravitational
instability will dominate the other unstable modes of the tum-
bling slab, notably the bar mode. The fragmentation of the slab
after its formation can be seen in Fig. 6, a time sequence of col-
umn density plots of the gas slab, as seen face-on. The nature of
fragmentation observed here is in consonance with the predic-
tions of Whitworth et al. (1994) for an off-centre cloud collision,
with a small impact parameter.

As in the previous case, we calculated the dynamical prop-
erties for this slab, using Eqs. (3), (4), and (5). The length of
the fastest growing unstable mode in the slab, Lfast, defined by

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911762&pdf_id=4
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Fig. 6. A time (measured in Myr) sequence
of column density plots of the oblique slab
in model 4. A face-on view of the slab has
been shown in these plots. We can see that
as the slab grows old, it shows signs of floc-
culation (t = 0.82 Myr) and subsequently
fragments (right hand plot in the third row,
t = 1.6 Myr). The last plot shows a net-
work of filaments and clumps embedded in
the filaments.

Eq. (3) above is, indeed much shorter than the radial extent
of the slab. Clumping in the slab commences after ∼0.4 Myr,
while the smallest clump has mass ∼12 M� and size ∼0.1 pc.
Corresponding analytic calculations yield 0.4 Myr, 11 M�, and
0.12 pc, respectively. The calculated values thus seem to be in
good agreement with those observed in the simulation.

Once the slab becomes unstable, it develops floccules and
soon fragments. The final state of the slab, post-fragmentation,
can be seen in Fig. 7, which is a column density plot of the slab
as seen face-on. The clumps and filaments in it have density of
∼10−19 g cm−3, and density contours overlayed on this plot eluci-
date the structure in it. The average smoothing of SPH particles
in these simulations is at least an order of magnitude less than
Lfast. We therefore think that the observed fragmentation of gas
slabs is likely to be physical.

We find that fragmentation of a cold gas slab leads to clump
formation, and self-gravitating clumps may spawn a single or
multiple stellar system, a view that has also been advanced
by numerous workers before: Chapman et al. (1992), Bhattal
et al. (1994) and Clarke (1999), among others. Here we can

see that fragmenting gas slabs also produce dense filaments. In
fact, Burkert & Hartmann (2004) performed 2-d grid simulations
of self-gravitating, finite gas sheets with different geometries. It
makes an interesting comparison between two of their models
viz. the “static circular sheet” and the “rotating elliptical sheet”,
with the respective gas slabs in models 3 and 4 discussed in this
section.

While the formation of the outer ring-like structure in the gas
slab of model 3 (see Fig. 4), looks similar to the structure in their
collapsing circular sheet, but unlike the global collapse observed
in their model, the gas slab discussed here undergoes gravita-
tional fragmentation. However, the reason behind formation of
this ring, that of edge material initially piling up, might still be
valid. Similarly, the Burkert & Hartmann (2004) model of col-
lapsing elliptical gas sheet leading to the formation of a filament
is at variance with the result of model 4, discussed here. This
obviously is the result of the faster growth rate of the gravita-
tional instability, as compared to the global collapse time of the
gas slab. However, the shocked slab (both planar and oblique),
where the gravitational instability is apparently suppressed by

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200911762&pdf_id=6
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Fig. 7. A column density plot (t = 1.4 Myr)
showing a close view of the oblique slab in
model 4. Fragmentation of the slab leads to
formation of a number of clumps and elon-
gated structures as can be seen with the aid
of density contours overlayed on the col-
umn density plot. The circled region shows
a fragmenting clump.

hydrodynamical instabilities, undergoes global collapse (see
Paper I). Hartmann & Burkert (2007) have, in fact, proposed a
rotating elliptical sheet model to explain the formation of the
Orion integral filament. Observational evidence for similar oc-
currences have been reported, for instance by Lada et al. (1999),
and Elmegreen (2002) about a star cluster embedded in an elon-
gated region, IC 546. This cluster is thought to have been formed
because of some external trigger, i.e. feedback from some nearby
star-forming region.

4.3. Slow cloud collision

Finally, we examine the case of a very low-velocity head-on
cloud collision. As discussed above, an adiabatic EOS, given by
Eq. (2) with γ = 5

3 is used to model the weak shock in this
case. Figure 8 shows a time sequence of column density plots of
the colliding clouds. Post-collision, the clouds merge and form a
prolate gas cloud (t = 1.42 Myr in Fig. 8). The cloud is thermally
supported against self gravity with a non isotropic thermal pres-
sure gradient in its interiors, on account of its spheroidal shape.

Post-collision, as material from the colliding clouds streams
into the gas cloud, it progressively becomes denser and therefore
warmer, as dictated by the stiff EOS employed in this model.
This builds up a thermal reservoir within it, and the cloud there-
fore starts expanding along the collision axis (t = 1.96 Myr,
t = 2.62 Myr, and t = 2.96 Myr in Fig. 8). During this pro-
cess it flattens, and the expansion continues until the thermal
pressure along the y-axis arrests the lateral collapse. This ob-
servation in the simulation is in consonance with the analytic
predictions of Ramsay (1961) and Mestel (1965). This cloud is
not self-gravitating, and the lateral collapse is just a phenomenon
involving gravo-thermal balance.

From the snapshots in Fig. 8, we can also see that some ma-
terial is ejected, also called jets, from the top and bottom ends of
the cloud. The qualitative feature of this model is similar to that

of models 1 and 2 discussed above. However, the post collision
gas cloud evolves on a much larger timescale than in cases 1 and
2. This is yet another scenario that could lead to the formation
of diffuse clouds in the ISM. Star formation can commence in
such clouds only when they become sufficiently dense and begin
collapsing under self gravity.

5. Conclusions

Colliding clouds dissipate kinetic energy and produce gas slabs
that may fragment, leading to the formation of density structures
of various shapes and sizes. Some of these structures may col-
lapse and form stars, while others may suffer tidal disruption.
This model does not demand injection of turbulence to trigger
star formation, and stellar feedback from one episode of star for-
mation may lead to other such events in the neighbourhood.

Numerical simulations by Clarke & Gittins (2006), for in-
stance, have shown that a burst event creates local perturbations
in the galactic disk, which in turn generate spiral patterns in
it. Interference of many such perturbations may create a com-
plex structure that might evolve on the timescale of a rotation
period. The evolution of a galaxy essentially depends on the
global star formation rate. Starburst events also play an impor-
tant role in the chemistry of the intercloud medium. Powerful
winds from young star clusters drive shock fronts and, while
the abundance of molecular species may suffer attrition follow-
ing the post shock ionisation, the pool of heavier elements will
be replenished via stellar evolution. Cloud collision is a promi-
nent mechanism of triggered star formation and, supposedly also
plays a pivotal role in the distribution of prestellar core masses
and stellar population, in the ISM (McKee 1999; Tan 2000).

In the present work, we explored the paradigm of low-
velocity cloud collisions, and also tried to ascertain the impor-
tance of post-shock cooling, albeit in a rather crude manner,
upon the dynamical evolution of the pressure confined slab. Our
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Fig. 8. A time (measured in Myr) se-
quence of column density plots in model 5.
Collision of clouds, followed by the forma-
tion of a prolate gas cloud (t = 1.07 Myr),
and finally its expansion is evident from
these plots. The expansion of the post-
collision gas cloud terminates in a diffuse
cloud (t = 2.96 Myr). Material squirting
from the top and bottom ends (jets) of the
slab are also visible in these plots.

simple investigation shows that, gas slabs become Jeans unstable
under suitable physical conditions and may fragment to produce
clumps and filaments. We conclude that colder slabs are more
likely to fragment, otherwise the slab simply expands and ends
up as a diffuse cloud in dynamical equilibrium. The former sce-
nario is more interesting from the perspective of forming either
multiple or larger N-body stellar systems. Density perturbations
in the gas slab grow purely from white noise and therefore do not
require any external trigger. In the latter scenario, however, the
diffuse gas clouds may become self gravitating, but only when
crushed by sufficient external pressure, otherwise such clouds of
various shapes are not uncommon in the ISM.

Models 1, 2, and 5 in the present work belong to this latter
paradigm, and models 3 and 4 to the former. Figures 4 and 7
respectively show the fragmented gas slabs in models 3 and 4.
Clumps and well-defined, elongated density structures are evi-
dent in both. Indeed, a few clumps in either slab have become
self-gravitating by the time respective calculations were termi-
nated. The collapse of individual clumps, however, could no
longer be followed because of limited resources. However, frag-
mentation of gas slabs is evidently a propitious mode of clump
formation. Clumps may eventually spawn stars and some of the
larger clumps may even be the wombs to larger star clusters.

The results of our off-centre cloud collision experiments
(both models 2 and 4) differ significantly from similar exper-
iments performed by Lattanzio et al. (1985), Chapman et al.
(1992) and Bhattal et al. (1998), among others. These authors
report a bar-mode fragmentation of the post-collision, oblique,
pressure-compressed slab, which is different from the fragmen-
tation observed in our model. On the contrary, we observe that
the oblique gas slab either simply expands to finally produce a
diffuse gas cloud (model 2) or fragments gravitationally to form
clumps and filaments (model 4). We attribute this difference to

the mass of the slab, which in our simulation is at least an order
of magnitude greater than in the work cited above. As a result of
higher mass, hence higher column density, the length of the un-
stable mode is shortened and grows much faster. Also, the SPH
simulations reported by those authors were performed using only
a few thousand particles so, it is unlikely that any dynamical in-
stabilities would have been resolved.

We admit that the investigation presented here is too sim-
plified and that it dwells solely on a gravo-thermal treatment of
the problem. At best, we have a skewed picture before us, nev-
ertheless, essential in any further investigation of the problem.
For an elaborate study of the subject, magnetic field needs to
be included and post-shock radiative cooling needs to be more
thoroughly treated (cf. Vázquez-Semadeni et al. 2007). Also,
collapsing clumps can be followed to higher densities by em-
ploying a radiative transfer scheme (cf. Stamatellos et al. 2007),
rather than the simple barytropic EOS used here.
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