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Abstract. Four processes of molecular cloud formation are discussed: for-
mation in swept-up shells, coagulation of smaller clouds, condensation in 
larger clouds, and compression in a supersonically turbulent medium. Ex-
amples and constraints for each process are given. 

1. Introduction 

Most cloud formation mechanisms that have been proposed can be placed 
into one or more of the following four categories: (1) cloud formation by 
the collection of gas into a shell or ring in the ambient interstellar medium, 
followed by the gravitational collapse of this gas along the periphery of the 
shell or ring into new self-gravitating clouds; (2) cloud formation by the co-
agulation of smaller clouds; (3) cloud formation by condensation from larger 
clouds, and (4) cloud formation by compression between converging eddies 
in a supersonically turbulent medium. Here we review each mechanism and 
consider the conditions that are necessary to make a self-gravitating cloud 
in which stars form. 

2. Cloud Formation by Collection and Collapse in Shells and 
Rings 

There are many examples of hollow round holes, shells, or rings in the 
interstellar medium of our Galaxy (Heiles 1979), M31 (Brinks and Ba-

jaja 1986), M33 (Deul and Hartog 1990), Holl (Puche et al. 1992), and a 
few other galaxies (e.g., Irwin 1990). These holes were presumably made 
by expansion away from central pressure sources that could be OB associa-
tions (Bruhweiler et al. 1980), stray supernovae, high velocity cloud impacts 
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(Tenorio-Tagle 1981), and other energetic events. A review of interstellar 

holes and shells is in Tenorio-Tagle and Bodenheimer (1988). An extensive 

review of star formation in shells and rings is in Elmegreen (1992). 

Small holes and shells with diameters between 1 pc and 50 pc often 

occur in OB associations. Occasionally there is active star formation along 

the periphery of these cavities (Elmegreen and Lada 1977; Thronson et 

al. 1985; Junkes et al. 1992; Laval et al. 1992). This star formation was 

presumably triggered by the expansion that made the cavity because the 

embedded stars along the periphery are usually much younger than the 

source of the high pressure, and they are sometimes moving away from 

the expansion center along with the rest of the gas (Thronson et al. 1985). 

The clouds in which these young stars form is probably residual gas from 

the cloud that originally made the older OB association. In that case, the 

triggering process is related to the rearrangement of the old cloud, not the 

formation of a new cloud. 

Many large shells and holes are visible in HI maps of the Large Mag-

ellanic Clouds. Westerlund and Mathewson (1966), Dopita et al. (1985), 

Goudis and Meaburn (1978), Wang and Helfand (1991), Bruhweiler et al. 

(1991) and others have studied these regions. Many of these also show re-

cent star formation along their peripheries. Sometimes these regions are 

again just examples of cloud rearrangement, or of the formation of new 

dense cores inside existing clouds, but sometimes they are regions of new 

cloud formation. 

It is often difficult to tell the difference between cloud rearrangement 

and cloud formation because both can have a morphology where young 

stars are located on the periphery of an old expanding shell. The difference 

between these two cases is important however. In the first case, the pro-

cess is involved with cloud destruction and the eventual cessation of star 

formation. The important point here is that star formation does not stop 

the first time a cloud is broken apart because many dense, self-gravitating 

fragments remain. It may take three or more generations of star formation 

to completely disassemble a cloud. All of the time these new stars form, the 

total mass of dense gas in the region can steadily decrease. In the second 

case, the process of expansion and cavity formation is involved with new 

cloud formation. Then the total mass of dense star-forming material either 

increases with time or remains approximately constant as old disrupted 

clouds are replaced by new star-forming clouds. 

There are two ways in which an expanding shell can make new dense 

clouds, one in which the pressure from the expansion squeezes existing dif-

fuse clouds into dense self-gravitating clouds, and another in which the 

accumulated material at the edge of the expansion collapses gravitation-

ally into new clouds separated along the periphery. The first case of cloud 
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squeezing has been studied by Klein et al. (1985) and others. The second 
case of peripheral collapse has been studied by McCray and Kafatos (1987), 
Comeron and Torra (1994), and Elmegreen (1994b). 

The time scales for expanding shells and rings to collapse along their 
periphery and make new self-gravitating clouds are given by the equations 
(Elmegreen 1994b): 

1.25 1.5 
s h e U ~~ (GpoMy/* 5 ™g " (GPoy/2M 

where M = V/c for expansion speed V and rms speed inside the shell c. The 
density external to the shell is po. These equations assume the expansion 
proceeds as in a wind-blown bubble, as R oc t o s . The resulting collapse 
times are rather long for the ambient medium in a typical galaxy disk. 
They are equal to approximately 10 8 years divided by M1!2 and M for 
shells and rings, respectively, if the density is around 1 atom c m - 3 . For 
small Μ, this is a longer time than the duration of the pressure that drives 
the expansion, so we obtain our first constraint for this mechanism of cloud 
formation: 

CONSTRAINT 1: The expansion has to be powerful enough and long-
lasting enough to make M large for a sufficiently long time that the collapse 
can occur before the shell erodes and disperses. 

This means that the peripheral gas will collapse into new self-gravitating 
clouds if the expansion speed V is fairly large, or the internal dispersion 
in the swept-up gas, c, is small, or the ambient density, po, is high, or 
the duration of the compression is long. Thus, collapses like this are fairly 
common in existing molecular clouds because po is large, making (Gpo)~ll2 

comparable to the lifetime of an O-type star that forms in the cloud. At 
low densities, however, or for very short-lived pressures, many expansions 
should just disperse the gas back into the ISM without any significant 
gravitational collapse, except possibly for very late times, even after the 
erosion begins, when c may drop to a low value. Then numerous tiny clouds 
or globules can form in the old shell. 

A second condition for collapse is that the collapse time cannot be too 
much larger than the time for the shell or ring to shear away because 
of Coriolis and tidal forces in the background galaxy. If Coriolis forces 
are large because of a rapid galaxy rotation rate compared to (Gpo)"1/2, 
then the expansion will just swirl around or close back up (Palous et al. 
1990). This constraint can be written in terms of the Q parameter Q = 
KCo/(wGao) for epicyclic frequency ambient velocity dispersion Co, and 
mass column density in the disk σ 0 (Elmegreen 1994b). This leads to our 
second constraint: 

(1) 
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CONSTRAINT 2: Collapse must occur before shear, requiring that 

Q < OMM. (2) 

This second constraint implies that molecular cloud formation is likely 

to occur by this mechanism in regions of galaxies where Q is low, which is 

where spiral structure and gravitational instabilities form molecular clouds 

by a competitive mechanism (Section 4) . It also suggests that because κ is 

very high in the inner regions of galaxies, scaling approximately as 1/r, σ 

has to be very high as well. This goes a long way towards accounting for 

the starburst phenomenon regardless of the mechanism of star formation 

in starburst galaxies (Elmegreen 1994a). 

Another implication of constraint 1, which also applies to starburst 

nuclei, is that in regions where the ambient density is very high, exceeding 

~ 10 3 cm"" 3 , the time scale for triggering is shorter than the lifetime of an 

O-type star for the whole interstellar medium (and not just for the cloud in 

which the O-star formed, as mentioned above). This implies that M should 

always be fairly large at the time of collapse, and the time scale could 

be significantly shorter than {Gpo)~xl2. Then the formation of molecular 

clouds in shells and rings would be more important than their formation in 

ambient instabilities, which operate on the time scale (Gpo)1/2. 

As a result of these considerations, we make the following two predic-

tions: 

PREDICTION 1: G M C formation in giant shells should occur in about 

the same radial range in a galaxy disk as GMC formation in spiral arms 

and in giant condensations having the ambient Jeans mass (i.e., low Q). 

PREDICTION 2: Starburst nuclei, where the gas density is very large, 

should have a high fraction of their star formation triggered in irregular 

shells and other swept-up debris, rather than in clouds with the ambient 

Jeans mass (i.e., tsheii < to Β star)-

A similar mechanism for cloud and star formation is related to the 

formation of shells or compressed gas structures during the collision between 

a high velocity cloud and the galactic plane. A recent model for this process 

is in Lepine and Duvert (1994), who apply it to the Orion OB association 

and other regions that are far from the midplane. These authors point out 

that an important implication of this model is that the old stars will he 

ahead of the gas and young stars in the track of the colliding cloud because 

these old stars, having formed first, did not decelerate along with the rest 

of the gas after they formed in the compressed layer. A second point is 

that the midplane below the high latitude clouds that form this way should 

be relatively free of other clouds because of the clearing effect of the high 

velocity impact. Third, the leading, oldest stars should be relatively free 

of gas because the gas in which they formed was pushed back by the ram 
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pressure of the galactic plane at the time they were exposed. These aspects 

of the model appear to be true for several regions around the Sun. 

3. Cloud Formation by Coagulation of Smaller Clouds 

In the Oort (1954) model of cloud formation, small clouds randomly hit 
each other and stick together until they become large enough to collapse 
gravitationally. Then star formation breaks them apart and the coagula-
tion process starts over again. This may work for diffuse cloud collisions, 
which Oort considered, because such collisions can be softened by magnetic 
fields, and because star formation does not occur in diffuse clouds until they 
become significantly self-gravitating. It may not work for G M C collisions, 
because small GMCs should form stars and disrupt before they collide with 
each other, and because small GMCs probably cannot stick together if they 
move relative to each other at the full rms speed of the interstellar medium. 

Sticking collisions for equal mass clouds require a sufficiently low ve-
locity that the collision fragments are gravitationally bound to each other 
after the collision is over. This implies 

Vrei < 2.5vesc (3) 

for relative collision speed vrei and cloud escape speed v e s c (Pumphrey and 
Scalo 1983). Using the size-linewidth relation for molecular clouds (Solomon 
et al. 1987) and the assumption that the clouds are virialized allows us to 
convert this relation into a mass limit for sticking, non-magnetic collisions: 

M > 4.3 χ 10 4 f - ^ V M o = 1.6 χ ΙΟ 6 ( ^ Ε \ \ Θ . 
V ö k m s - 1 / υ V 3 0 k m s - V 

The first of these expressions is useful for random collisions of clouds moving 
at the relative speed of 6 1 / 2 times the observed one-dimensional rms speed, 
and the second is useful for collisions at spiral density wave shocks, where 
the relative speed is large. Evidently small GMCs (e.g., ΙΟ 3 Μ Θ ) in the 
Oort model are not likely to stick together if they collide with each other 
at the full rms speed of the interstellar medium. 

Coagulation models are still reasonable, however, but they require some 
modifications from the original Oort picture. Most GMCs could accrete 
smaller clouds or diffuse clouds, which would dissipate so much energy 
during the collision that the velocity threshold may not apply. GMCs could 
also accrete other GMCs that are co-moving in space, i.e., not moving 
relative to each other at the full rms speed that is observed. This situation 
is likely to apply to turbulent models of the ISM because the relative speed 
between parcels of gas is small on small scales. GMCs that form in an 
expanding shell may coalesce too because they are co-moving. 

(4) 
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Another possibility is that clouds collide and ultimately stick together 

- even at high velocities - because the cloud filling factor is nearly unity. 

This situation may arise in spiral arms or at the ends of the bars in barred 

galaxies where ISM streamlines converge and the clouds crowd together 

(Kenney and Lord 1991). 

In addition, diffuse clouds could stick together magnetically to make a 

G M C , as mentioned above. In this case, the clouds would not have to touch 

each other physically to stick together, they need only have their magnetic 

field Unes Unk up and get tangled. The cross section for such tangUng is 

relatively large (CUfford and Elmegreen 1983) so such colUsions should be 

frequent or even continuous. 

Another aspect of cloud collisions is that even if clouds do not stick to-

gether, the colUsions between them help decrease the turbulent speed in the 

ISM and this leads to G M C formation by macroscopic thermal instabiUties. 

This instabiUty is one in which a local region with, say, an excess in density, 

has an excess rate of cloud colUsions and an excess rate of dissipation of 

random cloud motions. Because the average density does not change dur-

ing this dissipation process, the result is a sUght decrease in the turbulent 

pressure. The surrounding clouds continuously hit this region, however, and 

these impacts transfer inward-directed momentum to the cloud fragments 

from the colUsions. This acts Uke an external pressure on the cooUng region, 

which then begins to cave-in, leading to a higher density and even more 

cloud colUsions. Eventually the region has a core with a low velocity dis-

persion and a high density, and it has a continuing accretion of the ambient 

high dispersion clouds. The core then grows arbitrarily large. Such a mech-

anism of cloud formation has been studied by Struck-MarceU and Scalo 

(1984), Tomisaka (1987), and Elmegreen (1989). It may be present in most 

N-body simulations with particles for clouds. When gravity is included, the 

instabiUty becomes a very powerful driver for giant cloud formation. 

These considerations lead to the foUowing predictions about diffuse and 

molecular clouds: 

PREDICTION 1: Diffuse clouds that form by the macroscopic thermal 

instabiUty should appear in quiescent regions (not sheUs or shock fronts) 

with low internal rms speeds and high internal densities in approximate 

turbulent pressure equiübrium with the surrounding diffuse cloud popula-

tion. Molecular cores and even star formation may appear in their densest 

self-gravitating parts. 

PREDICTION 2: Orbit crowding in galactic spiral arms and near the 

ends of the bars in barred galaxies should make the diffuse cloud filUng 

factor near unity, which impUes ISM compression factors of around 20. 

This drives the coagulation of clouds into dust lanes or giant complexes, 

and this is a precursor to GMCs and star formation. 
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4. Cloud Formation by Condensation from Larger Clouds 

The largest cloud complexes in spiral arms typically have masses of ~ 10 7 

M 0 (e.g., Knapen et al. 1993; Garcia-Burillo et al. 1993), which is larger 

than the mass of the largest GMCs in our Galaxy. Most spiral arm GMCs 

are in the cores of these complexes (e.g., Grabelski et al. 1987), so they 

probably formed by condensation from the larger clouds (Elmegreen and 

Elmegreen 1983). 

The 10 7 M© "superclouds" have a mass comparable to the Jeans' mass 

at the average gas density and velocity dispersion in the Galaxy. The Jeans' 

length and mass for disk collapse are 

2 c 2 c 4 

λ = — « 2.5 kpc ; M = —^— « 10 7 M 0 (5) 
G<7 Gr <T 

where c2 = lejjc2 + v2

A is an effective mean squared velocity dispersion 

including dissipation and magnetic fields. Here, c is the rms dispersion in 

1-dimension, 7 e / / is an effective ratio of specific heats from the energy 

equation, and υ A is the Alfven speed for the component of the magnetic 

field perpendicular to the collapse. A more complete derivation of these 

quantities, including an expression for 7e//> is in Elmegreen (1991, 1994c). 

Large cloud complexes like these are probably the result of gravitational 

instabilities in the spiral arms. Conditions for a spiral arm to be unstable 

were discussed by Elmegreen (1979, 1994c), Balbus and Cowie (1985), and 

Balbus (1988). The conditions can be most simply written in terms of the 

dimensionless parameters G/x/c 2 and parm/Pcrit,avei both of which must 

exceed 1, the first so that the arm is strongly self-gravitating, and the 

second so that the collapse time is less than the flow-through time. Here μ 

is the mass/length along the arm, ρ arm is the gas density in the arm and 

Pcrittave is the average critical density at that radius in the galaxy, given 

by Pcrit,ave = PaveQ for instability parameter Q = Kc/(nGa) with epicyclic 

frequency κ and mass/area σ in the plane. 

Spiral arms trigger this instability because the gas is dense (self-gravity 

is strong), the magnetic field is strong (the angular momentum of the gas is 

readily removed during the collapse), the rate of shear is low (the collapse 

proceeds in a parallel fashion along the arm, producing "pearls on a neck-

lace" of clouds rather than spirals within spirals), and tidal forces are low 

(Jean-mass clouds, which necessarily have low densities after virialization 

because of their large mass, are not prevented from forming by Galactic 

tidal forces). 

In a galaxy with strong spiral arms, most of the star formation occurs 

in the giant cloud complexes that occupy these arms. There is apparently 

relatively little star formation in shells or smaller isolated clouds. This 
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makes one suspect that the dominant mode of star formation varies from 

galaxy to galaxy, depending on the presence or lack of spiral waves. This 

observation should not be interpreted to imply that the star formation rate 

per unit gas mass varies in a similar way. In fact, this quantity is surprisingly 

constant, to within a factor of ~ 5 (e.g., Kennicutt 1983; Wiklind and 

Henkel 1989; Thronson, et al. 1989; Devereux and Young 1991, Sage 1993). 

Instead it is the mode or mechanism of star formation that varies: shells 

and triggered star formation in spiral-less galaxies like Holl (Puche et al. 

1992) replace condensation-type star formation in ΙΟ 7 Μ Θ clouds in spiral 

galaxies like NGC 4321. Apparently the high density, low shear and low 

tidal forces in spiral arms affords them a condition in which supercloud 

formation dominates all other modes of star formation. When there are no 

spirals, such clouds either fail to form, or form with difficulty and a slow 

rate, thus permitting other forms of star formation to dominate. 

5. Cloud Formation by Compression in Supersonic Turbulence 

The last mechanism of cloud formation considered here has received rel-

atively little attention compared to the others, but seems now, with our 

generally increased attention to interstellar turbulence, to be at least as 

important as the others. This mechanism has clouds form randomly, spon-

taneously, and continuously in a supersonicaily turbulent medium as high 

speed eddies crash and compress themselves, dissipating kinetic energy and 

producing high densities. The intercloud medium in this model is fast-

moving: it exerts a ram pressure on the surfaces of the intervening clouds 

that is comparable to the isotropic turbulent pressure inside the clouds. 

The most obvious application of this model is to the formation of 

clumps inside clouds (Sasao 1973; Scalo 1990; Elmegreen 1990; Falgarone 

and Phillips 1990; Porter, et al. 1992; Yue et al. 1993). Such a formation 

mechanism presumably accounts for the fractal appearance of the cloud 

boundaries and the hierarchy of scales inside the clouds. Unfortunately, 

neither of these properties of a G M C have been demonstrated theoretically 

with turbulence simulations nor have they been reproduced in a labora-

tory. Thus the interpretation of GMC clumps in terms of structures made 

by supersonic turbulence is somewhat speculative at the moment, but it is 

extremely compelling and natural, making the arguments highly persuasive. 

The point of view taken in this section is to propose that not only are the 

clumps inside of clouds likely to have formed by compression in supersonic 

turbulence, but also the whole clouds themselves. That is, whole GMCs 

form by compression in supersonic turbulence on extremely large scales, 

up to a galactic scale height or more. The gas becomes self-gravitating 

during the compression, as in the cloud-clump model by Elmegreen (1993), 
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and then GMCs form by collapse inside the turbulence-compressed layers. 

Diffuse clouds presumably form the same way but in smaller eddies, at 

slower speeds, and without enough mass to be strongly self-gravitating. 

The advantage of this turbulent model is that it can account for the for-

mation of interstellar structures on all scales that are not connected directly 

with either shells or superclouds from spiral arm instabilities. Turbulence 

can account for the IRAS cirrus clouds and high latitude clouds, molecular 

or atomic. It may also account for the random positions of GMCs inside 

superclouds, as shown, for example, by the maps in Grabelski et al. (1987). 

It might even account for the random positions of clouds and star formation 

in flocculent galaxies, which have no spiral waves. 

The turbulent model makes the following predictions: 

PREDICTION 1: G M C positions inside a supercloud should have the 

same geometric character as clump positions inside a G M C . 

PREDICTION 2: Young GMCs without obvious connections to shells 

and direct sources of high pressure should have surrounding intercloud flows 

that are converging on the cloud. 

PREDICTION 3: GMCs and diffuse clouds should be interconnected 

and part of the same turbulent structures, with GMCs representing only 

the self-shielded and self-gravitating regions of the larger scale complexes. 

PREDICTION 4: Star formation in turbulence-compressed GMCs should 

have an intermittent quality in time, and a fractal quality in space. 

Perhaps with these predictions, observers can find evidence for clouds 

that have formed this way. 
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