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Abstract. Models of star formation in clusters and some of their observational constraints
are reviewed. The formation of old globular cluster stars required a gas temperature close to
the microwave background temperature at a time when cooling rates were low because of
a low metallicity. Globular clusters were probably the first clusters that could form with a
normal IMF, and therefore the first that could survive until today. This makes their universal
presence the result of a selection effect for survival over a Hubble time
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1. Star Formation Models

There are several models for star formation
in clusters but no clear observational evidence
that could indicate a preference. One model is
that supersonic turbulence fragments a cloud
through compression, shocks and intersecting
shocks, and these compressed regions are mas-
sive enough to exceed their own thermal Jeans
mass and also dense enough to have an inter-
nal dynamical time scale that is shorter than
the compression time. Then they collapse to
dense cores before they disperse and the dense
cores form single and binary stars (Elmegreen
1993). Numerical simulations show this pro-
cess well and also get about the right stellar
initial mass function (see review in MacLow &
Klessen 2003).

Observational support for this model in-
cludes the appearance of dense prestellar cores
(Whitworth & Ward-Thompson 2001) in re-
gions of star formation that have a mass dis-
tribution similar to the IMF (Motte, André, &
Neri 1998; Testi & Sargent 1998; Bacmann
et al. 2001; Tachihara et al. 2000), suggesting
that this stellar distribution is determined in the

gas phase. These observations sometimes also
show a hierarchical positioning of the cores
(Testi, et al. 2000), which is reminiscent of the
hierarchical structure of turbulent clouds else-
where, and a close packing of cores that can
only be explained if they grow in mass at con-
stant density rather than collapse to high den-
sity at constant mass (Elmegreen & Shadmehri
2003).

A problem with this model is that the ob-
served dense cores are not always strongly
self-gravitating, so it is not clear they will
form stars. Also, their steep mass function,
which is dn/dM ~ M~2* above 1 M, like
the Salpeter mass function, is expected anyway
for the densest regions of a perfect fractal, re-
gardless of their state of stability and forma-
tion history (Elmegreen 2002). Another prob-
lem is that brown dwarfs cannot form at typical
cloud pressures because they are much smaller
than the thermal Jeans mass. It is not clear if
turbulent pressure bursts can decrease the ther-
mal Jeans mass enough to form brown dwarfs
(Padoan & Nordlund 2002).
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A second model for star formation suggests
that turbulence-shocked gas collapses directly
to opacity-limited fragments, which are ~
0.001 Mg, stable cores that are too optically
thick to radiate away any more collapse en-
ergy. The cores accrete their surrounding gas
until stellar masses are reached. In the model
by Shu, et al. (1987), this accretion is stopped
by the star itself when it becomes sufficiently
bright. In the model by Bate, Bonnell, &
Bromm (2003), the accretion stops when the
star is ejected from its tight sub-cluster and
finds itself without any more gas nearby. The
Bate et al. model forms the correct IMF
and easily makes brown dwarfs, which are
the opacity-limited fragments that get ejected
early. It does not get an IMF-like distribution
of pre-stellar cores because the IMF is deter-
mined entirely by competitive accretion in this
model, not by cloud dynamics. It could, how-
ever, get an IMF-like distribution of dense ob-
jects that resemble the observed dense cores.

A third model of star formation has clumpy
structure in clouds formed by thermal instabili-
ties and then star formation inside these clumps
triggered by other processes, such as clump
collisions (Murray & Lin 1992). The thermal
instability in turbulent molecular clouds is not
well enough understood to comment on this
model. Turbulence models with 2 stable ther-
mal states separated by an unstable state do not
actually form clumps by a thermal instability
but have gas density and temperature follow-
ing the turbulent pressure fluctuations (Gazol
et al. 2001).

None of these models satisfies all of the ob-
servations of star formation in clusters. A hy-
brid model might have supersonic turbulence
make structure with a wide range of masses
above and below the stellar mass. The most
unstable of these would contract into dense re-
gions that are the observed pre-stellar clumps.
These clumps could then either collapse to
opacity-limited fragments and accrete the rest
of the clump mass over time without competi-
tion, or they could contract more slowly into
stars via ambipolar diffusion. In either case,
the final stellar mass would be proportional to
the clump mass and not be determined entirely
by competitive accretion. The hybrid scenario
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does not appear in the models by Bate et al.,
perhaps because the cloud did not have enough
time to evolve to a highly clumped initial con-
dition before gravitational instabilities set in.
In their model, most of the collapse occurs
in one large, thermalized filament that comes
from the first big crash in the convergent part
of the initially turbulent motion.

2. Formation of Globular Clusters

There are several models for the formation of
globular clusters: (1) they form inside dwarf
galaxies that have since dispersed (Coté, West,
& Marzke 2002; Yoon & Lee 2002; Bellazzini,
Ferraro, & Ibata 2003); (2) they form in sub-
galactic halos (Nishi & Susa 1999; Cen 2001;
Kitayama et al. 2001; Bromm & Clarke 2002),
(3) in pieces of the outer regions of galaxies
(Harris, Harris, & McLaughlin 1998; Susa &
Kitayama 2000; Weil & Pudritz 2001), (4) in
the disks of z > 3 galaxies (Kravtsov & Gnedin
2003), (5) in gas-rich proto galaxies during
mergers (Ashman & Zepf 1992; Beasley et
al. 2002), and (6) in radio-jet triggered shells
(Krause 2002).

Most of these processes could have formed
globular clusters. Once a cluster relaxes inter-
nally and gets fully incorporated into the halo
of a galaxy, its detailed formation mechanism
will become obscure.

3. Star Formation in Globular
Clusters

This review is not concerned with the cluster
formation process itself but with the formation
of stars inside clusters. In this respect, there
are several important differences between the
epoch of globular cluster (GC) formation at
cosmological z = 3 to 10 and the present day.
When globular clusters formed, the microwave
background temperature was higher than it is
today by a factor of 3 to 10: Tyywp ~ 10—-30 K.
The gas had a lower metallicity, < Z >~ —1.6
(1/40 of solar). There was also a bright non-
thermal environment from QSO radiation, a
high pressure potential from the protogalaxy
(< P >~ 10° kg for M ~ 10" My, inside 20
kpc), and a lower mean magnetic field in the
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halo than in present-day disks. These differ-
ences had several important consequence for
star formation, as discussed momentarily.

In other respects, star formation in globular
clusters seems very similar to star formation in
today’s clusters because of the universal pres-
ence of turbulence, self-gravity, and some level
of thermal cooling. The biggest indication that
star formation in GC was not much differ-
ent than star formation today is that the stel-
lar IMF’s are similar (compare Paresce & De
Marchi [2000] and Hillenbrand & Carpenter
[2000]), although perhaps the mass at the peak
of the IMF was larger for GC by a factor of 2
(Chabrier 2003). GC are also similar to today’s
clusters with respect to stellar density and ve-
locity dispersion (when compared to today’s
young super star clusters), and neither cluster
has dark matter.

The similarity of the basic structure of dense
star clusters suggests that the overall processes
of star formation are about the same in all envi-
ronments. For example, supersonic turbulence
rapidly fragments the gas which then collapses
somehow into stars. This process is usually
very fast, taking less than 2 dynamical times.
For globular clusters with 2 X 10> My, inside a
radius of 5 pc, the average gas density assum-
ing 10% star formation efficiency was 10° H
cm™3, in which case the dynamical time was
~ 0.25 million years. This means that star for-
mation was over before the most massive stars
supernovaed. Thus we can infer that GC will
not enrich themselves with their own super-
nova ejecta (Elmegreen & Efremov 1997).

The similarity in IMF between GC and today’s
clusters suggests that the thermal Jeans mass is
about the same in these two cases. According
to some theories, the thermal Jeans mass deter-
mines the turnover or “characteristic” mass in
the IMF (Larson 1992; Elmegreen 1997). This
is the mass where the Salpeter power law at
high mass joins the shallower or flat part at low
mass. For GC this turnover mass is ~ 0.4 Mg
(Paresce & De Marchi 2000). In view of the
average density of GC clouds, a thermal Jeans
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mass of 0.4 M requires a temperature at the
time of star formation of

MJ 2/3 1/3
T ~ 15K e
(0.4 Mo) (105 H, cm—3) )

This temperature seems reasonable for mod-
ern star formation and indeed its value supports
this particular IMF theory. However, it is a sur-
prisingly low temperature for GC that formed
at z ~ 3 — 10 when Tywp was also ~ 15 K.
Apparently the GC gas had to cool down to
about the ambient mircowave temperature if
this IMF theory is correct.

Gas cooling rates at the time of GC formation
were far less than they are today for the same
density and temperature because of the lower
C, O, and dust abundances for near-primordial
gas. Cooling at n ~ 10° cm™ is dominated
by dust, CI, and OI, and can bring gas down
to ~ 15 K or so, with heating only from H,
formation (Omukai 2000). Additional heating
from QSO light and forming elliptical galaxies
would make it hard to reach even this 7.

In the second model of star formation men-
tioned above, where the IMF is determined
by competitive accretion onto opacity-limited
fragments, the characteristic mass at the
turnover point of the IMF scales directly with
the opacity-limited mass (according to M.
Bate, Joint Study 11, IAU in Sydney, July
2003). This is the stable mass at which the
opacity over one radius is so large that the en-
ergy input from collapse cannot be radiated
away. According to Rees (1976) and Low &
Lynden-Bell (1976), the minimum mass is in-
sensitive to the opacity per gram, in which
case it would also be insensitive to metallic-
ity. However Masunaga & Inutsuka (1999) find
that the minimum mass varies inversely with
opacity/gram and suggest this mass is larger
in low metallicity clouds, equaling 3.71 Mg
in clouds with Z = 0.01Z,. Because such a
change in characteristic IMF mass is not ob-
served for globular clusters, the role of opacity-
limited fragmentation during star formation is
unclear.

The IMF is critical for a cluster because it de-
termines whether the cluster can remain self-
bound after mass loss from stellar evolution
(Portegies Zwart et al, 1998; Joshi, Nave, &




Bruce G. Elmegreen: Formation of Stars in clusters

Rasio 2001; Giersz 2001). The binary fraction
is important too as binaries eject stars. If GC
did not form low mass stars with about the
IMF they are observed to have, then their stars
would not be bound in a cluster today and they
would be very difficult to see. Also, without
stars less than a solar mass, there would be no
stars that survived a Hubble time. In this sense,
GC are the result of a remarkable selection ef-
fect: they are the first non-galactic bound stel-
lar systems (i.e., with no dark matter) that were
dense enough to survive galactic tidal forces
and that could make low mass stars. Earlier
star formation may have occurred in clusters
also, but they could not survive disruption and
fading from stellar evolution. The earliest star
formation may not have occurred in clusters at
all (Abel, Bryan, & Norman 2002).
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