
STAR FORMATION STAR FORMATION 

86. I. A. Bonnell, M. R. Bate, H. Zinnecker, Mon. Not. R. 
Astron. Soc. 298, 93 (1998). 

87. A. Konigl, R. E. Pudritz, in Protostars and Planets IV, V. 
Mannings, A. P. Boss, S. S. Russell, Eds. (Univ. of 
Arizona Press, Tucson, AZ, 2000), pp. 759-787. 

88. J. M. Stone, C. F. Gammie, S. A. Balbus, J. F. Hawley, 
in Protostars and Planets IV, V. Mannings, A. P. Boss, 
S. S. Russell, Eds. (Univ. of Arizona Press, Tucson, AZ, 
2000), pp. 589-611. 

89. A. E. Dudorov, R. E. Pudritz, in ASP Conference Series, 
Vol. 62; The Nature and Evolutionary Status of Herbig 
Ae/Be Stars, P. S. The, M. R. Perez, E. P. J. van den 

86. I. A. Bonnell, M. R. Bate, H. Zinnecker, Mon. Not. R. 
Astron. Soc. 298, 93 (1998). 

87. A. Konigl, R. E. Pudritz, in Protostars and Planets IV, V. 
Mannings, A. P. Boss, S. S. Russell, Eds. (Univ. of 
Arizona Press, Tucson, AZ, 2000), pp. 759-787. 

88. J. M. Stone, C. F. Gammie, S. A. Balbus, J. F. Hawley, 
in Protostars and Planets IV, V. Mannings, A. P. Boss, 
S. S. Russell, Eds. (Univ. of Arizona Press, Tucson, AZ, 
2000), pp. 589-611. 

89. A. E. Dudorov, R. E. Pudritz, in ASP Conference Series, 
Vol. 62; The Nature and Evolutionary Status of Herbig 
Ae/Be Stars, P. S. The, M. R. Perez, E. P. J. van den 

Heuvel, Eds. (Astronomical Society of the Pacific, San 
Francisco, CA, 1994), p. 381. 

90. The critically stable Bonner-Ebert sphere with a ther- 
mal temperature of T, which is in a clump whose 
pressure is Pocump. is given by MB-E = 1.2 [(T/10 

K)2/(Po,cumpr/10 
5 cm-3 K)]1/ M. 

91. The accretion rate in a medium with a sound speed cs 
is dMldt = 0.95 [c3/G] = 1.0 X 10-5 [cs/0.35 km 
s-']3 M, year-1. 

92. R. E. Pudritz, S. Basu, in preparation. 
93. P. Massey, D. A. Hunter, Astrophys. J. 493, 180 

(1998). 

Heuvel, Eds. (Astronomical Society of the Pacific, San 
Francisco, CA, 1994), p. 381. 

90. The critically stable Bonner-Ebert sphere with a ther- 
mal temperature of T, which is in a clump whose 
pressure is Pocump. is given by MB-E = 1.2 [(T/10 

K)2/(Po,cumpr/10 
5 cm-3 K)]1/ M. 

91. The accretion rate in a medium with a sound speed cs 
is dMldt = 0.95 [c3/G] = 1.0 X 10-5 [cs/0.35 km 
s-']3 M, year-1. 

92. R. E. Pudritz, S. Basu, in preparation. 
93. P. Massey, D. A. Hunter, Astrophys. J. 493, 180 

(1998). 

94. J. M. Bardeen, J. R. Bond, N. Kaiser, A. Szalay, Astro- 
phys. J. 304, 15 (1986). 

95. B. C. Whitmore et al., Astron. J. 118, 1551 (1999). 
96. S. Bontemps et at., Astron. Astrophys. 372, 173 

(2001). 
97. The author enjoyed stimulating conversations with 

P. Andre, L. Hillenbrand, N. Scoville, and H. Zin- 
necker. He also thanks an anonymous referee for 
detailed and very useful comments on the manu- 
script that helped to improve it. Supported by a 
research grant from the Natural Sciences and En- 
gineering Research Council of Canada. 

94. J. M. Bardeen, J. R. Bond, N. Kaiser, A. Szalay, Astro- 
phys. J. 304, 15 (1986). 

95. B. C. Whitmore et al., Astron. J. 118, 1551 (1999). 
96. S. Bontemps et at., Astron. Astrophys. 372, 173 

(2001). 
97. The author enjoyed stimulating conversations with 

P. Andre, L. Hillenbrand, N. Scoville, and H. Zin- 
necker. He also thanks an anonymous referee for 
detailed and very useful comments on the manu- 
script that helped to improve it. Supported by a 
research grant from the Natural Sciences and En- 
gineering Research Council of Canada. 

REVIEW 

Isolated Star Formation: From Cloud 

Formation to Core Collapse 
Derek Ward-Thompson 

REVIEW 

Isolated Star Formation: From Cloud 

Formation to Core Collapse 
Derek Ward-Thompson 

The formation of stars is one of the most fundamental problems in 
astrophysics, as it underlies many other questions, on scales from the 
formation of galaxies to the formation of the solar system. The physical 
processes involve the turbulent behavior of a partially ionized medium 
containing a non-uniform magnetic field. Current debate centers around 
the time taken for turbulence to decay and the relative importance of the 
roles played by magnetic fields and turbulence. Technological advances 
such as millimeter-wave cameras have made possible observations of the 
temperature and density profiles, and statistical calculations of the life- 
times, of objects collapsing under their own self-gravity and those on the 
verge of collapse. Increased computing power allows more complex mod- 
els to be made that include magnetic and turbulent effects. No current 
model can reproduce all of the observations. 
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Stars are among the most fundamental 
building blocks of the universe, and yet the 
processes by which they are formed are not 
understood. Models can give different pre- 
dictions for the masses, densities, and tem- 
peratures of the objects formed, even if 
they assume only slightly different initial 
conditions. The variations of the initial 
density, temperature, velocity, and magnet- 
ic field are crucial to the gravitational col- 
lapse of molecular clouds (the chief sites of 
star formation), but one of the main prob- 
lems is that the initial conditions that per- 
tain in the clouds from which stars form are 
still not known sufficiently accurately. This 
gap is currently one of the major limiting 
factors in the understanding of the star 
formation process, at least for relatively 
low-mass stars [-0.2 to 3 times the mass of 
the Sun (M,)]. It is believed that different 
physical mechanisms dominate in isolated 
star-forming regions (which are more qua- 
si-static) and cluster-forming regions 
(which are more dynamic). This review 
discusses isolated star formation (1) and 
leaves clustered and triggered star forma- 
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tion for another review (2). Because high- 
mass star formation occurs almost exclu- 
sively in clusters, this review consequently 
refers mainly to low-mass stars (?3 M,). 
Similarly, even though a large percentage 
of stars exist in binaries or higher multiple 
systems, this review (for reasons of space) 
concentrates on single star formation (3). 

In the quasi-static picture of isolated 
star formation, there are a number of dis- 
tinct stages that can be identified, starting 
from the diffuse matter occupying the space 
between the stars, known as the interstellar 
medium (ISM), with a volume number den- 
sity of H atoms n - 1 H atom cm-3 (in the 
solar neighborhood) through to regions 
known as diffuse clouds, with a volume 
number density of H atoms n - 10 to 100 
H atoms cm-3 and temperature -30 to 50 
K. The more dense parts of the ISM are 
known as molecular clouds, because the 
gas within them is primarily molecular and 
of higher density and lower temperature 
[n 2 103 H2 cm-3, temperature (T) -- 20 to 
30 K]. The gas is molecular for two rea- 
sons: (i) the higher density provides a 
shorter mean free path for collisions be- 
tween the atomic gas and dust grains (the 
chief molecule formation mechanism is via 
surface interactions on dust grains) and hence 

tion for another review (2). Because high- 
mass star formation occurs almost exclu- 
sively in clusters, this review consequently 
refers mainly to low-mass stars (?3 M,). 
Similarly, even though a large percentage 
of stars exist in binaries or higher multiple 
systems, this review (for reasons of space) 
concentrates on single star formation (3). 

In the quasi-static picture of isolated 
star formation, there are a number of dis- 
tinct stages that can be identified, starting 
from the diffuse matter occupying the space 
between the stars, known as the interstellar 
medium (ISM), with a volume number den- 
sity of H atoms n - 1 H atom cm-3 (in the 
solar neighborhood) through to regions 
known as diffuse clouds, with a volume 
number density of H atoms n - 10 to 100 
H atoms cm-3 and temperature -30 to 50 
K. The more dense parts of the ISM are 
known as molecular clouds, because the 
gas within them is primarily molecular and 
of higher density and lower temperature 
[n 2 103 H2 cm-3, temperature (T) -- 20 to 
30 K]. The gas is molecular for two rea- 
sons: (i) the higher density provides a 
shorter mean free path for collisions be- 
tween the atomic gas and dust grains (the 
chief molecule formation mechanism is via 
surface interactions on dust grains) and hence 

a higher formation rate of molecules; and (ii) 
the molecules are not dissociated by the ul- 
traviolet (UV) component of the interstellar 
radiation field, because the embedded dust 
extinguishes the UV radiation and shields the 
molecules (4); -1% of a molecular cloud's 
mass is in the form of silicate (with some 
carbonaceous) dust grains -0.1 jim in size. 

The formation of molecular clouds, and 
particularly of giant molecular clouds 
(GMCs), is believed to take place in the 
spiral arms of galaxies in a local minimum 
of the Galactic gravitational potential. The 
magnetic field may also play a part in this, 
by way of a magnetic Rayleigh-Taylor in- 
stability (5), in which matter streams along 
field lines and collects in a potential mini- 
mum. GMCs generally give rise to clus- 
tered star formation, whereas smaller mo- 
lecular clouds tend to form smaller num- 
bers of more isolated stars. Very small 
clouds in relative isolation are often known 
as Bok globules, after their discoverer (6), 
and range in size from -0.01 to - 1 parsecs 
(pc), with masses of typically -1 to 10 Mo. 
The dust extinguishes the background star- 
light, so Bok globules are seen in silhouette 
at optical wavelengths. Isolated star forma- 
tion may also take place in the denser 
regions (known as cores) of larger molec- 
ular clouds, with densities of n - 104 to 1o06 
H2 cm-3. Once a dense core has formed in 
a molecular cloud, then self-gravity drives 
the subsequent collapse and formation of a 
star (or stars) within that core. However, 
what initiates that collapse, what are the 
initial conditions for the collapse, how the 
collapse proceeds, and what mass of star is 
formed as a result of a given set of initial 
conditions, are all matters of debate. 

The main stages of star formation can be 
summarized as follows: (i) forming a gravi- 
tationally bound core in a molecular cloud, 
(ii) collapse of the core under self-gravity, 
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(iii) building a central starlike object (per- 
haps surrounded by planets), and (iv) dispers- 
al of the remnant cloud material. 

The Dynamics of the ISM 
Whether a dense core region within a molec- 
ular cloud will collapse under its own self- 
gravity can be determined (4) by evaluating 
its virial v 

v = 2EK - 3PV + EG + EM (1) 

where EK is the internal kinetic energy; P is 
the external pressure; V is the volume; EG 
and EM are the gravitational and magnetic 
potential energies of the core, respectively; 
and the core is assumed to be nonrotating. 
The significance of this relation is that it 
indicates whether or not a core is in equi- 
librium, for any general density distribu- 
tion. If v < 0, then a core is said to have a 
mass greater than its virial mass, and it will 
contract unless supported by some other 
mechanism. If v > 0, then the core is said 
to have a mass less than its virial mass, and 
it is not gravitationally bound and will 
dissipate under the action of its own inter- 
nal motions unless confined by an external 
pressure. A spherically symmetric, non- 
magnetic, nonrotating pressure-confined 
core in equilibrium (v = 0) is known as a 
Bonnor-Ebert sphere (7, 8). 

However, this simple treatment usually im- 
plies that a quasi-static equilibrium situation is 
prevalent in molecular clouds. There are a num- 
ber of indications that this may not be the case 
and that molecular clouds may well be in a state 
of turbulence (9, 10). One specific prediction of 
turbulent motion in fluids is the presence of 
transient high-velocity material in localized re- 
gions in time and space, in a phenomenon 
known as intermittency. Such motions may 
have been observed in many clouds (10). The 
thermal velocity dispersion o.T of a spectral line 
emitted by a gas at temperature T is given by 
Boltzmann statistics as (kT/m)1/2, where k is 
Boltzmann's constant and m is the mean mo- 
lecular weight of the observed species. Most 
molecular clouds have observed velocity dis- 
persions O. greater than the predicted thermal 
velocity dispersion o.T. This excess is referred 
to as the nonthermal velocity dispersion oNT 

(11) and is given by 4NT2 = CO2 - JT2. 

For the smallest clouds, (rT dominates 
(12), but for clouds above a certain radius 
(typically -0.1 pc), oNT > UT. The high- 
velocity emission is spatially coincident with 
the thermal emission, hence the two velocity 
components are tracing the same gas. Molec- 
ular cloud regions that have greater turbulent 
internal motions have more support against 
self-gravity. Hence, higher mass clouds tend 
to be more turbulent, whereas lower mass 
clouds can more easily survive in regions 
where the turbulent motions of the ISM are 
less pronounced. 

STAR FORMATION 

However, this alone is not conclusive 
proof of turbulence in molecular clouds; for 
example, the high-velocity emission could be 
due to a high-temperature thermal component 
(the temperatures required would be up to 
-104 K, for which there is no evidence in 
these molecular clouds). But there is another 
prediction of turbulence, which implies that it 
is present in molecular clouds. This is that 
scale-free turbulence should lead to a scale- 
free geometry, so there should be no pre- 
ferred scale length in observations of molec- 
ular clouds, and structure should be seen on 
all scales. Molecular clouds do indeed show 
structure on all scales, from the small-scale 
resolution of modem telescopes up to the 
large scale of Galactic features such as spiral 
arms. Figure 1 shows a region of a molecular 
cloud illustrating apparently scale-free struc- 
ture. There have been a number of claims that 
molecular clouds exhibit fractal structure 
(13), which is scale-free. However, one must 
always exercise caution in making such state- 
ments from observations and state over ex- 
actly what range of size scales the apparently 
fractal structure appears. 

Turbulence can be generated in clouds by 

aD 
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many different mechanisms. The Galactic dif- 
ferential rotation across a molecular cloud may 
introduce large-scale turbulence. On intermedi- 
ate scales, the shock waves from supernovae 
and the stellar wind-blown bubbles around O- 
and B-type star associations (high-mass stars) 
can generate turbulence in clouds. On the 
smallest scales, individual stellar winds and 
outflows from newly formed low-mass stars are 
among the chief mechanisms for the injection 
of turbulence (14, 15). The efficiency of each of 
these mechanisms in generating interstellar tur- 
bulence is a matter of debate. However, the 
decay of turbulence in clouds may be respon- 
sible for the spontaneous initiation of gravita- 
tional collapse of a molecular cloud core 
through the dissipation of the internal support- 
ing turbulent motions (16-22). 

The Turbulent Decay Debate 
There is an ongoing debate over the time scale 
on which turbulence decays in molecular 
clouds. A number of recent theoretical studies 
have concluded that turbulence decays on a 
short (-106 years) time scale (23, 24) relative 
to the supposed lifetime (about a few 107 years) 
of a molecular cloud (25). Hence, the inference 

Fig. 1. A typical molec- 
ular cloud showing 
structure on a variety 
of scales from the res- 
olution of the telescope 
to the size of the cloud 
(103). Over this range 
of scale sizes, the struc- 
ture appears self-simi- 
lar. This can be inter- 
preted as fractal struc- 
ture (10), which is one 
of the expected signa- 
tures of turbulence in 
the ISM. [Credit: Heit- 
hausen and Thaddeus 
(103), with additional 
data taken by T. M. 
Dame] 
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is that because turbulence appears to be ob- 
served in molecular clouds, then it must be 
continuously reinjected by one or more of the 
mechanisms mentioned above. 

One solution to this problem is that GMCs 
may not be as long-lived as had been previ- 
ously thought (26, 27) but may themselves 
last for only a few 106 years. This may create 
other problems in terms of the rapid forma- 
tion rate of GMCs that is then needed, but this 
could be solved under the fractal (or hierar- 
chical) scenario, in which each level of den- 
sity of the medium is formed by relatively 
rapid compression of the slightly lower den- 
sity material around it. 

The alternative scenario is that not all 
forms of turbulence are damped out on such 
short time scales (28). Molecular clouds con- 
taining magnetic fields are subjected to the 
laws of fluid mechanics, modified by mag- 
netic effects. The study of such objects is 
referred to as magneto hydrodynamics 
(MHD). Turbulence under such conditions is 
rather complex, and wave motions can prop- 
agate by a number of mechanisms. Sonic 
compression waves travel at the sound speed 
Cs = (yp/p)l/2, where y is the ratio of specific 
heats, P is the pressure, and p is the density. 
Alfven waves (transverse waves traveling 
along magnetic field lines) have velocity 
v^ = B/(4TTp)"/2, where B is the magnetic 
field strength. 

In addition, the two modes of wave prop- 
agation couple (29) to form what are known 
as the fast and slow magnetosonic modes, 
with velocities v corresponding to the two 
solutions of 

2v2 = V + Cs + [(vA + C+)2 

- 4v2c2cos20]"2 (2) 

in which the sonic disturbance is not trav- 
elling parallel to the magnetic field but 

Fig. 2. Typical output from a tur- 
bulent MHD model (37). The 
structure appears to be similar to 
that observed in real molecular 
clouds. Detailed comparison be- 
tween characteristic parameters 
in the output of such models and ::^:;.. 
observations can lead to insights 
into the physical processes at 
work in molecular clouds, such as ^ '::^; 
the relative importance of turbu- 
lence and magnetic fields in t 
dominating the dynamics of the :;~$5 
ISM. The core marked with a 
square is seen to be accreting by 
funneling of matter along fila- 
ments (37). [Credit: D. Balsara et 
al., "A turbulent MHD model for 
molecular clouds and a new 
method of accretion onto star- 
forming cores," Mon. Not. R. As- I 
tron. Soc. 327, 715 (2001) : 
(Blackwell Publishing)] 
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instead at some angle 0 to it. This equation 
makes the assumption of a nonrelativistic 
v^ (a reasonable assumption in molecular 
clouds) and a uniform magnetic field direc- 
tion relative to the source of the turbulent 
wave motion (this assumption may not hold 
true, because the magnetic fields in molec- 
ular clouds may become tangled). 

The true picture of wave motions prob- 
ably involves a summation of multiple 
modes of fast- and slow-mode waves, and 
so breaking them down in this way is use- 
ful. In so doing, it has been found (in 
analytic models using a simple geometry) 
that the slow-mode oscillations are not ef- 
ficiently damped but are long-lived (28). 
Whether they, in turn, contribute signifi- 
cantly to the general level of cloud turbu- 
lence is also a matter for debate, although 
there is evidence to suggest that even a 
relatively small-amplitude slow-mode os- 
cillation can generate large density varia- 
tions in a molecular cloud (30). The numer- 
ical models that predict turbulence to decay 
(23, 24) find that even the slow-mode os- 
cillations decay rapidly, although they do 
not explicitly treat the neutral and ionized 
gas separately (in a method known as a 
two-fluid approximation) in the way that 
the analytic models do, which may account 
for their different conclusions. However, if 
the numerical finding proves correct, then 
either turbulence must be continuously re- 
injected into the ISM or molecular clouds 
are not as long-lived as was previously 
thought. 

Magnetic Fields Versus Turbulence 
Magnetic fields may impede cloud collapse if 
the field is coupled to the gas by means of an 
ionized component. The mean ionization frac- 
tion of molecular clouds is ~10-7, and the 
main method of ionization is by cosmic rays. 

One scenario for quasi-static contraction of a 
dense region of a molecular cloud involves the 
gradual decoupling of the magnetic field from 
the gas by a process known as ambipolar dif- 
fusion (31, 32), in which the neutral gas drifts 
through the ionized gas (which is tied to the 
magnetic field), thereby overcoming the mag- 
netic support and proceeding to collapse. Such 
models work in individual completely isolated 
regions (32-35); however, once even one mas- 
sive star has been formed in a molecular cloud 
(even in relative isolation), the feedback from 
the winds and outflows from that star cause 
such disruption to the rest of the cloud that such 
a quasi-static formation mechanism may no 
longer be applicable. In such cases, more com- 
plex models, which take into account turbulent 
effects (36, 37), are required (Fig. 2). 

Different models make different predic- 
tions about the relative importance of mag- 
netic fields and turbulence that can be tested 
by observations. One way to do this is by 
means of the ratio of thermal (plus nonther- 
mal) pressure to magnetic pressure, 13 (36, 
38). For 1 > 1, turbulence dominates and the 
field lines become heavily tangled; for 13 ? 
1, the magnetic field dominates and clouds 
form by material streaming along relatively 
uniform field lines (33, 39), after which elon- 
gated cores form perpendicular to the mag- 
netic field direction and cores evolve quasi- 
statically by ambipolar diffusion; for 0.1 ' 
P3 1, turbulence and magnetic fields have 
similar importance, and the magnetic field is 
not always perpendicular to the elongation of 
cores (36), although the initially uniform 
field remains the dominant component. 

Some limited observational tests of these 
theories have been carried out. Tracing of the 
submillimeter polarization in isolated molec- 
ular cloud cores (40) shows relatively uni- 
form magnetic field directions (41), suggest- 
ing that models with 13 1 are applicable to 
these regions (39, 42, 43). But the observa- 
tions also find an offset between the position 
angle of the B field and the minor axis of 
each core (40), further suggesting that 13 > 
0.1 (36), so the polarization results support 
the view that 0.1 < 13 < 1. 

However, mid-infrared observations of 
cores seen in absorption at 7 and 15 pxm find 
a number of cores with sharply defined edges 
(44). Both the quasi-static models (43) and 
the turbulent MHD models (36) predict that 
only cloud cores with 13 < 0.1 can develop 
such sharp edges (44) and large density con- 
trasts (45, 46). So the models cannot simul- 
taneously explain both the magnetic field 
data (requiring 1 > 0.1) and the large density 
contrasts with sharp edges (suggesting 1 < 
0.1). Some attempt was made to reconcile the 
magnetic field observations to quasi-static 
models with a lower 13 value (47) by explain- 
ing them in terms of more complex triaxial 
core geometries, but no complete model in- 
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corporating these geometries has yet 
emerged. Hence, the debate continues as to 
whether the magnetic field or turbulence 
dominates the dynamics of the initial condi- 
tions of collapse. 

Cores on the Verge of Collapse 
Supernova explosions, winds and outflows 
from previously formed stars, and shock 
waves in the ISM may all trigger star for- 
mation (2). However, in more isolated re- 
gions, the mechanism that initiates collapse 
is not so clear. Detailed observations of 
cores on the verge of gravitational collapse 
and those undergoing collapse can shed 
light on the collapse process itself. Many 
cores have been studied in detail (48-50), 
based initially on catalogs of regions of 
optical obscuration (51) and subsequently 
observed spectroscopically in various tran- 
sitions of NH3, CO, and many other mole- 
cules (52, 53). Some of the cores contain 
infrared (IR) sources (54), and these should 
be at a later evolutionary stage than cores 
without IR sources, because the former 
have presumably already formed a con- 
densed object at the center that we see in IR 
emission. 

We refer to such a central, condensed, 
roughly star-sized object as a protostar. It is 
believed that a protostar derives its energy 
from the gravitational potential energy of 
the collapse and that no form of nuclear 
fusion takes place within a protostar. The 
term "starless cores" (54) refers to cores 
without embedded protostars, and "pre- 
protostellar cores" (55) (or "prestellar" for 
short) refers to cores that appear to be 
the most centrally condensed and hence the 
closest to the onset of gravitational 
collapse. 

The arrival of the latest technology cam- 
eras that work at millimeter and submilli- 
meter wavelengths (0.3 mm < X < 3 mm), 
such as SCUBA (the submillimeter com- 
mon-user bolometer array) on the James 
Clerk Maxwell Telescope in Hawaii (56), 
has opened up a whole new area of obser- 
vational possibilities for study of these 
faint, somewhat extended objects. In fact, it 
was found in various millimeter-wave and 
submillimeter-wave studies of prestellar 
cores (45, 46, 55) that the cores follow a 
similar form of density profile, with a "flat" 
inner region (p = constant -> p oc r-l), 
steepening toward the edge (p ar2 -> 
r-5) (Fig. 3). Detailed comparison of these 
findings with quasi-static ambipolar diffu- 
sion models (35) showed that, although the 
radial density profiles of the cores are sim- 
ilar to those predicted by ambipolar diffu- 
sion models, the details of the time scales 
required by the models did not match the 
lifetimes calculated from the numbers de- 
tected (45, 46), although these results were 

based on relatively small number statistics, 
and more recent observations may be more 
in line with the model predictions (57, 58). 

Millimeter-wave spectroscopic studies 
using ground-based telescopes (59) and far- 
IR continuum observations (60) with the 
Infrared Space Observatory (ISO) (61) 
show that temperature gradients from the 
outside in are required in many cases to 
explain the data; that is, the core centers are 
cooler than their edges. It is also found that 
prestellar cores typically only emit radia- 
tion at wavelengths X > 100 ,um (60), 
indicating that they are cold, with typical 
central temperatures of only -10 K. For 
X < 100 pm, prestellar cores typically 
show strong continuum absorption (44). 
Comparison between the energy radiated 
by each core in the far-IR and the energy 
absorbed at shorter wavelengths (60) shows 
the energies to be of similar magnitude. 
Hence, there is no evidence for a central 
heating source in prestellar cores, and they 
are generally heated externally by the local 
interstellar radiation field. 

Statistical surveys of dense cores in mo- 
lecular cloud regions show that the histo- 
gram of their masses mimics the initial 
mass function (2, 62) of newly formed stars 
(63, 64). If these preliminary results are 
confirmed, then the mass of the final star 
must be determined at the prestellar core 
stage (2). Studies of the density profiles of 
prestellar cores using near- to mid-IR ab- 
sorption (44, 65) and submillimeter-wave 
emission (66) have found consistency with 
a Bonnor-Ebert density distribution (7, 8) 
in some cases. This implies that these cores 
are close to equilibrium, and they have 
masses close to the critical mass for col- 
lapse or slightly greater than this mass. 

There are already significant inward ve- 
locities in the outer layers of some prestel- 
lar cores, even though there is no evidence 
for a central protostar having formed, and it 
appears that a few percent of cores may 
already be contracting (67-70). However, 
the inward velocities are the same order of 
magnitude over a wide range of radii (67, 
68). This is not consistent with an acceler- 
ating free-fall collapse model, which would 
predict matter nearer the center to have 
higher infall velocity. Nevertheless, this is 
consistent with collapse initiated by turbu- 
lent dissipation, and this may be all the 
triggering that is needed to initiate collapse 
for low-mass stars (16-22). 

One alternative hypothesis that has re- 
cently been proposed to explain what may 
initiate core collapse involves core growth 
(37). In this MHD model, a turbulent cloud 
forms multiple cores that are linked togeth- 
er by elongated structures known as fila- 
ments (71). Because the cloud is ionized 
and contains magnetic fields, the matter 

and field lines are coupled. Hence, the fil- 
aments are effectively flux tubes of mag- 
netic fields as well as filaments of matter. 
The flux tubes serve to funnel matter down 
onto the cores. In this way, the cores grow 
until their mass exceeds their virial mass, 
and so they collapse. Thus far there is only 
limited observational evidence to support 
this model (37), although a similar model 
for core growth by means of accretion 
along filaments has also been proposed to 
explain binary star formation (72). In this 
model, the filaments funnel material "off 
center" onto the cores, thus increasing each 
core's angular momentum. The cores are 
spun up in this way and thus form a higher 
preponderance of binary stars (72). 

Collapsing Cores 
A collapsing core rapidly forms a central, 
roughly star-sized, condensed object known 
as a protostar. If the collapsing core has a 
large initial angular momentum, it may then 
form a binary or multiple system. This is 
because as material collapses through many 
orders of magnitude from molecular cloud 
core (r - 1015 m) to star (r -- 109 m), 
conservation of angular momentum dictates 
that its angular velocity must increase accord- 
ingly by many orders of magnitude. Conse- 
quently, if a rapidly rotating core were able to 
collapse to form a single protostar, then the 
rotational velocity of that protostar at its 
equator would exceed the gravitational es- 
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Fig. 3. A typical prestellar core radial density 
profile (66). Normalized column density is plot- 
ted against radius on a log-log plot (AU, astro- 
nomical units). The data are shown as circles 
with error bars, with theoretical model fits 
shown as solid curves. The flat inner profile 
steepens toward the edge. This type of profile is 
consistent with the predicted signature of a 
Bonnor-Ebert pressure-confined sphere (7, 8). 
The best-fitting model of this type is shown as 
a blue line, with the range of fits that are 
consistent with the data also shown. This type 
of profile is also qualitatively consistent with 
the predictions of some ambipolar diffusion 
models (43). 
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cape velocity and the protostar would break 
up. Of course, this situation cannot arise, and 
the core may instead form a binary system of 
two protostars in orbit about their common 
center of mass (for the remainder of this 
review, I will concentrate on single protostar 
formation for reasons of space). 

Figure 4 shows a schematic of the main 
components of a protostellar system: the cen- 
tral protostar, the circumstellar disk, and the 
surrounding envelope (73). The central pro- 
tostar is classified as a Class 0 protostar as 
long as more than half of the total mass of the 
system is still in the infalling envelope (74). 
After half of the mass of the envelope has 
fallen in, the source is referred to as a Class I 
protostar (75, 76). Once almost all of the 
envelope has been accreted (or otherwise dis- 
sipated), the source is referred to as a Class II 
source (75, 76) or classical T Tauri (CTT) 
star (77). At this stage, there is still a sub- 
stantial circumstellar disk, which may go on 
to form planets. Finally, when the inner part 
of the disk has dispersed, it is known as a 
Class III source (75, 76) or a weak-line T 
Tauri (WTT) star (77). 

There are about 10 times as many Class I 
protostars as Class 0 protostars (73, 78). This 
has led some to argue (73, 78-80) that the 
Class I phase lasts about an order of magni- 
tude longer than the Class 0 phase. This leads 
to the conclusion that half of the envelope 
accretes onto the central protostar in only 
one-10th of the time taken for the remaining 
half to accrete. This in turn leads to the idea 
that the accretion rate must decrease with 
time. 

Statistics based on source number counts 
(54, 73, 78, 79), coupled with stellar evolu- 
tion models (81), yield the following predict- 
ed lifetimes and properties for each evolu- 

Fig. 4. The main compo- 
nents of a protostellar 
source: (i) the central 
condensed protostar, with 
radius of a few solar radii 
("109 m); (ii) the circum- 
stellar disk, with radius 
-100 AU (~1013 m); and 
(iii) the surrounding enve- 
lope, with radius -5000 
AU (--1015 m) (73). Mat- 
ter accretes from the en- 
velope onto the protostar 
(via the disk) as the pro- 
tostar evolves. 

tionary stage: The starless and prestellar core 
phases together last a few 106 years; the Class 
0 protostellar phase then lasts a few 104 years 
and is characterized by a high accretion rate 

(>10-5 M, year-'), during which at least 
half of the final stellar mass is accreted; and 
the Class I protostellar phase lasts a few 105 
years and is characterized by a lower accre- 
tion rate (<10-6 M, year-l), in which the 
remainder of the final stellar mass is accreted. 
There are uncertainties in these time scales, 
because they are derived (at least in some 
cases) from relatively small number statistics 
of source counts (54, 73, 78, 79), and the 
statistics may also be influenced by selection 
effects, in which we may be more likely to 
observe sources in some phases than others. 

Spectroscopic evidence of infall has been 
reported in a number of Class 0 protostars 
(70, 82-84), although the manner of the col- 
lapse cannot be uniquely ascertained from 
such observations. The exact form of the 
collapse depends almost entirely on the initial 
conditions (85-87). A decreasing accretion 
rate, such as that deduced from statistical 
observations of protostars, is obtained when 
the initial radial density profile is relatively 
flat in the center and steepens toward the 
edge (86, 88, 89). This is exactly the form of 
the density profile that is observed in prest- 
ellar cores, which leads one to believe that 
some degree of consistency in the various 
different observations is beginning to emerge 
(73). 

The exact nature of the gravitational 
collapse of a molecular cloud core has been 
debated for many years, and a number of 
analytic models of protostellar collapse 
have been proposed. It was predicted theo- 
retically early in the history of this subject 
(90-92) that the collapse should proceed at 

constant temperature over a wide range of 
size scales and that it should be scale- 
invariant (self-similar) in nature. A whole 
family of such self-similar solutions exists 
(85, 93), which can be divided into various 
types. The types range from outside-in col- 
lapse (92, 94), in which the outer layers 
begin to fall in first; to almost constant 
velocity solutions (93); to the opposite sit- 
uation of inside-out collapse (95), in which 
the central regions fall in first and a col- 
lapse expansion wave spreads outward 
from the center. Exactly which solution 
nature uses is dependent on the initial con- 
ditions. It was found (93) that the most 
apparently likely solutions match the out- 
side-in situation and that only the most 
unlikely initial conditions could produce 
the inside-out collapse scenario (85-87). 

More recently, the collapse of relatively 
flat-centered density distributions, as sug- 
gested by the observations, have been stud- 
ied (88, 89). For any flat-centered initial 
density profile, there is a pause between the 
onset of freefall collapse and the beginning 
of accretion onto a central point mass. This 
form of collapse is consistent with the in- 
ferred lifetimes and observed density pro- 
files of prestellar cores and Class 0 proto- 
stars, with observations in prestellar cores 
of roughly constant contraction velocities 
over a wide range of radii, and with the 
lifetimes and accretion rates derived for 
Class 0 and Class I protostars. Consequent- 
ly, such models provide some insight into 
the nature of protostellar collapse, although 
they do not necessarily shed much light on 
the dominant physical processes at work. 
Furthermore, there is still one major incon- 
sistency in all of the models. 

The Luminosity Problem 
There is a problem with observations of the 
luminosities of Class 0 and I protostars (96), 
in the following sense: Their low luminosities 
imply low accretion rates if the material is 
accreting directly onto the protostellar sur- 
face (81), and low accretion rates imply long 
lifetimes that are incompatible with the rela- 
tively small number of known protostars. 
One possible solution in the case of Class I 
sources is that the accretion rate remains low 
throughout the Class I phase, and most of the 
residual protostellar envelope is dissipated in 
some way other than by being accreted onto 
the central protostar; for example, it might be 
converted into lower-mass companions (97- 
99). 

Alternatively, it can be explained by 
arguing that accretion takes place in a fairly 
uniform manner from the envelope onto a 
circumstellar disk and is then episodic in 
nature from the disk onto the central pro- 
tostar (100). Short-lived (and therefore in- 
frequently observed) rapid accretion epi- 
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sodes could be interspersed with long peri- 
ods of slow or even negligible accretion, 
during which matter piles up at the inner 
edge of the accretion disk. Thus, protostars 
would spend the majority of their time in a 
lower luminosity phase, only flaring up 
briefly when the accretion disk becomes 
unstable and matter is rapidly deposited 
onto the protostar (79, 100). 

Flaring episodes have been observed in T 
Tauri stars, and are known as FU Orionis 
events, after the first such star to be observed, 
but no known Class 0 or I protostar has been 
observed in such a phase. This potential so- 
lution to the luminosity problem will be able 
to be tested by the next generation of milli- 
meter-wave interferometers, such as ALMA 
[the Atacama Large Millimetre Array (101)], 
which will be able to resolve detail on scales 
smaller than the accretion disks of nearby 
newly formed stars. In addition, forthcoming 
satellites, such as the planned European 
Space Agency Herschel mission (102), will 
give higher resolution far-IR observations, 
permitting detailed analysis of cores on the 
verge of collapse, which will give more de- 
tails of the initial conditions of protostar for- 
mation and help to answer some of the other 
fundamental questions raised in this paper. 
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