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Foreword

It was with pleasure that CAUP became for three days the core to the cloud
of star formation experts all over the world. Close to the celebration of its 15th
anniversary — therefore still in the early stages of institutional evolution — we
are proud of our multiple activities in Astronomy: a productive research centre,
classified as “Institution of excellence” within the Portuguese research units,
but also an “Institution of Public Utility” as recognised by the Government.

Fifteen years ago we choose to play a role not only in research, as expected
from any research centre but also in the training of the future astronomers and
the promotion of science and scientific culture. This choice is clearly stated
in our by-laws and also in the multiple activities we have carried out since.
Along the years we have organized on a regular basis international Workshops
similar to “Cores to Clusters”. Sometimes we have chosen to organize inter-
national conferences of a larger size. On other occasions the choice has been
for smaller and more informal discussion meetings. Or even doctoral schools
with very different objectives. In common all those meetings have always had,
besides the formal registered participants, a group of informal participants, our
undergraduate students of Astronomy, so eager to be in touch with the real
world.

Again this time, as the Workshop sessions progressed in the quietness of the
auditorium, CAUP hall was regularly enliven by its approximately 400 daily
exuberant visitors — the school kids attending the sessions of the Porto Plane-
tarium, also a responsibility of CAUP. This is the result of a unique choice — to
be scientifically responsible for the town’s public planetarium. In exchange for
a shared beautiful building in which conception and design we were involved
right from the beginning. This common installation was in fact our proposal.
In our view this structure fully optimizes complementary synergies — the plan-
etarium benefiting from the proximity of a research institute in Astronomy that
guarantee for the quality, scientific level and actuality of the contents of the
public sessions. The research institute benefiting from a special stage for its
activities related with public awareness of science. The practice of almost 15
years has proven the choice to be a very positive one and we are very proud of
1t.
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CAUP was for a few days the centre of live discussions on star formation
theories and observations as a result of the effort of various people with spe-
cial emphasis for the organizers Joao Alves, Mario Tafalla, Nanda Kumar and
Paola Caselli. Naturally Nanda Kumar being the local organizer had the big
share of work. CAUP staff also made a splendid contribution for the smooth
run of the meeting. And last but not the least the sponsors of this meeting
deserve acknowledgment since they believed in our proposal of organizing a
non-expensive productive meeting. Fundagdo para a Ciéncia e Tecnologia,
Fundacdo Calouste Gulbenkian (Servico de Ciéncia) and Reitoria da Univer-
sidade do Porto provided the needed support for the keynote speakers, coffee
breaks and in part this book.

This was also a very timely meeting on a topic of high interest for CAUP
researchers in both Stellar Astrophysics and the Cosmology, our two broad re-
search areas. Especially when several major telescope facilities in the infrared,
milimeter and radio bands are being built and will become fully operational
within a decade. These missions are expected to play a major role towards
our understanding of the star and planet formation, which, indeed is addressed,
as one of their primary scientific goals. “Cores to Clusters” workshop aimed
at discussing the quests of star formation to be investigated with several of
new generation telescopes such as Spitzer, ALMA, VLTI, SMA, CARMA and
HERSCHEL. This book includes review type articles on star formation writ-
ten by leading researchers and other more technical papers on related current
issues. The authors of the articles and the editors have made their best effort to
bring out this book. I am quite confident it will be a useful book to all young
researchers in the subject of star formation.

Teresa Lago

Director

Centro de Astrofisica da Universidade do Porto
Porto, 20th April 2005
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PHYSICAL PROPERTIES OF
PRESTELLAR CORES

Malcolm Walmsley
INAF- Osservatorio Astrofisico di Arcetri

walmsley @arcetri.astro.it

Abstract Prestellar cores are thought to be the ultimate phase in the development of a
gravitationally bound condensation in a molecular cloud prior to the formation
of a star. In this review, I discuss the basic processes governing the physical
characteristics of such cores as well as the techniques used to determine such
parameters as density, temperature, and magnetic field strength.

Introduction

Our realisation that stars are presently forming in the Milky Way is relatively
recent. And the realisation that stars form in molecular clouds is more recent
still. Nevertheless, it is probably worth pointing out that our belief that the
latter statement is correct is based to a considerable extent on the finding in the
late 1960’s and early 1970’s (Becklin & Neugebauer 1967, Kleinmann & Low,
1967, Harper & Low, 1971) that embedded in molecular cloud material close
to the Trapezium cluster was another cluster of powerful infrared “protostars”.
Slightly later, the molecular cloud emission was mapped (e.g Harvey et al.
1974) and it was also realised that the molecular cloud in this vicinity consists
of several hundred solar masses of gas in an area roughly 0.5 parsec across.
In other words as we are now aware, the molecular cloud mass is comparable
to that in the Trapezium cluster and is spread over similar dimensions. Thus,
understanding star formation is intimately linked to understanding molecular
cloud physics.

Fortunately perhaps, later developments occurred on somewhat longer time
scales. But one thing that happened was that we discovered that the dense
clump in Orion as well as many other “cores” were part of much larger struc-
tures which got named giant molecular clouds or GMCs with masses anywhere
from 10* to 107 solar masses. Apparently, the first act on the way to forming
stars was to form a GMC (see e.g. Solomon et al. 1979). These GMCs were
much less dense (a few hundred Hy cm ™3 as compared to a few times 10°) than
the region surrounding the Orion infrared sources but extended over typically
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50 parsec and seemed to be gravitationally bound. A few percent of the mass
however was in the form of high density (above 10* cm™3) cores or clumps (as
in the Orion case) and these became a focus of attention. As time went on, it
became clear that young pre-main-sequence stars (T Tau’s) also probably had
their origin in cores and sometimes formed in a more isolated mode than the
IR sources close to Orion.

All of this caused people to rethink their ideas about star formation in gen-
eral and star formation rates in particular. In particular also, people started in
the 1970’s to think hard about molecular clouds and their evolution. This brief
review cannot cover all of these studies but it is useful to point out some of the
many good reviews that are dispersed in the literature. In particular, I note the
excellent overview by Evans (1999) , the “classical” review of the theory by
Shu et al. (1987) and the articles by Myers, by McKee, and by Blitz & Williams
in Lada & Kylafis (1998). A detailed discussion of the topics discussed here is
also given in the book by Stahler & Palla (2004).

In this article, I will only consider some “basic concepts” concerning star
formation (in section 2) as well as giving a brief summary of the methods
one uses to determine physical parameters in the clouds or “cores” where star
formation takes place (section 3).

Basic Ideas

Much of our thinking about star formation is based upon the fact that a cloud
of density p and temperature T will be gravitationally unstable against collapse
if the mass exceeds a critical value M ; (the Jeans mass) and if thermal pressure
is the only form of support (no magnetic field or turbulence). The Jeans mass
is (see e.g. Evans, 1999):

kT _
MJ _ ( 1.5p 0.

= Comn P =187 n "My (1)

where n is the molecular hydrogen density (in cm™3), y is the mean mass per
Hs in amu, and G is the gravitational constant.

This result is quite fundamental for a number of reasons but in particular
because it implies that for temperatures and densities typical of the molecular
cloud cores associated with star formation (say 7=10 K and n = 10* cm™3),
the Jeans mass is around 6V . To within a factor of a few, these regions have
a “reason” to produce objects of a stellar mass. Indeed, there is a “knee” in
the initial mass function at around 0.5M and this may be related to the Jeans
mass in the medium where most stars form.

Moreover, we have reason to suppose that there exist cores where gravitation
and thermal pressure are in balance to the extent that some may be in hydro-
static equilibrium. One very pretty example is the “Bok globule” Barnard 68
studied by Alves et al., 2001 where they found that the density distribution
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(more precisely the column density distribution) corresponded well to that ex-
pected for an isothermal equilibrium sphere. In fact, this object appeared to be
consistent with the theory worked out by Ebert, 1957 and Bonnor, 1956 in the
1950’s. The technique used here depends upon the assumption that the grains
in these high density cores extinct background starlight according to the same
laws obeyed by the more well studied grains in the diffuse interstellar medium.
Given that the grains in question are thought to be covered with ice mantles of
frozen water and CO, it is not obvious what one should expect and it is com-
forting that both theoretical (Ossenkopf & Henning 1994) and observational
work (Bianchi et al. 2003) suggest the assumption is reasonable.

There is not only a mass associated with a given T'—p combination. There is
also a timescale which is the time on which collapse would take place without
pressure support. This is the free—fall time 77 ¢ which is for a cloud of density
p , the minimum timescale on which dynamical changes take place. We have:

3T
7 = Gyas Gp)°-5 = 3.410° ny "Pyr 2)
where n4 is the molecular hydrogen density in units of 10* cm 3. Note that this
only depends upon the density and that higher density regions evolve faster.
Thus intuitively, one expects that in star formation, the first step (at lowest
density) will be the slowest and will determine the timescale of, say, the proto-
stellar collapse. Thus once a core is formed, one might expect star formation
to last a few hundred thousand years. This is in fact roughly what one finds.

Another thing to notice is that dividing the Jeans Mass by the free-fall time
gives one (dimensionally at least) a mass accretion rate. One also sees doing
this that the “typical” accretion rate derived in this way only depends on the
temperature. On the other hand, the rate at which a protostar evolves is very
tightly linked to the rate at which it accretes mass and so we come to the rather
surprising conclusion that protostellar evolution depends critically on the tem-
perature of the clump or core from which a prostar forms. This obviously
is a very loose argument but a more sophisticated discussion (see Shu et al.
1987) shows that in many circumstances, it is a useful approximation to the
truth. Clearly however, it only holds in situations where thermal pressure is the
main force counterbalancing gravitation and equally clearly, this is often not
the case.

The two other main candidates for preventing gravitational collapse are the
magnetic field on the one hand and turbulence on the other. I will consider
them briefly here but note that the review by MacLow & Klessen (2004) gives
an excellent overview of the topic. Concerning turbulence, one should stress
that it has been known from the first observations of molecular clouds that they
are permeated by turbulence and that the turbulence is normally supersonic.
This is shown by observations of line broadening in molecular clouds where
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one finds that, in most cases, the observed linewidth cannot be explained by
thermal broadening. In fact the observed line widths tend to correlate with
size with relatively narrow lines being found towards small dense cores with
densities of 10* cm ™2 or more. An example is the B68 core mentioned earlier
which appears to be in hydrostatic equilibrium and where turbulence makes a
relatively modest contribution to the broadening. Thus thermal (as opposed to
turbulent) pressure seems in this case to dominate.

In other cases however and, in paticular in regions like Orion where high
mass stars are forming, the turbulent pressure may play a fundamental role
opposing gravity. If turbulent support is playing a role in preventing gravita-
tional collapse, it’s behavior may be similar to that of thermal pressure. Thus,
one can have an effective Jeans mass where instead of the sound (or thermal)
velocity, one substitutes the RMS turbulent velocity. In this view of things, tur-
bulence just tends to act like a higher “temperature” thus causing a larger Jeans
mass and accretion rate. Thus one might naively expect higher mass stars to
form in “turbulent” cores. The observational evidence on this point is mixed
however and it may be interesting in the future to compare observations of the
stellar initial mass function (IMF) in molecular clouds with different levels of
turbulence.

The other contender for preventing collapse is the magnetic field and here,
the main difficulty is knowing how large the field is in the dense cores from
which star formation takes off. I discuss this below but note here that a crit-
ical characteristic of the field is that even in molecular cloud cores where the
degree of ionization n./ny; (where n. is the electron density and nj, the hy-
drogen density) approaches 10~8, one expects the field lines to be attatched to
the gas. In other words, the field is “frozen in” and the equations of magnetic
hydrodynamics (MHD) hold. Then also, one expects the magnetic energy in a
contracting cloud to have the same dependence on density as the gravitational
energy (B2 R3 varies as 1/R if flux freezing holds). Thus if initially, mag-
netic pressure is unable to prevent collapse, this will also be true as the core
contracts. More formally, one can show that a magnetic flux & can support
a cloud against contraction if the cloud mass does not exceed a critical value
M., given by (see Shu et al. 1987, Stahler & Palla, 2004) :

P B R
M, = 0.13 ~ 2.5
« GO5 3OMG(

o.1pc)2 Mg 3)

One should note that this is in essence a condition on the cloud column density
M/ R? relative to the magnetic field. Another way of putting this is to say that
for any observed cloud column density, there is a critical magnetic field and in
fact, the estimates we do have (e.g. Crutcher, 1999) in fact suggest that fields
are close to that critical value.
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Conversely, in a model where magnetic field does prevent collapse initially,
it will continue to do so until nature finds some way of separating field lines
from the gas to which they are attatched. The most carefully studied mecha-
nism of this latter type is the so-called “ambipolar diffusion” where gravitation
slowly allows neutral hydrogen molecules to drift relative to both the field lines
and the charged component of the core. The review by Shu et al. 1987 (but
also Stahler & Palla, 2004) provides a good description of this. It is worth not-
ing that ambipolar diffusion can be modulated either by the positively charged
ions (such as HCO™) or by the negatively charged grains (it turns out that most
grains are negatively charged in prestellar cores).

For the case where the ions dominate, the timescale for ambipolar diffusion
is proportional to the product of a drag coefficient y;,, for momentum transfer
in collisions between ions and neutrals and the ratio of ion and neutral densi-
ties p; / pn. It thus depends sensitively on the degree of ionization in the largely
neutral plasma. This in turn is determined by cosmic ray ionization of hydro-
gen and helium on the one hand and recombination of ions either with electrons
or with negatively charged grains (e.g. McKee, 1989). Hence, rather surpris-
ingly, one has the situation where in principle at least, the rate at which stars
form can depend on the degree of penetration of galactic cosmic rays into the
molecular cloud. However, as far as we can tell, cosmic rays do penetrate as
evidenced by the existence of molecular ions such as HCO™ and NoH™ in the
high density cores of clouds. Assuming therefore a “normal” cosmic ray flux
similar to that measured at earth, one finds that the ambipolar diffusion time is
typically an order of magnitude larger than 77, under conditions typical of ob-
served cores. Thus, if indeed magnetic fields are larger than the critical value
defined by equation 3 , star formation is a slow process (see Palla & Stahler
2002 for a discussion of observed star formation rates).

Determining Physical Parameters of Star Forming Regions

The previous discussion has hopefully demonstrated that it is important to
determine accurately the physical parameters of dense cores in order to judge
their degree of evolution and to decide whether they in fact will eventually col-
lapse to form a star. These parameters include mass and size as well as the
density and temperature distribution, magnetic field, and ionization degree. In
this section, we give a brief description of current approaches to determining
these parameters as well as some comments on their degree of reliability. In
some sense, this amounts to a list of caveats or warnings and so I should stress
that despite appearances, it seems likely that our current estimates are qualita-
tively correct and in some cases, this is all one need to know. We start with a
brief discussion of mass determination of cores.
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Mass determinations

Mass determinations for cores are complicated by a number of factors. One
is that much of the mass of a core is in it’s exterior (a spherically symmet-
ric density distribution going as 1/r2 has mass proportional to outer radius)
and that, as a consequence, the definition of an edge to a core becomes of
importance. However, this is a rule not clear and also, spherical symmetry is
seldom if ever observed. This latter point is fundamental and means that results
obtained for cores using spherically symmetric codes (no matter how sophis-
ticated) should be treated with suspicion. And last but by no means least, all
mass determinations have to contend with the fact that the main constituent
of cores which is molecular hydrogen is effectively “invisible”. One therefore
uses substitute tracers such as the dust whose abundance one believes to be
proportional to the gas density. This is all one can do but it is not an ideal
situation!

An added complication when considering molecular line measurements is
that there is abundant evidence that most of the heavy element content of the
gas has been frozen out onto dust grain surfaces in the high density core nu-
cleus (ng above 10° cm™3, see Tafalla et al. 2004, Bacmann et al. 2002). The
consequence of this is that people have used either the mm/submm emission
(e.g. Young et al. 2003) or the NIR/MIR absorption (Alves et al., 2001,Bac-
mann et al. 2000) to determine the mass distribution within cores. The mm
dust emission has been the most widely used technique and the results show
rather clearly the departures from spherical symmetry mentioned earlier. The
mm emission has the drawback that the dust emissivity at these wavelengths
has a factor of 2 uncertainty (see eg Bianchi et al. 2003, Kramer et al. 2003)
and may be different in the cold interior (where the material is essentially all
frozen out) from in the somewhat less frigid exterior where water is frozen out
but CO is in the gas phase. Another complication (see Evans et al. 2001, Galli
et al. 2002) is that the temperature gradient in the core means that the submm
maps are biased towards the exterior.

Mass determination using NIR absorption (which avoids some of the above
problems) will be discussed elsewhere in these proceedings. We note here
that this technique like its MIR counterpart (Bacmann et al. 2000) has the
advantage of measuring the IR extinction which should be proportional to the
dust column density. It is clear that results from the Spitzer Space Telescope
are going to allow considerable progress in this type of study and may finally
give results which one can use with some confidence.

Temperatures

Concerning the temperature, it is worth first stressing that one usually dis-
cusses either the gas temperature or the dust temperature and the two are not,
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as a rule, identical (see Galli et al. 2002) although they are usually close to
one another at densities above 10° cm 3. In general, the dust temperature dis-
tribution is fundamental for understanding the energetics within a cloud. For
example, a temperature peak towards cloud center suggests the presence of
an embedded protostar whereas temperature decrease towards cloud center is
expected in the case of heating solely by the external interstellar radiation field.
The dust temperature distribution is usually inferred from the spectrum of
radiation emitted in the mm to far infrared wavelength region (see Ward—
Thompson et al. 2002) which can typically be fitted with a modified black
body. In practise, temperature gradients are present and it is often better to fit
to a model of the temperature distribution. Then in the high density nucleus,
as mentioned above, one expects gas and dust temperatures to approach one
another and one can use the gas temperature as a surrogate for the dust.

— 150

(3.2)

(2,1)

(2,2)

(1.1)

PARA NH

Figure 1. Energy level diagram for the lowest levels of the para form of NH3. The rotational
(J,K) levels are split due to inversion by an energy corresponding roughly to 1 K (not to scale
on the figure). The bar on the left corresponds to 150 K. The arrows show allowed rotational
transitions. One notes that transitions between the K=2 and K=1 ladders are forbidden.

The gas temperature has usually been inferred from molecular line stud-
ies. In particular, one observes molecules such as symmetric tops where the
radiative selection rules are such that line intensity ratios are close to those ex-
pected under local thermodynamic equilibrium (LTE). The classical example
is ammonia (NHgs) where radiative transitions between differing K-ladders are
forbidden (see Ho & Townes, 1983, Stahler & Palla, 2004). Fig. 1 shows the
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energy level diagram for the lowest levels of the para (H spins anti—parallel)
form of ammonia. One sees that the inversion splitting has the consequence
that there are long wavelength ( 1.3 cm) transitions which allow us to probe
the column density in different rotational levels using the same telecope and
experimental conditions (hence relative calibration is reliable). The fact that
there are no allowed radiative transitions between ladders has the consequence
that in many situations, the population ratios of levels of differing K are ap-
proximately given by the Boltzmann law. Thus, the population ratio of the
(1,1) and (2,2) metastable inversion levels is in this case :

n(2,2) g2

n(l’ 1) g1
where A F is the energy difference between the levels and the statistical weights
of (2,2) and (1,1) are go = 5 and g; = 3 respectively. Numerically in this case
AFE/Eis 41 K and thus for temperatures of order 10 K, the (2,2) level is much
less populated than (1,1) and consequently, the (2,2) line is much less intense
than (1,1). In reality, the above is only an approximation because the excited
non—metastable levels (e.g. (2,1) and (3,2) on Fig. 1) have, for typical densi-
ties, populations much smaller than in LTE. This causes corrections to equation
4 which are discussed by Danby et al. 1988.

Another measure of temperature is the intensity in optically thick thermalised
transitions such as those of '2CO(1-0). Here, one merely applies the black
body formula and assumes thereby that the telescope “beam” is filled. The
combination of low dipole moment and high abundance makes CO ideal for
this purpose (the level populations are determined by collisions and hence LTE
holds). A drawback here is that one is essentially measuring the temperature
of an outer surface of the cloud where the CO(1-0) optical depth is of order
unity. Thus, if the cloud is heated from the outside, there is always some doubt
about how representative the values derived are.

exp (—AE/(kT)) 4)

Densities

Mass or column density determinations can always be converted to density
determinations with some assumption about source geometry. However, the
fact that most observed dense cores are not circularly symmetric renders the
assumption of spherical symmetry inadequate. It nevertheless is often used
faute de mieux and there may be cases (e.g. B68 of ?) where it is valid.
Even then, the caveats discussed above concerning mass determination render
density estimates of this type questionable.

The alternative is to profit from the fact that LTE is rarely reliable using
density sensitive line ratios in a manner analogous to that which has been tra-
ditionally used to estimate the electron density in HII regions. This can be done
for example observing the differing rotational transitions of linear (or quasi—
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linear) species such as CS, HCN, or HoCO. Here, one exploits the fact that
radiative transition rates are a strong function of frequency and hence one can
use the relative intensity of higher frequency lines as a measure of the collision
rate. This has the great advantage that one is directly measuring the Ho den-
sity as opposed to some surrogate such as the dust. The disadvantages are that
one has to correct for trapping (high optical depth has roughly the same effect
as high density) and that real clouds are highly inhomogeneous and so one is
forced to consider cloud structure. Evans (1999) gives a useful summary of the
techniques and density probes commonly used (but see also Keto et al. 2004).

Magnetic Field and Ionization Degree

As noted earlier, the magnetic field is a critical parameter for understanding
star formation. It is also extremely hard to measure. The most attractive ap-
proach is to use the Zeeman effect but this has proved to be extremely hard in
particular for cold dense regions. One needs in practise to have a probe with
an unpaired electron such as OH or CN and one is hampered by the fact that
the splitting does not increase with frequency. Thus, Zeeman effect is most
easily observed at low frequency and indeed large low frequency arrays such
as SKA show promise for the future. Presently, some of the best results have
been obtained with the Arecibo telescope observing OH (see e.g. Crutcher &
Troland 2000) with a beam of roughly 3 arc minutes or roughly 0.1 parsec at
the distance of Taurus (too coarse for the dense core nuclei).

On the other hand, from the polarization of the dust continuum emission, it
is clear that (see Crutcher et al. 2004) magnetic fields are capable of aligning
dust particles in pre—stellar cores. There have been attempts to infer the mag-
netic field strength from the polarization angle dispersion in cores applying the
Chandrashekar—Fermi formalism whereby the measured dispersion is ascribed
to turbulence (the strength of the turbulence being estimated from the broad-
ening of molecular transitions). It is unclear however how applicable these
techniques are in the presence of a structured magnetic field (Goncalves et al.
2004). The observations show a tendency for lower polarization towards the
dust intensity peaks and it is unclear whether this is due to increased turbulence
or a tangled magnetic field.

In the case that cores are sub—critical (mass less than the critical value of
3), it becomes important to know the ambipolar diffusion timescale and hence
the ionization degree. Determining this parameter has been a considerable
headache for a number of reasons (see Caselli et al. 1998, Williams et al.
1998). The main technique used here has been to measure abundances for the
observable molecular ions and use these to infer the electron density. Thus
for example, under some circumstances, one expects that HCO™ becomes a
major ion and in such cases, assuming charge neutrality, one has a useful lower
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limit to the electron abundance (the grain contribution to the negative charge is
negligible unless grains are very small). The catch here is that chemical models
suggest that atomic ions (including H™ and S*) which one cannot directly
observe may be as abundant or more abundant than HCO™. Moreover, in the
dense regions where CO is depleted, HCO™ also disappears from the gas phase
leaving either H;(or one of it’s deuterated forms) or H" as major ions (see
Walmsley et al. 2004). Neither HT or H?T can presently be observed from
high density prestellar cores and the best hope may be the direct observation of
HoD™( Caselli et al. 2003) and DoH™( Vastel et al. 2004). However, in all of
these cases, one is forced to use chemical models to account for the unobserved
ions and the uncertainties in such models are large (see Caselli’s contribution).

Future Prospects

Where can one expect future progress in this field? Although predictions
are very hard to make, it is clear that the instrumentation which one can expect
in the next decade will allow a wealth of new data to be obtained. In particular,
ALMA, SKA, and new cameras in the mid and near IR will permit sensitivity
which we can presently only dream about. We will see, for example, details
within the high density nuclei of prestellar cores which were previously inac-
cessible. The most important conceptual step forward however would be to
get quantitative data on the magnetic field distribution and whether this will
happen quickly is debatable.
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Abstract I review several different modes of impulsively triggered star formation, starting
with star formation in turbulent molecular clouds, and exploring the origin of the
clump mass function and the scaling relations between clump mass, radius and
internal velocity dispersion. This leads to the identification of a critical ram pres-
sure for triggering rapid star formation, and a reappraisal of the minimum mass
for opacity-limited star formation. I also discuss star formation triggered by ex-
panding nebulae (HII regions, stellar-wind bubbles and supernova remnants) and
star formation triggered by a sudden increase in external pressure, including the
formation of brown dwarves and planetary-mass objects in HII regions by photo-
erosion of pre-existing prestellar cores. I conclude by describing simulations of
interactions between protostellar discs in dense small-N clusters, and note that
such interactions are an efficient means of creating low-mass companions.

Introduction

In this contribution, I shall adopt the viewpoint that many (perhaps most) of
the dominant modes of star formation in the Universe are impulsively triggered
(e.g. Whitworth et al. 1996), and that star-forming molecular clouds spawn
stars on a dynamical time-scale. This picture is sometimes referred to as ‘star
formation in a crossing time’ (Elmegreen 2000). In this picture, molecular
clouds are turbulent, because when they form they do not have sufficient time
to relax to a quiescent state. Star formation occurs only in those places where
two (or more) turbulent flows, having sufficient mass and density, collide with
sufficient ram pressure to create a gravitationally unstable dense star-forming
core. Therefore, in Section 1, I will review the gravitational fragmentation of a
layer formed by the collision of two turbulent flows. In Section 1, I will develop
a theory for the origin of the clump mass spectrum, based on gravitational
fragmentation. In Section 1, I will derive a critical pressure for impulsively
triggered star formation to proceed rapidly, based on the requirement that the
shock compressed gas must be able to cool by coupling thermally to the dust.
In Section 1, I will revisit the question of opacity limited fragmentation and
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the minimum mass for star formation, and show that one-shot fragmentation
of a shock compressed layer can deliver significantly lower-mass fragments
(~ 0.003Mg) than conventional hierarchical fragmentation. In Section 1, I
will discuss the fragmentation of shells swept up by expanding nebulae, as
a means of generating star-forming clumps, and briefly mention a model of
Sharples 104 which I am developing with Deharveng and her colleagues. In
Section 1, I will describe some work with Hennebelle on the collapse of cores
which are subjected to an increase in external pressure, and compare the results
with observation. In Section 1, I will present some work with Zinnecker in
which we have shown that free-floating brown dwarves and planetary-mass
objects can be formed rather easily when cores are overrun by an HII region
and stripped down by photo-erosion. Finally, in Section 1, I will describe
briefly some simulations of interactions between protostars and protostellar
discs, which show that such interactions are an efficient way of generating
low-mass companions and free-floating objects.

Fragmentation of a shock-compressed layer

The gravitational fragmentation of a shock-compressed layer is one of the
fundamental microphysical processes in a turbulent, star-forming cloud. The
simplest case to consider is where two identical flows of gas, each with density
Po- collide at relative velocity 2v,. A shocked layer is formed, with isotropic
velocity dispersion o and density p, ~ p, (v, /0s)?. The layer is contained
by the ram-pressure Py, = p, vg of the material which continues to flow
in from either side, and not by self-gravity. Consequently, until it fragments,
the layer is close to equilibrium, and has a flat density profile. It can fragment
while it is still acquiring mass from the two colliding flows.

At their inception, the fastest-growing fragments are shaped like oblate
spheroids, with their short dimension z parallel to the inflowing flux of matter,
and their long dimension r in the plane of the layer. The time at which the
layer starts to fragment non-linearly, and the initial radius, initial thickness and
initial mass of the fastest-growing fragments, are given by

o 712 . 1/2
trrac = {G/%Uo} ) TrrAG = lM] )

o7 1/2 o5 1/2
Mprac = lengUO] ) ZFRAG [GPSU(?;] (M

(Whitworth et al. 1994a,b). It is important to note that these expressions are
not the same as those for conventional Jeans fragmentation of an extended 3-
dimensional medium having the shocked density, p, ~ p,, (v, /0g)?. If we
introduce the Mach number of the shock, M = v, / 05, then the initial mass
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and the initial radius (Mmgg,q, Trrae) are larger by a factor M2, and the
thickness (2., ) 1 smaller by the same factor; hence the ratio of the initial
radius to the initial thickness (i.e. the initial edge-on aspect ratio of a fragment)
is r/z ~ M.

The equations above have been confirmed by numerical simulations (e.g.
Chapman et al. 1992, Pongracic et al. 1992). In general the shock com-
pressed layer at first breaks up into a network of intersecting filaments, and
then into prestellar cores along the filaments. The separation between adjacent
filaments, and between adjacent cores on a filament, is of order ., as given
above. This pattern of fragmentation has the effect that the prestellar cores tend
to accrete most of their mass from along the filament out of which they are
forming. Since, in general, the two colliding flows are not perfectly aligned,
the shock-compressed layer has a net angular momentum, which causes it to
tumble. Consequently the filaments in the layer are also tumbling, and as a core
accretes from a filament it is spun up until it fragments to produce multiple star
systems (Turner et al. 1995, Whitworth et al. 1995).

Larson’s scaling relations and the clump mass spectrum

We can now use the phenomenology of layer fragmentation to derive an
explanation for Larson’s scaling relations (Larson 1981) and the origin of the
clump mass spectrum. In their simplest form, Larson’s scaling relations give
the radius, R, and internal velocity dispersion, o, of a clump having mass M —
and hence also the mean density, p, and dynamical time-scale, ¢, of the clump
— in terms of simple power laws:

R(M) =~ R, (M/M,)*; p(M) = p, (M/M,)'" 7>
o(M) = o, (M/M,)"; t(M) = t, (M/M)*", (@

12

where (R,,M,,p,,0,,t,) are reference values. Similarly, the clump mass
spectrum can be approximated by a power law,

NydM ~ KM™7dM,
MpyrdM ~ KM“7dM = K M?*7 din[M], 3)

where N); dM is the number of clumps having mass in the interval (M, M +
dM) and M s dM is the total amount of mass in clumps having mass in the
same interval.

Star formation removes clumps from the low-mass end of this spectrum,
but since the overall rate of star formation is slow, the net transfer of mass
down the mass spectrum must also be slow. Either the transfer is one-way
(from diffuse high-mass clumps to dense low-mass star-forming clumps) and
proceeds very slowly at a rate equal to the rate of star formation, or the transfer
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is two-way and in approximate statistical equilibrium with almost as much
mass being transferred up the spectrum by merging as down the spectrum by
fragmentation. Either way, the mass spectrum can only be maintained if the
mass in equal logarithmic mass bins is proportional to the dynamical time-
scale. Combining Eqns. 2 and 3, this yields the approximate constraint:

22—y ~a-p0 — v~ 2—a+ . 4)

At the high-mass end of the clump mass spectrum, the clumps are supported
mainly by turbulence (i.e. the line-widths are non-thermal), and the internal ve-
locity dispersion decreases with decreasing mass. Therefore we can envisage
an hierarchy of clumps within clumps, such that a clump of mass M contains
subclumps of mass fM, and these in turn contain ‘sub-sub-clumps’ of mass
f?M. Assuming that the clumps, sub-clumps and sub-sub-clumps in this hi-
erarchy subscribe to Larson’s scaling relations, their properties must adopt the
values tabulated below

clump sub-clump sub-sub-clump
Mass M M M
Velocity dispersion o(M) fPo(M) f?Po(M)
Mean density p(M) 3% p(M) 2% p(M)

with (M) and p(M) given by Eqn. (2). Thus, subclumps of mass f M having
mean density f173%p(M) typically collide at velocity (M) (i.e. the internal
velocity dispersion of their parent clump) and the resulting shock-compressed
layer typically fragments into subsubclunps of mass f2M having internal ve-
locity dispersion f2°c(M). We can therefore substitute my,,, — f2M,
og — [PPa(M), po — f13%p(M) and v, — (M) in Egn. 1, to obtain

f14,6’+3a—5 % Opsas - % (5)
M, of

Since this must be true for any f and any M, both the exponents on the lefthand
side of Eqn. 5 must be zero, which in combination with Eqn. 4 gives

FOR TURBULENT HIGH-MASS CLUMPS:

~ — ~ - ~ - 6
« B Y 1 (6)
(cf. Williams et al. 1994). Additionally, the righthand side of Eqn. 5 must
equal unity, so possible reference values are M, = M, p, = 4x10720 gcm ™3
(corresponding to n, = 10*H, cm™3), o, = 0.2kms~! (corresponding
to the isothermal sound speed in molecular gas at temperature 7' = 10 K),
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R, = 0.08 pc, and ¢, = 0.4 Myr. (With this choice of reference values, the
clumps are self-gravitating, but the analysis leading to Eqn. (6) does not re-
quire this assumption.)

At the low-mass end of the clump mass spectrum, the clumps are supported
mainly by thermal pressure, and — within a factor of 1.5 — the temperature is
T, = 10K, so the isothermal sound speed is a, = 0.2kms~!. (The gas can-
not readily cool below the cosmic microwave background at T, ~ 3K, and
efficient cooling by molecular line emission and dust emission keeps the tem-
perature close to 10 K.) Hence, if these low-mass clumps are gravitationally
bound, R ~ GM/a?> x M"'and o ~ a, oc MY, giving

FOR THERMAL LOW-MASS CLUMPS:
a ~ 1, g~ 0, v =~ 1. (M

Consequently there is a knee in the clump mass function around M, ~ Mg,
where the switch occurs between the high-mass regime (where core support is
dominated by turbulence and v ~ 1.75) and the low-mass regime (where core
support is dominated by thermal pressure and v ~ 1). We emphasize that this
result presumes an approximately steady statistical equilibrium. If there were a
sudden increase in external pressure, this would presumably perturb this equi-
librium, driving matter preferentially down to lower masses (and ultimately to
protostellar collapse) and thereby steepening the clump mass function some-
what.

The critical pressure for rapid star formation

A critical issue in the fragmentation of shock compressed layers is the abil-
ity of the shocked gas to cool radiatively; indeed, gravitational fragmentation
of a shock compressed layer requires better than isothermal cooling across the
shock, as first demonstrated by Stone (1970). This requirement cannot be sat-
isfied by line cooling. It requires the full bandwidth afforded when the gas
couples thermally to the dust and the dust then emits continuum radiation.
Therefore a critical condition for the fragments of a shock-compressed layer to
collapse and form stars is that the time-scale for the gas to couple thermally to
the dust, £, p.p. Should be less than the freefall time ¢,. Assuming that the
velocity dispersion in the shock compressed layer is the same as the isothermal
sound speed (04 =~ ag), and so the shocked density is py ~ p, (v, /as)?, the
time-scale for the gas to couple thermally to the dust is

. L @mr ( + ) , ®

COUPLE —
Zy, ps ag a2
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Here r, ~ 107°cm is the radius of a representative (spherical) dust grain,
pp ~ 3gcm™3 is the density of the solid material from which dust grains are
made, and Z, ~ 0.01 is the fraction by mass of dust in the protostellar matter.
The term in brackets on the righthand side of the equation represents the
inverse of the thermal accomodation coefficient. This term is approximately
unity for ay < a.,, which with a,, ~ 1km g1 corresponds to 7, < 300 K; for
higher temperatures the thermal accommodation coefficient decreases approx-
imately as 7!, but we will be mainly concerned with the low temperature
regime where thermal accommodation is efficient.
S top = (377/32Gps)1/2, we obtain

If we now require that ¢ ;p;

64G [r,p
_ 2 >
PS = Ps as ~ PCOUPLE = 3 |: DZDD

2
} ~ 10°cm 3 Kk,, (9

where k; is the Boltzmann constant. We emphasize two important aspects
of this result. (i) Since in our model of dynamically triggered star formation
Py = pga? = P,,\, = pov?, this is in effect a threshold for the ram pressure
which will trigger rapid star formation in a turbulent cloud. (ii) 10° cm =3 K k,
is typical of the turbulent pressures found in star-forming molecular clouds; for

a self-gravitating cloud, it corresponds to a critical surface-density

by

COUPLE

(PCOCU;’LE> 2 ~ 1.4x107%2gem™?,

or equivalently to a critical column-density N, ~ 4 x 102! H, cm 2.

The minimum mass for star formation

The minimum mass for star formation is normally attributed to opacity
limited 3-dimensional hierarchical fragmentation, as first described by Hoyle
(1953). In this picture, a protocluster cloud contracts under gravity, and as long
as the gas can cool efficiently —i.e. as long as the gas remains isothermal — the
Jeans mass decreases with increasing density and so the cloud can break up
into sub-clouds, and the sub-clouds can break up into sub-sub-clouds, and so
on, until the initial cloud is broken up into many small prestellar cores. This
process of hierarchical fragmentation halts rather suddenly when the fragments
become so dense and opaque that they can no longer cool efficiently, the tem-
perature rises, the Jeans mass no longer decreases with increasing density, and
fragmentation then ceases. An elegant analysis by Rees (1976) shows that the
minimum mass for 3-dimensional hierarchical fragmentation is given by

12

3
M Mpranck <a>1/2 x T1/4m—9/4, (10)

MIN m2 c
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where m, o = (he/G)Y/? =~ 5.5 x 1075 g is the Planck mass, m =~
4 x 10724 g is the mean gas-particle mass, a is the isothermal sound speed, and
c is the speed of light. A more detailed analysis by Silk (1977) gives a value
of order 0.015M, for contemporary (Population I) star formation in the solar
vicinity (Z ~ Z).

However, there are problems with this picture. Hierarchical fragmentation
is never observed in numerical simulations, and there is no evidence for its oc-
curing in nature. This probably has to do with the following factors. (i) The
time-scale on which a subcloud contracts is always longer than the time-scale
on which its parent cloud is contracting. Therefore neighbouring subclouds
tend to be merged by the overall contraction of the parent cloud, before they
can condense out as separate entities. Permanent fragmentation is therefore un-
likely, unless nonlinear perturbations are applied at the outset (i.e. ‘turbulence’
is invoked, e.g. Goodwin et al. 2004a, 2004b), but even then the fragmenta-
tion is not noticeably hierarchical. (ii) Isolated subclouds are likely to grow by
accretion as they contract. Thus, even if a subcloud starts out with a mass just
exceeding the local Jeans mass, its mass will have increased by a very large
factor before its density contrast with the background becomes significant.

Given these problems with hierarchical fragmentation, and in the light of
the hypothesis that star formation regions may be very dynamical, Boyd &
Whitworth (2004) have considered whether the opacity limit gives a different
minimum mass when applied to one-shot 2-dimensional fragmentation of a
shock-compresed layer. As in Section 1, we consider a shock compressed layer
formed by the collision of two idenitical streams having pre-shock density p,
and relative velocity 2v,. We again assume that the velocity dispersion in the
shock compressed layer is the same as the isothermal sound speed (o ~ ay),
and the unperturbed shocked density is therefore p, ~ p (v, /ag)?. Proto-
fragments are modelled as spheroids with initial half-thickness z; equal to the
half-thickness of the layer. The initial radius 7, is chosen by identifying the
fastest growing fragment. Fragmentation occurs whilst the layer continues to
grow, and the opacity limit is set by the requirement that the heating rate,

av .
H ~ _PE + 27712 pg v, (vi —7“2), (11)

must not exceed the maximum possible radiative cooling rate,
~ 2 4
C =~ 2mriog, Ty . (12)

The first term on the righthand side of Eqn. 11 is the rate at which the internal
energy of the fragment is increased by compressional work. The second term
on the righthand side is the rate at which energy is dissipated in the shock where
the inflowing material is decelerated, minus the energy used to accelerate this
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Figure 1. A log/log plot of the (p,,v,) plane. The dots mark combinations of pre-shock
density, p,, and collision speed, v, for which the fastest-growing fragment mass is less than
0.005M. We assume an effective post-shock sound speed a, = 0.2km s, corresponding
to molecular gas at 10 K. The irregularities in the boundary of this region have to do with the
tendency for low-mass fragments to pulsate before collapsing; one extra pulsation can make
the difference between collapsing with M, < 0.005 Mg or accumulating more mass and
hence ending up with M, ,; > 0.005Mg. The solid line is the locus below which p, must
fall if the immediate post-shock cooling radiation is to be treated in the way we have assumed.

material up to the speed with which the fragment is condensing laterally. Typ-
ically the first and second terms are comparable. Adopting a, = 0.2kms™!
(corresponding to molecular gas, m ~ 4 x 10~** g, at T, = 10K), we find

M, ~ 0.0027M . (13)

Figure 1 shows the region of the (p,,, v, )-plane in which the minimum mass
is less than 0.005M. We see that there is a wide range of pre-shock den-
sities (5 x 107¥ gem™3 < Po S 2% 10715 gcm™3) and shock velocities
(0.6 kms™! N Vo < 6km s~ 1) over which very low mass fragments can be
created by the fragmentation of shock-compressed layers.

‘We note that this is a conservative estimate for the minimum mass, since the
immediate post-shock gas is much hotter than 7, = 10 K, and therefore the en-
ergy dissipated in the accretion shock is radiated at higher temperature — hence
more efficiently — than the PdV” work. We also note that this is a more realistic
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derivation of the minimum mass than the standard derivation of the minimum
mass for 3-dimensional hierarchical fragmentation, on two important counts.
(i) It takes account of competition with other scales of fragmentation. Here
the minimum mass is required to be the fastest condensing mass-scale. (Itis a
well-known property of layer fragmentation that there is a finite fragmentation
scale which condenses out faster than all others (e.g. Larson 1985).) (ii) The
analysis takes account of continuing accretion during condensation. For ex-
ample the minimum mass fragment with M, = 0.0027M, starts out with
M riar, = 0.0011M (Boyd & Whitworth 2004).

The fragmentation of shells swept up by expanding nebulae

There are other channels for impulsively triggered star formation. For ex-
ample, on large scales star formation occurs in shells swept up by expanding
nebulae, i.e. expanding HII regions, stellar wind bubbles and supernova rem-
nants. This is the basis of sequential self-propagating star formation. If an HII
region, stellar wind bubble or supernova remnant is excited by a large cluster of
recently-formed stars, it can lead to a burst of star formation of such violence
that the interstellar medium is restructured on scales comparable with the host
galaxy. In such cases it is necessary to include the effect of galactic rotation
(Jungwiert & Palous, 1994). However, the basic mechanism of fragmentation
is essentially the same as for layer fragmentation.

As an example, we consider a stellar wind bubble driven by a star (or stars)
whose wind is steady and isotropic and has mechanical luminosity L, =
MWIND v?NlND /2, where MWIND is the mass loss rate and vy, is the speed of
the wind. We suppose that the ambient interstellar medium is static with uni-
form density p, and that this gas is swept up into a thin dense shell at the edge
of the bubble; the swept-up gas in the shell has isothermal sound speed a. The
spherically symmetric expansion of the bubble can then be approximated by a
similarity solution Ry, ~ (Lympt®/po)"/®. Non-linear fragmentation of

the shell occurs at time ¢ ,, when the shell has radius R ., where
5 1/8 371/8
+ -~ [ ag 1 R ~ lLWIND g ] (14)
FRAG — ? FRAG — :
G? pé LWIND G3 pé

The mass and initial radius of the fastest condensing fragments are then

029 1/8 ql3 1/8
~ S _ ~ |—S5 15
Mprac lGB pé LWIND] s TrrAG lG5 pé LWIND] (15)

(Whitworth & Francis 2002). We note that these results are not very sensitive
to the assumption of a uniform background density. In other words, they still
hold if there is a density gradient in the ambient interstellar medium so that
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only a partial shell forms. They are also evidently not very sensitive to L
except that we must have

WIND?

L >3><104a—2~103L _as . (16)
WIND G © km s—1 )

otherwise the expansion of the shell stalls, due to the gravity of the accumu-
lated mass, before it fragments. The shell can still fragment after it stalls, but
the fragments are then comparable in size to the radius of the shell, and their
mass is essentially the same as the Jeans mass in the undisturbed background
medium.

With Deharveng and Lefloch I am currently trying to model Sharples 104.
This is a spherically symmetric HII region with four molecular fragments dis-
tributed evenly around its rim; one of the fragments contains an embedded
young star cluster (Deharveng et al. 2003). In our model, a star cluster forms
at the centre of a molecular cloud and excites an HII region which then ex-
pands, sweeping up a dense shell of gas which eventually breaks up into the
four molecular fragments we see today. The model is constrained to fit the
observed output of ionizing photons W, Lyc)»> the mass and diameter of the HII
region (M,,,,, dy,,), the mass of molecular gas in the four fragments, the fact
that there are just four fragments, and the lack of molecular gas on the line of
sight through the centre of the HII region (Whitworth et al. 2004).

Pre-existing cores subjected to a sudden increase in external
pressure

Another type of impulsively triggered star formation occurs when a pre-
existing core is subjected to a sudden increase in external pressure. In the
simplest case, we consider a stable Bonnor-Ebert sphere, contained by an ex-
ternal pressure P, ., and then we increase P, on a time-scale shorter than,
or comparable with, the sound-crossing time (Hennebelle et al. 2003). This has
the effect of driving a compression wave into the core. The compression wave
leaves in its wake a subsonic and approximately uniform inward velocity field,
similar to what is inferred from the asymmetric double-peaked molecular-line
profiles seen in L1544 and other prestellar cores (e.g. Tafalla et al. 1998,
Williams et al. 1999, Lee et al. 1999, 2001, Gregersen et al. 2000). When the
compression wave reaches the centre, it is reflected as an expansion wave, and
a protostar is formed. The protostar grows by accretion, at first quite rapidly
(2 1075 Mg yr~') and then less rapidly (5 107Mg yr~1). This pattern of
initially rapid and then decreasing accretion accords well with observations of
Class 0 and Class I sources. (Class 0 sources are relatively rare, and their out-
flows are powerful, implying a short-lived period of rapid accretion. Class I
sources are more frequent and have weaker outflows, implying a longer-lived
period of slower accretion.)



Impulsively Triggered Star Formation 25

In these spherically symmetric simulations, only a single central protostar
is formed. However, if a little rotation is added (Hennebelle et al. 2004), the
result is usually a binary or triple system. For 3 < 0.05 (where 3 is the initial
ratio of rotational to gravitational energy), the large-scale flows are the same
as in the non-rotating case and a central primary protostar forms, but then a
disc forms around the central primary protostar and the disc fragments to form
secondary protostars. The disc tends to be more unstable — in the sense that it
spawns more secondary protostars — if 3 is larger or the rate of compression is
higher. This is because, as [ is increased, more matter is deposited in the outer
parts of the circumprimary disc; and as the rate of compression is increased,
the matter is deposited in the outer parts of the disc more rapidly and at higher
density. All these factors contribute to making the disc more unstable against
gravitational fragmentation. For very high (3 and very rapid compression, there
is no central primary protostar. Instead fragmentation occurs via the formation
of a ring.

Forming free-floating brown dwarves and planetary-mass
objects by photo-erosion

One way in which the pressure acting on a pre-existing core might be in-
creased is if the surrounding gas is suddenly ionized. With Zinnecker (Whit-
worth & Zinnecker 2004) I have developed a semi-analytic model for a pre-
existing core which is overrun by an HII region. We have shown that this
could be a very effective way of forming free-floating brown dwarves and/or
planetary-mass objects. As soon as the surroundings of the core are ionized, the
increase in external pressure drives a compression wave into the core. When
this compression wave impinges on the centre of the core, a protostar forms
there and starts to grow by accretion. At the same time, the compression wave
is reflected as an expansion wave and propagates outwards, leaving in its wake
an approximately freefall velocity field, which feeds the accretion flow onto the
growing central protostar. Whilst all this is going on, an ionization front eats
into the core, eroding its outer layers. The final mass of the central protostar
is determined by the moment at which the inward propagating ionization front
encounters the outward propagating expansion wave. Soon after that moment,
the kinetic energy of the newly ionized gas flowing off the ionization front be-
comes less than its binding energy to the central protostar, and photo-erosion
ceases. To a good approximation the final protostellar mass is given by

a 6 N . —1/3 n ~1/3
Myear = 0-01Mo (km;_1> 1050 1 (103;11—3) » (7

where q, is the isothermal sound speed in the neutral gas of the core, NLyC is
the rate at which the central OB star (or stars) emit hydrogen-ionizing photons,
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and n, is the density in the ambient HII region. There is evidently a wide range
of parameter space in which free-floating brown dwarves and planetary-mass
objects can be formed by this process — provided there are suitable cores pre-
existing in the vicinity of an OB star when it switches on its ionizing output.
However, although the mechanism is very effective — in the sense that it works
for a wide range of likely conditions — it is also very inefficient, — in the sense
that it takes a rather massive pre-existing core to form a single brown dwarf or
planetary-mass object.

Forming low-mass companions and free-floating objects in
interactions between protostellar discs

Another mechanism for forming low-mass objects impulsively involves vi-
olent interactions between protostellar discs. Most protostars are surrounded
by accretion discs when they first form, and initially these discs are likely to be
quite massive (i.e. disc mass comparable to the mass of the central protostar)
and quite extended (radius < 100 AU). At the same time, it appears that about
40% of stars are born in binaries with separations less than ~ 200 AU; and
numerical simulations suggest that collapsing cores fragment when they reach
the density p.g,r ~ 10713 cm™ at which the gas switches from approximate
isothermality to approximate adiabaticity, i.e. fragmentation occurs on scales
~ (Mg /peppe)/® ~ 100 AU. Therefore it seems inevitable that protostellar
discs will experience violent interactions with other protostellar discs, and with
naked protostars. Indeed, such interactions are probably an essential element
in the birth of a small- NV subcluster from a star-forming core.

With Watkins, Boffin Bhattal and Francis (Boffin et al. 1998, Watkins et
al. 1998a,b) I have simulated a large ensemble of such interactions. In order
to treat the gas as isothermal, we consider a 1M disc with radius 1000 AU
around a 1M, protostar. We limit the approach orbit to the parabolic case, but
we sample all the different possibilities for the relative orientation of the spins
and the orbit, and many different periastra. In general we find interactions
to be very efficient in triggering disc fragmentation, and hence the formation
of additional low-mass protostars. More violent encounters (i.e. encounters
with smaller periastra) are more effective in this regard, but even distant ‘tidal’
encounters lead to fragmentation. Encounters in which the spin and orbital
angular momenta are aligned are also somewhat more effective, but even with
random alignments of the spins relative to the orbit the mechanism still appears
to be effective in triggering disc fragmentation. On average, an encounter leads
to the formation of ~ 2.4 additional protostars if the spins are aligned with the
orbit, and ~ 1.2 additional protostars if the spins are random. Most of these
new protostars remain bound to the initial protostars, and in this case they
acquire their own discs and continue to grow by accretion — as long as there is
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a supply of accretable material and they can compete effectively for it. The rest
of the newly-formed protostars are ejected dynamically, and these are normally
discless (i.e. low-mass Weak-Lined T Tauri stars).

The critical parameter in these simulations is the viscosity, 1. If we use the
disc viscosity parametrization of Shakura & Sunyaev (1973; n ~ ay a?/Q,
where a is the sound speed and 2 is the angular rotation speed of the disc),
the masses of the additional protostars are concentrated in the range 0.010 —
0.100M¢ (i.e. brown dwarves) for o =~ 1072, and in the range 0.001 —
0.010M (i.e. planetary-mass objects) for ayg ~ 1073, In view of the brown-
dwarf desert, and the relative abundance of exo-planets, this might be inter-
preted as evidence for the lower value of o ~ 1073; but this is very specula-
tive.

Conclusions

We have shown that there are many different possible modes of impulsively
triggered star formation, and that these modes seem likely to make a significant
contribution to the star formation in the Universe. Impulsively triggered modes
of star formation have a number of advantages over more spontaneous — and
therefore more quasistatic — modes (for instance star formation which is regu-
lated by the loss of magnetic flux through ambipolar diffusion). In particular,
(i) impulsive triggers have the potential to co-ordinate star formation across
a large region of space, and thereby to explain the approximate co-evality of
star formation in clusters. (ii) By launching matter directly into the non-linear
regime of instability against fragmentation, impulsive triggers promote the for-
mation of multiple systems, and of multiple systems having a wide range of
parameters (mass ratios, separations and eccentricities). (iii) Impulsive trig-
gering would seem to be an essential element of sequential self-propagating
star formation and of starbursts, but it is probably also important even in more
quiescent star formation regions like Taurus (e.g. Hartmann et al. 2002). (iv)
Impulsive triggering can produce free-floating low-mass objects. In contrast,
spontaneous, quiescent modes of star formation have difficulty explaining the
approximatre co-evality of star formation across extended star clusters, the fre-
quency of multiple star systems and their wide range of parameters, and the
time-scales for the different phases of star formation (as inferred from the sta-
tistics of the different classes of prestellar core and protostar).
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Abstract Dense low mass cores in nearby clouds like Taurus and Auriga are some of the
simplest sites currently forming stars like our Sun. Because of their simplic-
ity and proximity, dense cores offer the clearest view of the different phases of
star formation, in particular the conditions prior to the onset of gravitational col-
lapse. Thanks to the combined analysis of the emission from molecular lines
and the emission/absorption from dust grains, the last several years have seen a
very rapid progress in our understanding of the structure and chemical compo-
sition of starless cores. Previous contradictions between molecular tracers are
now understood to arise from core chemical inhomogeneities, which are caused
by the selective freeze out of molecules onto cold dust grains. The analysis of
the dust emission and absorption, in addition, has allowed us to derive accurate
density profiles, and has made finally possible to carry out self consistent mod-
eling of the internal structure of starless cores. In this paper I briefly review
the evolution of core studies previous to the current golden age, and show how
multi-tracer emission can now be modeled in a systematic manner. Finally I
show how we can start to reconstruct the early history of core formation taking
advantage of the chemical changes in the gas.

Introduction

Dense starless cores in nearby clouds like Taurus and Auriga represent the
simplest star-forming sites. They collapse and produce individual stars (or
binaries) in almost isolation, with apparently little influence from the sur-
rounding cloud or from previous generations of stars. For this simplicity and
proximity, starless cores constitute ideal places to elucidate the still mysterious
process by which interstellar matter collapses and forms gravitationally-bound
self-luminous objects.

The simplicity of star-formation in cores, unfortunately, comes at the price
of missing some elements of interest for this meeting, like clustering or the for-
mation of high-mass stars. Several reviews in this book provide information
on these topics, and the reader is referred to them to complement the mater-
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ial presented here. Despite the above limitations, however, protostars formed
in starless cores display most phenomena that we associate with the birth of
a typical star. Gravitational motions, binary and disk formation, and bipolar
outflow ejection all occur in young stellar objects (YSOs) recently formed (or
in the process of formation) in low mass cores, and most of these phenom-
ena were in fact first identified in dense core environments. Thus, if we are
to understand the basic principles and time evolution of most star-formation
physics, studying dense cores offers a most promising approach.

When we observe a starless core, we are seeing a system that very likely will
collapse to form a star (it is still an open question whether all starless cores are
truly pre stellar). For this reason starless cores offer a snapshot of the initial
conditions of star formation, and even of the first stages of the process if they
have already started to collapse. Deriving these conditions from observations
is therefore of great interest, and more than two decades of dense core studies
attest the enormous effort made in this direction. For a number of reasons dis-
cussed below, the last five years or so have witnessed a very rapid progress in
the study of dense cores, and numerous results and papers have appeared in the
literature. In this contribution I review some of this recent work, with emphasis
on the study of the internal structure of dense cores. In the pedagogical spirit
of the workshop, I start with a brief review of the field. I have chosen a his-
torical point of view (my own simplistic summary of the history) to emphasize
what we have learned, what are some of the most relevant papers in the field,
and where should be aiming to go in the future. Contributions in this book by
Malcolm Walmsley and Paola Caselli treat related topics from different points
of view and are highly recommended.

“Classical” studies of starless cores

The systematic study of low mass dense cores has a tradition of more than
two decades, and starts in earnest with the first searches based on the opti-
cal inspection of Palomar Survey plates by Myers et al. (1983) (see Lee &
Myers 1999 for an update of this work). These searches were followed by ra-
dio studies of their molecular emission, mostly NH3 (e.g., Myers & Benson
1983), to determine the basic gas physical properties. Subsequent correlation
of dense core positions and the location of IRAS point sources by Beichman
et al. (1986) confirmed that dense cores are the sites of ongoing star forma-
tion. IRAS and NIR observations, in addition, gave rise to a division of cores
into star-containing and starless, depending on whether they harbored or not a
central luminous object. It should be emphasized, however, that this classical
distinction is based on a given level of sensitivity achieved more than a decade
ago, and estimated by Myers et al. (1987) as corresponding to a luminosity of
0.1 L for the distance of Taurus. The recent revolution in mid IR sensitivity
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brought by the Spitzer Space Telescope has forced some corrections in the old
classification of cores, and moved some cores previously classified as starless
to the star-containing category (Young et al. 2004). The distinction between
starless and star-containing cores, however, is still a fundamental one, in the
sense that it distinguishes between before and after the formation of a central
object.

The 1980s represent the golden years of mapping and analysis of dense
cores based on their molecular line emission, what we could call the "classical
period”. The main results from this decade are summarized in the monumental
paper by Benson & Myers (1989), whose 15th birthday closely coincides with
the celebration of this meeting in October 2004. Benson & Myers’s work is
based on arcminute-resolution observations of a single tracer (NHs), and con-
centrates on the global or average properties of cores. After observing and
analyzing more than 100 dense cores (both starless and star-containing), these
authors derive, among other properties, typical masses of a few Mg, sizes of
about 0.1 pc, densities of a few 10%* cm =3, temperatures of 10 K, and subsonic
turbulent motions. To recognize the importance of these results one only needs
to notice that these observational parameters constituted part of the input for
the so-called standard model of star formation, which crystallized almost at the
same time (Shu, Adams, & Lizano 1987).

The above set of dense core properties was not free from contradictions,
as already discussed in the almost simultaneous paper by Zhou et al. (1989).
These authors compared observations of cores in two high density tracers, CS
and NH3, and found systematic discrepancies between them. The most severe
discrepancies were a mismatch in the position of the emission peaks of the two
molecules, a factor of 2 larger size of the CS maps, and a factor of 2 broader CS
lines. Although different mechanisms were invoked at the time to explain these
CS/NHj3 discrepancies, the lack of a detailed picture of the internal structure of
dense cores left the problem unsolved. As we will see below, only now, after
more than a decade of work by a large number of researchers, we can claim a
reasonable understanding of the internal properties of starless cores and finally
put an end to the old contradiction between different tracers.

Starless cores studies in the 1990s

The 1990s witnessed an enormous progress in the characterization of dense
cores in general and starless cores in particular. This progress resulted from
a decade of improvements in the techniques to trace the gas and dust compo-
nents of dense cores, and in the parallel development of sophisticated tools to
analyze the data. The classical method of molecular-line tracing greatly ben-
efited from the factor of several increase in spatial resolution afforded by the
new generation of millimeter and submillimeter telescopes like the IRAM 30m
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and the JCMT. It also benefited from the advent of multipixel receiver arrays,
like QUARRY and SEQUOIA at FCRAO, which have allowed the systematic
mapping of large areas at moderate resolution. As a result, it is now possible
to map and resolve large numbers of dense cores in relatively short amounts of
time (e.g., Caselli et al. 2002).

More important than the incremental increase in our ability to trace the
molecular emission of cores has been the development of new techniques to
sample the dust component. This component can be traced by its millimeter
and submillimeter thermal emission, which is optically thin and most likely
arises from dust of close to constant emission properties. Pioneer work using
mm and submm continuum observations has provided the first realistic density
profiles of starless cores, and has shown that they present a characteristic flat-
tening at their center (Ward-Thompson et al. 1994, Andre et al. 1996). Such a
flattening implies that the dust (and gas) density in the inner 5,000-10,000 AU
of a core has a close-to-constant value which typically ranges between 10° to
10% cm~3 (Ward-Thompson et al. 1999).

Additional progress in the tracing of the dust component comes from the
technique of NIR extinction measurement, which uses the reddening of back-
ground stars behind a core or a cloud to estimate the dust column density (Lada
et al. 1994). Using this technique, Alves et al. (2001) has produced an ex-
tremely detailed view of the B68 globule, and has shown that its density profile
is very close to that expected for a close-to-critical isothermal (Bonnor-Ebert)
sphere. A related technique, which uses the extinction by a core of the mid-IR
diffuse background, has been used by Bacmann et al. (2000) to complement
the mm and submm continuum emission measurements by estimating density
profiles and confirming the presence of central flattening.

When the above dust measurements and molecular line observations were
combined to carry out a unified analysis of starless cores, it became clear that
many molecules do not sample the central and densest part of the cores, but that
they disappear from the gas phase most likely due to their freeze out onto cold
dust grains (Kuiper et al. 1996, Kramer et al. 1999, Caselli et al. 1999, Tafalla
et al. 2002). This freeze out of molecules onto grains is not only of chemical
interest by itself (see Bergin & Langer 1997 for pioneer modeling), but has
important consequences for dense core studies. Molecular emission is the only
tool available to study gas kinematics, so the disappearance of some species
at high densities imposes a significant limitation in this type of studies. As a
positive aspect, the presence of selective freeze out of molecules in the central
gas of dense cores helps to explain the contradictions between CS and NHj3
observations described by Zhou et al. (1989), because these two molecules
behave differently at high densities: CS freezes out easily and NHs does not
(see Tafalla et al. 2002 for further details).
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The 1990s was also a decade of intense studies of dense core kinematics,
spurred by the identification of infall motions in the star-containing core B335
(Zhou et al. 1993). Among starless cores, L.1544 was the first one found to
present evidence for inward motions (Myers et al. 1996, Tafalla et al. 1998),
and subsequent searches by Lee et al. (1999) have identified several additional
cases. These initial infall searches were made using molecular species like
CS and H2CO, now known to freeze out at densities typical of dense core
centers, so they were only sensitive to motions in the outer layers of the cores.
More recent infall studies take molecular freeze out into consideration, and can
therefore penetrate deeper in the gas.

The internal structure of the 11498 and LL1517B cores

To show the level of detail currently possible in the analysis of the inter-
nal structure of starless cores, this section summarizes the recent study of two
cores in the Taurus-Auriga complex, L1498 and L1517B. These two cores (Fig.
1) were selected for their close-to-round shape and relative isolation, in addi-
tion to being starless (no IRAS or 2MASS sources), and they have been subject
to observations in the 1.2mm continuum and a number of molecular lines us-
ing the FCRAO 14m, IRAM 30m and Effelsberg 100m telescopes (Fig. 2). A
complete account of is this work is presented in Tafalla et al. (2004; 2005, in
preparation).

L1498 L1517B
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Figure 1.  1.2mm continuum maps of L1498 and L1517B. Note their central concentration
and close-to-round geometries. First contour and contour spacing are 2 mJy/11”-beam.

Characterizing the internal structure of a dense core implies deriving both its
physical parameters (density, temperature, turbulence) and its chemical prop-
erties (molecular abundances) as a function of position. Given that we only
see the cores projected on the plane of the sky, we need to make an assump-
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Figure 2. Sample of molecular emission maps of the L1498 core. Only the maps in the first
column show centrally peaked emission, while the rest present a dip indicative of molecular
depletion. For easier inter comparison, the half maximum contour of the NyH " (1-0) emission
has been superposed to each map (red line in the color version of the figure).

tion on their third (line-of-sight) dimension, and for the close-to-round targets
of our study, we will assume spherical symmetry. Once we have fixed the
geometry, we can use the optically thin 1.2mm continuum emission to derive
a density profile, and the observations of appropriate molecular lines to de-
rive the gas temperature, turbulence, and systemic motions in addition to the
abundance profiles of each species. Because of the gradient in gas excitation
caused by the density gradient, a non-LTE radiative transfer solution is neces-
sary to model the molecular emission. For this work, we use the Monte Carlo
radiative transfer code of Bernes (1979) updated with the most recent molecu-
lar parameters and collision rates. This model is spherically symmetric, so we
compare its results with radial averages of the emission, and fit simultaneously
the radial profile of integrated intensity and the central spectrum for each line.
The following subsections show the analysis step by step and the conclusions
derived from it.
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Density

The first step in our analysis consists of deriving the density profile of each
core based on its 1.2mm continuum emission. Unfortunately, this step is the
most uncertain one, due to our incomplete knowledge of the physical prop-
erties of the emitting dust. In the optically thin case (a good approximation
at 1.2mm), the dust emission depends on the product of the dust emissivity
and the Planck function at the dust temperature, and both emissivity and dust
temperature are not well constrained. For this work, we assume that the two
parameters have constant values of 0.005 cm g~! and 10 K, respectively. Our
choice of dust temperature is based on our estimate of the gas temperature
using NH3 and presented in the next section, while our choice of emissivity
follows the standard value in the literature (e.g., Andre et al. 1996). If grain
growth via coagulation is important toward the core center, the true emissivity
can increase there, and be larger than our assumed value by a factor of about
two (Ossenkopf & Henning 1994). The dust temperature, on the other hand,
may decrease toward the center due to the extinction of the interstellar radi-
ation field (the dominant heating mechanism for dust in core environments),
so it may reach a lower value of around 8 K for our cores (Evans et al. 2001,
Zucconi et al. 2001, Galli et al. 2002). Thus, if for example we use an emissiv-
ity of 0.009 cm g~!, as recommended by Ossenkopf & Henning (1994) (their
OHS5 value), and a dust temperature of 8.7 K, as derived by Galli et al. (2002)
for a core similar to L1517B, we will have to decrease our densities by a fac-
tor 0.7. Our chosen values, therefore represent a simplification of the complex
dust physics, but their product seems more immune to this physics that each of
the individual components.
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Figure 3. Radial profiles of 1.2mm continuum emission in linear-linear and log-log scales
(left and right, respectively). The squares represent bolometer observations, the solid lines
are the predictions from an analytic model, and the dashed line are the predictions from an
isothermal model (see text).
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Once we have chosen the dust parameters, we can invert the observed emis-
sion into a density profile. To do this, we start with a choice of density distri-
bution and predict its expected emission by solving the equation of radiative
transfer and simulating an on-the-fly observation with a bolometer array (in-
cluding secondary chopping). The result of this prediction is compared with
the observed radial profile, and the density distribution is corrected accord-
ingly; the process is repeated until the model matches the observations. As
density profiles, we have used two families of curves. One is the empirical
formula

n(r) =no/(1+ (r/ro)%),

where ng, g, and « are free parameters that correspond to the central density,
half maximum radius, and asymptotic power law of the density profile. Note
that this profile contains naturally the central flattening first found by Ward-
Thompson et al. (1994). The other family of density profiles is the family of
isothermal (Bonnor-Ebert) profiles, which has only two free parameters, the
central density and the effective sound speed.

The result from the fitting procedure is shown in Figure 3, where both linear-
linear and log-log radial profiles of the observed 1.2mm intensity (squares) are
shown together with the predictions from the analytic (solid lines) and isother-
mal (dashed-lines) models. As can be seen, both families of models fit sim-
ilarly well the data, with the analytic model for L1498 fitting slightly better
the profile than the isothermal model. Both families of models require similar
central densities, 10° cm ™3 for L1498 and 2 10° cm™2 for L1517B, and the
size of the half maximum radius (from the analytic model) is approximately
10,000 AU for L1498 and 5,000 AU for L1517B. L1498, therefore, is slightly
less dense and more extended than L1517B, but both cores have similar central
column densities: 3-4 x 1022 cm~2 (30-40 Av). With respect to the o parame-
ter, we derive 3.5 and 2.5 for L1498 and L1517B, respectively. The 2.5 value
for L1517B makes the analytic fit indistinguishable from isothermal fit, as it
can be shown that the analytic formula becomes an excellent approximation
to the Bonnor-Ebert sphere for the case of « = 2.5 (see Tafalla et al. 2004,
Appendix B).

Temperature

To derive the gas temperature profiles of L1498 and L1517B, we use NH3(1,1)
and (2,2) observations. The combined analysis of these two lines can provide a
reliable and straightforward estimate of the gas kinetic temperature with mini-
mal assumptions, and to achieve that, we have updated the classical NH3 analy-
sis of Walmsley & Ungeretchs (1983) using a Monte Carlo radiative transfer
solution. The derived radial profiles of gas kinetic temperature are shown in
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Figure 4 (left panel), and for both cores are relatively flat with a constant value
of 10 K.
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Figure 4.  Left: radial profiles of gas kinetic temperature as derived from the analysis of the
NH3 emission. The solid lines are constant temperature fits at 10 K and the dashed lines are
the predictions from two models by Galli et al. (2002). Right: radial profiles of total NH3

linewidth as derived from a hyperfine analysis to the (1,1) spectrum. The lines represent two

constant linewidth fits with AV = 0.2 km s~ *.

At the central gas densities of L1498 and L1517B, dust and gas are expected
to be thermally coupled, and therefore follow similar gradients with radius. As
mentioned before, the dust kinetic temperature is expected to drop towards the
core center (Evans et al. 2001, Zucconi et al. 2001), but our gas temperature
profiles do not show such a trend. Our NHj observations have a 40" resolution
(FWHM), so it is still possible to hide a small temperature gradient, but not a
very large one given the strong weight of the NH3 emission towards the core
center due to its higher abundance there (see below). To test our sensitivity to a
temperature gradient, we have used the realistic temperature profiles predicted
by Galli et al. (2002) for a core very similar to L1517B, and simulated an
NH; observation with 40” resolution followed by a temperature analysis. The
results, shown as dashed lines in Fig. 4, indicate that to fit the data, a low
cosmic rate is needed (1/5 of standard), and that for this case, which has a
central drop of about 1 K, the fit is as good as the constant temperature fit. The
central gas temperature in L1517B, therefore, may be slightly lower than in the
outside, but not by much more than 1 K. Such a strong constrain arises from
the strong sensitivity to temperature of the NH3(2,2), whose intensity would
double by just increasing the temperature by 3 K.

Turbulence

The NHj lines also provide a sensitive measure of the gas turbulent motions
via the hyperfine analysis of the (1,1) spectra. Figure 4 (right panel) presents
the radial profiles of total NH3 linewidth (FWHM) for L1498 and L1517B,
which are again flat with a constant value of 0.2 km s~! and a very small
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dispersion (< 0.01 km s—!, consistent with random errors). This constant
linewidth with radius is in contrast with the so-called linewidth-size relation
(e.g., Larson 1981) in two ways. First, the linewidth does not increase with
radius, and second, the linewidth of the more extended L1498 core is the same
as that of the more compact L1517B. The lack of linewidth increase with radius
in dense cores has been discussed in detail by Goodman et al. (1998).

The total linewidth represented in Figure 4 is the harmonic average of a ther-
mal and a non-thermal components. For NH3 molecules at 10 K, the thermal
component is 0.16 km s~!, so this component dominates the linewidth, while
the turbulent component is subthermal (see also Myers 1983). To compare the
contribution of the two components to the equilibrium of the core, we take the
ratio between thermal and non-thermal pressures:

Pyt _ oXr
PT /-cT/m

~ 0.07,

where oy is the turbulent component (= AV/v/8 In2 = 0.05 km s~Hyand m
is the mean particle mass (2.33 the proton mass). As the ratio indicates, the
contribution of the turbulent component to the support of the core is negligible
in the central 0.1 pc.

Molecular composition

Once the density, temperature and kinematics of the cores have been deter-
mined, the only free parameter we can adjust to model the observed emission
of any molecule is the abundance profile of that species (see Tafalla et al. 2004
for a discussion on the velocity fields in L.1498 and L1517B, omitted here for
lack of space). This means that we can use the L1498 and L.1517B cores as
laboratories of known physical properties to measure the behavior of mole-
cules at high densities and determine their sensitivity to freeze out onto dust
grains. In order to simplify the modeling and the comparison between mole-
cules, we use for all species an abundance profile with a constant value of X
at large radius and a step central hole at Ry, (NH3 has a central increase).
For each species at least two transitions have been observed, and for each of
them we model simultaneously both its radial profile of integrated intensity
and its central emerging spectrum. This is done with a Monte Carlo radiative
transfer code (Bernes 1979) together with a convolution routine to simulate an
astronomical observation.

A summary of the modeling results is presented in Figure 5, where the ra-
dial profiles for one transition of each species in L1498 are shown (squares)
together with the best fit model (solid line) and a model with constant abun-
dance equal to the outer value of the best fit model (dashed lines). As can be
seen, all molecules but NoH' and NH3 require a central abundance hole of
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Figure 5. Radial profiles of emission from L1498 for the tracers shown in Figure 2. The
squares represent observations, the dashed lines are the predictions from constant abundance
models set to fit the outer emission, and the solid lines are the best fit models (they also fit
additional lines not shown here). For all species in the second, third, and fourth columns, the
best fit models contain a central abundance hole.

variable size (5,000-10,000 AU), which indicates that they freeze out at densi-
ties of a few 10* cm~3. A similar behavior is found in L1517B.

The above pattern of abundances in L1498 and L1517B is in general agree-
ment with recent models of starless core chemistry, which show that only
species based on the simplest nitrogen chemistry can survive for a significant
time at densities of 10° cm™3 (e.g., Bergin & Langer 1997, Shematovich et
al. 2003, Aikawa et al. 2003). This behavior results from a combination of
the lower binding energy of the Ny molecule to dust grains, which allows N
chemistry to proceed at high densities, together with the favorable chemistry
resulting from the disappearance of CO from the gas phase (see chapter by
Paola Caselli in this volume for more details). Although the general agreement
between models and observations is good, there are still some puzzling behav-
iors, like the abundance increase of NHj at high densities while the abundance
of its cousin species NoH™ stays constant. Further modeling of the high den-
sity core chemistry is still needed to explain the data (see Aikawa et al. 2005).
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From the point of view of observations, the results from L1498 and L1517B
are a strong reminder that very few molecules survive in the gas phase at the
typical densities of a starless core. Extreme care should therefore be exercised
when choosing a molecular tracer to study the properties of the star-forming
material in these environments.

Tracing core evolution with molecular freeze out

Our new understanding of molecular freeze out is finally allowing a self
consistent picture of core interiors to emerge. It also promises to shed crucial
light on the still mysterious process of core contraction. This is so because
molecular freeze out is a progressive and irreversible process at the densities
and temperatures of starless cores. Each molecule that hits a dust grain under
these conditions will stick to its surface and will not evaporate thermally (cos-
mic ray-induced evaporation seems not efficient enough to reverse the process,
see Leger et al. 1985, Hasegawa & Herbst 1993). The amount of freeze out
in a given parcel of gas, therefore, will increase with time, and it should be
possible in principle to convert the amount of freeze out into an estimate of the
contraction age. In practice, unfortunately, this is not yet achievable because
of the uncertainties in the binding energies of molecules to dust grains (but
see Aikawa et al. 2005 for a recent detailed modeling). Molecular freeze out,
however, can already be used as a qualitative time marker thanks to the simple
fact that it increases with time. This means that by looking at the amount of
freeze out of a sensitive molecule (like CO or CS), we can distinguish cores
at different contraction stages, although we cannot yet assign them a particular
age.

Molecular freeze out is not the only process that increases with time in a
contracting core. Some molecules like NH3 and NoH™ gradually become more
abundant because their formation depends on the slow formation of N (e.g.,
Suzuki et al. 1992), so they are also useful indicators of core evolution (NoH™
is further enhanced by the depletion of CO). Thus, we can expect that a core
starts its life being CO/CS rich at its center (not enough time to freeze out) and
NH3/NoH™ poor (not enough time to form Ns) and evolves toward being cen-
trally CO/CS poor (due to freeze out) and NH3/NoH™ rich (due to late-time
chemistry). To quantify this trend, we define a ratio between the intensities
of two molecules with opposite behaviors. For observational convenience, we
chose the two thin species C'*0 and NoH™, as they have J=1-0 transitions at
3mm, and can therefore be observed with the same telescope at similar resolu-
tions. Thus, we define

R =I[C*0(1 - 0)] / I[N2H (1 - 0)],

where both integrated intensities are measured at the core center (as defined
by the mm continuum peak). A young core is expected to have strong C'80
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emission and weak NoH™ emission, so it will be characterized be a relative
large value of R. Conversely, an evolved core will be weak in C'®O and bright
in NoH™, so its R ratio will be low. Using typical abundances of C'*0O and
NoH™ in dense cores (Tafalla et al. 2004), we estimate that the dividing line
between young and evolved cores occurs at about R = 1.

R = 1[c*°0(1-0)1/1[NH*(1-0)]
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Figure 6. Plot of the R factor (R = I[C*®O(1 — 0)]/I[N2H*" (1 — 0)]) as a function of
N2H™ (1-0) intensity for a sample of starless cores. This factor seems to be an indicator of core
evolution, and to decrease as a core ages. The positions of the extremely young core L1521E,
the intermediate-age cores L1498 and L1517B, and the highly evolved L1544 are indicated.
The dashed line is the prediction from a simplified model of core evolution.

Figure 6 presents a plot of the R ratio as a function of NoH™(1-0) central
intensity for a sample of 21 starless cores. Most cores lie below the R = 1
line, suggesting that C'80 is frozen out at their center, a fact confirmed by
Monte Carlo radiative transfer calculations for some of them (L1498, L1517B,
L1544, see Tafalla et al. 2002). As these cores were selected from NHgz sur-
veys (like that of Benson & Myers 1989), the presence of freeze out at their
center is an indication that they belong to a population of objects already chem-
ically evolved, and therefore relatively “old” (of course, not old enough to have
formed a star).

In order to find cores with a ratio R > 1 indicative of chemical youth, we
have selected starless cores known to have weak or undetected NH3 emission,
and we have mapped them in C'®0 and NoH* with the 14m FCRAO tele-
scope (Tafalla et al. 2005, in preparation). As a result of this search, we have
identified a small population of starless cores with B > 1, which at the same
time have a relatively low value of I[NoH™ (1 — 0)]. These cores populate the
upper-left region of the diagram in Fig. 6, and represent the best candidates for
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chemically young starless cores. The object with largest R value is L1521E in
Taurus, and because of its extreme characteristics, it has been the subject of a
more detailed study.

L1521E: the youngest starless core?

To understand the origin of the extreme R value in L1521E, we have ob-
served this core with high resolution using the IRAM 30m telescope (see
Tafalla & Santiago 2004 for a full report). These observations have been made
in the 1.2mm continuum, NoH™* (1-0), and several rare isotopes of CO, and the
results have been analyzed with the same method as the L.1498 and L1517B
data presented in section 4. A gas and dust kinetic temperature of 10 K has
been assumed, as suggested by the observations of (very weak) NHs lines with
the Effelsberg 100m telescope.
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Figure 7. Radial profiles of integrated intensity (left) and emerging spectra (right) of different
tracers towards L1521E. The squares and histograms are observed data, and the lines are model
predictions. In contrast with the results from the L1498 analysis (Figure 5), the CO isotopomer
emission from L1521E can be fit with a constant abundance model. This makes L1521E the
first starless cores with negligible CO depletion.

The main results of the L1521E analysis are summarized in Fig. 7, which
shows radial profiles of integrated intensity and emerging central spectra for
all our data. As in the L1498 and L1517B analysis, the squares represent the
observed data and the lines are fits from a Monte Carlo radiative transfer calcu-
lation (or an optically thin analysis for the 1.2mm continuum). In contrast with
the L.1498 and L1517B cores, however, all CO isotopomer data from L1521E
can be fit assuming a constant abundance, together with a C'®0/C!70 isotopic
ratio of 3.65 (Penzias 1981). In addition, the value of the C'®O abundance
in L1521E is almost the same as the value needed to fit the outer part of the
L1498 and L1517B cores. This all suggests that C'80 is not frozen out at the
center of L1521E, or if it is, it happens only in a very small region diluted by
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our resolution and sampling (about 20”). In this respect, L1521E is the first
starless core consistent with no freeze out.

The very large R value of L1521E (R = 3.4) not only arises from a lack of
significant C'®Q depletion. It also results from a very low value of its NoH™
abundance, which according to the Monte Carlo calculations is 8 times lower
than that estimated for L1498 and L1517B. As mentioned before, a low NoH™
abundance is another indication of extreme youth given the late-time character
of this species. More evidence for a L1521E being a young core comes from
previous work by Suzuki et al. (1992) and Hirota et al. (2002), who also
concluded that L1521E is unusually young based on its very bright CS and C»S
emission and its weak NHj lines. It is reassuring that all these different lines
of work consistently indicate that the L1521E core is unusually chemically
unprocessed.

Given the multiple indications of chemical youth, it is surprising that the
density profile of L1521E is very similar to that of more evolved cores like
L1517B. At least naively, one would have expected that a young core should
have a lower central density and a more distended (cloud-like) structure, but
clearly this is not the case for L1521E. Whether this is unique to this core (as
a the result of fast contraction) or typical of all young cores requires the study
of more objects that lie above the R = 1 line in Figure 6. Work currently in
progress will hopefully answer this question soon.
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This paper will review the basic concepts of gas—phase and grain surface
chemistry of dense molecular clouds, where low mass and high mass stars
form. The chemistry of cold pre-stellar cloud cores, where molecular freeze-
out and deuterium fractionation dominate, will be presented. Then, following
cloud evolution after protostellar birth, hot core and shock chemistry will be
discussed in view of recent observations. A brief summary of the chemistry in
protoplanetary disks will also be furnished. The aim is to identify important
gas tracers in the various steps of the star formation process, pointing out the
main problems still open in the field of astrochemistry.

Introduction

A good comprehension of the physical properties of molecular clouds and
star forming regions implies a detailed radiative transfer analysis of molecular
line data and their interpretation with chemical models, inclusive of gas—phase
reactions as well as gas—grain and grain surface processes. In fact, molecu-
lar lines allow us to determine volume densities and temperatures (e.g. Evans
1999), independently from dust continuum emission and absorption measure-
ments (e.g. Ward—Thompson et al. 1999; Bacmann et al. 2000; Visser et al.
2002). This is important to refine the results derived from the dust continuum
observations, which are affected by (factor of a few) uncertainties due to the
poorly known properties of dust grains (e.g. coagulation degree, thickness of
icy mantles; Ossenkopf & Henning 1994; see also Bianchi et al. 2003) and
the presence of dust temperature gradients (e.g. Evans et al. 2001; Galli et al.
2002; Pagani et al. 2004). Furthermore, molecular lines offer a unique way to
study the kinematics of dense cores (e.g. Ohashi et al. 1999; Lee et al. 2001;
Shinnaga et al. 2004).

The number of known interstellar molecules is continuously growing (see
http://astrochemistry.net for a constantly updated list of interstellar molecules).
Up to now, 137 molecules have been detected in the interstellar medium (205
including isotopomers) and about 50 in comets. The largest species so far ob-
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served contains 13 atoms (HC11N; Bell & Matthews 1985). The present paper
will not be an exhaustive review of the whole field of astrochemistry. It has
the aim of introducing the basic concepts of gas phase and surface chemistry
(Sect. 7) and showing what are the main chemical processes in star forming
regions (Sect. 1), from dark clouds to protoplanetary disks. The hope is to
highlight the beauty of this field, which has become a crucial ingredient in all
the areas of astrophysics. Interested readers are invited to see the following
reviews: van Dishoeck & Blake (1998), Evans (1999), Ehrenfreund & Charn-
ley (2000), van Dishoeck (2004). Useful books are “The chemically controlled
cosmos” by Hartquist & Williams (1995); “Interstellar Chemistry” by Duley
& Williams (1984); “The formation of stars” by Stahler & Palla (2004); “The
Physics and Chemistry of the Interstellar Medium” by Tielens (2005).

Basic concepts in astrochemistry

The ingredients of astrochemical models are: atoms (with elemental abun-
dances with respect to hydrogen nuclei reported in Tab. 1), molecular species,
electrons, dust grains, cosmic rays and UV photons. Models of dark clouds
typically neglect the action of UV photons (which is a good assumption when
the visual extinction is larger than ~ 4 mag; e.g. McKee 1989), and start with
all the elements in atomic form (although sometimes hydrogen is assumed to
be in molecular form initially; e.g. Leung et al. 1984).

The first problem that chemists have to face concerns the elemental abun-
dances. Four different values are listed in Tab. 1 for each atomic species, two
measured and two typically adopted in chemical models: (i) the solar abun-
dance, measured in the solar photosphere (from Anders & Grevesse 1989, but
see Asplund et al. 2005 for recent revisions on these values); (ii) the cos-
mic abundance, slightly but significantly (factor between 1.5 and 2) lower than
the solar values, measured in the direction of stars in the solar neighborhood
(Snow & Witt 1996); (iii) the high metal abundances, used for diffuse cloud
models, in which elements are depleted as found in diffuse clouds according to
Morton (1975); (iv) the low metal abundances, used for dense cloud chemistry,
where the elements S, Si, Na, Mg, and Fe are further depleted by two orders of
magnitude. The low metal mix has been used to best reproduce the observed
abundances of sulfur—containing species (Prasad & Huntress 1982), complex
molecules (Herbst & Leung 1989), and the ionization balance of interstellar
clouds (Graedel et al. 1982).

A better way to proceed would be to start with diffuse—cloud conditions and
follow elemental depletion with time until dark cloud conditions are reached;
however, this implies a knowledge of (7) the contraction time scale, which is
still debatable (e.g. Palla & Stahler 2002; Hartmann 2003), (¢7) the probability
for each element to stick onto a dust grain (the so—called sticking coefficient,
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Table 1. Measured elemental abundances (with respect to total hydrogen) and those adopted
in chemical models.

Element MEASURED ADOPTED

Solar  Cosmic |High Metal Low Metal
C 3.6(-4)  2.1(-4) 7.3(-5) 7.3(-5)
N 9.3(-5)  6.6(-5) 2.1(-5) 2.1(-5)
¢ 74(-4)  4.6(-4) 1.8(-4) 1.8(-4)
S 1.9(-5)  1.2(-5) 8.0(-6) 8.0(-8)
Si 3.6(-5) 1.9(-5) 8.0(-7) 8.0(-9)
Fe 3.2(-5) 2.7(-5) 3.0(-7) 3.0(-9)
Na 1.9(-6) 2.0(-7) 2.0(-9)
Mg 3.8(-5) 2.5(-5) 7.0(-7) 7.0(-9)

Note: a(b) = ax 10°.

which is typically assumed of order unity, but see Jones & Williams 1985); (iii)
the fraction of charged grains and their interaction with positive ions (i.e. all
those elements with ionization potential less than that of H in diffuse clouds,
such as C, S, Si, Fe, Na, Mg; e.g. Ruffle et al. 1999; Weingartner & Draine
2001).

Once the set of initial abundances has been assumed, one needs to solve the
“rate equations”, which govern the time variation of species both in the gas—
phase and on the surface of dust grains (see e.g. Hasegawa et al. 1992). This
involves quite often the assumption of uncertain rate coefficients for gas—phase
reactions and the poorly known processes happening on grain surfaces. Never-
theless, chemical models are now reasonably able to reproduce observational
data, thanks to the tight interaction between theorists, observers and experi-
mentalists, fundamental for constraining models on the one side and guiding
observations on the other. The next two subsections will treat gas—phase and
surface chemistry separately, pointing out the basic concepts in both fields.

Gas—phase chemistry
The rate coefficient k(cm?/s) of a generic reaction A+B—C+D is given by:
k= <ov> (D)

where o is the total cross section of the reactants, v is the relative velocity,
and the averaging is performed over the thermal distribution. Most reactions
have appreciable activation energy (E,) even if exothermic (this is because
chemical reaction typically involve the breaking of chemical bonds before the
formation of new ones), and the rate coefficients k can be expressed by the
simple Arrhenius formula (e.g. Herbst 1990):

k= A(T)exp(—Ea/ksT) (@)
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Table 2. Classes of gas—phase reactions

Type Process Rate

Coefficient
Ton-molecule AT+B—=CT+D ~10%cm3s7!
Dissociative Recombination ABT +e —A+B ~107%cm?s7!
Radiative Association A+B—>AB+hv ~107-10"%cm®s!
Neutral-neutral A+B—C+D ~10712-107 10 ¢m3 st
Photodissociation AB+hyr —A+B ~107%s71
Charge—transfer AT+B—-A+BT ~10%cm®s7!

NOTE: Photodissociation rate listed for no extinction only.

where kg is the Boltzmann constant, 7" is the gas kinetic temperature and A(7")
is the “pre—exponential factor”, a weak function of the temperature, which
depends upon the actual shape of the reaction potential surface. Activation
energies of about 0.1-1 eV are normal, so that in dark clouds, where kT ~
0.01 eV, even exothermic reactions may not proceed.

Particularly important for the chemistry of dark clouds are ion—molecule
reactions (Herbst & Klemperer 1973), which do not possess activation energy
because of the strong long—range attraction force, given by the potential:

0[62

V(R) = — 3
where « is the polarizability of the neutral species (cm?), e is the electronic
charge in esu, and R is the distance between the two species. For a sufficiently
close encounter, so that orbiting or spiraling occurs (R < (4e?a/ /wQ)l/ 4
where (i is the reduced mass in the collision), the rate coefficient becomes:

1/2
ki, = 2me (a) / ~ 107 cm3s_1, 4)
I

the so—called Langevin rate, independent of the temperature (Herbst 1990).
The main processes happening in the gas phase are listed in Tab. 2 along

with their typical rate coefficients (see Tielens 2005 and Duley & Williams

1984 for details). Here it is worthwhile mentioning some examples, important

for dark clouds and star forming regions.

lon—molecule reactions and dissociative recombination

The production of ions in dark molecular clouds is initiated by cosmic rays

(c.r.), which ionize Hy, the most abundant molecular species. The rate of this

process, called , is typically of order 10717 s=! (e.g. van der Tak & van

Dishoeck 2000), and about 97% of the ionizations produce Hj :

Ho+cr. — H2+ +e—+cr. ®))
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Once H; is formed, it reacts very quickly with Hy to produce Hi, one of the
most important molecular ions in astrochemistry:

Hf +Hy, — Hj +H (6)

In general, if an ion can react with Ho, no other reaction need to be considered
because Hs is at least three orders of magnitude more abundant than the other
species and the reaction rate is proportional to the abundance of the reactants.
ng does not react with Ho but it can easily transfer a proton, thus increasing
molecular complexity. For example, if H5Jr encounters an atomic oxygen, OH™
is produced (H;r +0 — OH™+H,). Then, successive “H atom” transfer (ion—
Hy) reactions proceed until a saturated species (which cannot further react with

Hy) is formed: OHT —% H,Ot =2 H30™. Upon dissociative recombination
of the oxonium ion H3O*, water and OH form:

H30"+e — HyO+H (7)
— OH+ 2H or OH + H, (8)

The fraction of H3O™ ions which will produce HoO and OH upon dissociative
recombination is called the branching ratio and it is measured in the laboratory
(e.g. Geppert et al. 2004). lon—molecule chemistry of larger species leads to
mainly H—poor (unsaturated) species, unlike dust chemistry (see Sec. 2).
Neutral-neutral reactions

Although they typically possess activation energy (and thus become important
in high temperature regions; e.g. Sect. 2), some neutral-neutral reactions are
especially crucial in dark clouds for nitrogen and sulphur chemistry, which
starts with:

CH+N — CN+H ©))
S+0OH — SO+H (10)

The reaction of CN with N will produce N» (also formed by NO + N), which
can react with ng to form the easily observable NoH ™. Ny initiates the chem-
ical path toward the production of another well known interstellar molecule:
NH; (N first reacts with He™ to produce N, which is then successively
hydrogenated by Hs until the saturated NHI ion is formed; NHj is finally
produced via NHJ dissociative recombination). The common chemical origin
between NoH™ and NH3 explains the good correlation between the two species
found in molecular cloud cores (Benson et al. 1998).

Surface chemistry

The fundamental role played by dust grains in synthesizing molecular species
is well known for about fourty years, when they were invoked to explain the
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production rate of Hy molecules in our Galaxy. Pioneer work in this field has
been done by Gould & Salpeter (1963) and Hollenbach & Salpeter (1971),
who first derived the formation rate of Hy on grain surfaces. From observa-
tions carried out by the Copernicus satellite, the derived rate of formation for
H, in diffuse clouds is R ~ 3x107!7 cm®s~! (Jura 1975). Lots of theoreti-
cal and laboratory work has been done since then on this fundamental process
(e.g. Pirronello et al. 1999; Williams et al. 2000; Cazaux & Tielens 2004).
Observations of the so—called HINSA (HI Narrow Self—-Absorption) in cloud
cores are also giving clues on the Hy formation efficiency in regions where
dust grains are covered by icy mantles (e.g. Li & Goldsmith 2005).

Surface chemistry is also invoked to explain (z) the observed large abun-
dances of complex species near star forming regions (Sect. 2); (¢7) the orders—
of-magnitude abundance enhancements of selected molecular species observed
along molecular outflows (Sect. 2); (#¢2) dust grain mantles composed of com-
plex icy mixtures, as deduced from ground-based and space — in particular,
ISO, the Infrared Space Observatory — observations of background field stars
or embedded protostars (e.g. Sellgren et al. 1994; Gibb et al. 2004; van
Dishoeck 2004); (iv) the large amount of deuterium fractionation observed in
low mass star forming regions (Sect. 1 and 2).

The main surface processes are illustrated in Fig. 1 (from Herbst 2000),
which shows a portion of an idealized grain surface, with adjacent sites. Once
a light atom (such as H) hits the dust surface, it is first adsorbed in a binding
site. The species is physisorbed if it is linked to the surface by van der Waals
forces, and binding energies are in the range 0.01-0.2 eV (100-2000 K). In this
case, light species can quickly (<< 1 s) move across the surface, overcoming
the energetic barriers via thermal hopping or quantum tunneling, depending
upon the dust temperature (e.g. Tielens & Allamandola 1987). Indeed, surface
chemistry is not limited by reaction rates but by the accretion rates of reactive
species on grain surfaces (e.g. in a typical dark cloud, one H atom hits one dust
grain approximately once every 10 days).

Surface chemistry based on diffusion is known as a Langmuir—Hinshelwood
(LH) chemistry (see also Tielens & Hagen 1982). Here, hydrogenation is one
of the main surface processes, so that O is transformed to HoO (the main ice
component), C to CHy, N to NHs, S to HsS, and CO to HoCO and CH30H.
Hydrogenation of CO implies the overcoming of an activation energy barrier
(Woon 2002), which slows down the process; in fact, CO is one of the major
compounds of grain mantles observed in molecular clouds, second only to wa-
ter (e.g. Chiar et al. 1995; Teixeira et al. 1998). There are still some doubts
about the existence of solid NHjz (e.g. Schutte et al. 2003) and H»S (see dis-
cussion in Wakelam et al. 2004). But solid OCS has been detected (Palumbo
et al. 1997) and CO; absorption features are ubiquitous in the direction of
background and embedded objects (e.g. Nummelin et al. 2001). Therefore,
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Figure I.  Assorted processes on dust grain surfaces (from Herbst 2000).

‘Langmuir—HinsheIwood ‘

oxygenation is likely to be another important surface process, which competes
with hydrogenation depending on the gaseous O/H ratio and the dust tempera-
ture (H being more volatile than O).

If the accreted species are strongly bound, or chemisorbed, with typical
strengths of ~ 1 eV (10000 K), the Eley—Rideal (ER) mechanism dominates
(see Fig. 1): a surface reaction only occurs when a gas—phase species lands
atop or nearby the chemisorbed species. This type of chemistry, efficient only
for high surface coverage, preferentially occurs at dust temperatures 7y below
about 300 K (for a barrier between chemisorption sites of ~1 eV, S. Cazaux,
priv. comm.), when the LH mechanism cannot proceed for chemisorbed species
(see discussion in Habart et al. 2004 on the importance of the various mecha-
nisms for Hy formation in photodissociation regions).

The return of surface species back in the gas phase can be driven by thermal
desorption, with a time scale exponentially dependent on the dust tempera-
ture. At Tq = 10 K, only H and D can thermally evaporate with significantly
large rates, whereas Ty > 90 K is needed to start HoO evaporation. Thus,
large abundances of water and other saturated species are expected in the gas
phase in star forming regions where the dust has been heated above, say, 100
K by the protostellar radiation field (see Sect. 2). Among the main nonthermal
desorption mechanisms, important in cold clouds, are: (z) cosmic-ray bom-
bardment (especially by the heavier nuclei; Léger et al. 1985; Hasegawa &
Herbst 1993), and (i7) the energy generated by chemical surface reactions, still
debatable (Willacy & Millar 1998; Takahashi & Williams 2000). UV photons
play a role in photodesorption of solid species in PDRs and diffuse clouds (al-
though the yield of photodesorption is still not well constrained; e.g. Ruffle &
Herbst 2001).
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Astrochemistry in star forming regions

In this section, the main chemical processes in some of the regions of inter-
est for star formation will be reviewed. For a more detailed description of the
physical properties of molecular cloud cores the reader is encouraged to read
Walmsley (this book), Myers (this book) and Tafalla (this book).

Pre—stellar cores

Stars form within the densest portions of molecular clouds, the “dense cores”
(e.g. Myers 1999), upon gravitational collapse. Before the formation of a pro-
tostellar object, (starless) dense cores are characterized by low temperatures
(~ 10 K) and relatively high central densities (~ 10° cm™?). These conditions
favour the freeze—out of gas phase species onto dust grains. This can be easily
understood, comparing the freeze out and the dynamical time scales. The time
for a gaseous species X to accrete onto a dust grain is given by:

1

t = — 11
fo Sndwagvt (in

~ 10%/mx/T(ngS)~* yr, (12)

where S is the sticking coefficient or the probability of a certain species to
stick on the grain upon collision (about unity), nq is the number density of
dust grains, aq is the grain radius, v is the thermal velocity of the gaseous
species, ny is the number density of hydrogen nuclei (it has been assumed that
the gas—to—dust density ratio (by mass) is 100 and aq = 0.1 pgm), and mx is
the mass of species X in amu. Therefore, in a cloud with number density nyg =
10° cm™3, tg, ~ 10* yr. The free—fall time scale, the shortest dynamical time
scale, for a cloud with the same nyy value is (e.g. Spitzer 1978):

tg = 4x107(ng)" 2 (yr), (13)

or 10° yr. Thus, freeze out is expected to be an important process in the evolu-
tion of cloud cores toward the formation of a star.

In fact, strong depletion of CO from the gas phase has been observed in a
variety of molecular cloud cores (e.g. Caselli et al. 1999; Bergin et al. 2001;
Tafalla et al. 2004). Tafalla (this volume) presents a detailed review of the
observed chemical properties of starless cores. Here, I summarize the main
observed properties of pre—stellar cores, which differ from starless cores in
being more centrally concentrated and showing kinematic evidences of central
infall (Ward—Thompson et al. 1999; Crapsi et al. 2005). Pre—stellar cores are
thought to be unstable objects, on the verge of star formation, thus their study
is crucial to unveil the initial conditions of the star formation process. Fig. 2
shows a schematic picture of the chemical structure of a “typical” pre—stellar
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7,000 AU

15,000 AU

Figure 2.  Schematic picture of the chemical structure of a typical pre—stellar core. The central
density is around 10® cm™? and it drops to ~2x10* cm™? at the edge. In the outer shell, CO
is mostly in the gas phase and HCO™ is the main ion. Within about 7,000 AU, CO is mainly
frozen onto dust grains whereas N2 remains in the gas phase, so that a good probe of these zones
is NoH™. In the central ~ 2,500 AU (the “molecular hole”), only light species survive in the
gas phase. Here, the thick icy mantle may boost the coagulation of dust grains.

core: (7) the core envelope (~ 7,000-15,000 AU): CO is mainly in the gas
phase, and the main molecular ion is HCO™; (i7) the core nucleus (~ 2,500—
7,000 AU): CO and other C—bearing species are highly depleted from the gas
phase, unlike N-bearing species (e.g. Bergin & Langer 1987); thus, NoH™ is
a good tracer of these zones and the deuterium fractionation is very large (see
below); (i:¢) the “molecular hole” (within ~ 2,500 AU): all species heavier
than helium are likely to be condensed out onto dust grains (the best tracer of
this zone may be HoD™).

Freeze—out and deuterium fractionation

An important consequence of the depletion of gas phase species is the large
enhancement in the deuterium fractionation of molecular species, which has
been extensively observed in the past years (e.g. Caselli et al. 2002; van der
Tak et al. 2002; Bacmann et al. 2003). This process involves the deuteron—
proton exchange reaction (Watson 1974):

Hi +HD — HyD" + Hs + AE, (14)

with AE ~ 230 K, which can only proceed from left to right in cold dark
clouds. Here, in fact, the HoDt / H; abundance ratio increases well above
the cosmic D/H ratio (~ 1.5x107°). HoD can react with CO, Ny and other
neutrals, transferring the deuteron in at least one third of its encounters, with
the consequence of enhancing the deuterium fractionation in, e.g., HCO™ and
NoH™T, as observed (e.g. Williams et al. 1998). In the case of CO (and other
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H; and HoD™T destruction partners) depletion, the H;{ abundance will increase
and, consequently, the HoD™ production rate will raise (via reaction 14), fur-
ther increasing the HoD " /H3 abundance ratio and the deuterium fractiona-
tion. In pre-stellar cores, NoDT /NoH™ ~ 0.2 (Caselli et al. 2002; Crapsi et
al. 2005) and DoCO/H2CO ~ 0.05 (Bacmann et al. 2003), orders of mag-
nitude larger that the cosmic D/H ratio. The observed D—fractionation also
correlates with the measured amount of CO depletion (Bacmann et al. 2003;
Crapsi et al. 2005), as expected from theory (e.g. Dalgarno & Lepp 1984;
Aikawa et al. 2005).

In molecular holes, volume densities are large enough to allow an “extreme”
depletion of gaseous species heavier than helium. This seems to be supported
by the detection of a strong HoD™ line in the direction of L1544 (Caselli et al.
2003). The estimated HoD ™ abundance cannot be reproduced by standard gas—
grain chemistry unless CO is mainly in solid form (e.g. Roberts et al. 2003;
Walmsley et al. 2004). If this is the case, the only tracer of the chemical com-
position of this region may be HoDT. Also DoH™ has been observed in another
pre—stellar core (Vastel et al. 2004), with abundances similar to HoDT, which
further pointed out the importance of including multiply deuterated species in
chemical models of pre—stellar cores.

Outflows

In their youngest phase, protostars are called Class 0 sources (André et al.
1993) and one of their main characteristics is the presence of powerful and
collimated outflows (e.g. Bachiller 1996; see also Beuther & Shepherd, this
book and Bacciotti, this book). Outflows shock the material along their path,
raising the gas temperature and partially destroying dust grains. In the presence
of magnetic fields, if the electron fraction is sufficiently low (as in the dense
material surrounding Class 0 sources), and if the shock velocity is below about
50 km s~ ! (Draine et al. 1983), a discontinuity in the hydrodynamical variables
(e.g. density and temperature) is not present and the shock is named “C-type”
(“C” stays for “continuous”). In all the other cases, a “jump front” is formed,
and the shock is called “J-type” (see Draine 1980).

In “C—type” shocks, molecular species (in particular Hy) do not dissociate.
In these conditions, and if the gas temperature raises above ~200 K, some
important endothermic reactions become fast and quickly convert most of the

free oxygen into water (O L, op B H50), and sulphur mainly into SO
and SOs (e.g. Hartquist et al. 1980; Pineau des Foréts et al. 1993). In disso-
ciative shocks, as soon as the post—shocked gas temperature has fallen to a few
hundred degrees, Hy molecules are reformed and shock chemistry proceeds as
in C—type shocks (e.g. Neufeld & Dalgarno 1989).
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The presence of magnetic fields in C—type shocks implies different veloc-
ities for neutrals and charged particles, including dust grains which are nega-
tively charged and linked to the magnetic field lines. In these conditions, the
collisions between (especially) Ho molecules and dust grains may cause the
return of mantle and refractory species in the gas phase. This process is called
grain sputtering (e.g. Flower & Pineau des Foréts 1995; Schilke et al. 1997)
and it is thought to be responsible for the observed enhancement of SiO and
saturated molecular species such as HoO, NH3, and CH3OH along protostel-
lar outflows (e.g. Bachiller & Perez Gutierrez 1997; Jgrgensen et al. 2004).
Dust grains with different sizes will also have relative velocities because of
the different mass and charge (entering the gyrofrequency expression), so that
grain—grain collisions are also quite efficient in vaporising mantle and refrac-
tory material (Caselli et al. 1997).

Once icy mantles and part of the refractory material are released in the gas
phase, shock chemistry proceeds until the gas temperature drops to the pre—
shock values. This happens in a short time scale (a few hundred years), because
of the efficient gas cooling mainly due to Hy, water and CO (e.g. Kaufman &
Neufeld 1996). Then, the post—shocked gas will experience again the “cold
chemistry”, including freeze—out (e.g. Bergin et al. 1998). This mechanism
(shock+freeze—out) has been suggested by Bergin et al. (1999) as a way to ex-
plain the large abundance (~10~% w.r.t. Hy) of water in solid form in molecular
clouds.

Hot Cores

The newborn protostar eventually heats up the surrounding material with its
radiation, raising the dust temperature above the sublimation value for grain
mantles, and forming the so—called “Hot Cores” (HCs). HCs are typically as-
sociated with high mass star forming regions and represent a stage earlier than
ultracompact HII regions. They have diameters of <0.1 pc, H, number den-
sities of > 107 cm™ and gas temperatures >100 K (e.g. Kurtz et al. 2000).
Their chemical signatures are: (z) large abundances of saturated species, such
as HoO, NH3, HyS, CH3OH (e.g. Pauls et al. 1983; Menten et al. 1986),
suggestive of an active surface chemistry (Sect. 2); (i7) large abundances of
complex organic H-rich molecules, in particular HCOOCHj3 (methyl formate),
CH3COOH (acetic acid), CH3CH>CN (ethyl cyanide), CH3CH2OH (ethanol),
(CH3)2CO (acetone) (e.g. Millar et al. 1995; Mehringer & Snyder 1996; Remi-
jan et al. 2004), hard to form in the gas phase; (777) relatively large deuterium
fractionations (e.g. Oloffson 1984; Turner 1990), a record of an early cold
phase (Sect. 1). Interestingly, these regions show a strong chemical differen-
tiation, especially evident in the nearby Orion KL (e.g. Blake et al. 1987;
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Wright et al. 1996) and also in the W3(OH) region (Wyrowski et al. 1997),
when millimeter interferometry is used.

To understand the gas phase composition in HCs, surface chemistry is needed,
because gas phase routes appear to be too slow. In particular, saturated species
can be efficiently formed on grain surfaces before or during the earliest stages
of protostar evolution, when the dust temperature is low enough (< 20K) to
allow hydrogenation and produce solid HoO, NH3, CH30H and HsS (see
Sect. 2). Once the dust is heated to temperatures larger than the sublimation
values for icy mantles (about 100 K), these saturated species will enrich the
gas phase and start a hot gas phase chemistry (e.g. Brown et al. 1988; Charn-
ley et al. 1992). A way to reproduce the observed chemical differentiation
in the Orion KL region, where N-bearing and O-bearing species are spatially
segregated, is to take into account the temperature and density gradients of the
circumstellar cloud (Caselli et al. 1993).

In general, different routes are invoked for complex O-bearing and N—
bearing species: the former are produced after the evaporation of solid methanol
(CH30H) and formaldehyde (HoCO) (the complexity is increasing in the gas
phase); the latter are formed on grain surfaces (e.g. ethyl cyanide, CH3CH2CN)
and, once evaporated, they form simpler daughter species (e.g. vinyl cyanide,
CH>CHCN). However, as recently found in the laboratory (Horn et al. 2005),
some key reactions in the chain to form the HC—ubiquitous methyl formate
from evaporated methanol do not proceed. Thus, surface chemistry is also
needed to produce complex O-bearing species. This is all to be explored!
In fact, current chemical models neglect surface chemistry, although they are
very sophisticated in treating the physical structure of the molecular clouds
(e.g. Doty et al. 2002; Rodgers & Charnley 2003; Nomura & Millar 2004; Viti
et al. 2004).

In the past few years it has been realized that HCs are not only a signature
of high mass star formation, but they are also found in low mass star forming
regions, during the earliest (Class 0) protostellar phase (Cazaux et al. 2003;
Bottinelli et al. 2004a,b; Kuan et al. 2004), and in one intermediate mass
Class 0 source (Fuente et al. 2005). Low-mass HCs, called “hot corinos”, are
a “scaled” version (n(Hsz) ~ 107 cm™3, T' ~ 50100 K, size ~ 150 AU) of the
massive HCs. Nevertheless, they show rich spectra at millimeter wavelengths,
with complex organic molecules, which is challenging current theory (see e.g.
Rodgers & Charnely 2001). Outside these “hot corinos”, the gas and the dust
still maintain the pre—stellar—core characteristics, including freeze—out (e.g.
Belloche & André 2004). In the well-studied case of IRAS 16293-2422, the
deuterium fractionation is very large (especially for HoCO and CH30H; e.g.
Parise et al. 2004) compared to high mass HCs, probably suggesting a differ-
ent chemical evolution, such as lower dust temperatures during the pre—stellar
phase, which favour surface deuteration, or different chemical time scales.
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Protoplanetary Disks

Protoplanetary disks around T Tauri and Herbig Ae/Be stars, which are con-
tracting toward the main sequence and have ages of a few hundred years, are
an important link between molecular clouds and protoplanetary systems (see
Markwick & Charnley 2004 for a recent review). Understanding their chemical
composition and the chemical processes is in fact one of the major challenge
for astrochemistry, although the next generation of telescopes (in particular
ALMA, the Atacama Large Millimeter Array) is needed to put stringent con-
straints on the models. So far, observations of species such as CO, CS, CN,
HCN, HCO™, NoH™T, and HyCO have shown that molecular abundances are
typically lower than those in dense interstellar clouds, suggesting that molec-
ular freeze—out is at work (e.g. Dutrey et al. 1997; Goldsmith et al. 1999; Qi
et al. 2003; Thi et al. 2004). Moreover, DCO™ has also been detected and the
derived deuterium fractionation is comparable to that observed in dense cloud
cores (DCOT/HCO™' ~ 0.04; van Dishoeck et al. 2003). Ceccarelli et al.
(2004) have detected HoD™, known to be abundant in highly depleted regions
(see Sect. 1). There is also observational evidence that photon—dominated
chemistry is significant (because of the relatively large abundance of CN and
CqH, e.g. Dutrey et al. 1997). Theoretical work has pointed out the impor-
tance of X-rays in the ionization (e.g. Glassgold et al. 1997) and thermal
(e.g. Glassgold et al. 2004) balance. Thus, many ingredients participate in the
chemistry of protoplanetary disks.

In current chemical models, protoplanetary disks can be divided in three
layers (see Fig. 3): the surface layer, where photochemical processes are im-
portant because of the exposure to the UV flux from the star and the interstellar
radiation field; the intermediate layer, where the extinction is large enough that
the chemistry resembles that of dense clouds; the midplane, where the density
is so large that the majority of gas phase species are frozen onto dust grains
(see, e.g., Aikawa et al. 2001; Willacy & Langer 2000; Markwick et al. 2002;
van Zadelhoff et al. 2003; Semenov et al. 2004).

Conclusions

Tab. 3 summarizes the main processes for the chemistry of star forming
regions, in the three phases (pre—stellar cores, Class 0 protostars and proto-
planetary disks) briefly illustrated in this review. Question marks in the table
follow not—yet—proved statements, mostly based on model predictions.

Here, I would like to point out some of the main problems still open in the
field of astrochemistry of star forming regions. Many uncertainties are present
especially regarding surface chemistry (e.g. Stantcheva & Herbst 2004; Chang
et al. 2004) and gas phase reactions at high temperature (e.g. Wakelam et
al. 2004), which in particular affect our interpretation of the observations to-
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Figure 3. Schematic picture of a protoplanetary disk, where three chemically distinct zones
can be recognized: the midplane, where freeze—out is dominant; the intermediate zone, where
dense cloud chemistry is appropriate; the surface, where photochemistry is important (courtesy

of Y. Aikawa).

Table 3. Main processes and molecular gas tracers in star forming regions

Region Gas Tracer

Main Processes

Pre—stellar cores:

envelope CO, HCOt, CS ion—molecule

nucleus No.HT, No,DT, NH; freeze—out, D—fractionation
molecular hole H.D*, DoHY, D ? freeze—out, grain coagulation?
Class 0:

envelope N.H™, NH; ion—molecule, freeze—out

outflow H-0, SiO, CH30H, SO- grain sputtering, neutral-neutral
hot cores H>O, complex organics mantle evaporation, neutral-neutral

Protoplanetary disks:

surface layer CO, CN, CzH
intermediate layer HCN, DCOt, NoHT
midplane H.D',H"?, Do.H'?, DI?

photochemistry, ion—molecule
freeze—out, D—fractionation
freeze—out, grain coagulation
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ward molecular outflows and hot cores. Some important problems to solve are:
(7) after recent laboratory work (Horn et al. 2004; Luca et al. 2004), we are
left with the non-trivial problem of producing HCOOCH3 and CH3OH in the
gas phase. It seems that the formation on grain surfaces (not yet explored for
methyl formate) followed by desorption is the only possible route. (i7) Grain
mantle composition is expected to change during cloud evolution and contrac-
tion; thus, binding energies (and consequently freeze—out rates) are a function
of time. Nevertheless, current models simply neglect this. (i¢z) There are still
quite large uncertainties regarding the chemistry of Oxygen (e.g. how much
atomic O is left in the gas phase in pre—stellar core?), and Sulphur (where does
S go in dense clouds and what is its form in icy grain mantles?). (iv) How
good is the approximation of assuming a constant cosmic ray ionization rate
(¢) throughout the core? A large value of ¢ (~ 10~ s~1) has been deduced
for diffuse clouds (McCall et al. 2003). But this value drops to 1-3x 10717 g1
in dense clouds; does it continue to drop within pre—stellar cores, with a con-
sequent variation of the fractional ionization and the chemistry in cloud core
nuclei? A synergy of laboratory, theoretical, and observational work, as well as
the new generation of telescopes and interferometers (ALMA, SMA, CARMA,
Herschel, SOFIA, APEX), are sorely needed to advance our understanding of
astrochemistry.
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Abstract In the last few years new investigation techniques have allowed us to study in
deep the spectacular phenomenon of protostellar jets, and to test the validity of
the proposed models for their launch and propagation. In this contribution the
current knowledge on the subject is reviewed, with a special emphasis on the
recent achievements obtained thanks to observations at high angular resolution,
like those performed at subarcsecond scales with the Hubble Space Telescope
and with Adaptive Optics techniques. These results have made us able to define
more clearly the morphology, kinematics, excitation of the flows on small scales,
and, in turn, to derive stringent constraints for the physical processes at work.
The novel information, collected very recently, puts us in a very good position
to plan rich and fruitful observative campaigns with the instruments being de-
veloped for astronomy at IR, submm amd mm wavelengths, in interferometric
or single-telescope modes.

Introduction

The evolution of objects in the Universe is often dominated by mass ex-
change between the object itself and the surrounding environment. One of the
best studied examples is the exchange of mass between a star and its parent
cloud during the formation phase. In the infancy of a star, in fact, complex and
interesting phenomena occur, like the collapse of the parental core, the mass
accretion from the circumstellar disk, and the generation of outflows.

Although the physical ingredients that play a role in the star formation game
are known (gravity, opacity to radiation, magnetic field, rotation...), there are
aspects of the standard formation theory that have posed for a long time prob-
lems of difficult solution. Two issues are of particular interest: (i) which is the
process that stops the growth of the central star, although there is still plenty
of formation material to use around; (ii) given the measured rotation velocities
of a molecular cloud, no star could form at the final mass and size if the angu-
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from Young Stars

Figure 1. Supersonic Jets associated with young stellar objects, imaged in the light of atomic
emission lines at high angular resolution (0.” 1) with instruments on-board the Hubble Space
Telescope.

lar momentum is not extracted someway from the system. How is this excess
angular momentum removed ?

A solution to both problems started to emerge when scientists realized that
almost all forming stars are associated to impressive mass outflows. These
can take the form of large molecular flows, relatively slow and moderately
collimated (see review by R. Bachiller in this book), or extremely energetic,
fast and highly collimated atomic jets (Reipurth & Bally 2001, Eisloffel et al.
2000). The latters (see Fig. 1) are called ‘Herbig-Haro’ (or ‘HH’) jets, from
the name of the two scientists that first identified these peculiar nebulosities.
The newly discovered outflows constituted a possible immediate solution to the
first question: outflow can clear the environment around a young star, reducing
the quantity of material that travels towards and finally lands onto it.

At the beginning, the fact that where one was looking for infall, invari-
ably outflow signatures were found, generated some surprise in the community.
Quite soon, however, several observative evidences and also theoretical mod-
elling indicated that accretion and ejection of matter are phenomena deeply tied
together. For example, all jets are associated with stars possessing an accretion
disk. In addition, jets are more powerful in the first stages of the formation
phase, when accretion also proceeds at a fast pace. Jets then gradually fade
out and disappear as accretion slows down and the star approaches the main
sequence. Within this accretion/ejection framework, the most widely accepted
theoretical scenario for the generation of jets invokes the contemporaneous ac-
tion of magnetic field and rotation. As it will be described below, the main
attractive of this model resides in the fact that the winds can carry away most
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of the excess angular momentum. Therefore, jets can also be the answer to the
second big question posed by star formation, which makes them an essential
ingredient of the whole process.

The present chapter includes first a review of the general properties of pro-
tostellar jets (Sect. 1). The attention will then be focused on the recent results
obtained at high angular resolution, and the implications they have on jet mod-
elling (Sections 2 and 3). Finally, the achievements expected from the new
optical, NIR and sub-mm interferometers will be briefly outlined (Sect 4).

Properties of stellar jets

Collimated outflows are associated to single and multiple Class O-I-II sources,
in a wide range of masses. They appear since the very beginning of the for-
mation process and often have two lobes that propagate in opposite directions
perpendicular to the plane of the circumstellar disk. The jet length may vary
from a few hundreds AU to several parsecs, while typical widths are of ~ 200
AU, with an opening angle of only a few degrees. Archetypical cases are the
HH 34 and HH 111 jets in Orion, and the HH 30 jet in Taurus, see Fig. 1.

Jet structure.  Jets present a knotty structure along the beam, which is ac-
compayined by several giant ’bow-shocks’ that mark the location of the impact
onto the surrounding environment, and also can indicate episodes of enhanced
mass ejection in the past history of the star. The distinctive feature of these
nebulae is their peculiar emission. Stellar jets, in fact, emit strong spectral
lines, in a large interval of wavelengths, but almost no continuum. The emis-
sion is particularly strong in optical and Near Infrared (NIR) forbidden lines of
neutral and ionised species, like O°, ST, N*, Fet, C, Ca™, as well as in per-
mitted lines of Hydrogen, Helium and Mg™. (Reipurth & Bally 2001). Highly
collimated jets are also seen in molecular lines of Hy, SiO, CO (Eisloffel et al.
2000, and R. Bachiller, this book.) Occasionally the base of the jet is seen in
free-free radio continuum, and X-ray emission has been detected at the base of
the flow as well as in the big bow shocks.

Both in the beam and in the terminal ’bows’ the lines form most likely be-
hind shock fronts that develop during the propagation of the material (see Har-
tigan 2003). In fact, typical Doppler shifts witness velocities in excess of of
100 - 200 km s~!, while the gas temperature corresponding to the observed
lines is about 1 — 2 10* K. These data show that the jets are highly supersonic
(Mach number vjet/cs ~ 20-30), which implies that every small variation in
either the amplitude or the direction of the velocity vectors generate a shock
front in the beam that heats and excites the gas.

The many spectral lines emitted by jets are indeed a mine of precious infor-
mations for astronomers. Not only the jet velocity can be measured from them,
but also a variety of important physical quantities, using specialised diagnos-
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tic techniques that compare the measured line ratios with the ratios predicted
by radiative models. The list includes the dust extinction, the electron density
ne, the electron temperature 7, the hydrogen ionization fraction x., some el-
emental abundances, etc. (Bacciotti & Eisloffel 1999; Bacciotti 2002; Nisini
et al. 2002; Pesenti et al. 2003; Hartigan et al. 2004). Particularly impor-
tant are the derivations of the fotal density ny, since all the models for the
flow dynamics are highly dependent on this parameter (see the contribution by
L. Podio). The realization that stellar jets are only partially ionised (typically
0.02 < z, < 0.6) has provided new, more accurate estimates of the density,
and jets have been found to be heavier than previously known (on large scales,
ngr ranges from 103 to 10° cm™3). This, in turn, implies that jets can interact
strongly with the environment. For example, the linear momentum transported
by the central collimated atomic jet is about 10> M, yr~! km s~!. Therefore,
jets are in principle capable to drive the coaxial wider but slower molecular
ouflow, although the mechanism by which the momentum is transferred is not
yet fully understood. Since molecular outflows are thought to be constituted
by ambient material set in motion by the passage of the jet giant bow shocks,
the central jet ’spine’ appears indeed as the major agent for clearing the star’s
environment, as indicated in the introduction.

Jet models.  In the following, a few basic physical concepts driving the
theoretical research in this field are highlighted.

Regarding the jet propagation, most theoretical studies concentrated on the
formation of the knots, either invoking the action of Kelvin-Helmoltz insta-
bilities or the effects of variability in the ejection mechanism (see, e.g. Stone
& Hardee 2000). It now appears that the nodular structure in the beam is
hardly reproduced by the simulations if some sort of pulsed ejection is not
introduced. The majority of the models for the jet launch consider steady
magneto-hydrodynamics (see below), and so they cannot account for pulsa-
tion. Nevertheless, a viable mechanism producing ejection variability has to
be found. In this respect, a number of interesting time-dependent models, that
include magnetic instabilities at the star/disk interface have recently been de-
veloped (e.g. Matt et al. 2002; Ouyed et al. 2003). Laboratory experiments
for the jet propagation have also been set up recently (see e.g., Gardiner 2003),
that can give insights in peculiar features of the jet propagation, as jet bending,
jet collisions, re-excitation events along the beam.

As for what concerns the jet generation, the most widely accepted class
of models is based on the so-called magneto-centrifugal mechanism, that was
originally developed for extragalactic jets. According to this theoretical sce-
nario, the hourglass shaped magnetic field attached to the star/disk system ro-
tates with an angular speed related to the angular speed of the ’footpoint’ of the
magnetic field lines (see fig. 2). The combination of magnetic and centrifugal



Protostellar Jets: A High Angular Resolution Perspective 71

Alfve'n
_.f--"" Surface

\ Tl magnetic/flow
/ surfaces

Figure 2. Schematic picture of the launching region of a MHD disk wind. Accretion pro-
ceeds through the disk toward the star and at the same time outflow lobes are generated by the
combined action of centrifugal and magnetic forces.

forces accelerates the partially ionised fluid particles lifted from the star/disk
system along the open field lines, in two opposite directions perpendicular to
the disk plane. The precise location of the jet origin varies with the model, be-
ing either from the star itself (Sauty et al. 2002), from the innermost annulus of
the disk, where the star dipolar field is truncated (within 0.1 AU from the star
for the X-wind, Shu et al. 2000), or from the inner regions of the circumstellar
disk (a few AUs from the star for the disk-wind, see, e.g. Konigl & Pudritz
2000; Ferreira 2002). The main attractive of this kind of models is that the
magnetic field along which the matter is launched also brakes the rotation of
the disk. In this way some angular momentum is extracted from the system, so
that the matter in the disk can flow inward and finally accrete onto the central
star.

Unfortunately, to test the launching models observationally is not an easy
task, due to the small scales scales involved. Almost all models, in fact, pre-
dict that the jet properties are defined within the initial 100 AUs from the
source, corresponding to less than one arcsecond for the systems closer to
Earth. Therefore, to confirm the proposed suggestions we need to observe
the ’central engine’ with the highest angular resolution available, as described
in the next sections.

High angular resolution observations

Despite many sources of ‘classical’ jets being heavily embedded, the less
powerful flows from more evolved, ‘cleared’ T Tauri stars provide us with a
good window on the central engine. Today this zone begins finally to be re-
solved in observations from space with the Hubble Space Telescope (HST) and
from the ground with the 8m-class telescopes provided with Adaptive Optics
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Figure 3. 2-D velocity ’channel maps’ of the bipolar jet from RW Aur reconstructed from
HST/STIS multi-slit optical spectra (adapted from Woitas et al. 2002).

(AO). These systems work at 0."05 - 0."1 angular resolution, which allows
astronomers to probe the initial 100-200 AU of the jet.

Observations from the ground with AO has provided 0”.2 resolution images
and spectra of a number of flows, such as the small-scale jets from DG Tau, CW
Tau, RW Aur (Dougados et al. 2000, Lavalley et al. 2000). These studies have
provided interesting information about the jet diameter and its initial opening
angle, the collimation properties, and the values/variation of basic physical
parameters along the first portion of the flow (density, temperature, ionization).
Generally, the diameter of the flows at the observed height above the disk is
about a few tens of AU at the jet base, and collimation is achieved very early,
in agreement with the predictions of the magneto-centrifugal models.

This region has been further investigated with the spectrograph STIS on
board HST, that worked at 0.”1 angular resolution in the optical (i.e. 14 AU
in Taurus). Although STIS worked with only R ~ 6000, the combination with
high angular resolution gave new and important information, as jets could be
resolved transversely. For example, we have observed the jets from the TTSs
RW Aur and DG Tau with multiple exposures of the 0.”1 STIS slit, stepping
the slit position across the flow every 0.”07 (see Fig. 3). In this way we have
built 3-D cubes of data (2-D spatial, 1-D in velocity) to study in detail the
region of interest (Bacciotti et al. 2000; Woitas et al. 2002). One projection
of the datacubes gives 2-D images of the jets in different velocity intervals,
similarly to the ‘channel maps’ of radio interferometry. The jets imaged in this
way show an onion-like kinematic structure, being more collimated at higher
velocities and excitation.

The maps of the line ratios constructed with STIS can then give information
about the gas physics. 2-D maps of the various quantities of interest in the
different velocity channels have been obtained by Bacciotti 2002. The electron
density maps, for example, confirm that n. is higher closer to the star, the axis,
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Figure 4. HST/STIS observations of the line velocity shifts across the bipolar jet from TH 28
with slits perpendicular to the jet axis (Coffey et al. 2004). The velocity gradient across the jet
in the Position-Velocity (PV) diagrams is consistent with rotation around the symmetry axis.

and at higher velocity. At the jet base, one then typically finds 0.01< z, < 0.4,
and total densities up to 105 cm™3. In the same region 8 103 < T, < 2 10* K.
These values can be compared with the predictions of magnetic models (see
e.g. Garcia et al. 2001; Shang et al. 2002). Finally, from n, the jet diameter
and the de-projected velocity, one can determine the initial mass flux in the jet
Met, that is found to be of the order of 10~7 M, yr~!, with the colder and
slower external layers of the jet contributing the most. According to magneto-
centrifugal models, J\.Jjet should be about 5 - 10% of Macc, the mass accretion
rate through the disk onto the central object. Our observations confirm this
prediction in all the cases studied.

Jet rotation and its impact on the models.  According to the magneto -
centrifugal scenario a key element to accelerate the flows is the rotation of the
system. Since the mechanism predicts that the jet carries away the excess an-
gular momentum, some trace of rotation should be observable in the outflow
immediately above the accelerating region, using high angular resolution in-
struments that resolve the jet transversely. After the first hints of rotation seen
in the HH 212 jet at large distance (10* AU) from the source by Davis et al.
2000, rotation has been detected in the initial jet channel using STIS/HST. In
particular, rotation signatures have been seen in the flows from about ten T
Tauri stars, including the bright DG Tau and RW Aur, using different observa-
tion techniques and different emission lines (e.g. Bacciotti et al. 2002; Coffey
et al. 2004; Woitas et al. 2005). Systematic shifts in the radial velocity of about
6 to 25 & 5 km s~ ! were found in positions of the jet displaced symmetrically
with respect to the axis, at 50 - 60 AU from the source and 20 - 30 AU from the
axis (see Fig. 4 for the TH 28 jet, observed with slits perpendicular to the flow
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direction). In this survey, rotation has been detected in all the targets examined,
and found to be consistent in the various elements of the system (bipolar lobes,
disk (Testi et al. 2002)), and between different datasets.

The above measurements constitute the first global validation of the models
proposed for the jet launching. In addition, from the combination of measured
toroidal and poloidal velocities one can determine the “footpoint radius” of
the wind, i.e. the location in the disk from where the observed portion of the
rotating wind is launched (cfr. Fig. 2). In all cases examined the observations
are consistent with the footpoint being located between 0.5 and 2 AU from the
star (Anderson et al. 2003; Coffey et al. 2004; Pesenti et al. 2004; Woitas et al.
2005). This finding appears to support the disk-wind models, that consider an
extended region in the disk for the origin of the wind, although X-winds may
be present inside, closer to the symmetry axis. Using then mass and angular
momentum conservation in the global system, we have verified that a consis-
tent fraction of the excess disk angular momentum (60% to 100% ) can be
carried away by the jet. This also indicates that disk viscosity, whose nature is
still unidentified, plays anyhow a minor role in the angular momentum balance
of the inner regions of the disk.

Finally, we stress that in magneto-centrifugal models, the poloidal and toroidal
components of the magnetic field (that cannot be measured directly for stellar
jets) are related to the corresponding components of the velocity field. Using
this property one finds that at the observed location the toroidal component of
the magnetic field is 3 - 4 times larger than the poloidal component (Woitas et
al. 2005). A prevalence of the toroidal field component at 50 - 100 AU from
the star is indeed predicted by the models, that attribute to a magnetic ‘hoop
stress’, the collimation of the flow (Konigl & Pudritz 2000).

Optical, NIR and Sub-mm Interferometry

Although observing with 0.”1 resolution has provided precious information
about the launch mechanism, the real ‘core’ of the acceleration engine lies
below the so-called ‘Alfve‘n surface’ (cfr. Fig. 2), located at a height of a few
AUs above the disk. This region will only be approached with Optical/NIR
interferometry. Two such big interferometric facilities are being prepared at
the time of writing: the VLT Interferometer (VLTI) at ESO-Paranal, and the
Large Binocular Telescope (LBT) at Mount Graham in Arizona.

The VLTI is the interferometer obtained by connecting in various combi-
nations the four 8-m telescopes and the smaller auxiliary telescopes at ESO-
Paranal. The focal plane instrument, the spectrograph AMBER, combines
three beams coming from the telescopes, corrected for atmospheric seeing with
AO. AMBER operates at the NIR wavelength range, in three different spectral
resolution modes, and will provide an angular resolution of a few milliarcsec-
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onds. This will allow us to finally access the innermost part of the flow down
to 0.1 AU, where the jet acceleration takes place. The LBT Interferometer is
instead formed by the combination of two 8.3m telescopes mounted together
in a gigantic binocule, to achieve a total collecting area of a 23m telescope (
Herbst 2003). LBT is the result of a joint collaboration between the Arcetri Ob-
servatory (INAF) and several German and US organisations. This instrument
will also start the operations working in the the NIR but a future extension to
the Optical is contemplated. Although the limited length of the binocule arms
provides an angular resolution smaller than VLTI, the instrument has a sim-
pler design for the interferometric mode, which traduces in a mucher higher
efficiency. Either way, one should keep in mind that the interferometric obser-
vations will not give directly a flow image or spectrum, but instead provide the
values of the Fourier transform of the signal (called ’visibility’) on a number of
locations within the ’conjugate plane’ of the spatial frequencies. This plane is
sampled during Earth rotation by the ’tracks’ drawn by the different baselines,
i.e. the lines that join two elements of the interferometer. >From the value
observed, with an Inverse Fourier Transform algorithm, the real *image’ of the
observed target is then reconstructed. The better the coverage, the higher the
quality of the resulting image. Since, however, the coverage will in practice
be quite partial, models of the expected emission are needed to interpret the
observations (Bacciotti et al. 2003).

The other large interferometric facility being planned for observations at
the sub-mm wavelength range is ALMA, an array of 64 12m antennas to be
built in the Atacama desert in Chili, not very far from the VLTI site (see L.
Testi, this book). With ALMA we will be able to test for the first time the
rotation of southern disks and molecular outflows, and also to attack one of the
most challenging but urgent scientific issues in the physics of jets, that is the
measurement of the magnetic field in the flows.

Conclusions: universality of the accretion/ejection engine

The results collected at high angular resolution in the last few years all point
toward a confirmation of a magneto-centrifugal scenario. The proposed mod-
els, developed typically for a 1 Mg, star, are actually not strongly dependent on
the mass of the central object. We may then speculate that the same processes
can apply to young star of all masses, and look for observational confirmations.
The existence of winds in Brown Dwarfs (M, < 0.075 M) is suggested by
the detection of strong forbidden lines in the spectra of some of these stars (
Comeron et al. 2003). It is therefore interesting to test if such winds have
properties consistent with the extension of the accretion/ejection principle to
the lower end of the stellar mass spectrum. On the other hand, we may want
to know if the generation of stellar jets follows a similar pattern also in high
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mass (M > 10 Mg,) stars (see R. Cesaroni, this book), for which the picture is
complicated by the huge emission of ionising photons, that alter the properties
of the circumstellar medium. Observational campaigns are being planned at
these aims, to finally confirm the universality of the jet generation scenario.
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Abstract The thermodynamic state of star-forming gas determines its fragmentation be-
havior and thus plays a crucial role in determining the stellar initial mass func-
tion (IMF). We address the issue by studying the effects of a piecewise polytropic
equation of state on the formation of stellar clusters in turbulent, self-gravitating
molecular clouds using three-dimensional, smoothed particle hydrodynamics
simulations. In these simulations stars form via a process we call gravoturbulent
fragmentation, i.e., gravitational fragmentation of turbulent gas. To approximate
the results of published predictions of the thermal behavior of collapsing clouds,
we increase the polytropic exponent v from 0.7 to 1.1 at a critical density nc,
which we estimated to be 2.5 x 10° cm 3. The change of thermodynamic state
at n. selects a characteristic mass scale for fragmentation M.y, which we re-
late to the peak of the observed IMF. A simple scaling argument based on the
Jeans mass M at the critical density n. leads to M, o< ng 2?5, We perform
simulations with 4.3 x 10* cm ™3 < n. < 4.3 x 107 cm ™3 to test this scaling
argument. Our simulations qualitatively support this hypothesis, but we find a
weaker density dependence of M.y, x ne 0-5%+0-1 e also investigate the influ-
ence of additional environmental parameters on the IME. We consider variations
in the turbulent driving scheme, and consistently find M is decreasing with in-
creasing n.. Our investigation generally supports the idea that the distribution of
stellar masses depends on the thermodynamic state of the star-forming gas. The
thermodynamic state of interstellar gas is a result of the balance between heating
and cooling processes, which in turn are determined by fundamental atomic and
molecular physics and by chemical abundances.
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Introduction

One of the fundamental unsolved problems in astronomy is the origin of the
stellar mass spectrum, the so-called initial mass function (IMF). Observations
suggest that there is a characteristic mass My, for stars in the solar vicinity.
The IMF peaks at this characteristic mass which is typically a few tenths of
a solar mass. The IMF has a nearly power-law form for larger masses and
declines rapidly towards smaller masses (Scale 1998; Kroupa 2002; Chabrier
2003). Scalo, 1998 Kroupa, 2002 Chabrier, 2003

Although the IMF has been derived from vastly different regions, from the
solar vicinity to dense clusters of newly formed stars, the basic features seem to
be strikingly universal to all determinations (Kroupa 2001). Initial conditions
in star forming regions can vary considerably. If the IMF depends on the initial
conditions, there would thus be no reason for it to be universal. Therefore a
derivation of the characteristic stellar mass that is based on fundamental atomic
and molecular physics would be more consistent. Kroupa, 2001 Larson, 2003
Mac Low and Klessen, 2004 Larson, 1981 Fleck, 1982 Padoan, 1995 Padoan
et al., 1997 Klessen et al., 1998; Klessen et al., 2000 Klessen, 2001a Padoan
and Nordlund, 2002 Schmeja and Klessen, 2004 Jappsen and Klessen, 2004
Bodenheimer, 1995 Papaloizou and Lin, 1995 Lin and Papaloizou, 1996

There are many ways to approach the formation of stars and star clusters
from a theoretical point of view. In particular models that connect stellar birth
to the turbulent motions ubiquiteously observed in Galactic molecular clouds
have become increasingly popular in recent years. See, e.g., the reviews by
Larson (2003) and Mac Low & Klessen (2004). The interplay between turbu-
lent motion and self-gravity of the cloud leads to a process we call gravotur-
bulent fragmentation: Supersonic turbulence generates strong density fluctu-
ations with gravity taking over in the densest and most massive regions (e.g.,
Larson 1981; Fleck 1982; Padoan 1995; Padoan et al. 1997; Klessen et al.
1998, 2000; Klessen 2001; Padoan & Nordlund 2002). Once gas clumps be-
come gravitationally unstable, collapse sets in. The central density increases
and soon individual or whole clusters of protostellar objects form and grow
in mass via accretion from their infalling envelopes. The mass accretion rates
vary with time and are strongly influenced by the cluster enviroment (Klessen
2001). Schmeja & Klessen (2004) showed that a sharp peak in the mass ac-
cretion occurs shortly after the formation of the protostellar core. There is a
positive correlation between the value of the peak accretion rate and the final
mass of the protostar.

Protostellar collapse is also accompanied by a substantial loss of specific
angular momentum, even in the absence of magnetic fields (Jappsen & Klessen
2004). Still, most of the matter that falls in will assemble in a protostellar
disk. Itis then transported inward by viscous and possibly gravitational torques
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(e.g., Bodenheimer 1995; Papaloizou & Lin 1995; Lin & Papaloizou 1996). If
low angular momentum material is accreted, the disk is stable and most of
the material ends up in the central star. In this case, the disk simply acts as
a buffer and smooths eventual accretion spikes. It will not delay or prevent
the mass growth of the central star by much. However, if material with large
specific angular momentum is accreted, then the mass load onto the disk is
likely to be faster than inward transport. The disk grows large and may become
gravitationally unstable and fragment. This may lead to the formation of a
binary or higher-order multiple system (Bodenheimer et al. 2000; Fromang et
al. 2002).

However, most current results are based on models that do not treat thermal
physics in detail. Typically, a simple isothermal equation of state (EOS) is
used. The true nature of the EOS, thus, remains a major theoretical problem
in understanding the fragmentation properties of molecular clouds. Li et al.,
2003

Recently Li et al. (2003) conducted a systematic study of the effects of
a varying polytropic exponent on gravoturbulent fragmentation. Their results
showed that v determines how strongly self-gravitating gas fragments. They
found that the degree of fragmentation decreases with increasing polytropic
exponent in the range 0.2 < ~ < 1.4 although the total amount of mass in
collapsed cores appears to remain roughly constant through this range. These
findings suggest that the IMF might be quite sensitive to the thermal physics.
However in their computations, v was left strictly constant in each case. Here
we study the effects of using a piecewise polytropic equation of state with a
polytropic exponent that changes at a certain critical density p. from ~; to ~ya:

P = Kip" p < pe
P = Kyp» P> pe (1)

where K7 and K5 are constants, P is the thermal pressure, and p is the gas
density. We investigate if a change in « determines the characteristic mass of
the gas clump spectrum and thus, possibly, the turn-over mass of the IMF. Mac
Low and Ossenkopf, 2000; Ossenkopf et al., 2001; Ossenkopf and Mac Low,
2002 Klessen et al., 2004 Vazquez-Semadeni et al., 2005 Benson and Myers,
1989; Myers et al., 1991

Thermal properties of star-forming clouds

Gravity in galactic molecular clouds is initially expected to be opposed
mainly by a combination of supersonic turbulence and magnetic fields (Mac
Low & Klessen 2004). The velocity structure in the clouds is always ob-
served to be dominated by large-scale modes (Mac Low & Ossenkopf 2000;
Ossenkopf et al. 2001; Ossenkopf & Mac Low 2002). In order to maintain
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turbulence for some global dynamical timescales and to compensate for gravi-
tational contraction of the cloud as a whole, kinetic energy input from external
sources seems to be required. Star formation then takes place in molecular
cloud regions which are characterized by local dissipation of turbulence and
loss of magnetic flux, eventually leaving thermal pressure as the main force
resisting gravity in the small dense prestellar cloud cores that actually build
up the stars (Klessen et al. 2004; Vazquez-Semadeni et al. 2005). In agree-
ment with this expectation, observed prestellar cores typically show a rough
balance between gravity and thermal pressure (Benson & Myers 1989; My-
ers et al. 1991). Therefore the thermal properties of the dense star-forming
regions of molecular clouds must play an important role in determining how
these clouds collapse and fragment into stars. Koyama and Inutsuka, 2000
Larson, 1985; Larson, 2005; Spaans and Silk, 2000

Observational and theoretical studies of the thermal properties of collapsing
clouds both indicate that at densities below 10~¥ ¢ cm =3, roughly correspond-
ing to a number density of n = 2.5 x 10° cm 3, the temperature decreases with
increasing density. This is due to the strong dependence of molecular cooling
rates on density (Koyama & Inutsuka 2000). Therefore, the polytropic expo-
nent is below unity in this density regime. At densities above 10718 g cm ™3,
the gas becomes thermally coupled to the dust grains, which then control the
temperature by far-infrared thermal emission. The balance between compres-
sional heating and thermal cooling by dust causes the temperature to increase
again slowly with increasing density. Thus the temperature-density relation
can be approximated with v above unity (Larson 1985, 2005;Spaans & Silk
2000). Changing from a value below unity to a value above unity results in a
minimum temperature at the critical density. As shown by Li et al. (2003), gas
fragments efficiently for v < 1.0 and less efficiently for higher +. Thus, the
Jeans mass at the critical density defines a characteristic mass for fragmenta-
tion, which may be related to the peak of the IMF.

Numerical Approach

Springel et al., 2001 Benz, 1990; Monaghan, 1992 Bate and Burkert, 1997
Bate et al., 1995 Jappsen et al., 2005 To gain insight into how molecular cloud
fragmentation and the characteristic stellar mass may depend on the critical
density, we perform a series of smoothed particle hydrodynamics (SPH) calcu-
lations of the gravitational fragmentation of supersonically turbulent molecular
clouds using the parallel code GADGET by Springel et al. (2001). SPH is a
Lagrangian method, where the fluid is represented by an ensemble of particles,
and flow quantities are obtained by averaging over an appropriate subset of
SPH particles; see Benz (1990) and Monaghan (1992). The method is able to
resolve large density contrasts as particles are free to move, and so naturally
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Figure 1. Column density distribution of the gas and location of identified protostellar objects
(black circles) using the model with n. = 4.3 x 10° cm™* where approximately 50% of the
gas is accreted. Projections in the xy-, Xxz-, and yz-plane are shown.

the particle concentration increases in high-density regions. We use the Bate
& Burkert (1997) criterion for the resolution limit of our calculations. It is
adequate for the problem considered here, where we follow the evolution of
highly nonlinear density fluctuations created by supersonic turbulence. We re-
place the central high-density regions of collapsing gas cores by sink particles
(Bate et al. 1995). These particles have the ability to accrete gas from their sur-
roundings while keeping track of the total mass, the linear and angular momen-
tum of the collapsing gas. This enables us to follow the dynamical evolution
of the system over many local free-fall timescales (see Fig. 1). Bodenheimer,
1995; Papaloizou and Lin, 1995; Lin and Papaloizou, 1996 Bodenheimer et al.,
2000; Fromang et al., 2002

We compute models where the polytropic exponent changes from v = 0.7
to v = 1.1 for critical densities in the range 4.3 x 10*cm™ < n. < 4.3 x
107 cm 3. Each simulation starts with a uniform density distribution, and tur-
bulence is driven on large scales, with wave numbers k in the range 1 < k < 2.
We use the same driving field in all four models. The global free-fall timescale
is tg ~ 10°yr. For further details see Jappsen et al. (2005). Salpeter,
1955 Lada and Lada, 2003 Bonnell et al., 2001 Klessen, 2001b Schmeja and
Klessen, 2004 Jappsen and Klessen, 2004

Dependency of the Characteristic Mass

To illustrate the effects of varying the critical density, we plot in Fig. 2 the
resulting mass spectra at different times when the fraction of mass accumulated
in protostellar objects has reached approximately stages of 10% and 30%. This
range of efficiencies corresponds roughly to the one expected for regions of
clustered star formation (Lada & Lada 2003). In the model with a critical
density n. of 4.3 x 10* cm ™2 the change in  occurs below the initial mean
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Figure 2. Mass spectra of protostellar cores for four models with critical densities in the
range 4.3 x 10* cm ™ < n. < 4.3 x 107 cm 3. We show two phases of evolution, when about
10% and 30% of the mass has been accreted onto protostars. The vertical solid line shows the
median mass of the distribution. The dotted line serves as a reference to the Salpeter (1955)
slope of the observed IMF at high masses. The dashed line indicates our mass resolution limit.

density. The mass spectrum shows a flat distribution with only few, but massive
protostellar objects. These reach masses up to 10 M, and the minimum mass
is about 0.3 M. All other models build up a power-law tail towards high
masses. This is due to protostellar accretion processes, as more and more gas
gets turned into stars (see also, Bonell et al. 2001; Klessen 2001; Schmeja &
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Figure 3. Plot of the median mass of the protostellar cores Mmedian Versus critical density
n.. We display results for different ratios of accreted gas mass to total gas mass, Macc/Mior
, and fit the data with straight lines. Their slopes take the values —0.43 £ 0.05 (solid line),
—0.52 % 0.06 (dashed-dotted line), and —0.60 £ 0.07 (dashed line), respectively.

Klessen 2004). The mass spectrum becomes more peaked for higher n. and
shifts to lower masses.

We find closest correspondence with the observed IMF (Scalo 1998; Kroupa
2002; Chabrier 2003) for a critical density n. of 4.3 x 106 cm ™3 and for stages
of accretion around 30%. For high masses, the distribution exhibits a (Salpeter
1955) power-law behavior. For masses about the median mass the distribution
has a small plateau and then falls off towards smaller masses.

The change of median mass M ye4ian With critical density n. is quantified in
Fig. 3. As n. increases Meqian decreases. We fit our data with straight lines.
The slopes take values between —0.4 and —0.6.

Summary

Using SPH simulations we investigate the influence of a piecewise poly-
tropic EOS on fragmentation of molecular clouds. We study the case where
the polytropic index ~y changes from 0.7 to 1.1 at a critical density n., and con-
sider the range 4.3 x 10*cm ™3 < n. < 4.3 x 10" cm ™3 around the realistic
value to determine the dependence of the mass spectrum on n.. Koyama and
Inutsuka, 2000

Our investigation supports the idea that the distribution of stellar masses de-
pends, at least in part, on the thermodynamic state of the star-forming gas. If
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there is a low-density regime in molecular clouds where temperature 1" sinks
with increasing density p, followed by a higher-density phase where T in-
creases with p, fragmentation seems likely to be favored at the transition den-
sity where the temperature reaches a minimum. This defines a characteristic
mass scale. The thermodynamic state of interstellar gas is a result of the bal-
ance between heating and cooling processes, which in turn are determined by
fundamental atomic and molecular physics and by chemical abundances. The
derivation of a characteristic stellar mass can thus be based on quantities and
constants that depend solely on the chemical abundances in a molecular cloud.

A simple scaling argument based on the Jeans mass M at the critical den-
sity n leads to My oc ng %% (see Jappsen et al. 2004). If there is a close
relation between the average Jeans mass and the gravoturbulent fragmentation
spectrum, a similar relation should hold for the characteristic mass My, of pro-
tostellar cores. Our simulations qualitatively support this hypothesis, however,
with the weaker density dependency My, oc n_0-5%0-1,

The density at which ~y changes from below unity to above unity selects a
characteristic mass scale. Consequently, the peak of the resulting mass spec-
trum decreases with increasing critical density. This spectrum not only shows a
pronounced peak but also a powerlaw tail towards higher masses. Its behavior
is thus similar to the observed IMF.

Altogether, supersonic turbulence in self-gravitating molecular gas gener-
ates a complex network of interacting filaments. The overall density distribu-
tion is highly inhomogeneous. Turbulent compression sweeps up gas in some
parts of the cloud, but other regions become rarefied. The fragmentation be-
havior of the cloud and its ability to form stars depend strongly on the EOS.
If collapse sets in, the final mass of a fragment depends not only on the local
Jeans criterion, but also on additional processes. For example, protostars grow
in mass by accretion from their surrounding material. In turbulent clouds the
properties of the gas reservoir are continuously changing. In a dense cluster
environment, furthermore, protostars may interact with each other, leading to
ejection or mass exchange. These dynamical factors modify the resulting mass
spectrum, and may explain why the characteristic stellar mass depends on the
EOS more weakly than expected.

We also studied the effects of different turbulent driving fields and of a
smaller driving scale. For different realizations of statistically identical large-
scale turbulent velocity fields, we consistently find that the characteristic mass
decreases with increasing critical mass. However, there are considerable vari-
ations. The influence of the natural stochastic fluctuations in the turbulent flow
on the resulting median mass is almost as pronounced as the changes of the
thermal properties of the gas. Also when inserting turbulent energy at small
wavelengths, we see the peak of the mass spectrum decrease with increasing
critical density.
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The current study using a piecewise polytropic EOS can only serve as a
first step. Future work will need to consider a realistic chemical network and
radiation transfer processes in gas of varying abundances.
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Abstract In the present-day universe, it appears that most, and perhaps all, massive stars
are born in star clusters. It also appears that all star clusters contain stars drawn
from an approximately universal initial mass function, so that almost all rich
young star clusters contain massive stars. In this review I discuss the physical
processes associated with both massive star formation and with star cluster for-
mation. First I summarize the observed properties of star-forming gas clumps,
then address the following questions. How do these clumps emerge from giant
molecular clouds? In these clustered environments, how do individual stars form
and gain mass? Can a forming star cluster be treated as an equilibrium system or
is this process too rapid for equilibrium to be established? How does feedback
affect the formation process?

Introduction

Star clusters' are the fundamental units of star formation in galaxies. Most
Galactic stars are born in clusters (Lada & Lada 2003): their figure 2 implies
that equal numbers of stars are forming in each logarithmic interval of cluster
mass, for cluster masses from ~ 50 — 1000 M. There is a dearth of star
formation in clusters below 50 M. The sample of Lada & Lada (2003) is too
small to constrain the initial cluster mass function beyond ~ 1000 M. Hub-
ble Space Telescope observations have probed this range in external galaxies,
finding a continuation of the mass function slope (Larsen 2002). For the dwarf
starburst galaxy NGC 5253, Tremonti et al. (2001) have proposed a model in
which all star formation occurs in clusters, which then dissolve on timescales
of ~ 10 Myr to create the sources of the observed diffuse UV light.

The initial mass function of stars in clusters appears largely invariant (Kroupa
2002) so that almost all relatively massive clusters will contain at least a few

'T define a star cluster as a group of stars that forms together from a gravitationally bound gas clump.
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high-mass stars. Thus a significant fraction of all stars form in proximity to
massive stars, and may be affected by their strong feedback.

Locally, essentially all massive stars form in clusters (de Wit et al. 2005), so
high-mass star formation seems to require an environment that will also pro-
duce a large number and mass of low-mass stars. In the present-day universe,
massive star formation and star cluster formation are one and the same process.

It is clear that an understanding of massive star and star cluster formation
is important to many areas of astrophysics, from galaxy evolution to planet
formation.

Overview of physical properties

Figure 1 shows the masses, M, and mean surface densities, > = M /(7 R?),
of star clusters and interstellar gas clouds. For convenience ¥ = 1 g cm™2
corresponds to 4800 M pc2, Ng = 4.3 x 10?3 cm™2 and Ay = 200 mag,
for the local gas to dust ratio. Contours of constant radial size, R, and hydrogen
number density, ny = p/u = 3M /(47 R3u), where p = 2.34 x 10~ g is
the mean mass per H, are indicated. The density contours also correspond to
free-fall timescales, tg = /37 /(32Gp) = 1.38 x 10%(ny /103 cm—3)~1/2 yr.
For a virialized cloud with virial parameter «.;, ~ 1 (Bertoldi & McKee 1992)
the signal crossing or dynamical timescale is g4y, = 2.0tg.

The presence of molecules allows interstellar gas to cool to low tempera-
tures, ~ 10 — 20 K, effectively removing thermal pressure support. To survive
the destructive local interstellar FUV radiation field requires a total column of
Nu = (0.4,2.8) x 10?! cm~2 for Hy and CO, respectively (McKee 1999).
Giant molecular clouds (GMCs) have an approximately constant column of
Ny = (1.540.3) x 10?2 cm~2 and typical masses ~ 10° — 10° M, (Solomon
et al. 1987). A sample of local (d < 3 kpc) infrared-dark clouds (IRDCs),
discussed in §3, have masses ranging from several hundred to ~ 10* M, and
¥ ~ 0.1 gecm™? (Kirkland & Tan, in prep.), about a factor of 3 greater than
the mean value of GMCs. The massive star forming clumps observed in the
sub-mm by Mueller et al. (2002) have similar masses, but surface densities
typically a factor of five greater still. More revealed star clusters, such as the
Orion Nebula Cluster, have similar properties. More massive and higher sur-
face density clusters are rare, but can be found in the Galactic center, e.g. the
Arches and Quintuplet clusters (e.g. Kim et al. 2000). The most massive
young clusters, so-called super star clusters, are often found in starburst en-
vironments, such as the Antennae galaxies, and in some dwarf galaxies, e.g.
NGC 5253 (Turner et al. 2000) and NGC 1569 (Gilbert & Graham 2003).

All high-mass star-forming systems appear to be at about a constant density
of ng ~ 2 x 10° cm ™3, corresponding to tg ~ 1 x 10° yr. This is about the
same as the density at which the cooling rate is a maximum (Larson 2005),
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and thus gravitational collapse is easiest. A spherical self-gravitating cloud
in hydrostatic equilibrium with mean surface density 3 and density profile
p o< r~*0 with k, = 1.5, similar to observed clumps, has a mean pressure of
4.3 x 108%2 K cm ™ (McKee & Tan 2003). Massive stars and star clusters
appear to form under pressures > 3 x 107 K cm ™3, much higher than that of
the local diffuse ISM, i.e. 2.8 x 10* K cm ™3 (Boulares & Cox 1990).

Setting up initial conditions for star cluster formation

What causes a particular region of a GMC to form a star cluster? From
Figure 1 we see that the surface density, pressures, and volume densities must
increase by at least factors of 10, 100, and 1000, respectively. This occurs in
only a small part of the GMC: typically only ~1% of the mass is involved.

Models for the cause of star formation can be divided into two groups: qui-
escent and triggered. In the former, star formation occurs in the densest, most
unstable clumps of the GMC, and these form out of the general gravitational
contraction of the entire cloud. This process may be regulated by the decay of
turbulence, ambipolar (Mouschovias 1996) or turbulent diffusion of magnetic
flux, or heating and ionization (McKee 1989) from newly-formed star clusters.
In models of triggered star formation, the star-forming clumps are created by
compression of parts of the GMC by external causes, such as: cloud collisions
(Scoville et al. 1986; Tan 2000); convergent turbulent flows (e.g. Mac Low
& Klessen 2004); or feedback from young stars with ionization (Elmegreen &
Lada 1977; Thompson et al. 2004; Deharveng et al. 2005), stellar winds (e.g.
Whitworth & Francis 2002), protostellar outflows, radiation pressure, and su-
pernovae (e.g. Palous et al. 1994).

Elmegreen (2004) has noted that the compressions that result from most
forms of stellar feedback are probably only efficient within particular GMCs
or GMC complexes, i.e. young stars forming in one GMC are unlikely to
trigger star formation in another. Oey et al. (2005) claim the age sequence of
3 regions of the W3/W4 complex is evidence for triggered star formation over
an approximately 100 pc scale region.

A promising method for addressing the cause of star cluster formation is
the study of infrared-dark clouds (IRDCs). These are regions that have surface
densities high enough to obscure the Galactic infrared background. Large num-
bers of IRDCs have been found towards the inner Galaxy with the Midcourse
Space Experiment (MSX) (Egan et al. 1998). These are associated with dense
molecular gas (Carey et al. 1998; Teyssier, Hennebelle & Pérault 2002). Carey
et al. (1998) measured the following physical properties: radii  ~ 0.2 — 8 pc,
column densities ¥ ~ 0.5 — 50 g cm ™2, densities nyy > 2 x 10° cm ™3, masses
M ~ 10% — 10° M, and temperatures 7' < 20 K. Kirkland & Tan (in prep.)
identified a sample of relatively nearby IRDCs from the MSX infrared survey
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Figure 1. Surface density, >, versus mass, M, for star clusters and interstellar clouds. Con-

tours of constant radius , R, and hydrogen number density, nu, or free-fall timescale, tg, are
shown with dotted lines. The minimum surface density for CO clouds in the local Galactic UV
radiation field is shown, as are typical parameters of GMCs. Dense, cold clumps of GMCs
known as infrared dark clouds are shown by small open squares (see text in §3). Large open
squares are the star-forming clumps of Mueller et al. (2002): a triangle indicates the clump con-
tains an HII region while the diagonal line from each point shows the effect of uncertain dust
opacities on the mass estimate. The Orion Nebula Cluster, allowing for a contribution from gas
of 50%, is shown by the solid diagonal line, which traces conditions from the inner to the outer
parts of the cluster. Several more massive clusters are also indicated (see §2 for references).
The condition for ionized gas to remain bound is indicated by the dashed line. The three solid
circles are the conditions of feedback models discussed in §6.

and the Galactic Ring Survey of '3CO (Simon et al. 2001). Surface densities
and masses were estimated with three independent methods: infrared extinc-
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tion, line strengths of 3CO, and virial arguments. The dispersion between
these methods is a factor of a few due to systematic errors. The average prop-
erties of each cloud are shown in Figure 1. They have similar masses to the star
clusters and surface densities that are somewhat smaller. Thus they are likely
to be representative of the earliest stage of star cluster formation.

From a visual inspection of the sample, Kirkland & Tan (in prep.) find that
the morphologies of the IRDCs are more varied, and in particular filamentary,
than the star-forming clumps, that are often approximately spherical (Shirley
et al. 2003). The line widths are several km/s, which is much greater than
the sound speed of gas at ~ 20 K. Thus the initial conditions for star clus-
ter formation probably involve supersonic turbulence, although not necessar-
ily super-Alfvénic turbulence. There are often multiple velocity components.
Some IRDC:s are relatively isolated from other star-forming regions suggesting
that their formation does not require triggering by feedback from young stars.

How do stars form within clusters?

We have seen that star clusters are born from turbulent gas, i.e. having
velocity dispersions much greater than thermal. A basic question is how indi-
vidual stars form in this environment. In particular do they grow inside quasi-
equilibrium gas cores that collapse via accretion disks with relatively stable
orientations? In this scenario (e.g. Shu, Adams, & Lizano 1987, McKee &
Tan 2003) the initial mass of the core helps to determine the final mass of the
star, modulo the effects of protostellar feedback. Alternative models involving
competitive Bondi-Hoyle accretion (e.g. Bonnell et al. 2001) and direct stellar
collisions (Bonnell, Bate, & Zinnecker 1998) have been proposed. These al-
ternative models have been particularly motivated for the case of massive star
formation since this occurs in the most crowded regions, radiation pressure
feedback from massive stars on dust grains can cause problems for standard
accretion scenarios, and the Jeans mass in these high pressure, high density
regions is only a fraction of a solar mass.

Formation of Cores

First consider the formation of cores from a turbulent medium. Ballesteros-
Paredes, Klessen, & Vazquez-Semadeni (2003) and Klessen et al. (2005) find
that a substantial fraction of “cores” identified in their nonmagnetic SPH sim-
ulations of supersonic turbulence appear to be quiescent (i.e. line widths <
than thermal) and coherent (i.e. line widths are roughly independent of posi-
tional offset from the core center), but are in fact dynamic, transient entities.
They argue that the inference of hydrostatic equilibrium, e.g. from radial pro-
files that appear similar to Bonnor-Ebert profiles (e.g. Alves, Lada, & Lada
2001), is not necessarily valid, since such profiles are also possible for dynam-
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ically evolving cores. However, it is not clear if these artificial dynamic cores
are consistent with the observations of Walsh et al. (2004), which find very
small (< 0.1 kms~!) velocity differences between the line centers of high
(ng ~ 4 x 10° cm™?) and low (ngg ~ 2 x 10% cm™3) density traces of starless
cores: real cores do not appear to be moving with respect to their envelopes.
Estimates of the ages of starless cores (e.g. Crapsi et al. 2005) are uncertain,
but have the potential to constrain models of core formation.

The numerical simulations described above are nonmagnetic. Li et al. (2004)
and Vazquez-Semadeni et al. (2005) have studied the properties of cores form-
ing from turbulent, magnetized gas. The latter authors find in their periodic,
fixed grid, isothermal, ideal MHD, driven turbulence simulations, that: mag-
netic fields reduce the probability of core formation; in the magnetically sub-
critical run, a bound core forms that lasts ~ 5¢g (defined at densities ~ 50
times the mean), which would be enough for ambipolar diffusion to affect the
dynamics; in the moderately supercritical case, where magnetic fields are rela-
tively weaker, bound cores form and then are able to undergo runaway collapse
over about 2tg, defined at the core’s mean density. These results suggest that
the initial conditions for star formation are bound cores, and that the stronger
the magnetic field, the more chance the cores have to attain a quasi-equilibrium
structure. The marginally critical case is probably most relevant if star-forming
clumps evolve from regions of GMCs that gradually lose magnetic support.
The observations by Crutcher (1999) of the magnetic field strength in dense
regions of GMCs imply that these regions are only marginally supercritical
and that magnetic fields are important for the dynamics.

Magnetic fields are likely to affect the masses of cores that are present in a
given environment. One argument against massive star formation from cores
has been that the thermal Jeans mass in the high pressure, high density regions
associated with massive star formation is very small. However this argument
is irrelevant if massive cores derive most of their pressure support from either
magnetic fields or turbulent motions. Observations suggest that the mass func-
tion of cores is fairly similar, within large uncertainties, to that of stars and that
there are some massive pre-stellar cores (Testi & Sargent 1998; Motte et al.
2001; Li, Goldsmith, & Menten 2003; Beuther & Schilke 2004).

Accretion to Stars

It is computationally expensive to follow gravitational collapse to the high
densities and short timescales associated with protostars and their accretion
disks. A common numerical technique is to introduce sink particles in bound
regions of high density, which can then accrete gas from their surroundings
(Bate, Bonnell, & Price 1995). Bonnell & Bate (2002) modeled star cluster for-
mation with SPH, isothermal, non-periodic, no feedback, nonmagnetic simula-
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tions, with initial setup of static gas and sink particles about to undergo global
collapse. Stars gained mass via competitive accretion and stellar collisions and
the final mass spectrum was similar to the Salpeter mass function. Using sim-
ilar simulations, except now with an initially turbulent velocity field with no
later driving, Bonnell, Vine, & Bate (2004) showed that the most massive star
at the end of their calculation had gained mass that was initially very widely
distributed. Dobbs, Bonnell, & Clark (2005) found that a massive turbulent
core, such as envisaged by McKee & Tan (2003), can fragment into many
smaller cores and protostars if the equation of state is isothermal. However,
their non-isothermal model suffered much less fragmentation, while the re-
sults of Vazquez-Semadeni et al. (2005) suggest that less fragmentation would
also occur if magnetic fields are allowed to affect the dynamics. Schmeja &
Klessen (2004) simulated star cluster formation with SPH simulations with pe-
riodic boundaries, driven turbulence, no magnetic fields, no feedback, sink par-
ticle diameters of 560 AU, and an isothermal equation of state, finding highly
variable accretion rates for their protostars.

We have seen that SPH simulations, by lacking magnetic fields, probably do
not accurately model the fragmentation process of real star-forming regions,
particularly with regard to core formation. Another difficulty is that in SPH
simulations with sink particles, “stars” acquire most of their mass by compet-
itive Bondi-Hoyle accretion and this process is not adequately resolved. In
theory, gas is gravitationally focused by a passing star so that streamlines col-
lide, shock and dissipate their energy. Eulerian grid simulations, including sink
particles (Krumholz, McKee, & Klein 2004) and adaptive mesh refinement of
small scale structures, have been used to simulate the interaction of sink par-
ticles with surrounding turbulent gas: the accretion rate is much smaller than
the classical analytic estimate of accretion from a uniform medium (Krumholz,
McKee, & Klein 2005a). Stellar feedback should also reduce this accretion
rate, particularly to massive stars (e.g. Edgar & Clarke 2004). Thus the impor-
tance of Bondi-Hoyle accretion may be grossly over-estimated in SPH simula-
tions.

Assumptions and Predictions of the McKee-Tan Model

McKee & Tan (2002; 2003) modeled massive star formation by assuming
an initial condition that is a massive core in approximate pressure equilibrium
with the surrounding protocluster medium, i.e. the star-forming clump. Tan &
McKee (2002) modeled star cluster formation by extending this assumption to
every star. To derive the pressure in the clump, the system was assumed to be
in approximate hydrostatic equilibrium so that the mean pressure is related to
the surface density, i.e. P ~ G2, How valid are these assumptions?
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The mean pressure in the clump sets the overall density normalization of
each core and thus its collapse time and accretion rate. The McKee-Tan model
allows for deviations from exact pressure equilibrium with the parameter ¢ p,
although the expectation is that these deviations will be factors of order unity.
Although the core is treated as collapsing in isolation, this is also an approxi-
mation: McKee & Tan (2003) estimate that during the collapse time the core
will interact with an amount of mass similar to the initial core mass, although
not all of this will become bound to the core. Thus in reality one would expect
for a given initial core mass somewhat greater final stellar masses than under
the assumption of isolated cores. The particular density structure of cores as-
sumed by McKee & Tan (2003) is p oc 7% with k, = 1.5 set from observed
cores. This choice affects the evolution of the accretion rate during the col-
lapse: k, < 2 implies accretion rates accelerate. However, this is a secondary
effect compared to the overall normalization of the accretion rate that is set
by the external pressure. In any case since the pressure support is nonthermal
with significant contributions from turbulent motions, one does not expect a
smooth density distribution in the collapsing core, and the accretion rate will
show large variations about the mean.

The assumption of approximate pressure equilibrium in the protocluster re-
quires star formation to occur over at least several dynamical timescales, and
this is examined in the next section. The basic picture of star cluster formation
then involves: a turbulent, self-gravitating gas clump in which bound cores oc-
casionally form (most gas at any given time is not in bound, unstable cores);
a core mass function fairly similar to stars, i.e. massive cores form but are
rare; an approximate equilibrium of cores with their surroundings; the collapse
of cores quite rapidly in one or two free-fall timescales to form stars or bi-
naries; the orbiting of newly-formed stars in the still star-forming clump, but
negligible growth via competitive accretion.

Some of the key predictions of the McKee-Tan model are the properties
of the cores and accretion disks of massive stars. The core size is Rcore =
0.06(Meore /60Me) /25712 pe (Note: Mgy = Meore/60Mp). Recall that X,
the surface density of the clump, is related to the pressure of clump via P ~
G'¥2. These small, pressure-confined cores have relatively small cross-sections
for close interactions with other stars, although such interactions may still be-
come important in the later stages of cluster formation once the stellar density
has been built up to a high enough level. The rate of core collapse leading to
accretion to the star, via a disk, is 7, = 4.6 x 10™* i/QMg’({4E3/4 Mo yr_l,
where f, is the ratio of m, to the final stellar mass and a 50% formation effi-
ciency is assumed. Thus the collapse time, 1.3 x 105M610/4Z_3/ 4 yr, is short
and quite insensitive to M, allowing coeval high and low mass star formation.
The disk size is Rgigx = 1200(B/0.02)(f*M60)1/2E_1/2AU, where (3 is the
initial ratio of rotational to gravitational energy of the core, and the normal-
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ization is taken from typical low-mass cores (Goodman et al. 1993), although
there is quite a large dispersion about this value. These estimates allow quanti-
tative models of the protostellar evolution, disk structure and outflow intensity.
These have been compared to observations of the Orion KL protostar (Tan
2004a), also discussed briefly below. First I review other observational evi-
dence of massive star formation from cores and accretion disks.

Observational Evidence for Massive Star Formation from
Cores and Accretion Disks

The issue of the mode of star formation, particularly massive star formation,
is most likely to be resolved by observations. What observations are required?
A common approach has been to search for disks around massive stars. How-
ever, these by themselves do not distinguish between the models, unless they
are seen in conjunction with a collapsing pre-stellar core and it can be shown
that the star accumulated most of its mass by accretion from the core through
the disk. One would also like to show that the disk has maintained a fairly sta-
ble orientation, perhaps by looking at the impact of past outflow activity, during
the accretion process, although even this is not necessarily to be expected from
the collapse of a very turbulent core.

There are a number of claims for disks around massive protostars and mas-
sive young stars. Cesaroni et al. (1999) made mm and IR observations of
IRAS 2012644104, concluding the system showed the expected signatures
of a massive (~ 24 M) protostar, forming from a Keplerian accretion disk
inside a dense gas core. Shepherd, Claussen, & Kurtz (2001) used 7 mm
observations to marginally resolve the driving source, G192.16, of a power-
ful molecular outflow, which from luminosity arguments is thought to be a
~ 10 Mg protostar. They interpreted the elongation, which is roughly per-
pendicular to the outflow, to be evidence for a ~ 100 AU, ~ 10 M, disk.
However, much of the elongation is asymmetric, and so they also invoked a
second protostar. Sandell, Wright, & Forster (2003) used 3.4 mm continuum
and molecular line observations of NGC7538S to infer the presence of a ro-
tating, massive (~ 100 My), and exceptionally large (r4y ~ 14000 AU) disk
about a ~ 10* L, protostar, again driving a powerful outflow. This source is
also peculiar in that, if it is a massive protostar, it is relatively isolated. Bel-
tran et al. (2004) used 1.4 mm continuum and molecular line observations to
identify 4 massive protostellar disks by searching for velocity gradients per-
pendicular to outflows. They found disk sizes of several thousand AU. Chini
et al. (2004) used NIR imaging and CO line observations in M17 to find an
elongated structure ~ 2 — 3 x 10* AU across with a mass of > 100 M, and a
velocity gradient of 1.7 km s~!. In the above systems the velocities measured
from molecular lines are typically on quite large scales that barely resolve the
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disk: the velocity differences are only a few kms™!, since the inner regions are
not resolved. It is possible that some of these sources, particularly those where
there is little evidence for a luminous central source or outflow, may simply be
flattened or filamentary structures with a velocity gradient.

Pestalozzi et al. (2004) interpreted VLBI observations of methanol masers
in NGC7538 IRS N1 in terms of an edge-on Keplerian disk extending to a ra-
dius of ~ 1000 AU and orbiting a 30 Mg, protostar. While some methanol
maser systems may trace accretion disks, it appears that many are in fact sig-
natures of outflows (De Buizer 2003).

In more evolved and revealed systems, NIR spectra of CO and Bry emission
have been used to infer the presence of disks, the emission coming from inside
a few AU from the star (Blum et al. 2004; Bik & Thi 2004). Vink et al. (2002)
used Ha spectropolarimetry to show that Herbig Ae/Be stars are surrounded by
flattened, presumably disk-like, structures. While studies of revealed systems
are useful for probing the properties and lifetimes of remnant accretion disks,
they do not directly test the different formation scenarios, since even stellar
collisions would be expected to leave remnant material that would form a disk.

Most of the aforementioned systems are at distances of ~ 2 kpc or more.
The closest massive protostar is in the Orion KL region, only ~ 450 pc away.
Wright et al. (1996), Greenhill et al. (1998) and Tan (2004) have interpreted
the system as containing a  ~ 1000 AU accretion disk, as traced by SiO (v=0;
J=2-1) maser emission, centered about the thermal radio source / (Menten &
Reid 1995) and aligned perpendicular to the large scale molecular outflow that
flows to the NW and SE. However, from SiO (v=1,2; J=1-0) masers within
several tens of AU from source I, Greenhill et al. (2003) have interpreted the
disk as being aligned parallel to the large scale outflow. In this case either the
source is unrelated to the large scale outflow, or the orientation has changed in
the last ~ 103 yr, the timescale of current outflow activity. Normally one would
regard this last possibility as extremely unlikely, however, the motion of a ~
10 M, young star (the BN object) through the region occurred only 500 years
ago (Plambeck et al. 1995; Tan 2004b). Several pieces of evidence point to
an ejection of BN from the already-formed ©'C binary system, however it is
not possible to exclude an origin at source [ itself (Bally & Zinnecker 2005;
Rodriguez et al. 2005).

Outflows are common from regions of high-mass star formation (see Beuther
& Shepherd 2005, these proceedings) for a review. However, because massive
stars tend to be forming in clusters it is not always clear which sources are re-
sponsible for driving the outflows. Nevertheless there seems to be a multitude
of collimated, powerful outflows, that appear to be scaled-up versions of those
from low-mass protostars. The continuity in outflow properties from the low to
high mass regimes suggests that there is a single driving mechanism (Beuther
et al. 2002).
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One difference between outflows from low-mass and high-mass protostars
is the presence of high flux of ionizing radiation in the latter. This should create
an “outflow-confined”, hyper-compact HII region (Tan & McKee 2003). This
model can account for the radio spectrum and morphology of source / in Orion
KL, and perhaps also for the radio sources in CRL 2136 (Menten & van der
Tak 2004), W33A, AFGL 2591 and NGC 7538 IRS9 (van der Tak & Menten
2005). An alternative model is the gravitationally-confined ionized accretion
flow (Keto 2003), however this requires spherical accretion all the way to the
star. Another model is the ionized flow from a photo-evaporated neutral disk
(Hollenbach et al. 1994), however, if normal MHD outflows are present from
the inner disk, they should block ionization of the outer disk.

The timescale of star cluster formation

The timescales of star cluster formation have been reviewed by Tan (2005).
Two independent pieces of evidence suggest that in the Orion Nebula Cluster,
stars have been forming for at least 10 dynamical timescales, or 20 free-fall
timescales. First ages of stars derived from pre-main-sequence tracks show a
spread from O to at least 3 Myr (Palla & Stahler 1999). Second, the age of a
dynamical ejection event of 4 massive stars ejected from a region coincident
with the ONC is about 2.5 Myr (Hoogerwerf et al. 2001).

A relatively long formation timescale is also consistent with the observed
morphologies of protoclusters in CS molecular lines: Shirley et al. (2003) find
approximately spherical and centrally concentrated morphologies for a large
fraction of their sources, suggesting they are older than a few dynamical times.

Formation timescales longer than a dynamical time allow the clump gas
to virialize and come into pressure equilibrium: self-gravity is countered by
internal sources of pressure. Numerical simulations (Mac Low et al. 1998;
Stone et al. 1998) suggest that turbulence decays in one or two dynamical
timescales (however, see Cho & Lazarian 2003). In this case, in order for
turbulence support of the clump to be maintained, energy must be injected,
most probably from internal sources such as protostellar outflows.

Such long formation timescales would also allow for significant dynami-
cal relaxation of the forming star cluster: for N equal mass stars the relax-
ation time is tyelax >~ 0.1N/(InN)tqyy, i.e. about 14 crossing timescales for
N = 1000. Using numerical experiments, Bonnell & Davies (1998) found that
the mass segregation time (of clusters with mass-independent initial velocity
dispersions) was similar to the relaxation time. The presence of gas should
shorten these timescales (Ostriker 1999). Therefore at least a part of the ob-
served central concentration of massive stars in the Orion Nebula Cluster, in
particular the Trapezium stars, may be due to mass segregation rather than
preferential formation at the center.
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It should be noted that a star cluster formation timescale of a few Myr is
similar to the dynamical timescale of individual GMCs. Star formation ap-
pears to be rapid when compared to these timescales, but not when compared
to the timescales of the star-forming clumps themselves. This is a major differ-
ence between the clustered (e.g. Orion) and distributed (e.g. Taurus, Hartman
2002) mode of star formation. Note also that even if the star cluster forma-
tion timescale is similar to the GMC dynamical timescale, this does not imply
GMC lifetimes are this short (e.g. Tassis & Mouschovias 2004; §6).

How does feedback affect the formation process?

Feedback processes that act against gravitational collapse and accretion of
gas to protostars include radiation pressure (transmitted primarily via dust
grains), thermal pressure of ionized regions and ram pressure from stellar
winds, particularly MHD-driven outflows from protostars that are still actively
accreting. If star cluster formation takes longer then ~ 3 Myr, then there is a
chance of supernova feedback clearing out any remaining gas.

Feedback in Individual Cores

For individual low-mass star formation from a core, bipolar protostellar out-
flows, accelerated from the inner accretion disk and star by rotating magnetic
fields, appear to be the dominant feedback mechanism, probably preventing
accretion from polar directions and also diverting a fraction, up to a third, of
the material accreting through the disk. This leads to star formation efficiencies
from the core of order 50% (Matzner & McKee 2000).

For massive protostars, forming in the same way from a core and accretion
disk, one expects similar MHD-driven outflows to be present leading to similar
formation efficiencies. In addition, once the massive protostar has contracted
to the main sequence (this can occur rapidly before accretion has finished), it
starts to produce large a flux of ionizing photons. The HII region is unlikely
to be impeded by an accretion flow with reasonable angular momentum. How-
ever, it is likely to be confined, at least equatorially, by the bipolar outflow
(Tan & McKee 2003). As the protostellar mass and ionizing flux increase, then
eventually the HII region can spread through the outflow and start to ionize the
disk surface. If the disk is ionized out to a radius where the escape speed is
about equal to the ionized gas sound speed, then a photo-evaporated flow is set
up, further reducing accretion to the star (Hollenbach et al. 1994).

Radiation pressure on dust grains (well-coupled to the gas at these densities)
is also important for massive protostars. It has been suggested, in the context of
spherical accretion models, that this leads to an upper limit to the initial mass
function (Kahn 1974; Wolfire & Cassinelli 1987). However, these constraints
are relaxed once a disk geometry is allowed for (Nakano 1989; Jijina & Adams
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1996). Yorke & Sonnhalter (2002) used 2D axially symmetric simulations
to follow massive star formation from a core collapsing to a disk, including
radiation pressure feedback: accretion stopped at 43 M, in their most massive
core. They showed the accretion geometry channeled radiative flux into the
polar directions and away from the disk, terming this the “flashlight effect”.
Krumbholz, McKee, & Klein (2005b) found that cavities created by protostellar
outflows increase the flashlight effect, allowing even higher final masses.

Feedback during Star Cluster Formation

One of the primary goals for models of feedback in star clusters is a predic-
tion of the star formation efficiency, since this determines whether the cluster
remains bound: Lada, Margulis, & Dearborn (1984) find from numerical mod-
els that clusters can remain bound with efficiencies as low as ~ 30% if the gas
is removed gradually. Lada & Lada (2003) conclude that 90-95% of Galac-
tic embedded clusters emerge from their GMCs unbound, although the mass
associated with these systems is a somewhat lower percentage.

One can make some simple analytic estimates of the effects of massive star
feedback on real protoclusters using Figure 1. The dashed line shows the con-
dition that the escape speed at a distance 2R from the clump center is equal to
the ionized gas sound speed (~ 10 km s—1). To the right and above this line
ionizing feedback is much less effective since even if cluster gas is ionized it
will be relatively difficult to be expelled. The Arches cluster in the Galactic
center and super star clusters are in this region. If star clusters form relatively
slowly, e.g. in 20tg as may be the case in Orion (§5), then we can see that the
clusters forming massive stars, which have approximately constant densities
and free-fall timescales (~ 10° yr), would not be affected by supernova feed-
back, since this only starts after at least ~ 3 x 10 yr. However, the rate of star
formation is uncertain, particularly in the more massive and distant clusters.

Matzner & McKee (2000) modeled protostellar outflow feedback in clusters
of low-mass stars, estimating formation efficiencies of 30-50%. Adding high-
mass stars to these particular models would presumably reduce the efficiency.

Tenorio-Tagle et al. (2003) presented a 1D model of star cluster formation
in the presence of stellar wind and ionizing feedback, assuming an initial burst
of massive star formation that creates a compressed shell from the infalling
neutral gas, where more stars can form. They achieved high star formation ef-
ficiencies, allowing the build-up of very massive clusters, comparable to super
star clusters. However, it is not clear how their model would fare in a more
realistic turbulent and clumpy medium.

Scoville et al. (2001) considered radiation pressure feedback as a mecha-
nism for limiting star cluster masses at ~ 103 M. However, their model is 1D
and it would be more difficult to disrupt gas if it were in optically thick clumps.
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Tan & McKee (2001; 2004) used an idealized model to investigate feed-
back in a turbulent and clumpy medium. This structure was approximated
by dividing the gas into cores and an intercore medium. The dynamics of
the cores are affected by the potential of the overall protocluster and feed-
back effects from a stellar population at the cluster center, including radiation
pressure, stellar winds and ionization, which can photo-evaporate cores. The
main conclusion was that a clumpy, turbulent medium is much more capable
of confining feedback, particularly ionizing feedback. HII regions are confined
because they are continually injected with neutral cores that then suffer high
photo-evaporation rates. This mass loading keeps the density and recombina-
tion rate relatively high. Such effects are likely to be important for Galactic
ultra-compact (< 0.1 pc) HII regions, whose long lifetimes have been a puz-
zle. Figure 1 shows the parameters of three models, A, B, and C. Model A
formed a cluster that dispersed its gas in 2 Myr, while B and C took about
3 Myr. Estimates of the star formation efficiency are somewhat uncertain as
protostellar outflows were omitted. Within the limitations of the model, the
efficiencies were ~ 30% for model A, and ~ 50% for models B and C.

Feedback on GMCs

Once star clusters have formed, their feedback will impact the larger scale
interstellar medium. In particular they may contribute to the destruction of
GMCs. Williams & McKee (1997) considered the destruction of Galactic
GMCs by photo-evaporation from ionizing photons from OB associations,
finding destruction timescales of ~ 30 Myr for the most massive clouds. Matzner
(2002) estimated slightly shorter destruction timescales for the same feed-
back process. Monaco (2004) considered the effects of supernova feedback
on clouds that have already been shaped by ionization.

Alternatively, Ballesteros-Paredes (2004) argued that GMCs are transient
phenomena and that their disruption is simply due to dynamical processes.
Clark & Bonnell (2004) modeled star formation in such transient GMCs.

Observationally, Leisawitz, Bash & Thaddeus (1989) found that open star
clusters older than about ~ 10 Myr were not associated with molecular clouds,
which is consistent either with post-star-formation cloud lifetimes shorter than
this age, i.e. only a couple of dynamical timescales, or with relative veloci-
ties of star clusters and their parent clouds of about 10 km s~!, which are to
be expected from photoionization feedback (Williams & McKee 1997). The
important question of GMC lifetimes remains open.
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Abstract This paper covers two subjects in the field of massive star formation which in its
details can be discussed separately. Therefore, we present first characteristics of
precursors of UCHII regions and their likely evolutionary properties. The second
section discusses massive molecular outflows, their implications for high-mass
star formation, and a possible evolutionary sequence for massive outflows.

Precursors of UCHII regions

Evolutionary scenarios suggest that High-Mass Starless Cores (HMSCs)
represent the earliest evolutionary stage of massive star formation (e.g., Evans
et al., 2002). The next observable evolutionary stage is when a High-Mass Pro-
tostellar Object (HMPO) forms in the core producing strong millimeter contin-
uum and mid-infrared emission but no detectable centimeter continuum due to
free-free emission from ionized gas (e.g., Molinari et al., 1996; Sridharan et al.,
2002). The lack of detectable free-free emission may be because the protostar
has not reached the main sequence or because the accretion rate onto the stel-
lar surface is high enough to quench a developing HII region (e.g., Walmsley,
1995; Churchwell, 2002). Hot Cores are considered to belong to the HMPO
stage. Soon after the hot core is formed, the central massive protostar produces
adequate ionizing radiation to form a hypercompact, unresolved, most likely
optically thick HiI region (HCHi1). The HCHII region may still be partially
quenched by infalling gas which can hinder the expansion of the hypercom-
pact Hir region (e.g., Walmsley, 1995; 2003). Eventually, the hypercompact
Hir region begins to expand forming the well-studied ultracompact HiI region
(e.g., 1989; Kurtz et al., 1994) and later a more evolved Hir region. Theo-
retical model calculations estimate an evolutionary time-scale for massive star
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formation of about 10° yrs, assuming that massive stars form via accretion-
based processes similar to low-mass star formation (McKee and Tan, 2002).
A key difference between low- and high-mass star formation is that massive
stars reach the main sequence while still actively accreting; low-mass stars end
their accretion phase before they reach the main sequence. Here, we discuss
the properties of the precursors of ultracompact HiI regions, namely HMPOs
and HMSCs.

High-Mass Protostellar Objects (HMPOs)

There are several review articles that discuss the earliest stages of massive
star formation and cover different aspects of the topic in more depth than pos-
sible here (e.g., Garay and Lizano, 1999; Kylafis and Pavlakis, 1999; Kurtz
et al., 2000; Churchwell, 2002; Cesaroni, 2004). Therefore, we focus on the
basic characteristics of HMPOs and discuss a few recent results in this field.

Basic characteristics. = The far-infrared colors of HMPOs are similar to
those of UCHII regions (e.g., 1989; Sridharan et al., 2002). This is mainly due
to the fact that they resemble each other with regard to their gas/dust temper-
atures and the presence of dense gas. A major observational difference is that
HMPOs show no or only weak cm continuum emission, thus the central ob-
jects have not yet produced a significant ionized region to trigger the necessary
free-free emission. While most of the luminosity from UCHII regions is due to
a central H-burning star, a large fraction of the luminosity from HMPOs is still
expected to be due to accretion (e.g., Sridharan et al., 2002). Furthermore, the
average observed NH3(1,1) linewidth toward HMPOs is Av ~ 2.1 km/s com-
pared to average values toward UCHII regions of Av ~ 3.1 (Sridharan et al.,
2002). This difference implies less turbulent motions at the HMPO stage.
Furthermore, HoO and/or Class 11 CH3OH maser emission is frequently ob-
served toward HMPOs (e.g., Walsh et al., 1998; Beuther et al., 2002d; Codella
et al., 2004). The existence of one or the other type of maser emission is
widely regarded as a good signpost for massive star formation (in spite of HoO
maser emission being also observed toward low-mass star-forming regions),
but nevertheless, there is no general agreement about the physical processes
generating the maser emission. There is indicative evidence that both maser
types are produced either within accretion disks or molecular outflows (e.g.,
Norris et al., 1998; Walsh et al., 1998; Torrelles et al., 1998; Minier et al.,
2000; De Buizer et al., 2000; De Buizer, 2003; Codella et al., 2004). Although
H>0 and Class 11 CH3OH masers are produced during the early stages of mas-
sive star formation, it appears that in general they cannot be used to derive the
underlying physical processes of the regions. This statement does not exclude
the possibility that in selected sources very high-spatial resolution and proper
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motion studies of masers can constrain the processes triggering the maser emis-
sion (for prominent recent examples see, e.g., Torrelles et al., 2003; Pestalozzi
et al., 2004).

Millimeter continuum emission. Observations of HMPOs in (sub)mm
continuum emission have shown that they exhibit strong dust continuum emis-
sion from massive dust and gas cores (e.g., Molinari et al., 2000; Beuther et al.,
2002b; Mueller et al., 2002; Williams et al., 2004). Even with the rather coarse
spatial resolution of most single-dish investigations (> 11” beam), the gas
cores often show filamentary and multiple structures. The density distribution
of the cores are usually well fitted by power-law distributions and the power-
law indices are in most cases around 1.6 (e.g., Beuther et al., 2002b; Mueller
et al., 2002), similar to the power-law indices of young low-mass cores (e.g.,
Motte et al., 1998). Furthermore, multi-wavelength investigations show that
the dust opacity index 3 toward HMPOs is significantly lower than toward
UCHII regions (mean values of 0.9 versus 2.0, Williams et al., 2004; Hunter,
1997). In low-mass cores, low dust opacity indices are attributed either to in-
creasing opacity or grain growth at early evolutionary stages (e.g., Hogerheijde
and Sandell, 2000; Beckwith et al., 2000). In contrast, Williams et al. (2004)
show for their sample that the lowest observed values of 3 are associated with
lower rather than higher opacities. Therefore, these observations are consistent
with grain growth in the early evolutionary stages of the dense cores. However,
a point of caution remains because significant grain growth is expected to take
at least 10° years (e.g., Ossenkopf and Henning, 1994) whereas the whole mas-
sive star formation process might only last for ~ 10° years (McKee and Tan,
2002). If these time-scales are correct it may be difficult to produce similarly
large grains in high-mass cores as found toward their low-mass counterparts,
and the observed low values of 3 might require a different interpretation.

Fragmentation and the Initial Mass Function (IMF). One important ques-
tion for the whole cluster formation process is: At what evolutionary stage
does the Initial Mass Function gets established? Do the initial fragmentation
processes of the massive cores already show signatures of the IMF, or is com-
petitive accretion during the ongoing cluster formation the main driver of the
IMF (e.g., Bonnell et al., 2004)? In the last two years, a few different studies
have been made to investigate the protocluster mass distribution and its con-
nection to the IMF: Shirley et al., 2003, analyze single-dish CS observations
toward a sample of 63 massive HoO maser sources with ~ 30" resolution,
Williams et al., 2004, do a similar study based on single-dish (sub)mm con-
tinuum observations with 8" — 15” resolution, and Beuther and Schilke, 2004,
observe one HMPO in the mm continuum emission at 1.5” x 1” resolution
with the Plateau de Bure Interferometer. The main difference between the two
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Figure 1. Compilation of mass distributions from very young high-mass star-forming regions: the

cumulative mass distribution to the left is from single-dish CS observations of a sample of massive HoO
maser sources (Shirley et al., 2003, LS and RE correspond to Least Square and Robust estimation fits). The
cumulative mass spectrum in the middle is from single-dish mm dust continuum observations of a sample
of HMPOs (Williams et al., 2004, the dotted and full lines correspond to far and near kinematic distances,
respectively). The protocluster mass function to the right is from high-spatial resolution PdBI observations
of one HMPO IRAS 19410+2336 (Beuther and Schilke, 2004, the full line is the best fit to the data, and the
dashed and dotted lines present the IMFs derived from Salpeter, 1955, and Scalo, 1998).

single-dish studies and the interferometric investigation is that the single-dish
observations average out whole young clusters and thus need many clusters to
derive a cumulative mass distribution of the sample of protoclusters, whereas
Beuther & Schilke (2004) only investigate one young cluster but are capable of
resolving many sources within this cluster. All of the above mentioned studies
preferentially select regions that are in the earliest evolutionary stages of star
formation and most have not yet formed detectable UCHII regions. Figure 1
summarizes the results from the three studies.

Despite the intrinsic differences in completeness limits between the Shirley
et al. and Williams et al. studies (> 1000 and > 10 Mg, respectively), both
studies show power-law distributions comparable to the stellar IMF. On much
smaller spatial scales, Beuther & Schilke (2004) also find a good correspon-
dence between the protocluster mass spectrum in IRAS 19410+2336 compared
with the IMFs as derived by, e.g, Salpeter, 1955; Scalo, 1998. These indepen-
dently derived results are encouraging support for the idea that the early frag-
mentation of massive star-forming cores is responsible for the determination of
the IMF, and not processes which might take place at evolutionary later stages
like competitive accretion. An additional result from the single-dish observa-
tions alone is that the star-formation efficiency for the sample of protoclusters
is relatively mass invariant (Williams et al., 2004).

Chemistry.  Young massive star-forming regions and especially Hot Cores
are known to have an incredibly rich chemistry (e.g., the rich spectra toward
the Orion-KL Hot Core, e.g., Blake et al., 1987; Schilke et al., 1997). Here,
we present recent submillimeter observations of the prototypical Hot Core
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Orion-KL. A more detailed discussion of core chemistry is presented in Paola
Caselli’s contribution to this volume.

Beuther et al., 2004b, used the Submillimeter Array (SMA) to image the
submm line and continuum emission of Orion-KL at sub-arcsecond resolution.
In the submm continuum, the enigmatic source “I”’ could be disentangled from
the Hot Core, and source “n”” was detected for the first time shortward of 7 mm
(Beuther et al., 2004b). Additionally, within one spectral setup of the SMA
(4 GHz combining the upper and lower sideband) approximately 150 molecu-
lar lines were observed (Beuther et al. in prep.). Figure 2 shows example line
images which highlight the spatial variations observed between the different
molecular species: SiO is detected mainly from the outflow emanating from
source “I”, but all other molecules peak offset from source “I”. Typical hot
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Figure 2.  Submm line images obtained with the SMA at 865 pum (Beuther et al. in prep.). The grey-scale
and contours show the molecular emission as labeled at the bottom left of each panel. The three stars mark
the positions of source “I”, the Hot Core mm continuum peak, and source “n” (labeled at the bottom-right).

core molecules like CH3CN or CH3CH2CN show the hot core morphology
previously reported from, e.g., NH3 observations (Wilson et al., 2000). Con-
trary to this, CH3OH does show some hot core emission as well, but there is
an additional strong CH3OH peak further south associated with the so called
compact ridge emission. Other molecules like C3*S or CoH50H show even
different spatial emission, tracing partly the hot core and the compact ridge
but also showing an additional peak to the north-west that is spatially associ-
ated with IRC6. We still do not properly understand the underlying reasons
for this spatial molecular diversity, but these observations of the closest Hot
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Core, Orion-KL, stress that we must be cautious in our interpretations of spa-
tial structures for other Hot Cores that are typically at much greater distances.

High-Mass Starless Cores (HMSCs)

Prior to the infrared satellites ISO and MSX, there was no observational
evidence for High-Mass Starless Cores, and HMPOs were considered to be
the youngest observationally accessible stage of massive star formation. The
detection of Infrared Dark clouds (IRACs) and their association with mm dust
continuum emission changed that situation (e.g., Egan et al., 1998), and since
then observational studies of these HMSCs/IRdCs have begun to shed first light
on this evolutionary stage. Evans et al., 2002, outlined potential properties of
HMSC, and recently Garay et al., 2004, presented an analysis of four such
sources. Here, we present an approach to identify and study HMSCs based on
a comparison of previously derived mm continuum maps of HMPOs (Beuther
et al., 2002b) with the MSX database (Sridharan et al. in prep.).
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Figure 3. The grey-scale shows the 8 um emission from the MSX satellite, and the contours present the
1.2 mm continuum emission first presented in Beuther et al., 2002b.

Based on an initial study of HMPOs associated with IRAS sources (Sridha-
ran et al., 2002), Beuther et al., 2002b, observed serendipitously within the
same fields of view a number of secondary mm-peaks which were not as-
sociated with IRAS sources. Correlation of these mm-peaks with the MSX
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mid-infrared observations revealed a number of mm-peaks which are not only
weak in the mid-infrared but which are seen as absorption shadows against the
galactic background (Fig. 3, Sridharan et al. in prep.).

Observing these HMSCs with the Effelsberg 100 m telescope in NH3 (Srid-
haran et al. in prep.), the derived average temperatures are around 15 K com-
pared to the average temperatures of the more evolved HMPOs of 22 K. Fur-
thermore, we find on average a smaller linewidth of 1.6 km/s toward the HM-
SCs in comparison to a mean value of 2.1 km/s observed toward the HMPOs.
With gas masses of the order a few hundred Mg, no mid-infrared emission,
cold temperatures and less turbulence implied by the small line-widths, these
sources are promising candidates for being HMSCs on the verge of forming
massive clusters. Ongoing single-dish and interferometric follow-up observa-
tions of this and other samples will hopefully improve our understanding of
the initial conditions of massive star formation significantly.

Massive molecular outflows: an evolutionary scenario

In contrast to low-mass outflows, there is no general census for the under-
standing of massive molecular outflows. For recent reviews on different as-
pects of massive molecular outflows see Bachiller and Tafalla, 1999; Church-
well, 1999; Richer et al., 2000; Shu et al., 2000; Konigl and Pudritz, 2000;
Shepherd, 2003; Beuther, 2004.

Two competing scenarios have been put forth to explain the formation of
massive stars: one possibility is to extend the low-mass models to high-mass
star formation and form massive stars via enhanced accretion processes through
accretion disks (e.g., Jijina and Adams, 1996; Norberg and Maeder, 2000;
Yorke and Sonnhalter, 2002; McKee and Tan, 2003). Contrary to this, at the
dense centers of evolving massive clusters, competitive accretion could be-
come dominant and it might even be possible that (proto)stellar mergers occur
and form the most massive objects via coagulation processes (e.g., Bonnell
et al., 1998; Stahler et al., 2000; Bally, 2002; Bonnell et al., 2004). Massive
molecular outflows can help to differentiate between these scenarios: while the
enhanced accretion model predicts collimated molecular outflows with proper-
ties similar to those for low-mass outflows, it is unlikely that highly-collimated
structures could exist in the coalescence scenario and the outflow energetics
would be significantly different.

Summary of observational constraints

Observations of massive molecular outflows are unfortunately not conclu-
sive. On the one hand, some observations find that molecular outflows from
high-mass star-forming regions appear less collimated than outflows from low-
mass regions (e.g., Shepherd and Churchwell, 1996a; Ridge and Moore, 2001;
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Wau et al., 2004). However, it has been shown that the lower collimation factors
of massive outflows observed with single-dish telescopes could simply be due
to the on average larger distances of high-mass star-forming regions (Beuther
et al., 2002¢). A few interferometric observations with 0.1” — 10” resolution
suggest that outflow opening angles from at least some young, early-B stars
can be significantly wider than those seen toward low-mass protostars (e.g.,
Shepherd et al., 1998; Shepherd et al., 2001; Shepherd et al., 2003). Thus,
greater distances and the associated lower angular resolution is not the only
reason for the observed poor collimation in some massive outflows. There is
also evidence that the energetics in at least one massive outflow from an early
B star in W75N are different to those in low-mass outflows, although exactly
what this implies is unclear (Shepherd et al., 2003).

In recent years a few examples of collimated massive outflows from early B
stars have been found (e.g., Beuther et al., 2002a; Gibb et al., 2003; Su et al.,
2004). A comparison of position-velocity diagrams from collimated massive
molecular outflows with their low-mass counterparts reveal similar signatures
from outflows of all masses (Beuther et al., 2004a). Moreover, a near-infrared
analysis of a HMPO found collimated outflows with properties appearing to be
scaled-up versions of low-mass outflows (Davis et al., 2004). This latter group
of observations favors an accretion scenario for the formation of massive stars
that is a scaled up version of the low-mass scenario.

For both well-collimated and poorly collimated outflows, relations between
outflow and source parameters hold over many orders of magnitude (e.g., Richer
et al., 2000; Beuther et al., 2002c; Wu et al., 2004). Richer et al. (2000)
point out that these correlations do not necessarily argue for a common en-
trainment or driving mechanism for sources of all luminosities given that one
would expect that most physically reasonable outflow mechanisms would gen-
erate more powerful winds if the source mass and luminosity are increased.
It is interesting to note that no well-collimated outflows have been observed
toward a (proto)-O star (e.g., Shepherd, 2003, and references therein, Sollins
et al., 2004). Thus, the link between accretion and outflow is not as well es-
tablished for forming O stars as for early B stars and formation by coalescence
may still be a possibility. Table 1 presents a number of relevant references for
observations which shed light on massive outflows.

The current situation is that different observations find results which appear
to contradict each other. In order to resolve this conflict, it is necessary to
re-evaluate the observations. In principle, three possibilities exist to solve the
discrepancies: (a) some observations are wrongly interpreted, (b) there exist
physically different modes of massive molecular outflows and thus massive
star formation, or (c) the observed sources are not directly comparable, e.g.,
there might be evolutionary differences between the observed sources which
could translate into various evolutionary signatures of the massive outflows.
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Table 1. Summary of outflow results. This table does not claim completeness but gives an
overview of relevant publications connected to the question of outflow evolution.

Source Results Ref
Low-spatial resolution single-dish studies
122 UCHuis ubiquitous phenomena 1
10 UCHu1is 50% bipolarity, low collimation, M vs Lo relation 2
3 YSOs M vs Ly still holds 3
11 YSOs low collimation, no Hubble law, M vs Lyo not correlated 4
69 HMPOs 55% bipolarity, accretion-outflow process suggested 5
26 HMPOs 80% bipolarity, no M vs Loy but Moyt vs Meore, consistent 6
with collimated outflows, similar to low-mass outflows
139, all types Mot & M correlate with Ly, on average less collimated 7,8
High-spatial resolution interferometer and infrared studies
G192.16, HCHI1 wide-angle wind + molecular flow & disk 9,10,11
IRAS20126, HCHI1 precessing jet with disk 12,13
IRAS05358, HMPO consistent with low-mass jets 14
W75N, HC/UCHII energetics different to low-mass, not scaled up outflows 15
IRAS19410, HMPO consistent with low-mass outflows 16
G35.2, HCH11 a cluster of collimated outflows 17
2 HMPOs accretion based outflows 18
4 HMPOs/HCHi1s same physical driving mechanisms as low-mass outflows 19
IRAS16547, HMPO collimated jet, similar to low-mass jets 20,21
IRAS18151, HMPO  scaled-up versions of low-mass jets driven by disk accretion 22
G5.89, UCHII multiple wide-angle outflows, harbors OS5 star 23

The listed results just refer to mm studies of thermal lines and infrared studies. Ref: (1) Shepherd and
Churchwell, 1996b, (2) Shepherd and Churchwell, 1996a, (3) Henning et al., 2000, (4) Ridge and Moore,
2001, (5) Zhang et al., 2001, (6) Beuther et al., 2002c, (7) Wu et al., 2004, (8) Wu et al., 2005, (9) Shepherd
et al., 1998, (10) Devine et al., 1999, (11) Shepherd et al., 2001, (12) Cesaroni et al., 1999, (13) Shepherd
et al., 2000, (14) Beuther et al., 2002a, (15) Shepherd et al., 2003, (16) Beuther et al., 2003, (17) Gibb et al.,
2003, (18) Su et al., 2004, (19) Beuther et al., 2004a, (20) Garay et al., 2003, (21) Brooks et al., 2003, (22)
Davis et al., 2004, (23) Sollins et al., 2004

It is possible that (a) applies to some of the single-dish results, e.g., the
initial claim of low collimation for massive molecular outflows can be misin-
terpreted by the low spatial resolution of the observation, the generally larger
distances to the sources and uncertainties due to the unknown inclination an-
gles of the outflows. However, the results based on high-spatial-resolution
observations are more significant and cannot be discarded in this manner. It
appears that physically different modes and/or evolutionary differences must
exist to explain all the observations. While we cannot exclude the possibility
that different modes of star formation and their associated outflows exist, it
seems unlikely given the link between accretion and outflow that has been es-
tablished up to early B spectral types. Thus, here we propose an evolutionary
scenario for massive outflows which is capable of explaining the morphologi-
cal and energetic results within a consistent picture of massive protostellar evo-
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lution. This evolutionary scenario is based on the idea that stars of all masses
form via similar accretion-based processes that are proposed for low-mass star
formation (e.g., McKee and Tan, 2003).

A potential evolutionary scenario

Re-evaluation of the high-spatial resolution literature presented in Table 1
shows that most of the youngest early B protostars (HMPOs and those produc-
ing hypercompact HiI regions) support the idea that these high-mass outflows
are driven by similar physical processes as those seen in low-mass outflows.
Contrary to this, three sources in particular show different observational char-
acteristics: G5.89: which harbors an OS5 star and multiple wide-angle outflows,
and G192.16 and W75N: two early B stars with UCHII regions. G192.16 and
W75N VLA2 both appear to be relatively old (a few x10° years based on the
CO dynamical timescale), and they have had adequate time to reach the main
sequence and produce significant ionizing radiation. The outflows are poorly
collimated within 100 AU of the central star and their outflow morphology on
larger scales are consistent with wind-blown bubbles. Furthermore, it should
be noted that the single-dish outflow studies, which report a lower degree of
collimation for massive outflows preferentially observed sources with UCHI1
regions (Shepherd and Churchwell, 1996a; Ridge and Moore, 2001). In con-
trast, most other single-dish surveys were directed toward samples of younger
sources, namely HMPOs, observing higher collimation degrees consistent with
low-mass outflows.

To date, the different observations have been interpreted either in favor
of: (1) similar driving processes for outflows of all masses (e.g., Beuther
et al., 2002c; Davis et al., 2004); or (2) that massive stars form via different
physical processes like explosive coalescence or that the outflows are pow-
ered by a combination of accretion and deflected outflow. (e.g., Churchwell,
1999; Bally, 2002). Here, we propose a different, less controversial interpreta-
tion of the data: an evolutionary sequence for massive protostars. We consider
two possible evolutionary sequences which could result in similar observable
outflow signatures as shown in Figure 4.

(a) The outflow evolution of an early B-type star: In the accretion scenario,
a B star forms via accretion through a disk. During its earliest HMPO phase
no HCHII region has formed yet, and the disk outflow interaction produces
collimated jet-like outflows (Fig. 4 (left), e.g., IRAS05358). At some point, a
HCHI1 forms and the wind from the central massive star produces an additional
less collimated outflow component. At that stage the disk is not entirely de-
stroyed yet, and jet and wind can co-exist (Fig. 4 (center), e.g., IRAS 20126).
Evolving further, a typical ultracompact H1I region forms above and below the
accretion disk and the massive wind begins to dominate the whole system (Fig.
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Figure 4. Sketch of the proposed evolutionary outflow scenario. The three outflow morphologies can
be caused by two evolutionary sequences: (top) the evolution of an early B-type star from an HMPO via a
HCHII region to an UCHII region, and (bottom) the evolution of an early O-type star which goes through
B- and late O-type stages (only approximate labels) before reaching its final mass and stellar luminosity.

4 (right), e.g., W75N). Remnants of the initial jet might still exist, and density
gradients within the maternal core are likely to maintain at least a small degree
of collimation at that stage.

(b) The outflow evolution of an early O-type star: An intriguing aspect of the
outflow studies is that so far extremely collimated jet-like outflows have not
been observed toward sources earlier than B1. It is possible that this is simply
a selection effect because the evolutionary timescale of early O stars is ex-
pected to be only around 10° years (McKee and Tan, 2002). Given the scarcity
of O stars and the short formation time, it is difficult to find sources while they
are still in the earliest stages of formation. However, to form massive stars
via accretion, the protostellar objects must accrete even after the central object
has reached the main sequence. In this scenario, at the beginning, the mas-
sive protostar reaches a mid-B protostar-like state where it drives collimated
outflows (Fig. 4 (left)). As the object continues to accrete it becomes an early-
B to late-O star, forming a HCHII region while the wind and jet components
could co-exist (Fig. 4 (center)). Finally, as the central star evolves, it may
eventually become a mid- to early-O star. The increased radiation from the
central star would generate significant Lyman-« photons and ionize the mole-
cular outflowing gas even at large radii. The result may be an increase in the
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plasma pressure at the base of the outflow which could overwhelm the colli-
mating effects of a magnetic field (e.g., Shepherd, 2003; Konigl and Pudritz,
2000). Incorporating the additional physical effects of high-mass protostars
on the surrounding disk and envelope is one of the challenges of theoretical
massive outflow modeling (e.g., Konigl, 1999). In this scenario, it would be
intrinsically impossible to ever observe collimated jet-like outflows from very
young early O-type (proto)stars.

Discussion and potential caveats

This scenario is not the only possible interpretation, and different physical
processes could take place at the earliest stages of massive star formation. This
re-evaluation is based only on imaging data of thermal lines in the mm and in-
frared bands. However, many studies of outflows have also been undertaken by
the means of maser studies, especially HoO maser. While some maser studies
found HoO maser emission consistent with jet-like outflows (e.g. Kylafis and
Pavlakis, 1999), other studies find shell-like expanding features which can-
not be explained by collimated jets (e.g., Patel et al., 2000; Torrelles et al.,
2001; Torrelles et al., 2003). The most intriguing case is the HoO maser study
in W75N: Torrelles et al. (2003) find on projected spatial scales of 1400 AU
that the two cm continuum sources VLA1 and VLA2 drive very different types
of outflows, the first one appears to be a collimated jet whereas the second one
rather resembles a wind-like shell. As the two sources are part of the same
core, environmental properties cannot explain the difference. Both sources ap-
pear to have a similar luminosity (B1-B2 spectral types) although the spectral
type derived for VLA1 should be considered an upper limit due to likely strong
contamination by ionizing flux produced by shock waves in the jet (Shepherd
et al., 2004). Assuming the VLAI jet is produced by an early B star, then the
difference in morphology would not be a question of the mass of the central
source as well. Thus, Torrelles et al. (2003) propose that an evolutionary ex-
planation is most likely. They cannot determine which source is younger but
based on the extent of the maser emission — the non-collimated features are
more compact — they suggest that the collimated jet might belong to the more
evolved source. This would be a counter-example to the scenario presented
in this paper as well as to the scenarios discussed for low-mass outflows (e.g.,
Andre et al., 2000). However, maser emission appears to be very selective, and
many known outflow sources have no HoO maser emission at all (e.g., Beuther
et al., 2002c). Therefore, it is also possible that the collimated part of the out-
flow from VLA?2 is simply not depicted by the data, and the non-collimated
features have been excited more recently by the central HCHII region. Fur-
thermore, the cm continuum emission from VLA1 may be due primarily to the
jet (Shepherd et al., 2004). Thus, it is feasible that the central source of VLA1
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is either less massive than VLA?2 or it is younger and has not formed a HCHI1
region yet. Therefore, we might only observe a collimated feature toward this
source. The latter scenario is consistent with the evolutionary sequence pre-
sented here. To properly differentiate between both scenarios in this source
requires that we find other means to determine the age of the powering sources
VLAT1 and VLA2.

It should be stressed that the proposed evolutionary scenario is still only a
potential, qualitative explanation for the observed outflow features which must
be tested against both theory and observations.
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Abstract Observations of the H66« recombination line from the ionized gas in the cluster
of newly formed massive stars, G106.-0.4, show that most of the continuum
emission derives from the dense gas in an ionized accretion flow that forms an
ionized disk or torus around a group of stars in the center of the cluster. The
inward motion observed in the accretion flow suggests that despite the equivalent
luminosity and ionizing radiation of several O stars, neither radiation pressure
nor thermal pressure has reversed the accretion flow. The observations indicate
why the radiation pressure of the stars and the thermal pressure of the HII region
are not effective in reversing the accretion flow.

Introduction

Early calculations of stellar evolution indicated that more massive stars have
very short pre-main sequence (PMS) lifetimes. For example, Iben (1965) es-
timated that a 15 M, star has a PMS lifetime of 6 x 10* yrs versus 5 x 107
yrs for a 1.0 Mg star. The short time scale suggests that unless a massive star
forms with a very high accretion rate, M > Mgq, /tpars ~ 1072 Mg yr—1,
the star will begin burning hydrogen while still in the accretion phase. While
Iben’s calculations were for stars of a fixed mass, Stahler (1980) and Palla and
Stahler (1993) calculated the PMS evolution of stars growing by accretion and
confirmed that stars greater than 8 M have no PMS phase. Beech & Mitalas
(1994), Norberg & Maeder (2000), and Behrend & Maeder (2001), extended
these results for stars up to 60 M, for various accretion rates.

An example calculation (provided by Alessandro Chieffe based on the mod-
els in Chieffi, Staniero, & Salaris 1995) of the evolution of an accreting star
starting from an initial mass of 1.0 Mg, is shown in figure 1. The evolutionary
tracks for different accretion rates intersect the main sequence line at about 4
Mg and follow that line as the star gains mass. These tracks indicate that a
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star that is gaining mass by accretion would appear little different in luminos-
ity and temperature from a main sequence star of fixed mass. Thus the stellar
structure calculations suggest that if massive stars form by accretion at rates
M < 1072 Mg yr—!, then the precursors to massive stars would not resemble
massive protostars in a PMS phase. Rather, the precursors to massive stars
would appear similar to main sequence A or B stars except that because of the
ongoing accretion, they would likely have the characteristics associated with
accretion. For example, they would be deeply embedded, show evidence for
disks and bipolar outflows, and possibly show maser emission.

However, if massive stars grow by accretion from lower but still high mass
main sequence stars, one may ask whether the radiation pressure and thermal
pressure generated by the intense main sequence luminosity of the precursor
star, and its short main sequence lifetime, might limit the growth of a star by
accretion. If the outward forces are too large or the timescale too short, growth
by accretion could be limited to a low stellar mass with a spectral type much
later than O or B. If so, the most massive stars might not form by accretion.

Radiation pressure from the combined luminosity of the star and the deceler-
ation of the accretion flow at the surface of the star could be enough to reverse
the accretion flow (Larson & Starrfield 1969, Yorke & Krugel 1977). Beech &
Mitalas (1994) calculated that the most naive comparison between the outward
force of the radiation pressure and the inward force of gravitational attraction,
Frad/Fyrav = [KL/(4mr?c)]/(GM /r?) indicates that stars of mass > 8Mg
have sufficient luminosity to counter the gravitational attraction driving accre-
tion. Here k is the dust opacity, L the luminosity, r the radius that cancels
out of the equation, ¢ the speed of light, and G the gravitational constant. Al-
though this would seem to imply that stars of mass greater than 8 My could
not form by accretion, the comparison is too naive. Kahn (1974) and Wolfire
& Cassinelli (1987) showed that if the dust is destroyed out to some radius
from the star, then if the accretion flow has sufficient momentum to push the
dust grains into the zone of destruction, the accretion flow will be pushed into
the dust free zone that is largely transparent to radiation. Nakano (1989) sug-
gested that the flattening of the accretion flow, as would be caused by rotation
or magnetic fields, would allow thermal re-radiation from the dust grains to
escape out the poles thus reducing the radiation pressure behind the ionization
front. The same reduction in pressure will occur if the accretion flow is clumpy
and the radiation can escape between the clumps. Jijina & Adams (1996) sug-
gested that the radiation pressure in a rotating accretion flow would first cause
the gas to fall onto the accretion disk at larger radii rather than immediately
reversing the flow as in the case of spherical accretion. These several more
detailed calculations suggest that radiation pressure might be a limiting factor
in high mass star formation, but the limiting mass should be larger than 8 M.
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Figure 1. HR-diagram with 4 evolutionary tracks for stars gaining mass by accretion at

different rates. tzawms indicates the time spent evolving up the ZAMS line from a mass of 4 Mg
star to the mass at which the star deviates off the ZAMS line. The accretion rate at the time of
deviation is shown for each track.

The thermal pressure of an HII region could reverse the accretion flow
(Nakano, Hasegawa & Norman 1995). Stars of spectral type B and earlier
produce significant radiation shortward of the Lyman continuum limit that will
ionize the gas around the star. Because the temperature of the ionized gas is
on the order of 10* K while the temperature of the molecular gas is of order
100 K, the pressure of the ionized gas will be 100 times greater than in the
surrounding molecular gas, and the HII region would expand outward revers-
ing the accretion flow. This might imply that stars of spectral type B would be
unable to grow by accretion once an HII region formed around the star. Keto
(2002b) suggested that the increased pressure of the ionized gas would be ir-
relevant to the accretion flow as long as the zone of ionization were within the
sonic radius where the escape speed from the star exceeded the sound speed
of the ionized gas. This would occur if the gas in the accretion flow were
dense enough that the radius of ionization equilibrium, where recombination
balances the ionization, were smaller than the sonic radius.

The short main sequence lifetime of high mass stars compared with the
accretion timescale might be the limiting factor in high mass star formation
(Nakano 1989, Bernasconi & Maeder 1996, Behrend & Maeder 2001). If the
accretion rate is not high enough to supply sufficient fresh hydrogen to dilute
the helium ash of hydrogen burning, then the star will evolve off the main se-
quence where stellar pulsations and the eventual ejection of the star’s envelope
will disrupt and end the accretion onto the star. Figure 1 shows that the accre-
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tion rate has to be quite high M > 1073 M, yr—! to keep a growing star on
the main sequence long enough to reach the mass of an O star. Such a high rate
might be the result of accretion that increases as some function of the mass of
the star as indicated in the figure.

Observations of accretion flows around high mass stars may provide some
guidance toward understanding how high mass stars may form by accretion
despite the three limiting effects of radiation pressure, thermal pressure, and
the short main sequence lifetime of high mass stars. Because most of the mas-
sive stars, with a few exceptions such as the Orion star forming region, are at
kpc distances, it is difficult to obtain the sensitivity and angular resolution to
measure the properties of accretion flows around individual high mass stars.
Instead we can measure accretion flows around small groups of a few stars.
This mode of formation may be common in high mass star formation. For ex-
ample, observations by Prebisch et al. (2001) suggest that massive stars form
in binaries and small groups at a greater frequency than do low mass stars.

We chose as a target for our observations the accretion flow onto a small
group of stars at the center of the G10.6-0.4 cluster (Keto 2002a, Sollins et al.
2004). This source is appropriate for our study because the combined mass of
the group, higher than for a single star, generates accretion velocities that are
high enough and on size scales that are large enough that we can measure the
properties of the flow.

Observations

The new observations were made with the Very Large Array (VLA) radio
interferometer on February 23, 2002. The array was in the "A" configuration
with baselines up to 36 km leading to an angular resolution of 0.2 x 0.1 arcsec.
The correlator was configured for a bandpass of 12.5 MHz with 64 channels
of 195.31 kHz or 2.62 kms~! at the observing frequency of the H66cx recom-
bination line of hydrogen at 22.36416932 GHz. The data were combined with
H660a observations made in the D configuration and described separately in
Keto (2002a) and images and spectra made with the combined data set. The
sum of the channels off the spectral line yields a map of the continuum emis-
sion that when subtracted from the total emission yields a map of the H66«
spectra.

The Accretion Flow

Figures 4 and 5 show the continuum emission around the group of stars.
The plane of the accretion disk is indicated in figure 4 by the solid line at 45°
across the figure. The orientation of the bipolar outflow perpendicular to the
disk is shown by the dotted line. Figure 5 is a detail of photo-ionized arcs to
the left of the bright HII region. The location is marked as "ARCS" in figure 4.
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The bright continuum emission seen in the new high angular resolution ob-
servations of G10.6-0.4 is identified as a dense accretion torus rather than a
classical ionization bounded HII region by the orientation of the emission with
respect to the accretion flow and by the presence of the nearby photo-ionized
arcs. Previous observations of molecular emission and absorption in G10.6—
0.4 have mapped the structure of the molecular accretion flow onto the stars
and identified the axis of rotation as projected onto a northeast-southwest di-
rection (Keto 1990, Sollins et al. 2004). If the continuum emission were from
a classical HII region with a boundary defined by equilibrium between ioniza-
tion and recombination, the HII region would be extended down the density
gradient in the direction of the lower density gas, perpendicular to the rota-
tional flattening of the accretion flow. In this case the continuum emission
would have an elliptical shape elongated in the direction of the rotation axis.
However, the observations, figure 4, show that the continuum emission is seen
elongated along the equatorial plane following the densest gas of the accretion
flow.

The absence of an ionization boundary around the bright continuum emis-
sion is also indicated by the photo-ionized arcs most prominently on the south-
east (left) side of the central ellipse, figures 4 and 5. The orientation of the
photo-ionized arcs with their ionization fronts facing the stars indicates that
these outlying clumps of high density molecular gas receive ionizing radiation
from the stars. This would not be possible if there were an ionization front at
the boundary of the bright continuum emission. The gas between the bright
continuum ellipse and the photo-ionized arcs must be ionized to allow the stel-
lar radiation to pass and reach the arcs, and the low continuum brightness be-
tween the arcs and the disk confirms that this gas has a lower density. Thus
the apparent boundary of the bright continuum ellipse is set by the outwardly
decreasing density of the ionized gas rather than by an ionization boundary.

While the bright continuum emission indicates the morphology of the dens-
est ionized gas around the group of stars, the H66« line provides the informa-
tion on the velocities within the ionized gas to identify this dense gas as an
accretion disk or torus. In our data we are also able to identify two other com-
ponents of the accretion flow, infall in a quasi-spherical envelope and a high
velocity outflow aligned with the rotation axis.

Figure 4 shows the trend of velocity with position in the direction along the
equatorial plane of the disk, at the position marked by the solid line in figure
2. The backward "C" of emission seen in figure 2 is characteristic of radial or
spherical infall. The "C" structure arises because on lines of sight progressively
closer toward the center of the infall, the velocity of the emission is more red-
shifted since the velocity of the radial infall is projected more directly along
the line of sight. The "C" shape is characteristic of emission from the front
hemisphere of a quasi-spherical inflow. Emission from the back hemisphere
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would produce a corresponding "C" in the opposite orientation. Optical depth
effects are likely responsible for the weakness of the emission from the back of
the flow (Keto 2002a). The velocity of the quasi-spherical infall in the ionized
envelope is indicated at > 10 kms~! and the rotation at > 10 kms™!.
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VELOCITY (KMS)

Figure 2. Position versus velocity dia-
gram of the H66a recombination line emis-
sion from the star cluster G10.6-0.4. The po-
sition axis lies on a southeast-northwest line
across the long axis of the ionized accretion
disk and marked as a solid line in figure 4.
The infall in the spherical envelope is seen
in the backward "C" structure of the largest
scale emission, indicated by the curved black
line. The rotating disk is seen in the brighter,
smaller scale emission at the center of the "C".
The rotation of the disk is seen in the veloc-
ity gradient of the brightest emission across
the disk. The linear gradient of the rotation is
marked by a white line. The spherical infall is
extended on a larger scale along the disk than
perpendicular to the disk (figure 3) because
the scale and the "C" in the perpendicular di-
rection are flattened due to the rotation. The
color scale ranges from 0.0 to 0.01 Jy/beam.
The contours are in units of 20% of the peak
emission of 0.01 Jy/beam.

OFFSET (ASEC)

-2.00
-57.2

-33.8

-104 130
VELOCITY (KMS)
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Figure 3. Position versus velocity dia-
gram of the H66a recombination line emis-
sion from the star cluster G10.6-0.4. The po-
sition axis, marked as a dotted line 4, lies on
a southwest-northeast line across the rotation
axis and perpendicular to the ionized accre-
tion disk in figure. A high velocity outflow is
seen on the northeast side of the disk extend-
ing up to 60 kms ™! before falling below the
sensitivity limit. The location of the outflow
is indicated by a white line. The counter out-
flow on the southwest side of the disk is not
seen because the emission there is below the
sensitivity limit. The color scale ranges from
0.0 to 0.01 Jy/beam. The contours are in units
of 20% of the peak emission of 0.01 Jy/beam.

More rapid rotation of the accretion disk at a smaller scale toward the center

of the group of stars is indicated by the breadth of the emission lines in the
center of figure 2 and by the linear gradient in line center velocities across
the figure, along the plane of the disk. The breadth of the lines derives from
a combination of pressure broadening due to the high density of the gas in
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center of the disk (Keto et al. 1995), and the high rotational velocities that are
spatially unresolved. The more rapid rotation toward the center of the disk and
the more modest rotation in the envelope together show that the accretion flow
is spinning up as the gas spirals in toward the stars.

Figure 3 is a position-velocity diagram of the H66a: emission along the axis
of rotation through the middle of the ionized disk at the position marked by the
dotted line in figure 4. A high velocity outflow of ionized gas is seen in figure
3 in the fainter emission extending northwest from the center of the disk, from
a Vigr of near zero kms™! to over 60 kms™! where the recombination line
emission falls below the sensitivity limit. Referring back to the map of contin-
uum emission, figure 4, the northeast outflow appears bounded by two lines of
continuum emission in a "V" shape. The gas density inside the outflow is quite
low as indicated by the weakness of the continuum emission at the location
of the outflow. There is a corresponding "V", of wider opening angle, extend-
ing to the southwest indicating a counter outflow. The opening angles of both
outflows are wider than those of high velocity jets associated with individual
high mass stars, and the outflow may be driven by the collective effects, stellar
winds or individual jets, of the several massive stars in the central group.

Declination

—19° 55' 52

—19° 85' 51.0"

18" 10™ 28.90°  28.80° 28.70° 28.60° 28.50°
Right Ascension

Figure 4. Continuum emission at 1.3 cm. Figure 5.  Detail of the arcs seen in 1.3 cm
Solid line and dotted lines: the disk and rota- emission. Location marked as ’ARCS’ on 4.
tion axes. Contour levels are 10% of the peak Contour levels are 10% of the peak flux of 0.01
flux of 0.04 Jy/beam. Jy/beam.

A simple model of the accretion flow

The accretion flow onto G10.6-0.4 is quasi-spherical at larger distances
(> 0.1 pc) from the central group of stars (Keto 1990) and, as seen in the
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current high angular resolution observations, forms an accretion disk on the
scale of a few thousand AU. A particularly simple model for an accretion flow
with these properties is that of the gas orbiting on ballistic trajectories around
a point mass (Ulrich 1976). In this model for steady state accretion, the self-
gravity and pressure of the gas are assumed negligible, the point mass at the
center of the flow is constant, and the cloud has a specific angular momentum,
I", which is conserved on the flow trajectories. Where the trajectories would
cross the mid-plane of the flow, the gas is assumed to collide with a similar
flow from the other side of the plane with the gas settling into a disk on the
mid-plane. The model produces a reasonable approximation within the gravi-
tational radius of the flow, r¢ = GM/ 2, where the velocities are supersonic
and the gas is nearly in free-fall and away from the mid-plane where the den-
sities in the model are formally infinite. The radius, rp, where the centrifugal
force equals the gravitational force, I'?/r$, = GM/r%, divides the flow into
an outer region where the inflow is quasi-spherical and an inner region where
the flow is rotationally dominated.

Rough estimates for the central group of stars in the G10.6-0.4 cluster are
a combined mass of greater than 300 Mg, determined by the observed infall
and rotational velocities, gravitational radius, r¢ = GM/c? greater than 5000
AU, radius of disk formation of 3500 AU, and ionizing luminosity of 2 x 105°
s~! photons beyond the Lyman limit (Sollins 2004). The infall and rotational
velocities in the overlying molecular flow are similar at about 4.5 kms~! each
at a radius of about 5000 AU (Keto 2002a). The infall and rotational velocity
components maintain their similarity as the accretion flow spins up approach-
ing the stars, reaching velocities > 10 kms~! at a radius of 5000 AU.

The formation of an ionized accretion disk within the ionized portion of an
accretion flow is a different model for accretion onto high mass stars than one
in which the radius of disk formation is within the molecular portion of the
flow. In this latter case the inner part of the molecular accretion disk within the
ionized zone would be a photoevaporating disk (Hollenbach et al 1994; John-
stone et al. 1998). The different cases can be distinguished observationally
because the ionized gas around a photoevaporating disk derives from the disk
and is moving outward away from the disk. The observations of G10.6-0.4
indicate that in this source the disk derives from the surrounding ionized gas
and is moving inward toward the disk.

The outflow seen along the rotation axis in G10.6—0.4 must be due to forces
not included in the infall model. Owing to the initial conditions of this model,
the radial infall velocities are the highest along the polar axis; however, the
density gradient is also the steepest. In the context of this model, the breakout
of the outflow along the polar axis would be related to the density gradient or
possibly to bipolar outflows from individual stars if their individual rotation
axes are aligned with the large scale flow onto the stars.
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Implications for star formation by accretion

The new observations of G10.6-0.4 show that the detailed structure of the
accretion flow exemplifies several of the factors thought to be important in
mitigating the three limiting factors, radiation pressure, thermal pressure, and
the short main sequence lifetime of high mass stars.

The observations of G10.6-0.4 show infall despite high luminosity 9.2 x 105
Lo (Casoli et al. 1986) and radiation pressure L/c ~ 1 x 10*°. An estimate
of the force deriving from the accretion flow, Mv ~ 3 x 10%® dynes, based
on an accretion rate and velocity of 1073 My, yr~! and 4.5 km s~! at 5000
AU (Keto 2002b), suggests that the inward momentum of the accretion flow is
of the magnitude required to compete with the radiation pressure. In addition
the observations show that the accretion flow is flattened by rotation and that
the molecular gas in the flow is clumpy. Both the flattening and clumpiness
reduce the effective radiation pressure as suggested by the theoretical models
referenced in the introduction. In addition, the radiation exerts negligible pres-
sure on the inner ionized portion of the accretion flow that is transparent to the
stellar luminosity.

The observations of G10.6-0.4 show infall directly through the HII region
despite the thermal pressure of the hot ionized gas. The simple model for the
accretion flow indicates that the zone of ionization of the denser gas is within
the gravitational radius of 5000 AU of the combined mass of the stars. Thus
the gravitational attraction is sufficient to counter the thermal pressure of the
hot ionized gas, and the ionized gas as well as the molecular gas (indicated in
these observations by the photoionized arcs) will be moving inward as parts of
the accretion flow.

The luminosity of G10.6-0.4 indicates the presence of several O stars (Sollins
et al. 2004) that must either have formed in a timescale shorter than their main
sequence lifetime or with an accretion high enough to delay their main se-
quence evolution. The observations indicate a mass accretion rate of about
1073 Mg, yr~! (Keto2002a) on the order of that required to maintain O stars
on the main sequence as indicated by the timescales in figure 1.

Thus the new observations of G10.6-0.4 indicate that high mass stars form
by accretion and indicate how the accretion flow is able to continue even after
the stars have become massive B and O stars. Only the most massive accretion
flows have sufficient momentum to counter the radiation pressure of massive
stars, the high densities to keep the radius of ionization equilibrium of the HII
regions within the sonic radius of the stars, and the mass accretion rate to keep
the high mass stars from evolving off the main sequence.
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Abstract

Theory predicts that stars in excess of ~ 8 My must form while still ac-
creting material from the parental cloud: at this stage radiation pressure should
reverse the infall thus preventing further growth of the stellar mass. After illus-
trating the two models proposed to solve this problem (“accretion” and “coales-
cence”), we review the observational evidence pro/contra such models, focus-
ing on rotating disk-like structures detected in association with luminous young
(proto)stars. Two types of such objects have been found: less massive, Keplerian
disks rotating about a single star or binary system; and more massive “toroids”
probably enshrouding a cluster of stars. The existence of such disks/toroids
seems to favour the accretion model for high-mass stars.

The dividing line between high- and low-mass stars

When dealing with the formation of stars, the term “massive” is commonly
used to identify stars with spectral types ranging from early B to O. In practice,
the dividing line is set at a value of ~8 Mg, (Palla & Stahler 1993). Such a
definition is related to the fact that the mode of formation of a star seems to
depend dramatically on the stellar mass. Let us illustrate this result in some
better detail.

In a widely accepted scenario, the formation of low-mass stars proceeds
through inside-out collapse of an isothermal core (Shu et al. 1987). In a sim-
plified description of the process, one may imagine that accretion proceeds
onto a dense kernel, the “protostar”, which radiates the gravitational energy re-
leased in the collapse. To this process two timescale are relevant: the accretion
timescale of the envelope, tace = M,/ M,ec, and the contraction timescale of
the kernel, the so called Kelvin-Helmotz timescale, txyy = G M. /R, L.. Here
we have indicated with M,, R., and L, respectively the mass, radius, and lu-
minosity of the protostar, and with M,cc the mass accretion rate. As long as
M, < 8 My, txg exceeds t,cc, whereas for for larger masses the reverse oc-
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curs, i.e. txg < tacc (Palla & Stahler 1993). This has the consequence that
stars below 8 M, contract very slowly as compared to accretion, so that, once
their reservoire of material is exhausted, they may slowly contract and heat up:
they eventually ignite hydrogen burning, and reach the zero-age main sequence
(ZAMS). On the other hand, if the reservoire (i.e the parental clump) is large
enough, the star will keep growing until the critical mass of 8 My, is reached.
Beyond this point it will rapidly collapse (because txy < tacc) thus reaching
the ZAMS still deeply embedded.

At this stage, the radiation pressure and copious UV flux emitted by an O-B
star are bound to halt the collapse and disrupt the surrounding molecular cloud,
thus preventing further growth of the stellar mass. The paradoxical conclusion
is that massive stars (i.e. stars above ~8 M) should not form. Such a paradox
clearly demonstrates that formation theories successfully applied to low-mass
stars cannot be trivially extended to their high-mass counterparts.

Possible scenarios for high-mass star formation

Eventually, what hinders further growth of a massive protostar is the radi-
ation pressure exerted on dust grains in the infalling material. The problem
has been clearly illustrated by Yorke (2004): to make accretion possible, the
dust absorption coefficient, kg, must be less than a critical value propor-
tional to the ratio M, /L,. This result may be obtained by reducing Kqyust Or
by overcoming the radiation pressure with the ram pressure of the infalling
gas. Non-spherical accretion is very effective for this purpose, as it is much
more difficult for the radiation to blow away a massive disk. Basically, two
models have been proposed to solve the problem of massive star formation:
(non-spherical) accretion with sufficiently large accretion rates (Behrend and
Maeder, 2001; Yorke and Sonnhalter, 2002; Tan and McKee, 2002); and co-
alescence of stars with masses below the critical value of ~8 M, (Bonnel &
Bate 2002). As pointed out by Yorke (2004), the latter may be seen as an ex-
treme case of accretion with low values of kq,s¢, as radiation pressure is totally
ineffective against merging stars.

It is helpful to compare the implications of the two models and see which
of these is supported by the observations. Clearly, the most distinctive feature
is the fact that isolated massive star formation is impossible in the coalescence
model, for which the presence of a large number of stars (~ 108 pc™3) is
mandatory, whereas it can be explained in the accretion scenario. However,
the latter predicts that high-mass stars form at the centre of massive molecu-
lar clumps which give origin also to a large number of lower mass stars, thus
making isolated star formation very unlikely in any case. A much more effec-
tive way to discriminate between the two models is given by the kinematics
of the gas associated with the forming stars. In fact, both scenarios require
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Table 1. List of tracers used to search for disks in high-mass YSOs and corresponding refer-
ences

Tracer References
CH3OH masers Norris et al. (1998); Phillips et al. (1998);
Minier et al. (1998;2000); Pestalozzi et al. (1994)
OH masers Cohen et al. (2004); Edris et al. (2005)
SiO masers Greenbhill (2004)
H>O masers Fiebig et al. (1996); Torrelles et al. (1996) ;
Shepherd and Kurtz (1999)
NIR, mm, cm Gibb et al. (2004)
continuum
NH;s, C®0, Keto et al. (1988); Cesaroni et al. (1997; 1998; 1999);
CS, C4s Shepherd and Kurtz (1999); Shepherd et al. (2000);
CH3CN Sandell et al. (2003); Beltran et al. (2004);
Zhang et al. (1998a; 1998b; 2002);

the presence of infalling gas which, by conservation of angular momentum,
is bound to form flattened, rotating structures, i.e. circumstellar disks. The
accretion model is consistent with the existence of well defined disks. In the
coalescence model, instead, the disks associated with the low mass stars could
be destroyed during the merging process. It is hence clear that the detection of
disks in high-mass YSOs would lend support to the accretion model.

Evidence for disks in massive (proto)stars

In view of the previous considerations, it is of great interest to review the
observational evidence for rotating disks in massive YSOs. While disks have
been directly observed in a large number of low-mass YSOs (Simon et al.
2000), evidence for rotating disks in massive star forming regions is provided
by a limited number of studies. These are summarised in Table 1, where
the tracers used and the corresponding references are reported. As one may
see, there are basically three different types of tracers: maser lines, continuum
emission, and thermal lines. Let us discuss these in some better detail.

Disks traced by maser lines

Maser lines are the most suitable to obtain a high angular resolution picture
of the circumstellar environment, as they arise from regions as small as a few
AU with brightness temperatures which may reach 10'? K. These character-
istics make them ideal targets for VLBI studies and excellent tracers of the
velocity field. However, other problems hinder the use of maser emission: the
large time variability of some masers (especially HoO) and the fact that they
often arise in shocked regions, make their observation and interpretation quite
difficult and often ambiguous. Even in the best studied cases such as that of
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Orion KL (Greenhill et al. 2004), where a 3-D view of the velocity field has
been obtained with proper motion measurements of the SiO maser spots, it re-
mains unclear whether one is observing rotation, outflow, or infall, or possibly
a combination of these. Similarly, HoO masers have also given ambiguous re-
sults. For instance, in Cep A HW2 (Torrelles et al. 1996) the H,O maser spots
are distributed in an elongated structure perpendicular to the axis of a thermal
jet arising from a luminous YSO. However, a velocity gradient in the spots is
seen both in the direction of the axis and perpendicular to it. It is hence unclear
whether one is observing rotation about the jet axis, expansion along that axis,
or infall towards the YSO.

CH3OH masers are also ambiguous. In many cases, the maser spots turn
out to be distributed along lines or arcs with velocity monotonically increasing
along these structures. Several authors (see Table 1) have interpreted these as
Keplerian disks. Under this assumption one may obtain a lower limit to the
mass of the central (proto)star from the measured velocity gradient. Although
for a few objects this method gives reasonable values for the stellar mass (e.g.
6 Mg in W48; see Minier et al. 2000), in most cases the masses obtained in
this way are less than 1 M. Moreover, De Buizer (2003) has searched for jets
in the 2.2 pum line towards a sample of CH3OH maser sources claimed to trace
rotating disks. In all cases where a jet could be identified, the direction of this
is parallel to the maser structures, and not perpendicular to them as expected if
the masers were tracing disks.

A general conclusion concerning masers as tools to search for disks in mas-
sive YSOs, is that they can be of limited use without additional information
on the source, such as e.g. the direction of an associated jet/outflow. At
present, while convincing evidence has been reported on the association be-
tween masers and outflows (see e.g. Moscadelli et al. 2000) the association
between masers and disks in YSOs remains questionable.

Disks traced by continuum emission

In low-mass star forming regions, thermal line and continuum emission
have been successfully used to trace circumstellar or circumbinary disks, the
first and perhaps most striking case being that of GG Tau Guilloteau et al. (
2002). Since continuum emission at (sub)mm wavelengths is proportional to
the mass and temperature of the dust (and hence of the gas, given the cou-
pling between the two at large densities), this should be even more effective
for massive/luminous YSOs, which one might naively expect to be associated
with more massive and hotter disks. However, in this case typical distances
are an order of magnitude larger than for low-mass YSOs, which makes it very
difficult to resolve the disk and disentangle its emission from that of a possi-
ble stellar wind. An example of searches based on mm continuum emission
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Table 2. List of disks and toroids in high-mass star forming regions

Name L(Lo) M(Mpg) R(AU) M. (M) Ref.®
G192.16-3.82 310° 15 1000 6-10 1,2
AFGL 5142 4103 4 1800 12 3
G92.67+3.07 510° 12 14400 4-75 4
IRAS 20126+4104 10* 4 1600 7 5,6,7,8
M17 ? >110 20000 15-20 9
NGC7538S 10* 100-400 30000 40 10
G29.96-0.02 910* 300 14000 <25° 11
G31.41+0.31 310° 490 16000 <40° 12,13
G24.78+0.08°¢ 710° 80-250 4000-8000 20-40° 13

@ 1: Shepherd and Kurtz (1999); 2: Shepherd et al. (2001); 3: Zhang et al. (2002);
4: Bernard et al. (1999); 5: Cesaroni et al. (1997); 6: Zhang et al. (1998b);

7: Cesaroni et al. (1999); 8: Cesaroni et al. (2005); 9: Chini et al. (2004);

10: Sandell et al. (2003); 11: Olmi et al. (2003); 12: Cesaroni et al. (1994);

13: Beltran et al. (2004).

b upper limit assuming that luminosity originates from one ZAMS star.

¢ 3 toroids have been found in the G24.78 star forming region.

is that of Gibb et al. (2004), who also combined the information from their
BIMA observations of a sample of massive YSOs, with previous NIR images
(Hoare et al. 1996). Although suggestive of the presence of circumstellar
disks, their findings confirm that better angular resolution and sensitivity at
mm wavelengths are needed to draw a firm conclusion.

Disks traced by thermal line emission

The obvious advantage of observations of thermal lines with respect to con-
tinuum is that these supply us with information on the velocity of the gas.
This makes it possible to reveal a rotating disk through its velocity gradient
even if the angular resolution may be insufficient to properly resolve its struc-
ture. With millimeter interferometers one may cover a large number of lines
from different molecular species, which is of great importance to investigate
the kinematics of the molecular cloud on different spatial scales. This is espe-
cially important when searching for disks. In fact, the detection of a velocity
gradient in a core does not by itself guarantee the existence of a rotating disk;
but if such a gradient turns out to be perpendicular to the axis of an outflow,
the disk interpretation becomes very likely. Indeed accretion disks and out-
flows are believed to be tightly associated: with this in mind, detailed analyses
of massive YSOs with outflows have been performed through interferometric
observations of core and outflow molecular tracers. Once a velocity gradient
in the core is observed, the information on the outflow direction is sufficient
by itself to establish whether the gradient in the core is due to rotation or in-
stead is just tracing the root of the outflow itself: in the latter case, the gradient
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in the core should be parallel to the outflow axis, whereas rotation requires
perpendicularity between the two.

This technique has been applied successfully in several luminous YSOs,
leading to the discovery of a handful of rotating disks. These are reported with
their properties in Table 2, sorted according to the bolometric luminosity. It
must be stressed that in most cases it is unclear whether the luminosity (which
comes from IRAS measurements) is indeed originating from a single YSO or
a whole cluster: nevertheless, higher luminosities indicate significant differ-
ences in the properties of the region observed and hence of the disk associated
with it, no matter whether one is observing a circumstellar or a “circumclus-
ter” disk. As a matter of fact, looking at Table 2 one can see that B (proto)stars
are associated with less massive and smaller disks whereas the opposite occurs
with more luminous YSOs. With this in mind, in the following disks below
a few 10 My will be referred to as “disks”, whereas the term “toroids” will
be used for the others. The main reason for using a different terminology is
related to the ratio between the mass of the disk and that of the star: while this
ratio is around unity for B (proto)stars, in more luminous objects it becomes
>10, which proves the disk to be dynamically unstable. We thus believe that
a distinct terminology is in order for such “fat” disks. In Figs. 1 and 2 pro-
totypical examples of a disk and a toroid are shown. The former illustrates
the structure of IRAS 20126+4104 from ~0.2 pc to ~200 AU. On all scales a
bipolar jet/outflow oriented SE-NW is clearly seen in a variety of tracers such
as SiO, Ho, 3.6 cm continuum, and HoO masers. At the geometrical centre of
this flow a compact 7 mm continuum source has been detected with the VLA
(Hofner, pers. comm.): most likely this marks the position of a luminous YSO
deeply embedded in the molecular core seen in the mm continuum with the
Plateau de Bure interferometer by Cesaroni et al. (1997; 1999). These authors
have also mapped the core in CH3CN, a high density tracer, revealing a ve-
locity gradient perpendicular to the jet/outflow axis, which they interpret as a
Keplerian disk rotating about the embedded YSOs. Recent observations in the
C34S(2-1) and (5-4) lines (Cesaroni et al. 2005) confirm this hypothesis, lead-
ing to an estimate of ~7 Mg, for the mass of the star, and in addition provide
us with evidence of infall in the core. We conclude that in IRAS 20126+4104
one is dealing with a circumstellar accretion disk in Keplerian rotation about
an early-B (proto)star.

The situation in the case of G24.78+0.08 is significantly different from that
of IRAS20126+4104. Figure 2 illustrates a comparison between the bipolar
outflows detected by Furuya et al. (2002) with the velocity gradients found by
Beltrdn et al. (2004) in the cores hosting the YSOs powering the flows. This
picture is reminiscent of Fig. 1, but in G24.78+0.08 the luminosity and mass of
the toroids are almost two orders of magnitude greater than in IRAS 20126+4104.
Clearly, Keplerian rotation is impossible as the disk mass is much larger than
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Figure 1. Disk/outflow system in the high-mass (proto)star IRAS 20126+4104. Top: Overlay
of the Hy lime emission at 2.2 pum (grey scale) and the jet map obtained from the SiO(2-1) line
(Cesaroni et al. 1997). The triangles mark the positions of the H,O maser spots detected by
Tofani et al. (1995). Middle: 3.6 cm continuum map (contours; Hofner et al. 1999b) overlayed
on a map of the velocity measured in the C3*S(5-4) line by Cesaroni et al. (2005). Bottom:
Distribution of the HoO maser spots (Moscadelli et al. 2000; Moscadelli et al. submitted)
compared to a VLA map (image) of the 7 mm continuum emission (Hofner pers. comm.). The
grey scale of the spots ranges from white, for the most red-shifted spots, to black, for the most
blue-shifted.
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Figure 2. Disk/outflow systems in the high-mass star forming region G24.78+0.08 (Beltran
et al. 2004). The straight lines represent the outflow axes. Left: Map of the CS(3-2) line
velocity observed by Cesaroni et al. (2003) towards G24 C. The grey scale is expressed in
km s~'. Middle: Comparison between the bipolar outflows observed by Furuya et al. (2002),
the CH3CN(12-11) line emission map towards G24 Al and G24 A2, and the CS(3-2) line map
Furuya et al. (2002) towards G24 C. Right: Map of the CHzCN(12-11) line velocity towards
G24 Al and G24 A2.

any reasonable stellar mass. Also, Beltrdn et al. (2004) find that the masses
of the toroids are significantly greater than the dynamical masses required
for equilibrium and conclude that one is observing unstable, infalling/rotating
structures.

A general conclusion that may be drawn from all these findings is that,
while in B (proto)stars stable (possibly Keplerian) disks are seen, in more lumi-
nous regions only very massive, unstable toroids are found, very likely rotating
about a cluster of O-B (proto)stars. One may refer to these as “circumcluster”
toroids. It must be noted that such toroids although unstable, cannot be short-
lived as they have been detected in several sources: this implies that they must
be continuously supplied with fresh material accreting from the surrounding
molecular envelope.

Conclusions

Observations of high-mass star forming regions have revealed the existence
of rotating circumstellar, Keplerian disks or circumcluster, massive toroids.
The evidence collected so far lends support to the hypothesis expressed by
various authors (e.g. Garay and Lizano 1999) that also high-mass stars may
form through non-spherical accretion as much as their low-mass counterparts,
although with larger mass accretion rates.
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Abstract

Star formation is a continuous ongoing process occurring over the lifetime
of our Galaxy and the universe. During the last two decades we have made
remarkable progress toward understanding star formation due to advances in ob-
servational technology especially at infrared and millimeter wavelengths which
allow direct observation of the sites of star birth. Such observations suggest that
embedded clusters may be the fundamental units of star formation in molecu-
lar clouds. Low star formation efficiency and rapid gas dispersal make these
clusters disperse to provide the field star population. Consequently embedded
clusters provide important laboratories for investigating fundamental issues of
star formation within our Galaxy.

Introduction

Stars are the most basic objects in the universe and how stars and subse-
quently their planets form is one of the most fundamental unsolved mysteries
of astrophysics. Unraveling the process of stellar birth is not only of funda-
mental importance for understanding the origins of stars themselves, but also
the origin and evolution of planets, life and even galaxies. For example, stellar
formation and evolution are the engines that drive galaxy evolution and any
progress toward understanding galaxy formation and evolution will ultimately
be tied a our theoretical understanding of the basic physical processes which
govern the star formation process.

Our observational understanding of star formation has undergone a radical
change over the past 15 years. Two decades ago, we worked toward unraveling
the processes of star formation by concentrating our studies on regions and ob-
jects that were thought to be the paradigm for the formation of sun like stars,
mainly isolated, low mass molecular cores forming only one or a few low mass
stars. Much progress was made in this endeavor both observationally and the-
oretically and has provided an important foundation for understanding the star
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forming process. However our focus has dramatically changed. This is mainly
due to discovery of large numbers of embedded clusters by the use of infrared
array cameras and the subsequent realization that these young clusters are re-
sponsible for a significant fraction of all star formation currently occurring in
the Galaxy. Indeed, embedded clusters may be the fundamental units of star
formation in giant molecular clouds.

Importance of Embedded Clusters

Embedded clusters are best identified at near-infrared wavelengths, where
the effects of extinction are minimized. Consequently, it was not until the
late 1980s, when near-infrared imaging arrays were available for astronomical
uses, that large numbers of embedded clusters were discovered and studied.
Searches of the astronomical literature over this period in time by Lada & Lada
(2003) and by Porras et. al (2003) have revealed that well over a hundred young
embedded clusters have been found throughout the Galaxy. Most of these clus-
ters were discovered via infrared surveys of regions having some signpost of
star formation. For example the Hodapp (1994) K-band imaging survey of
molecular outflows was particularly successful at finding embedded clusters.
Surveys conducted using the data generated by the all sky near-infrared sur-
veys such as 2MASS and DENIS will likely provide the most systematic and
complete inventory of the local embedded cluster population in our Galaxy.
Recent work by Bica et al. (2003) and Dutra et al. (2003) using the 2MASS
data base has increased the number of known embedded clusters by more than
50%.

The discovery of such large numbers of embedded clusters emphasizes their
importance for understanding the process of star formation in our Galaxy.
However, it does not allow us to estimate the fraction of stars born within
embedded clusters. This is best achieved from large scale surveys of molec-
ular clouds. The first systematic attempt to obtain an inventory of high and
low mass star formation in a single GMC was made by Lada et al (1991) who
performed an extensive K-band near-infrared imaging survey of the central re-
gions (~ 1 square degree) of the L1630 GMC in Orion. This survey produced
the unexpected result that the vast majority (60-90%) of the star formation in
that cloud occurred within a few rich cluster with little activity in the vast mole-
cular cloud regions outside these clusters. Subsequent near-infrared surveys of
L1630 as well as of other molecular clouds (Li, Evans & Lada 1997; Lada et
al 1994; Carpenter, Snell & Schloerb 1995; Carpenter 2000) have yielded sim-
ilar results with estimates of 50-100% of the clouds’ embedded populations
confined to embedded clusters.

While such near-infrared imaging observations are the most effective means
of obtaining a census of the youngest stars in molecular clouds, they have
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limitations. Namely, near-infrared surveys can be contaminated by field stars in
front of and behind the molecular clouds and can also suffer from background
source confusion at very faint magnitudes. The general field star population
consists mainly of late type dwarf and giants which are bright at near-infrared
wavelengths. Given the reduced extinction at these wavelengths such stars can
contribute significantly to star counts obtained at 2 microns even when they
are observed through an intervening molecular cloud. The most common way
to determine the contribution of field stars to a near-IR survey is to obtain
star counts of control fields, large areas located nearby but off the cloud. By
appropriately scaling the area of these control fields to match the area surveyed
on the cloud, one can determine the membership of young stars in the cloud
on a statistical basis. As one images to fainter and fainter levels the number
of background stars increases and the statistical uncertainty in the star density
within the molecular cloud increases. Thus for faint low mass stars it is difficult
to place stringent limits on their numbers due to the “noise” in the expected
background distribution.

This uncertainty can be significantly reduced, if we know that a star is likely
associated with the star forming region. Near-infrared spectroscopy can dis-
tinguish young stellar objects from field stars. However, given the number of
stars observed toward GMCs, both associated with the cloud and in the field,
obtaining complete spectroscopic samples is extremely difficult in a reason-
able amount of observing time. The development of near-infrared multi-object
spectrometers, such as FLAMINGOS (Elston 2003) is essential for progress
in this area. Multi-color near-infrared photometry can also be used to asso-
ciate young stars with their parent clouds. Since young stars are surrounded by
large amounts of dust, they exhibit excess emission above their photospheres
at infrared wavelengths, starting at 2 microns. Detecting near-infrared excess
emission through multi-color photometry, can therefore significantly reduce
the background of stars in comparison to single wavelength star count obser-
vations.

The FLAMINGOS Star Formation Survey has recently obtained sensitive
(i.e. K < 17.5) JJH and K images of ~ 16 square degrees of sky in four
nearby GMCs, Perseus, Orion, Monocerous and the Rosette. In addition, ~
1000 FLAMINGOS near-infrared spectra have already been obtained for se-
lected stars in these clouds. Figure 1 presents our initial imaging results for
the Rosette Molecular Cloud. From a JHK color analysis of the distribution of
near-infrared excess sources, 13 young embedded clusters have been identified
within the molecular cloud (Roman 2005; Roman et al. 2005). This is roughly
a factor of 2 increase in the number of clusters previously found in this region
(i.e. Phelps & Lada 1999). Furthermore the distribution of near-infrared ex-
cess sources indicates that the star formation in the cloud is highly clustered
with more than 75% of the star formation in these clusters covering ~ 20%
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Figure 1. The Distribution of near-infrared excess sources in the Rosette Molecular Cloud
is shown. The contours represent the density of excess sources having 10th nearest neighbor
(10NN) densities greater than 1.5 arcmin—2. The lowest level is 5 times the mean background
density and subsequent levels are multiples of this level. The dashed circles represent an area
with a radii equal to twice the cluster radii. A significant number of excess sources having
lower 10NN densities are located within these "halos". The solid lines show the boundaries of
the survey area in this figure.
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of the molecular cloud area. These findings are consistent with the studies of
other molecular clouds as discussed above and strengthen the conclusion that
embedded clusters may indeed be the fundamental units of star formation in
GMCs and hence the Galaxy.

Global Properties of Embedded Clusters

Since clusters now appear to be the fundamental unit of star formation rather
than individual stars, it is important to study the integrated or ensemble prop-
erties of young clusters in order to understand how star formation proceeds on
the Galactic scale. Determining quantities such as the embedded cluster mass
function, cluster birthrate and global star formation efficiency allow us to in-
vestigate the origin and evolution of clusters and hence lay a foundation for
understanding galaxy evolution.

Embedded Cluster Mass Function

Lada & Lada (2003) derived an embedded cluster mass distribution function
(ECMDF) using their embedded cluster catalog compiled from the literature
and including clusters having more than 35 stars and at a distance less than 2.4
kpc (Figure 2). Their derived mass distribution function reveals two potentially
significant features. First, the function is relatively flat over a range spanning at
least an order of magnitude in cluster mass (i.e., 50 < M., < 1000 Mg). This
suggests that massive clusters(~ 1000 M), while rare, make up a significant
fraction of the total stellar mass, roughly the same as for the more numerous
lower mass clusters (~ 50-100 M) . Furthermore, more than 90% of the stars
in clusters are found in clusters with masses in excess of 50 M, corresponding
to populations in excess of 100 members. A similar result has been reported
by Porras et al. (2003), who find that although the majority of clusters in their
catalog are small with fewer than 30 members, most stars (~ 80%) form in
clusters having > 100 members. The flat mass distribution corresponds to
an embedded cluster mass spectrum (dN/dM,.) with a spectral index of -2
over the same range. This value is quite similar to the spectral index (-1.7)
typically derived for the mass spectrum of dense molecular cloud cores (e.g.
Lada, Bally & Stark. 1991), possibly suggesting that a uniform star formation
efficiency characterizes most cluster forming dense cores. The index for the
mass spectrum of embedded clusters is also essentially the same as that (-
1.5 to -2) of classical open clusters (e.g., van den Berg & Lafontaine 1984;
Elmegreen & Efremov 1997).

The second important feature in the ECMDF is the apparent drop off in the
lowest mass bin (~ 20-50 My). Given that the Lada & Lada cluster catalog
only included clusters with more than 35 stars, it is likely that it is considerably
more incomplete for clusters in the 20 to 50 Mg, range than for the higher mass
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Figure 2. The embedded cluster mass distribution function (ECMDF) from Lada & Lada
(2003). On the left the ECMDF is plotted for clusters with N>35 stars and located within
2KPC from the entire LL catalog. The right panel compares the ECMDF with those derived
for two cluster subsamples which are believed to be more complete at the lowest masses. The
dotted line is the Hodapp outflow sample and the dashed line the sample of all known embedded
clusters within 500 pc of the Sun. The ECMDFs all appear to decline below 50 M.

clusters. To test the significance of this fall off to low cluster masses they
also derived the mass distribution functions for subsets of clusters drawn from
3 homogeneous samples and from this analysis concluded that the drop off in
the ECMDF at masses less than S0Mg, is significant. Apparently, there appears
to be a characteristic cluster mass (50 M) above which the bulk of the star
forming activity in clusters is occurring.

Embedded Cluster Birthrate and Survival

Early estimates of the embedded cluster birthrate, based primarily on the
number of clusters in the Orion cloud complex, found the rate to be extremely
high compared to the birthrate of classical open clusters suggesting that only
a small fraction of embedded clusters survived emergence from molecular
clouds to become classical open clusters (Lada & Lada 1991). Using their
more extensive embedded cluster catalog, Lada & Lada (2003) estimate a
lower limit of the formation rate for clusters within 2kpc to be between 2-4
clusters Myr—! kpc~2 for assumed average embedded cluster ages of 2 and
1 Myrs, respectively. Although this rate is a lower limit, it is a factor of 8-
17 times that (0.25 Myr—! kpc—?2) estimated for classical open clusters by
Elmegreen & Clemens (1985) and 5-9 times that (0.45 Myr~! kpc~2) es-
timated by Battinelli & Capuzzo-Dolcetta (1991) for a more complete open
cluster sample within 2 kpc of the Sun. This difference in birthrates between
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Figure 3.  Observed frequency distribution of ages for open and embedded clusters within 2
Kpc of the Sun (solid line) compared to that (dotted line) predicted for a constant rate of star
formation adjusted for cluster luminosity evolution. All embedded clusters fall into the first
bin. The large discrepancy between the predicted and observed numbers indicates a high infant
mortality rate for protoclusters. Taken from Lada & Lada (2003)

embedded and open clusters represents an enormous discrepancy and is of fun-
damental significance for understanding cluster formation and evolution.

Figure 3 shows the observed distribution of ages of all known clusters both
embedded and open within 2 kpc produced from the combined catalogs of Lada
& Lada (2003) and Battinelli & Capuzzo-Dolcetta (1991). Embedded clusters
populate the lowest age bin. The number of clusters is found to be roughly
constant as a function of age for at least 100 Myr. Also plotted in this figure is
the predicted cluster age distribution, assuming a constant rate of star formation
and adjusting for cluster luminosity evolution. There is a large and increasing
discrepancy between the expected and observed numbers. These distributions
clearly confirm earlier speculations that the vast majority of embedded clusters
do not survive emergence from molecular clouds as identifiable systems for
periods even as long as 10 Myr. Figure 3 suggests an extremely high infant
mortality rate for clusters.

Less than ~ 4-7% of the clusters formed in molecular clouds are able to
reach ages beyond 100 Myr in the solar neighborhood, less than 10% survive
longer than 10 Myr. Indeed, most clusters may dissolve well before they reach
an age of 10 Myr. It is likely that only the most massive clusters are candidates
for long term survival. Roughly 7% of embedded clusters in the Lada & Lada
(2003) catalog have masses in excess of 500 My, and this likely represents a
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lower limit to the mass of an embedded cluster that can evolve to a Pleiades-like
system. Moreover, Figure 3 also indicates that the disruption rate for bound
clusters between 10—100 Myrs of age is significant, probably due to encounters
with GMCs. Many of the observed open clusters in this age range may also
not be presently bound (Battinelli & Capuzzo-Dolcetta 1991).

The observed low star formation efficiencies (SFEs) for embedded clus-
ters (i.e. <30%; Lada 1992; Lada & Lada 2003) can account for the high
infant mortality rate of embedded clusters. Such SFEs indicate that the gravi-
tational binding energy in an embedded cluster system is mostly provided by
the parental molecular gas and therefore the fate of the cluster depends sensi-
tively on the timescale for gas removal. If the gas is removed on timescales
shorter than a dynamical time, then a cluster will remain bound only if the SFE
>50% (Wilking and Lada 1983). Consequently, although most stars form in
embedded clusters, the stars in these systems dynamically evolve to become
members of unbound associations and only the most massive embedded clus-
ters emerge as bound entities. However, bound classical clusters form at a
sufficiently high rate that on average, that each OB association or GMC com-
plex probably produces on such bound system (Elmegreen & Clemens 1985)
accounting for about 10% of all stars formed within the Galaxy (Roberts 1957,
Adams & Myers 2001).

Role of Embedded Clusters in Understanding Star and Planet
Formation

If embedded clusters are indeed the fundamental units of star formation in
the Galaxy, then the properties of the stars within such clusters should deter-
mine the properties of the field stars in the Galaxy as a whole. Embedded
clusters individually and collectively contain statistically significant numbers
(hundreds) of young stellar objects (YSOs), providing a meaningful sampling
of essentially the entire stellar mass function. Clusters can be characterized
by the mean age of all its members, which statistically is a reliable indica-
tor of age, and a sample of clusters can be observed which span a significantly
wider range of age than is typical of stars formed in any individual star-forming
region. Consequently, embedded clusters provide important laboratories to de-
termine the initial mass function (IMF), binarity, origin of brown dwarfs, the
origin and evolution of circumstellar disks and the likelihood of planet forma-
tion. There is not enough space to discuss each of these issues here and the
reader is referred to the review by Lada & Lada (2003). Here we will discuss
the role that embedded clusters play in determining the frequency and evolu-
tion of circumstellar disks and the implications for planet formation.
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Protoplanetary, Circumstellar Disks

Knowledge of the frequency distribution of circumstellar disks in clusters is
key to understanding the processes involved in the formation and evolution of
circumstellar disks and any planetary systems. For example, in the youngest
embedded clusters, determination of the disk frequency is a measure of the
probability of disk formation around newly formed stars. In addition, the in-
vestigation of the variation of disk frequency with cluster age, provides a direct
measure of the lifetimes of circumstellar disks and hence the duration for planet
building.

Recently, Haisch, Lada, & Lada (2001) performed the first systematic and
homogeneous observational survey for circumstellar disks in young clusters.
They used JHKL imaging observations to determine the circumstellar disk fre-
quencies in six clusters whose ages ranged from 0.2 - 30 Myr. These observa-
tions reveal that clusters are characterized by a very high initial disk frequency
(= 80%) which then sharply decreases with cluster age (Figure 4). Half the
disks in a cluster population are lost in only about 3 Myr, and the timescale for
essentially all the stars to lose their disks appears to be about 6 Myrs (Haisch,
Lada, & Lada 2001; hereafter HLLO1). Such short disk lifetimes, combined
with the fact that many of the extrasolar planets discovered to date are in very
close proximity to their central stars as a result of migration (e.g., Marcy &
Butler 1999), would appear to support models which can accommodate rapid
planetary formation (e.g., Boss 1998, 2000). Near-infrared observations, how-
ever, only probe the inner disk (< 0.25 AU) via reflected light or hot (900K)
dust emission. The lifetime for the outer disk regions (> 1 AU), which con-
tain the bulk of the mass available to form planets, may be different from that
for the inner disk. For example, if disks evolve large inner holes as they age,
then circumstellar disk lifetimes determined from NIR observations, which are
sensitive to the inner portions of the disk, could be much shorter than those de-
rived from observations of the outer disk. If the outer disk is not coupled to the
inner disk and its lifetime is longer than that which we measure for the inner
disk, models which predict a longer giant planet formation timescale could be
accommodated (Thi et al. 2001; Lissauer 2001)

Millimeter wavelength observations provide direct probes of the masses and
lifetimes of circumstellar disks in regions of the disks which are of interest for
planet formation. Such observations trace the emission from cool dust which
traces the bulk mass in the disk systems (Beckwith & Sargent 1993; Beck-
with 1999). The unprecedented sensitivity and spatial resolution of existing
large, millimeter-wave telescopes and sensitive bolometers allows the detec-
tion of thermal emission from circumstellar disks with total masses equal to
that of Jupiter (or less under ideal observing conditions). Hence, it is only at
millimeter wavelengths that the masses and planet forming capabilities of the
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Figure 4. Disk Fraction as a function of cluster age for a sample of young cluster with

consistently determined mean ages. The disk fraction is initially very high, but then rapidly
drops with cluster age suggesting maximum disk lifetimes of less than 6 Myrs in young clusters
(Haisch et al. 2001)

putative disk systems can really be assessed. To date, the most comprehensive
millimeter continuum surveys for circumstellar disks have been conducted at
1.3 millimeters in the closest (< 150pc) star forming regions such as Taurus
(Beckwith et al. 1990; Osterloh & Beckwith 1995) and p Oph (André & Mont-
merle 1994). These studies have shown that a large fraction of stars in these
nearby regions have disks massive enough to form planets. Only a few attempts
have been made to survey young rich clusters, other than p Oph, at millimeter
wavelengths with sensitivities sufficient to detect circumstellar disks capable
of forming planets. For example the very young Trapezium cluster has been
surveyed at ~ 3 mm with both the BIMA (Mundy, Looney, & Lada 1995) and
OVRO (Bally et al. 1998) interferometers. Neither study detected any massive
disks greater than 0.015 M. IRAM interferometer continuum observations
(Lada et al. 2000; Lada 1998)) obtained at 1.3 and 2.7 mm of this cluster
reveal emission from ~ 10% of the NIR sources in the fields observed. The
masses for these circumstellar disks are estimated to be only ~ 0.01 Mg. In
addition, Carpenter (2002) surveyed 95 stars in the 2.3 Myr old, IC 348 cluster
in 3 mm continuum using the OVRO interferometer. Again no massive disks
were detected. Taken at face value, these results could imply that it is very
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difficult to form massive, planet forming disks in clusters or alternatively that
disks are quickly destroyed in such environments.

Lada & Haisch (2005) have carried out a sensitive, systematic 1.3 mm con-
tinuum survey of four embedded clusters, NGC 1333, NGC 2071, NGC 2068
and IC 348. They detected ~ 35% of the sources in the NGC 1333 and NGC
2071 clusters and ~ 14% of the sources surveyed in NGC 2068 and IC 348.
The relatively high occurrence of massive outer disks in the NGC 1333 and
NGC 2071 clusters implies that these massive disks are common in young
clusters. Comparison of these mm observations with near-IR observations of
the same clusters reveal that the variation in the fraction of detected millime-
ter sources from cluster to cluster is similar to the variation in the fraction of
near-IR excess sources for these clusters. This suggests that the inner disk
and the outer disk are coupled and indicates that the decrease in the outer disk
fraction is a result of evolution. Further, the very low occurrence of massive
disks in the IC 348 cluster for which there exists good age estimates (Herbig
1998) strongly suggests that the outer disks in this cluster dissipate in less than
3 million years.

The short disk evolution timescales (< 3—6 Myr) suggested by both the mil-
limeter and near-infrared observations discussed above, place important con-
straints on the timescale for building gas giant planets in cluster environments.
Typical timescales derived from the accepted model of planet formation, the
core accretion model are roughly 10 Myrs or greater depending on the mass
accretion rate of solid material, the disk surface density of solid material and
atmospheric dust abundance (Bodenheimer, Hubickyj, & Lissauer 2002; Lis-
sauer 2001). It may be very difficult to both build and then migrate planets
(Lin, Bodenheimer, & Richardson 1996) on such short timescales with stan-
dard core accretion models, if the gas depletion time scale is as short. Indeed,
evidence of short gas dissipation times may be indicated from studies of CO
fundamental emission in the inner disks of young low mass stars (Najita 2003).
The disk lifetimes measured would be sufficient for giant planets to form via
models of Boss (1998, 2000) which invoke gravitational instabilities within
relatively massive (My;sr ~ 0.1 Mg within a radius of 20 AU) protoplane-
tary disks to form giant planets. These models can produce giant planets on a
much shorter (~ 103 yr) timescale. However, more theoretical investigation is
required to determine whether such models are really viable (Boss 2000).
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Abstract

Recent investigations of massive protostellar candidates in the near-infrared
(NIR) wavelengths reveal several 2um visible embedded clusters, NIR coun-
terparts to massive star precursors and Ha emission in the shape of rings and
flared disks around the massive protostars. These observations have shown that
in an embedded cluster, the massive stars form one-half to one Myrs after the
first generation of low mass stars are born. The H2 emission in the shape of
rings and flared disks represent huge tori of molecular material around mas-
sive protostars. These two results in conjunction are consistent with the theory
of massive star formation by continuing accretion. The clusters associated with
very young precursors to massive stars may represent an evolutionary stage prior
to dynamical relaxation. Detailed studies of two clusters reveal flattened, ring
shaped morphology both in stellar content and molecular gas. These ring clus-
ters are consistent with the prediction of a theory to form small clusters through
fragmentation of magnetically subcritical cloud to multiple magnetically super-
critical cores.

Massive Protostars

Our present understanding of the physics of star formation is mostly derived
from the observational studies of low and intermediate mass protostars. Mas-
sive protostars have remained less understood objects due to their short forma-
tion time scales, relatively larger distances and higher extinction of the dense
regions in which they are born. In recent years, much effort has gone into defin-
ing the properties of massive protostars and identifying them (see the reviews
by Beuther & Shepherd and by Cesaroni in this book). Since massive stars
are expected to be born in the densest star-forming cores with large amounts
of visual extinction, observational studies of massive protostars have been tra-
ditionally concentrated in the radio and far-infrared wavelengths. Recently, a
variety of observational studies of the high mass protostellar objects (HMPOs)
in the near-infrared wavelengths has lead us to a common ground to investi-
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gate the birth of massive stars and star clusters. In particular, the increased
spatial resolution provided by NIR wavelengths has revealed details that were
otherwise not seen even with high angular resolution radio observations. In
the following I shall present evidence for i)clustering (sec. 2) ii)near-infrared
counterparts (sec. 3) and iii) Hy emission in the form of rings and flared disks
(sec. 4) around HMPOs. Sec. 5 will discuss the scenario of massive star forma-
tion consequent to the above observational findings. Finally, in Sec. 6 I shall
discuss the peculiarities of some (proto)clusters associated with HMPOs.

Clustering around candidate precursors to massive stars

It is known from studies of stellar clusters that stars of spectral type earlier
than B7 are invariably associated with groups or clusters of lower mass stars
(Hillenbrand 1995, Testi et al. 1999). However, it is not clear if the massive
stars and the associated lower mass stars were born simultaneously, at different
epochs, or if these associations are a consequence of some dynamical process
in the star forming cloud.

In recent years systematic efforts have been made to identify the earliest
phases of massive stars resulting in lists of candidate precursors to massive
stars (Palla et al. 1991; Molinari et al. 1996; Sridharan et al. 2001). Since
massive stars likely form in clusters, these lists of precursors to massive stars
are also lists of stellar clusters that are still in the process of formation. Moli-
nari et al. 1996 (hereafter MBCP96) targets have been separated into ‘low’ and
‘high’ categories of which the low sources are thought to be better candidates
of massive protostars, while ‘high’ sources are likely to be more evolved, al-
ready in the ultra-compact HII region phase. Sridharan et al 2001 (hereafter
Sri02) chose luminous IRAS point source targets that satisfied the Wood &
Churchwell 1989 criteria for UCHII regions and simultaneously showed a lack
of significant free-free radio (cm) continuum emission to a limit of 25mlJy. The
sample of targets derived from the combined lists of MBCP96 (163 targets; 80
low and 83 high) and Sri02 (69 targets) thus represent the best known can-
didate precursors to massive stars in the northern hemisphere. The 2um All
Sky Survey (2MASS) database was used to search for clustering around the
carefully selected sample of candidate precursors to massive stars. The goal of
this search is two fold; a) to identify and study groups, associations or clusters
around the selected sample of candidates, and b) to identify the near-infrared
(NIR) counterparts to the HMPOs that are identified by their well defined peaks
in the 1.2 mm continuum emission.

The near-infrared K-band at 2.2pum suffers the least extinction of all the
three J, H, & K-bands and therefore the photometric data in the K-band is the
basis for detection of any groups, associations or clusters associated with the
targets in the sample list. To detect such groups, stellar surface density maps
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were producd by binning the 2MASS point sources in the spatial dimension.
This method has been previously applied in the studies of embedded clusters
(see for ex: Lada & Lada 1995, Hillenbrand & Hartmann 1998 and Kumar
et al. 2004). Using bins of 120" separated by 60" over an area of 600" x 600"
around each target, Nyquist sampled stellar surface density contour maps were
produced. Clusters were detected as star count density enhancements above
the mean background level within the sampled area. Contours of mode+2¢
and above were used to identify clusters/groups, where o and the mode value
represents the average noise and the star count in the region.

Table 1. Cluster detection statistics for the 217 targets

Source  Category Number  Definite  Possible  Total Detection
Type of targets  clusters  clusters  clusters rate
A no cm contnm 69 13 2 15 22%
B MBCP96 low 83 17 9 26 31%
C MBCP96 high 80 21 5 26 33%

Total [common]  217[15] 47 [4] 16 [0] 63 [4] 29%
The number in brackets indicate the overlaps between MBFP96 and Sri02 sources

The detection statistics of clusters associated with the 217 unique targets
are listed in Table. 1. As indicated, 54 clusters are detected out of 217 unique
sources which implies a ~25% detection rate. It appears that targets without
any significant radio continuum emission (type A) have the least association
with clusters and the MBCP96 high sources (type C), which are very lumi-
nous targets associated with an UCHII region, have the highest association
with clusters. If the target types A, B, C in Table 1 represent an evolutionary
sequence of massive protostars, then there is a higher rate of cluster detec-
tion with more evolved sources as compared to younger sources. Using the
JHK data from 2MASS, color-color and color-magnitude diagrams were con-
structed for each of the clusters detected. The number of stars in the cluster
and the average extinction were estimated to each of these clusters. These data
are used to compute an approximate mass for the cluster following the recipe
of Lada & Lada (2003). These mass estimates serve for a relative comparision
among the clusters and do not represent the actual mass of the observed cluster.
This is because the 2MASS spatial resolution and photometric depth does not
effectively sample the complete membership of the cluster owing to their large
distances. However, these mass estimates allow us to construct an Embedded
Cluster Mass Distribution Function (ECMDF) since the relative masses of the
clusters are valid. Figure 1a shows such an ECMDF, where the solid line rep-
resents the ECMDF for the sample of 54 embedded clusters around candidate
massive protostars and the dotted line shows the LLLO3 ECMDF for embedded
clusters within 2 kpc from the Sun. It is evident from Fig.1a that the ECMDF
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of this sample conforms to the shape of LLO3 ECMDF implying that most of
the stellar mass is concentrated in few large clusters, although, there exist a
large number of small clusters (see LLO3 for a detailed discussion).
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Figure 1. Embedded cluster mass distribution function. The dotted line represent the ECMDF
from LLO3 for the embedded clusters within 2Kpc distance. The solid line shows the ECMDF
for the clusters from this work.

We can also plot the IR luminosity of the HMPO versus the mass of the
associated embedded cluster as shown in Fig. 1b. As can be seen from the fig-
ure, there is a correlation between the mass of the associated embedded cluster
and the luminosity of the target massive protostar implying that clustering may
proceed as an increasing function of the luminosity of the HMPO.

NIR counterparts to candidate massive protostars

Near-infrared color-color diagrams have been known to be powerful tools in
identifying the nature of stars. The method was first analysed in detail and em-
ployed by Lada & Adams (1992) to identify the locus of HAeBe stars. Later it
has been effectively used to identify low mass T-Tauri stars (Meyer et al. 1997),
and even brown dwarfs (Muench et al. 2001). We extend this method to inves-
tigate the colors of the NIR counterparts of candidate HMPOs.

Beuther et al. (2002a) have fitted the central positions of observed peaks
for each of the 69 HMPO sources that they mapped in the 1.2 mm continuum
emission. These peaks of 1.2 mm emission are likely positions of embedded
massive protostars. Similarly, dust continuum peaks for 30 IRAS sources are
available from Molinari et al. 2000. We have searched for near-infrared coun-
terparts within a radius of 5" to each of these 1.2 mm continuum peak positions
and plotted them on a color-color diagram in Fig. 3. We first separated the dust
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Figure 2.  Color-color diagram of NIR counterparts to the 1.2 mm peaks of HMPOs. The solid
curve represents the HAeBe curve by Lada & Adams (1992), thick-solid curve represents the
main-sequence tracks, the dotted line shows the T-Tauri locus from Meyer et al.(1997) and the
dashed lines represent the redenning vectors. The dots represent the point sources from GATOR
PSC and star symbols represent the extended sources from the GATOR XSC.

continuum peaks into those that were and those that were not associated with
radio free-free emission. The former were called *younger’ sources and the lat-
ter *older’ sources, respectively and are displayed in adjacent panels in Fig. 3.
We searched for NIR counterparts using both the 2MASS Point Source Cat-
alog (PSC) and Extended Source Catalog (XSC). The extended sources are
shown as star symbols, and point sources are shown as points in Fig.4. The
main sequence dwarf & giant loci, the T-Tauri locus and the HAeBe locus
are all plotted for reference. The younger sources display very red colors, are
spread around the region of the main sequence and T-Tauri loci, and extend
way beyond the limits of the HAeBe locus. In comparision, the older sources
are more limited to the main-sequence region, some of them lying within the
HAeBe locus. However, there is no clear pattern from these diagrams yet, that
can be fit with a functional form. All the extended sources are associated only
with younger targets with the exception of one that can be found on the plot of
older targets. Many NIR-counterparts are visible only in the near-infrared H
or just K-bands. However, good quality photometry of each NIR counterpart
and color ratios such as H-K and K-L are needed to assess if there is a sys-
tematic pattern on the color-color diagrams that is followed by these massive
protostars.
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The extinction estimates from the 1.2 mm dust continuum maps of the can-
didate massive protostars (Beuther et al. 2002a) show high values of several
hundred magnitudes of visual extinction suggesting that we may not see any
2pm counterparts in these regions. However, the extinction estimates from
millimeter studies are prone to great uncertainities, particularly due to uncer-
tain values of assumed temperatures, the contamination of free-free emission
from UCHII regions, and the assumed values of the dust emissivity index. In
any case, the result described above has made it clear that despite the high
extinction values measured from millimeter observations there are increasing
numbers of near-infrared counterparts that precisely match the dust continuum
peaks of luminous young stellar objects (see also, Kumar et al. 2002). If, in-
deed the high extinction estimates from the millimeter continuum emission
measurements and the low values found from this near-infrared study, both are
equally true, then it implies that the observed NIR counterparts are all situated
at the periphery of dense cores that may contain large column densities. In any
case, the visibility of a significant number of HMPOs in the NIR opens up the
oppurtunity of using this wave-band to conduct high spatial resolution studies.

H; emission around massive protostars

Hs emission in the near-infrared K band is a good tracer of shocked and/or
flouresced gas in star forming regions. In an effort to study the nature of
Herbig-Haro (HH) flows associated with massive molecular outflows, Kumar
et al. (2002) conducted a narrow-band imaging study of seven HMPOs in
the 2.122um Hy v=1-0 S(1) emission line . In the course of this investiga-
tion, they discovered for the first time, Ho emission in the shape of rings and
flared disks around NIR visible star-like counterparts of HMPOs. The sources
IRAS 20293+3952 and IRAS 05358+3843 show well defined rings centered
around 2pm stars while flared disk structures are found around IRAS 07427-
2400 and IRAS 20343+4129. The source IRAS 07427-2400 is one of the most
luminous candidates of HMPOs among those studied by Kumar et al. (2002)
and is also associated with an UCHII region. A detailed investigation of this
source was pursued by using multiple tracers to find out the nature and origin
of the flared disk shaped Hy emission feature (Kumar et al. 2003b). The grey
scale images in Fig. 3 show continuum subtracted narrow band image cen-
tered on the Hy 2.122p4m line. The 2um star is subtracted out and appears as a
whitish patch on this image. The position of this star and the UCHII region to-
gether is represented by a star symbol and is found to be centered on the flared
disk-like feature. Fig. 3a shows contours of 350m dust continuum emission
(heavy solid line), C'80 emission (dotted line) and IRAS 12 um emission(solid
line). These tracers represent the dense gas and dust in the region and show an
elliptical dense core. Fig. 3b show red and blue shifted contours of CO J=1-
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0 emission representing a massive molecular outflow that is perpendicular to
the axis of the observed Ho emission. Thus the Ho emission is arising in a
disk/envelope which is extending up to 5” in radius which at the distance of
6.8kpc to the source, represents 50,000 AU. Given the presence of an UCHII
region and a 2um visible star, one would naturally expect that any Hy emission
close to the star is likely due to flourescent emission rather than shocked emis-
sion. However, detailed analysis of the ro-vibrational transitions of the v=1-0
and v=2-1 S(1) levels from Hy using the near-infrared H and K band spectrum
suggest that the emission is shocked rather than flouresced. Similarly, Beuther
et al.(2004) present interferometric observations of the dust continuum emis-
sion and radio free-free emission overlaid on ring shaped Hy emission feature
of IRAS 20293+3952 which reveal a 2p4m visible star identified as the massive
protostar. The Hs ring is not seen by any of the radio wavelength tracers.
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Figure 3.  The flared disk structure around IRAS 07427-2400. The grey scale images show
the continuum subtracted Ho v=1-0 S(1) narrow-band image at 2.122um. The block on the
left shows 350m emission (thick contours), C'0 emission (dotted contours) and IRAS 12pm
emission (normal contours). The block on the right shows the red (dotted) and blue (solid)
shifted CO J=1-0 emission tracing a massive outflow (from Shepherd & Churchwell 1996)
arising from this source.

Scenario for massive star formation

The observational evidences presented in the previous sections has given
rise to a scenario that suggests accretion as the most prominent physical mech-
anism to form massive stars. The embedded clusters detected around a sig-
nificant sample of HMPOs show near-infrared visible members which trace
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predominantly low mass population. Since the low mass population that con-
stitutes the embedded clusters are already visible at 2um, the low mass stars
must have crossed the Class 0-1 phases of evolution and are most likely in
Class II-III or PMS stages. In comparision, the massive protostars are pass-
ing through a phase like the Class 0 or I as evidenced, for example, by their
association with massive outflows (Beuther et al. 2002b; Shepherd & Church-
well 1996). The observations indicate that in these clusters the low mass stars
have already formed or are at the end of their formation phases while the high
mass stars are still in their initial stages. Since low mass star formation lasts
for approximately 106 yrs while massive star formation, lasts perhaps for only
10°yrs, the observational finding of embedded clusters visible at 2/sm around
candidate massive protostars shows that massive star formation in the clusters
begins at least one-half to one Myrs after the first low mass stars have formed.

The NIR counterparts to HMPOs show characteristics of intermediate mass
pre-main sequence stars or zero-age main sequence star based on their col-
ors. These intermediate mass stars continue to be embedded in dense cores
and are associated with rotating tori of gas and dust as evidenced by inter-
ferometric studies of several selected sources (see Cesaroni’s review in this
book). Therefore these observations suggest a scenario where intermediate
mass young stellar objects are in the process of continuing accretion. Theo-
retical models indeed suggest such a mechanism for the formation of massive
stars through continuing accretion on to intermediate mass stars (e.g. Meynet
& Maeder 2000, Keto 2003; see also the article by Keto in this book). The age
sequence of forming low mass stars first and then high mass stars in the evolu-
tion of a cluster, as envisaged above, are also in agreement with the theoretical
calculations. The Hy emission in the form of flared disks and rings, according
to this scenario, can arise in the huge tori/envelopes around the HMPOs where
matter is still accreting on to intermediate mass young stellar objects.

Small proto-clusters

Embedded clusters where massive star formation is passing the protostel-
lar phases, such as the clusters mentioned in Sec.2, are in a relatively early
stage. As a cluster ages beyond a few crossing time scales, dynamical mixing
becomes significant resulting in the loss of the original morphological struc-
ture with which the cluster was born. Thus, the clusters associated with iso-
lated massive protostars probably represent some of the least dynamically re-
laxed states of observable embedded clusters. Recently, two clusters associated
with HMPO sample were found to show a peculiar ring shaped morphology.
These clusters associated with IRAS 2213445834 and Mol148 have been in-
vestigated in detail for both stellar content and molecular gas. Fig.4 shows the
K-band images of these clusters overlaid with contours of molecular emission.
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Fig.4a shows Mol148 K-band image overlaid with HCO™ 1-0 emission con-
tours and Fig.4b shows a K-band image of IRAS 22134+5834 overlaid with
NH;3 (J,K)(1,1) integrated emission contours. Although both clusters show
ring shaped morphology, Mol148 displays this morphology prominently in the
molecular gas content, while IRAS 22134+5834 reveals the same in its stellar
content (see the front cover of this book for a JHK color composite of this
cluster). The morphology is suggestive of a flattenned structure with a central
cavity. The central regions that appear as a cavity have been searched for pos-
sible embedded sources by using the 1.2mm dust continuum emission and also
at the 10pm mid-infrared band. In both cases, no embedded sources are found,
and the 1.2mm peak is found to be situtated on one of the near-infrared visi-
ble stars of the ring. Recently, Spitzer Space Telescope images of the source
Mol148 are available from the IRAC camera which is very sensitive to point
sources in the mid-infrared up to 8um. These images also justify the earlier
finding that there are no embedded sources at the center of the ring.

Adams & Myers (2001) using several physical arguments have broadly de-
fined embedded clusters with number of stars 100<N, <300 as small clus-
ters and N, >300 as large clusters. Following this definition, Kumar et al. (
2004) concluded that IRAS 22134+5834 is a small protocluster and the same
follows for Mol148 from recent deep NIR observations. Li & Nakamura (
2002, hereafter LN02) presented calculations of the non-axisymmetric evolu-
tion of a magnetically subcritical molecular cloud under thin-disk approxima-
tion (flattenned cloud) fragmenting into multiple magnetically super-critical
cores. Such calculations are believed to be fundamental to the formation of all
varieties of star formation including singles, binaries, multiples and clusters.
These authors predict that the supercritical cores resulting from fragmentation
are arranged in a ring shape because the magnetic field tension prohibits the
formation of a central singularity. The observations described above strongly
support their predictions since the clusters Mol148 and IRAS 2213445834 pro-
vides clear observational evidence for the presence of a ring in stellar content
and molecular gas that encloses a central cavity. Indeed, the K-band image of
IRAS 22134+5834 is in striking resemblance to the numerical simulations of
LNO2 for the case of perturbation with mode m=5 (Fig. 3c of LN02). If the
above two clusters are representative of the small fraction of such clusters that
are oriented face-on in the plane of the sky, they may account for a significant
sample of such clusters in the sky when all orientations are considered. There-
fore the scenario may well be valid for the formation of small protoclusters
and the embedded clusters associated with HMPOs may truly contain impor-
tant information about the time scales of dynamical relaxation.
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Figure 4. Clusters with ring shapes and central cavities. a) K-band image of Mol148 overlaid
by HCO™ J=1-0 integrated emission contours, b)K-band image of IRAS 22134+5834 overlaid
by contours of NH3(J,K)(1,1) integrated emission.

Future Work

High resolution observations of HMPOs with present day interferometers
such as IRAM Plateau de Bure or the Owens Valley Radio Observatory in-
terferometer has provided ample evidence for the existence of dense cores,
disks and outflows from HMPOs supporting the mechanism of accretion to
form massive stars. However, the spatial resolution of 3”-5" offered by these
facilities can not effectively resolve the multiple components, structure of the
disks/tori and the complex evolution of an UCHII region through accreting tori.
Indeed, understanding this complex phase of switching over from accretion to
an HII region is crucial to a conclusive theory of the formation of massive stars.
Near-infrared observations, while offering a higher spatial resolution are still
prone to extinction problems and only display a partial picture. The next gen-
eration interferometers such as CARMA and ALMA can surpass these spatial
resolution problems and throw much light on the details of the near environ-
ment of massive protostars and associated protoclusters. Similarly the integral
field spectrometers recently operational in the near-infrared regime such as the
UIST/IFU on UKIRT and SINFONI instrument on VLT can be used to clearly
model the physical components of ionised gas and molecular gas by using
multiple lines of molecular and atomic hydrogen as tracers. Therefore the next
generation telescopes offer the opportunity to conduct detailed observational
studies and modelling of the exact mechanism of massive star formation and
cluster formation.
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Abstract Most of what is known about pre-main-sequence (PMS) evolution and brown
dwarfs (BD) is based on results for nearby (up to a few hundreds of parsecs)
star formation regions. Although close, observations of these regions are in
general compromised by variable amounts of dust and nebular contamination
which affect not only the derived properties of individual objects, but also bias
the samples of members. Avoiding these problems forces us to look out to farther
regions, something that is now becoming possible with the new generation of
large telescopes.

In this contribution, we present new VLT observations in the V and I bands
which uncover the low mass PMS stars and BDs of the 5 Myr open cluster
NGC 2362. This cluster is located at 1480 pc and is not affected by the problems
mentioned above, which makes it a privileged target for studying not only PMS
evolution and BDs but also offers a valuable opportunity to study the IMF well
down into the substellar regime.

Introduction

Star clusters are privileged laboratories for stellar astrophysics. Interpreta-
tion of star cluster color-magnitude diagrams (CMDs) has led to the under-
standing of fundamental aspects of stellar structure and evolution. For the
youngest clusters, the CMDs provide insight to the evolution of their, newly
formed, contracting pre-main-sequence stars. Also, since clusters represent a
complete star formation event, the detailed shape and possible variation of their

*Based on observations collected at the European Southern Observatory, Paranal, Chile (ESO Programmes
70.C-0448 and 072.C-0765)
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Initial Mass Function (IMF) with chemical composition, location, or time, not
only provides important clues to the star formation process itself, but is also
a key ingredient for understanding the dynamic and chemical evolution of all
stellar systems, from clusters to galaxies.

However, care must be taken when deriving a cluster IMF. Because dynam-
ical evolution disperses clusters and produces mass segregation, obtaining a
complete census of a cluster’s members can prove to be tricky. Indeed, trying
to compensate for these effects by covering large areas in the sky is not only
very time consuming from the observational point, but also increases the num-
ber of field interlopers, adding noise to the derived luminosity and mass func-
tions. So avoiding the effects of dynamical evolution brings us to the youngest
clusters, which will host a pre-main-sequence population. The study of the
IMF in its low mass end will further benefit from using PMS stars, since they
can be much brighter than their more evolved counterparts. Observationally,
however, these stars are among the hardest to study because they are usually
heavily extincted by their parental molecular cloud and are often seen in pro-
jection against bright Hi regions.

The ideal laboratories to study PMS evolution and the IMF would then be
the youngest possible galactic clusters free from dust extinction and nebula
contamination, at a distance that permits detection of their low-mass mass stars
and brown dwarfs. An investigation of such an ideal cluster would provide
robust observables to test pre-main-sequence models (luminosity functions,
color-magnitude, and color-color diagrams), free from completeness correc-
tions and scatter due to variable extinction and nebula.

The southern young open cluster NGC 2362 (aaggp = 07 h18M465.3, da900 =
—24°57'22") is perhaps one of the best possible examples of the ideal cluster
described above. The cluster is located at 1480 pc and is virtually free from
dust extinction and shows no signs of nebular emission.

Historically, NGC 2362 has been used as the standard observational tem-
plate to define the upper end of the Zero Age Main Sequence (Sandage, 1956).

Recently, the multicolor surveys of NGC 2362 performed by Moitinho et al.,
2001 and Moitinho et al., 2003, revealed a long and well defined pre-main-
sequence, spanning about 12 magnitudes in the V' vs. V' — I color-magnitude
diagram, from A-stars down to approximately 5OMJup, uncovering an im-
portant population of brown dwarfs. Analysis of the color-color and color-
magnitude diagrams show that the cluster is virtually free of dust and nebular
contamination and confirm previous distance estimates. Detailed comparisons
of the cluster high-mass and pre-main-sequence populations with evolutionary
models allowed to obtain the first reliable age estimate (SMyr) for this cluster.

More extended overviews of the previous knowledge on NGC 2362, and dis-
cussions of the cluster’s reddening, distance and age can be found in Moitinho
et al., 2001 and Moitinho et al., 2003.
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In this contribution we present new VLT optical data of NGC 2362 which
uncover the cluster’s PMS down to approximately 30 Jupiter masses, well be-
low the hydrogen burning limit. The Luminosity Function (LF) and a prelimi-
nary IMF of NGC 2362 reaching well into the substellar regime are also shown
for the first time.

Observations

The optical data presented in this contribution was acquired in 3 runs.

UBVRI imaging data of NGC 2362 and of a nearby control field were ob-
tained in February 2001 using DFOSC mounted on the Danish 1.5m in La
Silla. The observational difficulties imposed by the forth magnitude central
star TCMa (severe bleeding, scattered light, ghost images) were by-passed by
pointing at four positions (NSEW) as close as possible to 7CMa but avoiding
it or its scattered light (see left panel of Fig. 1). A series of short exposures (1
sec) centered on TCMa were also acquired. Complete details on these obser-
vations and reductions are given in Moitinho et al., 2001.

The two other runs were carried out at the VLT, in Paranal, in Jan 2003 (one
night in visitor mode) and Jan 2004 (service mode). Dithered V and I band
exposures centered on NGC 2362 and on the control field were acquired with
the FORS camera. This time, data corruption produced by 7CMa (and a couple
of other bright stars in the field) was largely avoided by using the occulting
fingers of the MOS unit. The MOS was rotated so that the brightest stars
could be covered by fingers coming from the left (east) side or from the right
(west) side of the frame. Half the exposures were taken in each configuration.
The images were then registered and average-combined. Data underneath the
occulting fingers were rejected by the averaging task (iraf/imcombine). The
final V' image is shown in middle panel of Fig. 1. The total integration times
for each field were about 5 hours in V and 6 minutes in L.

The PSF photometry of the VLT observations was tied to the photometric
catalog obtained with the 1.5m and described in Moitinho et al., 2001. Mea-
surements from both sources were then average combined using their errors as
weights.

Results
The color-magnitude diagram

Fig. 2 introduces the V' vs. V' — I color-magnitude diagrams (CMDs) of
NGC 2362 (left panel) and of the nearby control field (CF; middle panel).
Only data within the VLT observations’ box and with errors smaller than 0.05
mag have been plotted. The area covered by the CF data is the same as for the
cluster. It is readily seen that the red sequence that extends from V' ~ 15 to 26
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Figure 1. Left: 1.5m data - Mosaic of V band images of NGC2362. North is up and east
is left. The surveyed area covers ~ 540’2, The central ~ 1.2'% portion of the mosaic, which
includes 7CMa, is composed of a 1s exposure. Middle: VLT FORS image - Combined expo-
sures in the V band. The fingers in the MOS unit were used as masks to occult the brightest
stars in the field (see text for details). Right: VLT NACO K band image of the O9Ib supergiant
multiple star TCMa.

has no counterpart in the CF’s CMD. This red branch is part of a very long and
well defined 5 Myr pre-main-sequence (PMS) band that starts at about V' ~ 12
and is clearly visible from V ~ 15to V' ~ 26. Many of the sources along
this PMS strip have been found by Huélamo et al., 2003 to also have X-ray
emission, further assessing their PMS nature.

On the right panel of Fig. 2, a number of theoretical 5 Myr isochrones have
been superimposed, shifted to account for the effects of reddening and distance
(E(B—-V) = 0.1 mag; (v — M,) = 11.16 mag). A thorough discussion of
the reddening, distance and age determinations are given in Moitinho et al.,
2001. The dotted line at V' ~ 20.5 indicates the limiting magnitude for the
1.5m data. The dashed lines at V' ~ 23.1 indicate the range for the hydrogen
burning limit (HBL), M = 0.08My, depending on the adopted theoretical
model . Similarly, the fainter solid lines plotted indicate the magnitude of a 30
Jupiter masses brown dwarf.

The bright portion of the isochrones nicely fits the observed sequence and
has allowed to constrain the age of NGC 2362 as discussed in Moitinho et al.,
2001. On the other hand, the low mass/cool stars are not well fitted by any of
the 5 Myr isochrones. This results from the well known fact that the model
predictions of optical colors are not robust at cool temperatures (Baraffe et al.,
1998). In particular, the often cited problems with molecular line lists as TiO
seem indeed to be responsible for part of the deviations, as evidenced by the
not-so-bad agreement of the models using improved line lists (the IMPR model
marked on Fig. 2). However, the much better agreement of the COND mod-
els suggests that the problem comes from much more basic ingredients in the
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Figure 2.  Left: Deep color-magnitude diagram (CMD) of NGC 2362. Middle Deep CMD of
the control field: Right: The same as in the left panel but with several theoretical SMyr models
superimposed. The isochrones were calculated using a solar recipe and have been shifted to
account for the effects of reddening and distance. The models are: Post main sequence from
Girardi et al., 2000 (Padova); PMS from Baraffe et al., 1998 (Baraffe); PMS with improved TiO
line lists from Barafte (priv. comm. - IMPR); Chabrier et al., 2000 dusty (DUSTY) and Baratfe
et al., 2003 settled dust (COND) PMS models; 3Myr PMS model of Palla and Stahler, 1999 .
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models, namely the way dust is treated. Since such effects aren’t severe at
infrared wavelengths - the range of election for most star formation studies
- this is another point where the present optical data, uncontaminated by the
environment, can be a rare and extremely useful dataset.

Although not as consistent with dynamical masses as the models of Baraffe
et al., 1998, the isochrone of Palla and Stahler, 1999 apparently reproduces the
observed sequence much better. However, the transformation from the theo-
retical to the observational plane is empirical, which greatly hides the model’s
details, so it is natural that the colors will be a better match than the theoretical
ones of Baraffe et al., 1998.

The cluster sequence in the CMD delineates a PMS that reaches down below
the HBL, to about 30 Jupiter masses. The remarkable separation between the
cluster and the field allows us to easily identify ~15 BD candidates. Even if
there are some field interlopers, the BD sequence is so obvious and so well
separated from the field that most of the candidates are likely to be real BDs.
Fig. 1 shows the spatial distribution of BDs overplotted on the VLT I band
combined image. The BDs are spread out across the whole frame, showing no
particular concentration. Because these active optics images are very sharp, the
BD candidates are detected even close to heavily saturated stars, so the main
source of BD incompleteness is the signal-to-noise detection limit and is little
affected by source confusion (evidently, we are not considering the masked
region).

That the PMS is so tight is indicative of a very simple star formation his-
tory, most probably a single and quick episode of star formation. Because
this cluster is affected by little and non-variable extinction, as indicated by the
tight PMS in the color-magnitude diagram, no complicated corrections (effects
of high and/or variable extinction) had to be applied to the observed sequence.
These data, therefore, provide a template that evolutionary models must match.

The luminosity and mass functions

As mentioned in the beginning of this contribution, the spatial distribution
of cluster members is of direct relevance for determining the cluster Lumi-
nosity and Initial Mass Functions. Fig. 4, shows the spatial number density
of stars roughly along the cluster sequence in the CMD. Only stars within
the completeness limits of the 1.5m data(V < 20 or 0.35Mg) were used in
order to avoid artifacts introduced by the deeper, but spatially more limited,
VLT data. The density was calculated by convolving the surface stellar dis-
tributions with a 100x100 pix (40”x40”) gaussian kernel, in 50 pix steps, as
described in Moitinho et al., 1997. Density contours were drawn at 10, 20 and

30 stars/arcmin?.
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Figure 3. VLT combined I band image showing the spatial distribution of brown dwarf can-
didates. The BDs are marked with circles.

The X and Y cuts presented in 4, show that selection of stars along the
cluster sequence has left only a residual number of fore/background stars. Most
of these stars have magnitudes in the range 13 < V' < 16 where the cluster
and field populations are not so well separated in the CMD. The dashed ellipse
marks the derived cluster limits. It is centered on asggy = 07718™40%.9,
d2000 = —24°56’54” and has 8.9°x 11.1” axes. The solid square marks the area
covered by the VLT observations. The figure shows that the VLT data cover
most of the cluster area, so corrections for dynamical effects on the derived LF
and IMF should be small.

The V band LF presented in the left panel of 5 was built in 0.5 mag bins
using the stars close to the cluster sequence in the CMD. Contamination from
field stars was compensated by subtracting the distribution of control field stars
located within the same limits in the CMD as the selected cluster field stars.
Care was taken to use the same area for cluster and control field data. In this
figure, the dashed line marks the HBL and the dotted line marks the complete-
ness limit. The main features of this LF are the prominent Wielen gap which
is evident around My ~ 3 mag, and the peak at My ~ 8.75. The LF also
shows something that was already clear in the CMD, that the ratio of BD-to-
stars in the cluster is around 5%. Even considering that completeness is cutting
out BDs, the shape of the low-mass end of the LF strongly indicates that the
number of missing BDs should be very small.
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Figure 4.  Stellar density map of NGC 2362 derived from the 1.5m data. The contours are
drawn at 10, 20 and 30 stars/arcmin?. The dashed ellipse marks the adopted cluster limits. The
solid square marks the area covered by the VLT observations.
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Figure 5. Left: V Luminosity function of NGC 2362. Right: IMF derived with mass-
luminosity relations from Girardi et al. (ZAMS), Palla & Stahler (for PMS stars with M >
1.2M¢) and Baraffe et al. “standard” models (M < 1.2M). In both panels, the dashed line
marks the HBL and the dotted line marks the completeness limit.
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Possibly, the best way to derive the cluster IMF is to simulate its LF using
montecarlo techniques as in Muench et al., 2000. Although this more sophis-
ticated determination of the IMF is still underway, a quick look IMF is easily
obtained by building the distribution of logarithmic masses (in solar units).

One of the key ingredients in building the IMF is the mass-luminosity re-
lation. For the IMF presented in the right panel of Fig. 5, we employed the
relations from the models of Girardi et al., 2000 (for the ZAMS stars), Palla
and Stahler, 1999 (for PMS stars with M > 1.2M)) and Baraffe et al., 1998
“standard” models (for PMS stars with M < 1.2M).

In the range where the data is complete, the derived IMF spans from early
B stars to NSOMJUP BDs. An evident peak appears at 1/3 of M, after which
the IMF falls. Other combinations of the models shown in Fig. 2 were tested
(also using the I band LF) and yielded IMFs with very similar shapes but with
measurable differences for the peak mass, ranging from 1/2 to 1/3 of a solar
mass. So, even being preliminary, the derived IMF leaves no doubt that it falls
toward the lowest masses.

Summary and final remarks

The 5 Myr open cluster NGC 2362 is virtually free from dust and nebular
contamination. Located at a distance of 1480 pc, it is close enough so that the
largest modern telescopes can observe its faint substellar population. On the
other hand, it is not so close as to cover a large area in the sky, increasing the
contamination by field stars and making observations with small CCD fields
unpractical.

The new VLT optical data presented in this work have revealed a very long
and well defined PMS covering about 14 magnitudes in the V' vs. (V — I)
CMD, from early A stars to about 30 Jupiter masses. The good separation
between the PMS and the field has allowed a straightforward identification of
members down into the substellar regime revealing 15 likely brown dwarfs.

That the PMS is so well defined is a result of non-variable reddening and a
single quick star forming episode. These unique characteristics of the dataset
provide strong constraints to contemporary models of young low mass stars
and brown dwarf evolution. In particular, these highly uncontaminated optical
data can be extremely valuable for constraining the way dust is treated in the
models.

Analysis of spatial structure of stars selected roughly along the sequence
defined by NGC 2362 in the CMD has allowed to derive the clusters’ limits (an
ellipse with 8.9’x 11.1” axes) and to verify that this rough selection provided a
sample largely free from field star contamination.

The V band LF and a preliminary IMF were built. Inspection of the LF
showed that the ratio of BD-to-stars in the cluster is around 5%. The derived
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IMF spans from early B stars to NSOMJup BDs, with an evident peak at 1/3 of
Mg, after which the IMF falls.

Using also different sets of models and I band data, it was found that the
derived IMFs had very similar shapes but that the peak mass varied from 1/2
to 1/3 of a solar mass. The present dataset leaves no doubt that the IMF falls
toward the lowest masses around 0.3-0.5 solar masses.

Overall, NGC 2362 may provide the most homogeneous and complete set
of PMS stars for an individual star formation region yet.
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Abstract Hundreds of brown dwarfs have been discovered since 1995. These objects
are likely to populate every region of our Galaxy and possibly other galaxies
in comparable number to stars. We briefly review their basic properties, mass
function, spatial distribution and possible formation scenarios.

Introduction

Brown dwarfs span the mass range between massive giant planets and the
lowest mass stars. The frontier between stars and brown dwarfs is set by the
minimum mass for stable hydrogen burning in stellar interiors, which for solar
metallicity corresponds to ~ 73 M j,,,, (Baraffe et al. 1998). The frontier with
the planetary domain is much more subtle. Ideally, the distinction between the
lowest mass brown dwarfs and the more massive giant planets discovered in ra-
dial velocity surveys could be established on the basis of a different formation
mechanism. If brown dwarfs were formed only as a result of the fragmenta-
tion of molecular clouds, i.e. like stars, and massive giant planets were only
formed in protoplanetary discs via gravitational instability, accretion of plan-
etesimals or any other mechanism, we could possibly expect different physical
conditions in the interiors of these two types of objects and establish a dis-
tinction between them. However, the poor knowledge of the formation history
of such low-mass objects, and the lack of information on the physical condi-
tions of their interiors prevent a useful criterium to distinguish them. For the
sake of clarity, we will adopt as an arbitrary limit between brown dwarfs and
planetary-mass objects the minimum mass for deuterium burning: ~ 12 M j,,,
for solar metallicity.

On a theoretical basis, the radius of Jupiter is slightly larger than the radius
of an old brown dwarf and consequently, the density of brown dwarfs would
be 15-80 times larger than the density of Jupiter. Brown dwarf luminosities are
very sensitivy to evolutionary stage, progressively decreasing with age. Old
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brown dwarfs (age > 1 Gyr) are expected to be 10%- 10° times less luminous
than the Sun and display atmospheric effective temperatures below 1000 K.
The lowest mass brown dwarfs may reach effective temperatures as low as 200
K at sufficiently old ages.

The existence of brown dwarfs was speculated by Kumar (1963) already in
the 60s, but it took more than 30 years to find convincing examples of these
elusive objects. In spite of active searches in young star clusters where they
were expected to be still contracting and hence to be much more luminous,
no brown dwarf had been recognized before 1995. Searches in the Pleiades
(Jameson and Skillen 1989, Stauffer et al. 1989,1994), in o Persei (Rebolo
et al. 1992), p Ophiuchi (Rieke and Rieke 1990) or in Taurus (Stauffer et al.
1991) produced a number of candidates. However, the effective temperatures
and luminosities of these candidates were too high to ensure a substellar na-
ture. One of the intriguing brown dwarf candidates, GD 165B, was actually
discovered around a white dwarf (Zuckermann and Becklin 1992). Its peculiar
spectral energy distribution later recognized as characteristic of L-type dwarfs,
could not be taken as a definitive proof of substellar nature since sufficiently
low-mass stars end with these spectral types. The Li test (Rebolo et al. 1992)
showed that many of the coolest field dwarfs considered at that time good
brown dwarf candidates, had destroyed a large fraction of their initial Li con-
tent, and therefore were most likely stars (Magazzu et al. 1993, Martin et al.
1994).

In 1995, unambiguous brown dwarfs were discovered in the Pleiades star
cluster and orbiting around the star Gl 229. The search for fainter objects in
the Pleiades led to the detection of a cool and faint proper motion member
of the cluster: Teide 1 (Rebolo et al. 1995) whose M8 spectral type and low
luminosity could only be explained if the mass was strictly below the substellar
mass limit. This detection was closely followed in time by the finding of a twin
object (Calar 3) also in the Pleiades and the confirmation that both had Li in
the atmosphere (Rebolo et al. 1996). The positive result of the Li test, fully
supported the claimed brown dwarf nature of Teide 1. Adaptive optics searches
around stars in the solar neighbourhood led to the discovery of a very cool
and low luminosity brown dwarf orbiting the star Gl 229 B (Nakajima et al.
1995). These first examples of young and old brown dwarfs with masses in the
range 40-50 M, have been followed in subsequent years by the discovery
of hundreds of brown dwarfs in star clusters and in the field (in much lower
numbers also around stars). There is evidence that brown dwarfs form with
any mass between the hydrogen and the deuterium burning limits. There are
examples of brown dwarfs with effective temperatures down to 700 K and the
standard spectral classification has been expanded in two new spectral types in
order to account for the spectroscopic richness of these objects. An increasing
number of substellar mass function determinations mostly in stellar clusters
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show that brown dwarfs are extremely common in the Galaxy and hint they
may outnumber stars. We review here, the status of the searches in star clusters
and associations, in the field and around stars. We also briefly discuss recent
results on the multiplicity of these objects and various formation mechanisms
proposed to explain the main observational features.

Brown dwarfs and new Spectral types

The first field brown dwarfs (Ruiz et al. 1997, Delfosse et al. 1997) and sub-
sequent detections of brown dwarfs around stars (Rebolo et al. 1998) showed
objects with spectral characteristics between those of young brown dwarfs in
clusters and the very cool Gl 229 B. These findings and the discovery of tens
of such ultracool objects by the 2MASS survey (Kirkpatrick et al. 1999, Reid
et al. 1999) led to establish the new spectral class L (Martin et al. 1997, 1999;
Kirkpatrick et al. 1999). L-dwarfs are characterised by the disappearance of
the red TiO and VO bands (typical of M-dwarfs) from the optical spectrum,
the increasing dominance of broad absorption resonance lines of Na I and K I,
strong HoO absorption bands and persistent CO overtone bands at 1-2.5 um.
Their near infrared colours follow J — K > 1.3 and I — J > 3, and their
effective temperatures can be estimated from the following relationship with
spectral type T,sy = (2380+40) - (138+8) SpT where SpT ranges from 0 to 8
for spectral types LO to L9 (Burgasser 2001).

For about four years Gl 229 B remained in a class by itself, no other object
with similar spectral characteristics was found till 1999 when various searches
proved the existence of such analogues and showed their space densities were
similar to L dwarfs (Burgasser et al. 1999, 2000; Cuby et al. 1999, Leggett
et al. 2000). A new T spectral classification (see e.g. Burgasser et al. 2002)
was proposed for these objects which are characterised by strong CH,4 absorp-
tions in the H and K bands, strengthening of water bands as compared with
L dwarfs, and blue infrared colours J — K ~ 0 with large increase in flux
from the red part of the optical spectrum to the near infrared (/ — J > 4). A
relationship between effective temperature and spectral type derived from the
K-band bolometric correction shows a monotonic behaviour throughout the L-
T sequence (Nakajima et al. 2004). T dwarfs are classified from TO to T8.
The effective temperatures of the latest T dwarfs are in the range 900-800 K.
To date about 40 T dwarfs have been discovered, but the edge of the stellar
mass function in the field, or in stellar clusters, has not been reached yet and
it is certainly expected that even cooler objects exist down to the temperatures
of the Jovian-like planets. In the following sections, we review our knowledge
about the spatial and mass distribution of brown dwarfs around stars, in the
field and in stellar clusters.
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Companions to stars

Radial velocity surveys have shown the existence of more than 130 planets
around solar type stars and a small number of companion brown dwarfs (m >
13 M jyp). Above 7% of solar type stars appear to have planets at separations
less than 5 AU with masses M sin (1)=0.25-13 M j,,;,. The mass distribution of
these planets show a decreasing trend towards large masses, such that brown
dwarfs are detected around less than 0.5 % of solar type stars at separations
smaller than 4 AU. For comparison, stellar companions in this separation range
are found around ~ 10 % of the stars. The paucity of brown dwarfs at such dis-
tances, has been designated as the “brown dwarf desert”. Possibly indicating
a different formation mechanism for substellar objects. There are, however,
some stars with oasis in the “desert”, for example, this is the case of the star
HD 137510 with a companion of Msin (i)= 26 M j,,,, orbiting at 1.85 AU (Endl
et al. 2004).

At much larger separations brown dwarfs appear to be more frequent. Since
the first detections of brown dwarfs around stars (Gl 229 B orbiting at ~45
AU, Nakajima et al. 1995; and G 196-3 B at ~ 300 AU, Rebolo et al. 1998),
more than a dozen other brown dwarfs have been directly imaged as wide com-
panions. Remarkably, some of them are found at very large distances of their
stars. For example, Scholz et al. (2003) reported the discovery of € Indi B,
a ~ 50 My, T2.5 brown dwarf as a very wide companion (~ 1500 AU) of
the nearby high proper motion star € Indi A, at a distance of 3.626 pc from the
Sun. About 1% of the stars seem to have brown dwarf companions at separa-
tions larger than 75 AU (McCarthy and Zuckerman 2004), and about 1 % of
early M dwarfs appear to have them at separations between 10 and 50 AU (see
e.g., Forveille et al. 2004). The discovery of a brown dwarf orbiting the M8
dwarf LHS 2397a (Freed et al. 2003, Masciadri et al. 2003) at separation of
2.344+ 0.14 AU suggests that the frequency of brown dwarfs around very low
mass stars is higher. For comparison, the frequency of M dwarf stellar systems
is about 35 % with a peak in the range 3-30 AU. Efforts to uncover the mass
and radial distribution of extra-solar planets around M stars have also started to
reveal super Jovian-mass planets within a few AU of their central stars. These
searches are at a too early stage to establish any significant comparison with
the frequency of brown dwarfs in similar stars.

Searches in star clusters and young stellar associations: the
brown dwarf mass function

The higher luminosity of brown dwarfs at early evolutionary stages have al-
lowed to explore a low mass domain in young star clusters which is still elusive
in large scale field searches, simply because the average brown dwarf popula-
tion is significantly older and intrinsically fainter. The first substellar stud-
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ies in the Pleiades cluster showed a well populated brown dwarf sequence in
colour-magnitude diagrams down to ~ 35 M j,;, (Zapatero-Osorio et al. 1997,
Bouvier et al. 1998, Martin et al. 1998). The determination of the mass func-
tion N(M)oc M~ by these authors led to values in the range 0.4-1 for the
spectral index. Recent surveys (Nagashima et al. 2003, Jameson et al. 2002,
Moureaux et al. 2003) extend further and confirm these findings. A more re-
cent wide near-IR search for brown dwarfs in the cluster covering ~ 1.5 square
degrees (Bihain et al. 2005, in preparation) has found proper motion confirmed
Pleiades brown dwarfs with I-J and J-K colours typical of late L dwarfs. The
faintest objects found may have masses close to 25 My, if the age of the
cluster is 120 My.
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Figure I.  The Pleiades brown dwarf sequence in the I versus I-J diagram sequence. The new
candidate L brown dwarfs from the survey by Bihain et al. are marked with filled circles. The
solid line is the DUSTY model 100 My isochrone from Chabrier et al. 2000. The dotted line
shows the location of field L dwarfs shifted to the distance of the Pleiades.
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Searches for even less massive brown dwarfs have been conducted in many
other younger clusters and stellar associations. These searches have shown the
ubiquituous presence of brown dwarfs with rather large numbers. The mass
spectrum has been determined down to 20-30 M, in clusters with a variety
of ages and stellar densities: for example, in p Ophiuchi (Williams et al. 1995,
Luhman et al. 2000), Chamaeleon I (Comerén et al. 2000), Trapezium and
IC 348 (Luhman et al. 2000) and o Orionis (Béjar et al. 1999, 2001). The
substellar initial mass functions are roughly similar in spite of a range of more
than 2 orders of magnitude in the density of star formation. Interestingly, the
faintest substellar objects discovered in these surveys have masses below 10
M jup. Zapatero-Osorio et al. (2000) reported on very faint, extremely red
objects in the o Orioinis cluster with L-type spectra, the faintest would have
masses close to 5 M ;. Lucas and Roche (2000) proposed photometric can-
didates to planetary-mass objects in the Trapezium cluster. Zapatero-Osorio
et al. (2002) claimed the detection of a 3ng Jup free-floating planet in the
o Orionis cluster with T spectral type. This is the first methane object ever
discovered in a stellar cluster. It has been argued by Burgasser et al. (2004)
that it may be a foreground T dwarf not related to the cluster, but the extreme
I-K colour is not found in field T dwarfs which favours the cluster membership
hypothesis. More recently, Caballero et al. (in preparation) have extended the
survey in o Orionis detecting candidates of J=20-20.8 with colours typical of
L6-L8 dwarfs. This suggests that T dwarfs will show J~21-21.5 and that S
Ori 70 would more likely be a binary system. Béjar et al. (2001) find an index
a=0.840.25 for the substellar mass function in o Orionis down to ~5 M j,.
At lower masses, the incompleteness of the surveys prevent to reach any firm
conclusion, the current data are however consistent with a smooth extrapola-
tion of this mass function to even lower masses and hints that the number of
isolated planetary-mass objects in the cluster may be comparable to the number
of brown dwarfs.

Multiplicity

The claim of a spectroscopic brown dwarf binary in the Pleiades (Basri and
Martin 1999) has been followed by the detection of a large number (higher than
30) of binary brown dwarfs in the field (see e.g., Close et al. 2003). Binaries
have been found among the L and T brown dwarfs down to masses ~ 30 M j,,.
There are binaries with separations from a few to hundreds of AUs. The nearest
brown dwarf binary, € Ind Ba and Bb (McCaughrean 2004 et al.), is formed
by two brown dwarfs of spectral types T1-6 with masses close to 50 and 30
M j.p, respectively. The physical separation is ~ 2.6 AU and orbital period ~
15 yr. There are also examples of wide binaries although they are rare. It is
the case of 2MASS J11011926-7732383AB found by Luhman (2004) towards
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the Chamaeleon I cloud. The angular separation of these two M7/8 brown
dwarfs is 1.44 arcsec which corresponds to ~ 240 AU at the distance of this
star forming region. About 15 % of field brown dwarfs appear to be binaries
with separations in the range 5-20 AU (see e.g. Bouy et al. 2003). It has
been claimed that the overall binary fraction in young clusters like the Pleiades
could be as high as 50% (Pinfield et al., 2003), but this claim is based on
the photometric properties of Pleiades brown dwarf candidates which are still
rather uncertain. Direct imaging searches in the cluster give a binary fraction
of 15% (Martin et al. 2003). The corresponding stellar binary fractions is in
the range 50-60 % in solar type stars and decreases to ~ 35 % in M types.
Different surveys suggest that the distribution of orbital semi-major axes of
brown dwarfs peaks at much smaller values than in stars.

Most remarkably, the study of substellar binaries has led to the first dy-
namical determination of the mass of a brown dwarf. Using Adaptive Optics
techniques at the Keck telescope, Zapatero Osorio et al. (2004) have measured
the orbital motion of the two components of the binary G1 569B. The total mass
of the system is 0.1254-0.005 M ;,,;, and the orbital period is 876.049.2 days.
Radial velocity measurements of each of the components has allowed a deter-
mination of the masses resulting m;=0.068+0.011 M, and m=0.057+0.011
Mg. The lightest component is clearly placed in the substellar domain; addi-
tional radial velocity measurements have the potential to reduce significantly
the error bar in the mass determination, and clarify whether the more massive
component is also a brown dwarf.

Deep searches around young brown dwarfs have also led to the discovery
of a giant planet candidate imaged with NACO at VLT around the young M8
brown dwarf 2MASSWI1207334-393254 (Chauvin et al. 2004). The primary
is a proper motion member of the TW Hydrae Association (age 8+ 4 My) with
a mass of ~ 25 M,,;,. The faint candidate companion would have a mass of
542 M jyp. A modest quality near infrared spectrum suggests an L spectral
type. If confirmed, this object would have similar characteristics (mass and
effective temperature) than the isolated planetary-mass objects discovered by
Zapatero-Osorio et al. (2000) in the ¢ Orionis cluster. It is important to study
the frequency and distribution of objects with these masses both free-floating
and around stars/brown dwarfs in order to clarify their origin.

Formation mechanisms

Brown dwarfs may be the result of the collapse of low-mass cores (m<
0.1 M) smaller and denser than those currently observed in star forming re-
gions, or could result from the fragmentation of higher mass cores leading to
unstable multiple systems which would be prevented to accrete enough mass
by some mechanism. Reipurth and Clarke (2001) proposed that ejection from
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the gas reservoirs where star formation takes place could lead to the formation
of objects unable to accrete enough mass to become stars. Photoerosion and
ionization by very massive stars (Whitworth and Zinnecker 2004) may also
inhibit the accretion process. Observations in multiple star forming regions
with different environmental conditions (different star densities, existence of
O-type stars, etc.) are required to distinguish among these scenarios. On the
other hand, gravitational instability in protostellar discs could also produce
low-mass brown dwarfs (see e.g. Jiang et al. 2004).

Numerical simulations of star formation to resolve the fragmentation process
down to the opacity limit in stellar clusters (Bate et al. 2003) shows that star
formation is a higly-dynamic and chaotic process. It occurs in localized bursts
within the cloud via the fragmentation of dense molecular cloud cores and of
massive circumstellar discs. Star-disc encounters form binaries and truncate
discs, and stellar encounters disrupt bound multiple systems. These simula-
tions find that brown dwarfs and stars are produced in similar numbers. Bate
et al. (2003) predict a large fraction of brown dwarfs are formed via disc frag-
mentation as compared with fragmentation in discs in rather short scaless. Few
brown dwarfs are predicted to be binary and to have circumsubstellar discs.

Observations in very young star forming regions show that the process of
brown dwarf formation is rather fast. Brown dwarfs and planetary mass candi-
dates are found in regions with less than 1 My in abundant number. There is,
however, very little information on the spatial distribution and proper motions
of these objects to shed light on their origin. The determination of multiplicity
properties, of evolution effects in the clustering properties of brown dwarfs in
star forming regions, and the characteristics of the substellar mass functions in
various environments will be crucial to disentangle the formation mechanism
of substellar objects.
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Abstract

We report in this paper results obtained from the analysis of deep near-infrared
(NIR) observations of the densest region of the Lupus 3 cloud acquired from the
European Southern Observatory’s (ESO) New Technology Telescope (NTT) and
Very Large Telescope (VLT). By constructing a dust extinction map (using the
near-infrared color excess method) and examining the detailed internal structure
of this prime example of a filamentary dark cloud, we have isolated 5 prominent
embedded cores, a dense filament and a dense ring structure in this cloud. The
cores have distinctive profiles, sizes, masses, some of them have on-going star
formation while others are apparently starless. Building azimuthal density pro-
files and using Bonnor-Ebert and Jeans analysis, we are able to place these cores
in an evolutionary sequence. We discuss the relation between the dense ring
structure and the emerging cluster in the cloud. Assuming that the ring is the
remnant of the disrupted core from which the small cluster originated, we cal-
culate a corresponding star formation efficiency of ~ 30% for the original core.
Lupus 3 is a very interesting cloud for having so many different structures within
- where we identify both starless, stellar cores as well as a cluster emerging from
a disrupted core. A correlation between the density structures of the cores and
its stability and star formation status is evident.

Introduction

In order to better understand the process of star formation it is essential to
know what the initial conditions are. This is the key motivation for probing the
structures of clouds. The Lupus 3 cloud presents itself as an ideal object to an-
alyze for it is one of the nearest regions (140 pc Hughes & Hartigan 1993) with
active star formation (28 PMS sources identified in Ha by Schwartz 1997 in
the region we survey). This paper presents results from dust extinction maps of
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Lupus 3, from which we obtain two of the initial conditions for star formation:
the density structure and the mass of the cloud.

Observations and Data Reduction

Observations of the Lupus filamentary cloud were carried out in March 2000
using the Sofl camera at European Southern Observatory’s (ESO) New Tech-
nology Telescope (NTT) in La Silla, Chile. Figure 1 shows the observational
layout: twelve frames were taken both in the H—band and K ;—band filters and
3 of those frames were also observed with the J—band filter to better analyze
star formation in those regions. For two regions that are heavily extincted,
and as such were not penetrated by the deep NTT observations, further ob-
servations were taken using ESO’s Very Large Telescope (VLT) in Paranal,
Chile. The dithered images were reduced with DIMSUM (Deep Infrared Mo-
saicing Software) and photometry was then performed using the FLAMIN-
GOS PinkPhot pipeline. Photometric and astrometric calibrations were then
performed using 2MASS data.
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Figure 1.  Optical image of the Lupus 3 molecular cloud obtained from the Digitized Sky
Survey, blue POSS2. Our NTT surveyed area is marked by the bigger boxes while the two
regions imaged with VLT are shown in the smaller boxes.

Results

We use the near-infrared color excess (NICE) method described in Lada &
Lada (1994) to derive extinctions for stars background to the Lupus 3 cloud.
The color excess is given by subtracting the average (H — Kj) color of the
stars in a control field (assumed to be the intrinsic color of the background
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stars to cloud) from the (H — K) of each star from the field on the cloud.
Our control field is located 18" north of the Lupus 3 cluster and has < (H —
K,) >= 0.19 £ 0.11 magnitudes. To convert color excesses to equivalent
visual extinctions, we adopt a reddening law from Rieke & Lebofsky (1985),
A, =15.93E(H — Kj).

Figure 2 shows the dust extinction map we obtained for the Lupus 3 com-
plex using 2MASS H — and K;— band data and the NICE method mentioned
above. This map shows a very dense central part and lower density filamentary
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Figure 2. Nyquist sampled, 2’ resolution dust extinction map of the Lupus 3 cloud complex
built using 2MASS data. The (0,0) position is (16"09™18.8%,-39°04'48.7'")(J2000). The stars
mark the positions of He stars from Schwartz(1977) and the crosses represent catalogued IRAS
sources.

structures that extend from it. We have built a more detailed dust map of the
denser central filamentary cloud using the data obtained at the NTT and the
VLT, shown in Figure 3. The more detailed map has allowed us to identify
dense embedded cores (labeled from A to H), a dense filament and a dusty ring
very close to the small cluster in the Lupus 3 cloud.

We have calculated masses from the integration of the dust column density
from the dust extinction map (for details see Cambrésy, 1994) for the whole
cloud surveyed, as well as for five prominent cores (A, B, C, D, and H). The
total mass calculated for Lupus 3 is 84.7 + 0.8 M, while the cores have total
masses ranging between 12.2 M, to 1.3 M. Finally, the ring structure has an
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Figure 3. Dust extinction map of the Lupus 3 cloud. The beam is a Gaussian of 30” FWHM,
Nyquist sampled. Cores and filaments discussed in the text are labeled. The (0,0) position is the
same as the previous dust map (fig. 2). The extinction contours start at 8 magnitudes of visual
extinction, increasing in steps of 2 until 20 and then in steps of 5 until 40 magnitudes. The stars
mark the positions of Ho stars from Schwartz(1977) and the crosses represent catalogued IRAS
sources (see text for details).

estimated total mass of 25 M. Since the selected cores are embedded we have
subtracted off the contribution of the cloud to calculate their actual mass. This
is done by assuming that the cores lie on a plateau of approximately 6 mag-
nitudes of visual extinction (this value is inferred from the dust map and from
individual radial profiles that will be discussed below). The final corrected and
adjusted masses for the cores range between 8.5 My to 0.9 Mg.

We have built radial extinction profiles for each core and fitted the empirical
profiles we obtained with Bonnor-Ebert sphere profiles (for discussion on BE
spheres see e.g. Lada et al., 2004 and Harvey et al., 2003). From this fitting
we have estimated physical parameters, such as central density, center-to-edge
density contrast (p./pe. (pe = p(R)), external pressure, and mass. These are
summarized in Table 1. The Bonnor-Ebert mass cited is in very good agree-
ment with the mass we derive from the dust extinction map.

Analysis and Discussion

Comparison of the physical parameters estimated using Bonnor-Ebert spheres
suggests that there exists a relation between the evolutionary status of the cores
and their density structure. The cores with highest center-to-edge density con-
trast correspond to higher values of £,,x. For true Bonnor-Ebert equilibrium
configurations, &,,x may be related to the evolutionary state of a Bonnor-Ebert
cloud. High values of &,,,x and steeply rising density profiles would presum-
ably correspond to unstable regions undergoing star formation, while small
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Table 1. Derived properties from Bonnor-Ebert fitting.

Core Ay (max)® R Emaz  TBE Ne Peyt /K MgpEg
(magnitudes)  (pc) (K)  (10%em™3) (10*em™K) (Mp)
A 16.3 0.07 6.7 9.5 10.6 5.8 1.3
B 12.2 0.07 5.8 9.0 59 5.0 1.2
C 335 0.09 8.7 18.5 20.7 10.9 3.3
D 40.2 0.11 7.5 30.6 18.8 29.0 6.4
H 14.7 0.06 10.6 4.5 17.2 1.5 0.5

¢Maximum visual extinction given by the Bonnor-Ebert fit

values of &« and relatively shallow density gradients would correspond to
stable or perhaps pre-star forming cores.

An independant assessment of the stability of these cores can be obtained by
determining their Jeans masses. From this evaluation, we conclude that cores
A and B are Jeans stable, while cores C and D are Jeans unstable. This agrees
with our conclusions regarding the stability of the cores using the Bonnor-Ebert
criterion analysis. Both these methods assume only thermal support against
gravitational collapse.

Further examination of the evolutionary status of the Lupus 3 cores requires
a census of star forming activity within the cloud. To pursue this we have
searched the literature as well as existing IRAS and Spizzer data. Cores A and
B have no IRAS sources catalogued, and inspection of the Spitzer images from
the data publicly available from the Cores to Disks Spitzer Legacy Program
(Evans et al. 2003) shows no MIPS sources detected, hence we conclude that
cores A and B are likely starless. There is an IRAS source located in the
filament, IRAS 16067-3902, (see Figure 3) and in core C, IRAS 16063-3856,
however, these sources have only upper limits to fluxes in all the bands and
inspections of the IRAS images do not show convincing proof for point source
detection so these detections could be spurious. We therefore assume core C,
as well as the filament that connects core A to core E, are starless. There is
evidence for star formation in core D: the Herbig-Haro object HH 78 (Reipurth
& Graham 1988). We clearly see in out VLT H— and K — band images of
core D an elongated source in the southeast which we believe is evidence of a
jetassociated with HH78 and nebulosity in the northeast that would correspond
to a cavity around a counter-jet. There is an IRAS source catalogued for this
core, IRAS 16059-3857, however these detections are marginal.

Overall we see a progression of core evolution from starless stable cores,
to unstable star forming cores, and finally, to an emerging cluster which has
disrupted its parental core.
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ASSOCIATED WITH IRAS 10049-5657
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Abstract The southern Galactic star forming region associated with IRAS 10049-5657
has been mapped simultaneously in two far infrared bands (A.fy = 150 & 210
pum), with ~ 1’ angular resolution using the TIFR 1-m balloon borne telescope.
Spatial distribution of the temperature of cool dust and optical depth at 150 pm,
have been obtained taking advantage of the similar beams in the two bands.
The HIRES processed IRAS maps at 12, 25, 60 & 100 pum have been used
for comparison. The distribution of warm dust emission as well as emission in
the Unidentified Infrared Bands in the mid infrared have been studied, based
on the MSX data (8, 12, 14, & 21 pum bands). Radiative transfer modelling
has been carried out taking into account all available infrared measurements to
obtain various physical parameters like nature of the exciting source, geometrical
dimensions, dust distribution and composition etc.

Introduction

HII regions are astronomical sources that represent early stages of deeply
embedded high mass (O or early B) stars. Their study can provide vital infor-
mation about the formation of massive stars as well as their interaction with
the parent molecular cloud. Being deeply embedded in dust, almost all of their
energy is emitted in the infrared waveband. In this paper, we report far and
mid infrared observations of the southern Galactic star forming region IRAS
10049-5657 (extended HII region). Limited information exists about this star
forming region. Itis at a distance of ~ 5.1 kpc (Vilas-Boas & Abraham, 2000).
CS line emission and HoCO emission (Whiteoak & Gardner, 1974) have been
detected close to this source.

Observations

IRAS 10049-5657 has been observed using the 12-channel two-band far-
infrared (FIR) photometer system at the Cassegrain focus of the TIFR 100
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cm (f/8) balloon borne telescope. The observations were carried out during
the balloon flight from the TIFR Balloon Facility, Hyderabad on February 20,
1994. The angular resolution of the deconvolved maps is ~ 1'.

In addition, the spatial distribution of emission in Unidentified Infrared
Bands (UIBs) has also been computed for this source using the technique of
Ghosh & Ojha (2002) from Midcourse Space Experiment (MSX) data (Price
et al, 2001) using four mid infrared bands (8, 12, 14 & 21 um).

IRAS survey data for this source was processed using the HIRES routine at
the Infrared Processing and Analysis Center (IPAC) to obtain high resolution
images in all the four IRAS bands at 12, 25, 60 and 100 pm. Details of the
HIRES routine have been given in Aumann et al. (1990). The IRAS-LRS
spectrum of this source is also used for construction of the spectral energy
distribution (SED) in the present work.
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Figure 1.  The intensity map for the region around IRAS 10049-5657 in (left) 150 pm, and
(right) 210 pum bands (1950 coordinates). Contour levels are at 5, 10, 20, 30 40, 50, 60, 70,
80, 90 and 95% of peak intensity of (left) 624 Jy/sq arc min and (right) 292 Jy/sq arc min,
respectively.

Results and discussion

An area of ~ 32" x 20’ was scanned around IRAS 10049-5657. The ob-
served sky chopped far infrared signals have been deconvolved using an in-
digenously developed procedure (Ghosh et al., 1988) based on Maximum En-
tropy Method (MEM). Taking advantage of the simutaneous observations in
the two bands, with almost identical field of view, we have generated maps of
the dust temperature (73) and optical depth at 150 pm (715¢). For these maps
we have assumed dust emissivity of the form ey oc A2,

The deconvolved maps of IRAS 10049-5657 at 150 and 210 pm are pre-
sented in Figure 1. The far infrared emission samples the cold dust around
these regions. We have detected dust as cold as 20 K. The peak optical depth
at 150 um around this region is determined to be 1.2 x 10~3. The dust tempera-
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ture T(150/210) and optical depth (7150) maps are shown in Figure 2. From the
dust emission around these regions, we see an extension of the dust emission
towards north-east.
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Figure 2. (Left) Dust temperature T(150/210) and (right) optical depth (7150) distribution for
the region around IRAS 10049-5657. Contours are at the levels of (left) 20, 27, 30, 33, 40 &
60 K and (right) at 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 95% of the peak value which is
1.2x1073,

In Figure 3, we have plotted the contours of the region due to the extracted
emission in UIBs in the 6 — 9 pm region. A comparison between thermal
emission at 8 ym and distribution in UIBs indicates that the spatial distribution
of the warm dust emission is quite similar to the emission in UIBs.
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Figure 3.  Distribution of modelled emission in Unidentified Infrared Bands (UIBs) for the
region around IRAS 10049-5657. Contours are at the levels of 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, 95% of peak intensity of 8.9 x 10™° Wm™2 Sr—*.

The IRAS bands of 12, 25, 60 and 100 pm probes dust warmer than that
probed by the 150 and 210 pm bands, around this region. Figure 4 shows the
spatial morphology of the warm dust emission in all the four IRAS bands.
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Figure 4. The HIRES processed intensity map of the region around IRAS 10049-5657 in
(top left) 12 pm, (top right) 25 pm, (bottom left) 60 pum and (bottom right) 100 pm (1950
coordinates). The contour levels are at 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95% of the peak.
The peak intensities are 272, 1053, 3367 and 1423 Jy/sq arc min at 12, 25, 60 and 100 pm,
respectively.

Radiative transfer modelling

The star forming region is modelled as a spherically symmetric cloud of gas
(hydrogen) and dust, powered by a centrally embedded source (single or cluster
of ZAMS stars). The cloud is immersed in an average interstellar radiation
field. The observational constraints include the SED due to dust and angular
sizes at different wavelengths. Other details of this self-consistent scheme are
given in Mookerjea & Ghosh (1999). The parameters explored are the nature of
embedded source, radial density distrbution laws (n(r) ~ 1%, r=1, r=2), relative
abundances of different grain types (silicate, graphite), radial optical depth due
to dust, gas-to-dust ratio and the geometric dimensions of the cloud. Two
commonly used types of interstellar dust are explored, the DL type (Draine &
Lee, 1984) and the MMP type (Mathis, Mezger & Panagia, 1983).

The SED for IRAS 10049-5657 is constructed using the flux densities at
the four MSX bands, the IRAS-LRS data, the four IRAS bands (from HIRES
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maps) and the two TIFR bands. The flux densities used in the SED are the
fluxes integrated in a circular region of diameter 3’ around the peak. The total
luminosity is 6.5 x 10° L, for a distance of 5.1 kpc. Figure 5 shows the
observed and the best fit model of the SED. The best fit model of radiative
transfer leads to a uniform dust and gas density distribution with the embedded
energy source as a single ZAMS star of type OS5. The inner cloud dust radius
is 0.008 pc while the outer cloud radius is 3.4 pc. The optical depth at 100 pm
1s 0.002. The radius of the ionised gas from the model is 2.6 pc for gas-to-dust
ration of 100:1 by mass. The dust composition for Si:C is 11:89 for the DL
type of dust.
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Figure 5. Comparison of the predicted spectral energy distributions (SED) from the best fit
models of IRAS 10049-5657. The filled circles represent the TIFR and IRAS-HIRES data. The
dashed line is the IRAS-LRS spectra. The open squares represent the MSX data. The solid line
denotes the best fit model to the data. See text for details.

Summary

The southern Galactic star forming region associated with IRAS 10049-
5657 has been mapped in two far infrared wavebands at 150 and 210 pm with
an angular resolution of ~ 1’. Reliable dust color temperature and optical
depth (at 150 pm) maps have also been obtained. The IRAS-HIRES data for
this region has also been used for comparison. Self-consistent radiative transfer
calculations have been carried out through a spherical gas-dust cloud. A radial
distribution of r%,i.e. constant density distribution, is preferred. The geometric
details of the gas-dust clouds, the dust composition and optical depth etc. have
been quantified by the model.
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Abstract Supersonic protostellar jets are an essential element to understand obscure as-
pects of the star formation process. To investigate their physical structure and to
prepare for the observations with high angular resolution, we have studied the
conditions of the plasma along a sample of ’classical’ Herbig-Haro (HH) jets
through a combined optical-infrared diagnostics. Here we present and discuss
the results obtained for the HH 1 and HH 34 jets. We applied our diagnostic
tecnique to moderate spatial/spectral resolution data (3.6m-EFOSC2 and NTT-
SOFI) that cover a wide range from 0.6 - 2.5 micron. >From the emission line
fluxes we have derived parameters such as the variation of the visual extinction
along the flow, the electron density, the ionization fraction, the temperature, the
total density, and the mass flux rate. The latter is an important parameter to un-
derstand the role of protostellar jets in the star formation process (removal of
excess angular momentum, dispersion of infalling enevlope, injection of turbo-
lence for cloud support). Moreover, we investigated the abundances of refrac-
tory emitting species such as Carbon, Calcium and Iron. The depletion of these
species with respect to the Solar values allows us to understand if there are still
dust grains along the flow. In the future the new generation instruments being
developed for high angular resolution and interferometry (VLTI/AMBER and
LBT) will allow us to investigate the gas conditions at smaller scales, where the
acceleration and collimation of the jet take place.
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Introduction

Jets are believed to be an essential ingredient of the star formation process
(e.g. Konigl & Pudritz 2000; Reipurth 2001), and thus is is important to inves-
tigate their properties with dedicated observations. The theories of jet propa-
gation predict that density and temperature stratifications are generated in the
beam, due to the action of the compressing shocks (Hartigan et al. 1994). For
example the optical [SII], [NII] and [OI] lines originate in a region of the post-
shocked gas near to the shock-front, at intermediate temperatures, T,, and ion-
ization fractions, X., while [Fell] transitions are excited in a further and more
compressed region, at higher density and lower temperature. Such a stratifi-
cation can be tested with spectroscopic observations in the optical/NIR range,
that comprises transitions from atomic, single ionized and molecular species
which have different excitation temperatures and critical densities. To this aim
we have taken infrared and optical spectra of a sample of classical protostellar
jets (HH 1, HH 34, HH 83, HH 73, HH 111, HH 24C/E, HH 24G, VELA-irs8)
with 3.6m-EFOSC2 and NTT-SOFI (R ~ 600). Through the observed emis-
sion lines we have determined important parameters like the electron and total
density, the ionization fraction and the temperature (Sect.1). >From the lines
of refractory species like Calcium, Carbon and Iron, we derived information
about the abundances of these species and thus the presence of dust in the flow
(Sect. 2). Finally we inferred the mass flux through the jets (Sect. 3).

Variation of the physical parameters along the jet

We applyed our combined optical/NIR diagnostics to the different knots
identified along the jets, and analysed the variation of the physical parame-
ters in the flow. The infrared ratios [Fell]1.64/1.25um and [Fell]1.64/1.32um
allow us to estimate the visual extinction Ay along the jet and therefore to
use also ratios between lines distant in wavelength as a diagnostic instrument.
>From the optical [SII], [NII] and [OI] lines, using the so called BE tec-
nique (Bacciotti & Eisloffel 1999), we determine the physical conditions of
the gas (Te, X, the electron and total density n, and ng) in the region of
optical emission (see Fig.1). For the HH 34 and HH 1 jets we inferred val-
ues of the electron density of 10? = 4 - 103 cm™3, ionization fractions of
0.03 + 0.3, T¢ between 10000 and 15000 K for HH 34 and up to 20000 K
for HH 1. We derived from the obtained x. and n, total densities of 103 +
3-10%* cm™3 in HH 34, and up to 10° cm~3 in HH 1. We than derived in
an independent way the physical parameters in the region of Iron emission.
>From the ratios [Fell]1.64/1.60pm and [Fell]1.64/1.53 um we infer the elec-
tron density, while the temperature is found using both optical and infrared
[Fell] lines (from [Fell]1.64/0.86pm, [Fell]1.64/0.90um, [Fell]1.64/0.92pm,
[Fell]1.64/0.93um (Nisini et al. 2002; Pesenti et al. 2003)). As shown in
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Figure 1.  Variations of the physical parameters along the HH 1 and HH 34 jets. The diamonds
are the values derived from optical ST, 0%, NV lines. Circles indicate the values derived from
[Fell] lines, that trace the denser and cooler portion of the post-shocked gas.

Fig.1, from [Fell] lines we found values of n, higher than those derived from
the optical lines (n.([Fell]) ~ 103 + 10* cm™2), while the values of T, are
lower (T, ([Fell]) < 10* K). These results agree with the fact that [Fell] lines
trace a component of the post-shocked gas denser and cooler with respect to
the component traced by the optical lines (Nisini et al. 2005, in prep.). Finally,
in order to investigate if there is an even denser component inside the jet beam,
we use the dereddened ratios [Fell]\7155/8617 (Hartigan et al. 2004; Bautista
& Pradhan 1998) and CallA8542/[Call]A7290, that are good tracers of very
high density gas. We found values of n. ~ 10° + 105 cm ™2 both in HH 1 and
HH 34, testifying the presence of a high density ’spine” along these jets.

Depletion of refractory species and presence of dust in the jet
beam

According to the current knowledge of interstellar dust properties and struc-
ture, we expect that dust grains are completely destroyed by jet shocks and
that the atoms of refractory species are all released in gaseous form. Since in
our spectra we detect emission lines from these species, we can check if their
abundances are close to the solar values, as expected. Comparing the observed
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and predicted emission of refractory and non-refractory species we found that
Calcium, Carbon and Iron are depleted with respect to the Solar abundances,
both along the HH 1 and the HH 34 jet (see Fig.2). This implies that some
atoms of these species are still locked on dust grains and that the weak shocks
along the beam are not able to completely destroy the dust. Since the prop-
erties of jet shocks are very well known, results of this kind are very useful
to improve our knowledge of dust structure. This is fundamental both for ob-
servative applications (visual extinction, light polarisation) and for the study
of many processes, including cloud chemistry, the evolution of disk and the
formation of stars and planets.
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Figure 2. Observed and predicted ratios between lines of refractory (Ca, C, Fe)

and non-refractory (S, P) species. Left:  The dotted line indicates the predicted
[Fell]1.25um/[PII]1.18 um ratio, computed assuming solar abundances and all Fe and P ion-
ized; crosses are the dereddened ratios measured in the knots along the HH 34 jet. The distance
between the crosses and the line suggests that there is a depletion of Iron. We obtain the same
result along the HH 1 jet. Right: Crosses are the dereddened ratios in the knots along the HH
1 jet; filled circles are the predicted ratios assuming solar abundances and all Calcium in Ca™
and all Carbon in C° forms; open circles refer to the predictions computed with C°/C™ fraction
given by ionization equilibrium analysis. The discrepancy between the observed and the pre-
dicted ratios is attributed to C and Ca depletion. We find a depletion of these species also along
the HH 34 jet.

Mass flux estimates and their implications

The mass flux rate (Met) is a fundamental parameter to be determined be-
cause it governes all the jet dynamics, and allows us to estimate the linear and
angular momentum carried by the jet (Pjet and Ljet respectively). Through
these quantities one can illustrate the central role of protostellar jets in impor-
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tant aspects of the star formation process. Determining Pjet we can check if
the jet is powerful enough to accelerate the sorrounding molecular outflows, to
clear the star’s environment and inject turbulence in the cloud. Lie is related
instead to the jet capability of removing the excess angular momentum from
the disk/star system, thus allowing the accretion of matter from the disk onto
the central star (Ko6nigl & Pudritz 2000; Woitas et al. 2005, in prep.). Moreover
the mass flux is an important paramater for a comparison between observations
and theoretical models. In fact, in all the magneto-hydro-dynamic models pro-
posed to explain the jet formation and acceleration, the ratio between the rate
of mass ejected into the jet (Met) and the rate of mass accreted from the disk
onto the star (M) is fixed (]%et/Macc ~ 0.01 +0.1).
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Figure 3. Mass flux rate along the HH 1 and the HH 34 jets. Left: In HH 1 Mjet is computed
with two methods: through the estimated total density (squares) and through the luminosity of
different lines (circles are the values derived from [SII], [OI] line luminosity; crosses are values
derived from [Fell] line luminosity assuming that all Fe is ionized). Triangles are the mass
fluxes carried by the molecular component Hs. Right: Met is computed through the luminosity
of different lines. In the lower panel the derived filling factors in the knots are shown.

We determine the mass flux rate through the knots along the jet using two
different methods (Fig.3). In the first method we estimate Met from the total
density derived through our diagnostics, and the jet radius ry and velocity v s
derived from Hubble Space Telescope (HST) data (Reipurth et al. 2000). Us-
ing this method we implicitely assume that the knots are uniformely filled at
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the derived density, which gives un upper limit to ]\Zjet. This effect is partially
compensated by the fact that we are not taking into account the presence in
the beam of the components denser than traced by [SII] lines. In the second
method we estimate M from the dereddened flux of optically thin lines and
we compare their absolute luminosity with the predicted emissivity for unit
volume and unit total density (Hartigan et al. 1994). In this way we implicitely
take into account the real filling factor in the beam, but our estimate is affected
by the uncertanties in the flux calibration, visual extinction and distance. Over-
all we obtain Mie, ~ 1 - 1077 Mg yr~! for HH 1, and Mje; ~ 5 - 107 Mg,
yr~! for HH 34. >From these results we see that the mass flux carried by the
HH 34 jet is less than the one carried by HH 1. This agrees with theoretical
expectations, because the HH 34 jet is ejected by a more evolved source, visi-
ble both in the IR and in the optical. For the HH 1 jet we estimated also J\Z/jet
carried by the molecular component, using Hs roto-vibrational transition lines.
We obtain a mass flux ~ 1072 = 103 times lower than that determined from
optical lines (see Fig.3). This means that the molecular component has a negli-
gible contribution in the jet excitation and dynamics with respect to the atomic
component. >From these values of Met we infer a flux of linear momentum
of ~3-10°My yr ' kms~! for HH 1 and ~ 1.5 - 10 M, yr— ! km s~}
for HH 34. These are of the same order of magnitude than those measured
for the molecular outflows seen in CO lines. Thus the jets can indeed drive
such flows. It would be very interesting to estimate the flux of angular mo-
mentum extracted by the jet, but for this we would need measurements of the
jet toroidal velocity, which requires sub-arcsecond angular resolution observa-
tions (see, e.g., Bacciotti et al. 2002). To this aim we plan to examine existing
HST archive data of these flows.
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Abstract We present the preliminary results of an IR survey targeting newly discovered
embedded clusters. The clusters were discovered by Bica and Dutra (2003) dur-
ing a systematic search of the 2MASS database. The aim of our survey was to
reobserve these objects with better spatial resolution and limiting magnitude. To
date we have observed 25 of the 346 clusters found by Bica and Dutra (2003).
We constructed near-IR color-color diagrams to identify PMS stars in the clus-
ters and examined the distribution of these stars in the cluster field. In this pro-
ceeding we show the results concerning three candidates of our survey.

Introduction

In the last decades infrared imaging techniques have evolved rapidly. Large
format IR cameras now enable us to capture optically obscured clusters in neb-
ular or molecular clouds, the place of star birth. These star clusters are often
referred to as “embedded clusters” (Lada & Lada 1991). Since these young
clusters contain almost all of their initial members, they are ideal targets of
stellar evolution studies. PMS stars often show large NIR excess due to cir-
cumstellar disks (Kenyon et al., 1996). The excess moves these stars to the
right side of the reddening band in the (J — H)—(H — K) diagram. We have
studied 25 of the 346 newly discovered embedded clusters by Bica & Dutra
(2003), who did a systematic search of the 2MASS database to find new em-
bedded clusters, close to optical and radio nebulae. The preliminary results of
the analysis are presented in this proceeding.
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Observations and data reduction

The JHK observations were carried out on two nights in November, 2003. The
infrared images were taken with the STELIRCAM IR camera mounted on the
1.2 m telescope at Fred Lawrence Whipple Observatory at Mt. Hopkins.

The fields of the clusters were covered with a 3 x 3 mosaic, which gave a
7' x 7' field of view. Image reduction was done with the STELIRCAM pipeline
of Bill Wyatt which uses the procedures described in Barsony et al. (1997).
The combination of the individual frames was performed with the .drizzle
task in the STSDAS package. We used SExtractor (Bertin & Arnouts, 1996) to
select sources in the survey and the DAOPHOT package to perform aperture
photometry on the identified sources.

We transformed our data into the standard system using the IR standars of
Elias et al. (1982). We detected a small (0™05) systematic zero point shift
between 2MASS and our data in some of the images. The origin of this differ-
ence is yet unknown, therefore, we have shifted our data to the 2MASS system
until the source of this inconsistency is cleared.

Results
BFS31

BFS31 was first catalogued by Blitz, Fich & Stark (1982). Since then no
observation has been made of this HII region. Chan & Fich (1995) estimated
the distance of the cluster to 3.26 + 0.91 kpc.

Most of the stars are within the ZAMS reddening band of the color-color
diagram (Figure 1). The slope of the reddening law of 1.70 was adopted from
Rieke & Lebofsky (1985) for the CIT system. The concentration of the NIR
sources confirms the existence of the embedded cluster (Figure 1). On the
CMD (Figure 2a) we have plotted the ZAMS of Siess et al. (2000) shifted with
the above distance modulus and the estimated color excess of E(H — K) =
022,

Close to the center allmost all stars are located at the PMS position of the
CMD. This might indicate an evapourating outer layer of MS stars and an inner
core of star birth at BFS31.

Sh2-209

To date only a few observations were made of Sh2-209, and none in the
near-infrared. Ghosh et al. (2001) observed the evolved HII region in the far
infrared. The nebulosity is also visible in optical wavebands. The associated
molecular cloud extends to a distance of ~ 14’ (Blitz, Fich & Stark, 1982).
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The detection of an HyO maser source by Cesaroni et al. (1988) confirms
the ongoing star formation. Considering its large distance (12 kpc, Ghosh et
al., 2001) and angular diameter, this complex has an actual size of ~ 20 pc.

We detected that more than 60 % of the stars in the field has NIR excess
on the color-color diagram (Figure 2c). These stars concentrate in the central
part of the coordinate plot (Figure 2d), which confirms the existence of an
embedded cluster in this HII cloud.

Shifting the ZAMS to the distance of 12 kpc, the top of the ZAMS just
reaches the bottom of our CMD (Figure 2b). This may indicate that the actual
distance is less than 12 kpc. Note that the color excess is also uncertain which
renders the distance estimate quite difficult.

W3

W3 is a well studied HII cloud with known star forming activity (Ojha et
al., 2004). Megeath et al. (1996) found that the main region of the cluster has
an age range of 0.3—1 Myr. Bica & Dutra (2003) identified three different HII
regions in the area.

We have identified 60 stars with NIR excess, which can be seen on the color-
color diagram (Figure 3c). The density of these stars is larger at the center of
the nebula (Figure 3d). A lot of main-sequence stars are visible at the southern
part of the cluster, which may indicate an age difference between the northern
and southern parts. This would support the result of Megeath et al. (1996).

In figure 3a and 3b we plotted the ZAMS of Siess et al. (2000) with the
the distance modulus of d = 1.83 £ 0.14 kpc (Imai et al., 2000) assuming
E(H — K) = 0™15. Figure 3a & 3b shows the seperate CMDs of the three
regions of Bica & Dutra (regionl - square, region 2 - cross, region 3 - triangle).
Region 1 can be well seperated on the CMD, but the stars from region 2 and 3
are mixed. However, we can distinguish more then 3 regions. The seperation
in the CMD’s can imply many explanations. The regions can be seperated in
space, and in age. On the other hand we might see the effect of patchy extinc-
tion. Ojha et al (2004) found that the individual extinction ranges from 0™ to
24™, which would give an uncertainty in the luminosty estimates. However
the conclusion of age difference of Megeath et al. (1996) gives the the most
reasonable anwser.
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Figure 1.  Panel (a) shows the color-color diagram of BFS31. Different colors represent stars
of different bands (square - PMS stars, cross - MS stars, triangle - stars above the reddening
band). The position of the CTTS Locus (dashed line ) was adopted from Meyer (1997). The
colors of giant stars were taken from Bessel & Brett (1988) (solid line). The slope of the
reddening bands was adopted from Rieke & Lebofsky (1985). Panel (b) shows the distribution
of these stars in the field of view (the coding is the same as in panel (a)).
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Figure 2. Panel (a) and (b) shows color-magnitude diagrams of BFS31 and Sh2-209. Dif-

ferent symbols represent stars of different bands according to the color-color diagrams (Figure
1 and panel (c)). The symbol codings are the same as in Figure 1. Panel (c) and (d) shows
color-color- and coordinate diagrams of Sh2-209. The symbol and line codings are the same as

in Figure 1.
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Figure 3. Panel (a) & (b) are color-magnitude diagrams of W3. Different symbols in panel
(a) represent stars of different bands according to the color-color diagram (panel b). Panel (b)
shows the separate CMDs of the three regions defined by Bica & Dutra (square - BD 54¢, cross
- BD 55°¢, triangle - BD 56°). Panel (d) shows the distribution of the stars in the field of view.
The symbol and line codings are the same as in Figure 1.
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