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Preface

In a letter of December 10, 1692 to the young minister Richard Bentley, Isaac
Newton wrote “... the matter on ye outside of this space would by its gravity
tend towards all ye matter on the inside & by consequence fall down to ye
middle of the whole space & there compose one great spherical mass. But
if the matter was eavenly diffused through an infinite space, it would never
convene into one mass but some of it convene into one mass & some into
another so as to make an infinite number of great masses scattered at great
distances from one to another throughout all ye infinite space. And thus might
ye Sun and Fizt stars be formed supposing the matter were of a lucid nature.”
These magnificent lines, which propose a cosmological answer to the question
why gravitation is not packing all the matter into one single object in the
universe, represent the first study on the growth of density fluctuations. With
a profound inspiration, they enlighten for the first time the dominant role of
gravitation in the formation of stars.

In this course on the “Physics of Star Formation in Galaxies”, Francesco
Palla and Hans Zinnecker are successfully studying the problem set by New-
ton, namely how the interstellar matter may “convene into one mass and some
into another”. They do it with a high quality requirement and elegance, in a
way meritorious of their eminent ancestor in the field. Francesco Palla cov-
ers, with great clarity and a deep physical insight, the theoretical aspects
of star formation, a subject in which he has himself made major contribu-
tions, in particular for our understanding of the pre-Main Sequence evolution
with mass accretion. A unique information, never provided in literature, is
given by Hans Zinnecker, who shows us how essential observations can be
performed with the VLT, the HST, ISO, the Keck telecope, the ESO 3.6 m
telescope and the CHANDRA X-ray observatory on various aspects of star
formation, on which he is a master: protostars, young binaries, jets, disks,
low mass objects, etc...

The 29th Course of the Swiss Society for Astrophysics and Astronomy
was held with 72 participants in Les Diablerets, a nice mountain resort of the
Swiss Alps from 22 to 29 March 1999. The lecturers were Francesco Palla,
Hans Zinnecker and Douglas Lin. From the promised manuscripts, two were
received. George Herbig gave to Hans Zinnecker an historical introduction
for this volume “Star Formation: the Early History”. We see that questions,



VI Preface

which today have an evident answer for all students, such as what is the
reservoir of matter making the stars, needed decades of efforts to be clarified.
We thank George Herbig very much for this introduction, which provides us
with some generally unknown parts of the History of Sciences.

Geneva, André Maeder
November 2001 Georges Meynet

Star formation lecturers: F. Palla, D. Lin, H. Zinnecker (from left to right).
(Photo by A. Maeder)
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Historical Introduction.
Star Formation: the Early History

George Herbig

As evident from its collogquial style, this essay was never intended for publication;
it was prepared for a seminar on star formation gwen at the IfA in March 2000.
Others who participated in the early development of the subject may have seen it
otherwise, but this is how it looked to me. — G.H.

It is not easy to reconstruct what the astronomical community thought of
star formation prior to about 1930. In 18541863 Helmholtz and Kelvin (the
original references are given by Chandrasekhar [6] p. 484) had considered the
possibility that the Sun’s luminosity was derived from slow contraction, but
the time scale was very short: contraction from infinite radius to the present
value, at the current luminosity, could have sufficed for only 10 to 30 Myr.
The reigning idea thereafter seemed to be that stars lose mass by radiating it
away, and hence that a star’s mass decreases systematically with age. Stars
were supposed to begin their lives as massive red giants, evolve up the giant
branch to the main sequence at type B, and then ever more slowly down
the main sequence toward the M dwarfs. I can find no explanation of where
those massive red giants came from. One senses the attitude that the origin
of stars was something unknown and unknowable: it happened in the remote
past under circumstances that we were unlikely to fathom.

Origins aside, after the equivalence of mass and energy was recognized,
the numerical consequences of radiation via mass loss could be calculated.
This led to serious conflict with observation: in this picture, the ages of stars
of different mass had to be grossly different, so the existence of both high-
and low-mass stars in the same cluster, all presumably formed at the same
time, could not be explained. Furthermore, if luminosity was the product of
complete annihilation of matter, the time scale was very long: it was estimated
that it would require about 6 (12) (i.e. 6 x 102) years for the Sun to burn
itself down its present M, L and R.

The discovery of the thermonuclear conversion of H to He as the energy
source for main sequence stars is credited to Bethe, in 1938, and indeed he
did work out the detailed nuclear physics of the process. But the idea was
not new. Eddington [7] had remarked that “an age of 1300 million years has
been assigned to the oldest sedimentary rocks”, and since “the sun must be
much older ... it is now generally agreed that the main source of a star’s
energy is subatomic”. He then considered, among other ideas, the reasons for
considering “the transmutation of hydrogen into helium or higher elements
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as the main source of stellar energy”. The physics of 1930 could not do much
more, but by 1937 things had moved on. In Chandrasekhar’s book [6] he
describes the papers of Gamow, von Weiszicker and others that culminated
in Bethe and the situation we know today: see Bethe’s own account [2].

Payne had demonstrated the high abundance of hydrogen in stellar at-
mospheres, which made it a plausible and abundant source of energy. But it
became clear that the H-burning lifetimes of the massive O stars, even with
all that H to consume, were so short that the issue of their formation under
present-day conditions could not be avoided: the excuse that they must have
formed under mysterious circumstances in the remote past was no longer ten-
able. For example an O6 V radiates about 1.4 (39) ergsec™!, and has a mass
of about 40 Mg, or 8.0 (34) gm. Since the conversion of H into He liberates
6 (18)erggm™?, even if the whole mass of H in that star were burnable, it
would last only about 10 Myr; in fact only about 10 % of the mass is consum-
able, so the life expectance of that star on the main sequence is really only
about 1 Myr.

If so, then where could they be born: what reservoir of adequate mass
existed? The formation of such stars must be going on somewhere nearby,
since there is little time for them to move very far from their birthplaces. The
problem was specially acute because massive stars are often found in clusters
containing many less massive stars, totalling hundreds of solar masses, ob-
viously all formed somewhere at about the same time. So there ought to be
young stars of lesser mass, perhaps just like the Sun, formed very recently.

The only known reservoir of mass in those amounts was of course the
cloudy interstellar medium, and indeed most OB stars are found in or not
far from dense collections of interstellar material. But there were competing
ideas. Hoyle and Lyttleton defended the view that old stars could accrete
sufficient mass by accretion during their passage through interstellar clouds
to rejuvenate them. If so, H-burning in isolation would give only a lower limit
on the ages. The objections to this idea were that accretion is not that easy
for hot stars, and such stars do not have surface convection zones, so material
collected on the surface would remain there.

Ambartsumian, contemplating the apparent movement of OB stars out of
a small volume as implied by Blaauw’s work on expanding associations (more
on that later), pushed the idea that stars might be formed by the disinte-
gration of dark, unstable super-massive objects of which we know nothing,
rather like the fission of a massive nucleus.

The whole issue had been around of a much longer time but in another
form: the question of the origin of the solar system, which had been debated
at least since the time of Laplace. There were two points of view: either
1) the Sun had been formed somewhere as a single star, and then afterward
encountered another star which, passing nearby, pulled off material some of
which formed the planets. Or 2), the Sun and planetary system were formed
in a single process, which is the present point of view. In either case, that
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event must have happened somewhere else, a long time ago, and I have not
seen any remarks by those earlier speculators on how the Sun itself may have
come about. The idea that some stages of the process of the formation of
Sun-like stars might actually be observable, and indeed ought to be going on
at least in those young clusters containing young OB stars, apparently never
occurred to anyone until the evidence forced itself upon our attention.

Our present ideas on star formation gradually sank into the consciousness
of the community after WWII, but it took some time. The observational
breakthrough, although there were no press releases or publicity at the time,
and none of the influential theorists of the day apparently noticed it, was
Joy’s discovery of the T Tauri 'variables’ [18] [19].

The sequence of subsequent events, and the dawning of enlightenment,
went about like this:

1946: Whipple [28], recognizing that “the interstellar matter provides
the only obvious source of stellar building material”, suggested that star
formation could begin when a parcel of interstellar dust, exposed from all
sides to the galactic radiation field, would be squeezed and so forced into
contraction; his estimate of the duration of this process for 1solar mass was
1.1 Gyr.

1948: possibly as a result of the interest of Whipple and Bok, a theme of
the Harvard Centennial Symposium in that year was that “in some cosmic
clouds we are now witnessing the operation of the process of star formation”.
Bok & Reilly [5] had already described ’globules’, small dark spots seen in
silhouette against some bright nebulae. In that Symposium, Bok [4] discussed
the contraction of such an object under the radiation pressure of the galac-
tic field, and its increase in mass by accretion of interstellar material from
the neighborhood, and implied that such globules would gradually collapse
“to become star-like objects”. Note that Bok, like Whipple and Spitzer (at
about that same time) believed that this did not happen inside a cold, dark
molecular cloud as we believe today, but in the full glare of the interstellar
radiation field, with radiation pressure as the initiating agent.

In that same volume, Spitzer (p. 87) noted that the “similiarity of dis-
tribution between [high luminosity] stars and interstellar matter suggests
that such stars have been formed from interstellar matter, and may even be
forming at the present time”, but although “the results presented here are
therefore favorable to the hypothesis that [high luminosity] stars, and prob-
ably also some stars of lesser mass, have originated recently from interstellar
matter, this hypothesis remains extremely tentative at the present time”. In
a later review [25] he said much the same: “young stars are present in and
only in those regions of space where interstellar matter is also found. The
circumstantial evidence for the generation of stars from clouds seems very
strong”.

Spitzer may have been the first to use a term we hear often nowadays:
during “gravitational contraction an aggregation of dust and atoms will be
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stable against most disruptive influences; it should no longer be regarded as
a cloud, and will here be called a “protostar” ”.

Whipple was interested primarily in the formation of the planetary sys-
tem, and his Symposium contribution (p.109) sounds surprisingly modern: he
considered the collapse of a cloud of solar mass and initial radius of 30,000 AU,
and proposed that sub-clouds in the original larger cloud “spiraled inward
by accretion at the proper rate to be left in approximately the orbits of the
present planets when the main cloud underwent its final rapid collapse” to
form the Sun. Ie. he thought that a planetary system could form as part of
the process that produced the central star.

These were the first suggestions as to the specific processes that could
lead to the formation of a star, but except for Bok’s globules (which today
we do not regard as the object which itself undergoes gravitational collapse,
although some globules may contain pre-main sequence stars within them)
there was no association of these ideas with anything observable in the sky.
None of these people mentioned Joy’s T Tauri stars (T'TS), nor did Spitzer
here or (as far as I know) in any of his later writings on the subject. The link
had to come from the observers.

1947 - 1954: real credit must be given here to the Russian astronomers
Ambartsumian, Kholopov and Parenago who in those years argued that the
TTS stars were young stars of intermediate mass, still in process of gravita-
tional contraction, exactly what we believe today. But their first papers were
published either in Russian, or in places where most western astronomers
were unlikely to pay attention, so their ideas were largely unheeded. Refer-
ences to some of those papers are given by Herbig [16]. There is a detailed
account of Ambartsumian’s work by Mirzoyan [21].

1950: in the west, it was Struve who picked up and pursued Joy’s lead:
Struve & Rudkjgbing [26] obtained spectra of a number of faint stars pro-
jected upon the dense obscuration near p Oph, and found that several were
late-type dwarfs with emission lines just like Joy’s TTS. He had accepted Am-
bartsumian’s arguments that associations containing early-type stars must be
young and have their origin in the surrounding interstellar material. Struve
was one of the few westerners who could and did read the Russian originals,
but he was then (and a year later in his book Stellar Evolution) still influ-
enced by the Hoyle/Lyttleton idea that these stars might be interlopers from
the field, and that the emission spectra were powered by the infall energy of
accreting cloud material.

There was still no hint that these objects might be the very things that
western theorists were talking about. Still more TTS stars were found by
Joy[20], by Haro [8] [9] [10] in Sco-Oph and in Orion, and in the Orion Nebula
by Herbig [12], but without any inspired speculation as to their significance.
No firm conclusion had been reached even two years later:

1952: Payne-Gaposchkin [22], despite the provocative title of her book
(Stars in the Making), was still not sure: “perhaps [the peculiar variable stars
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within the Orion Nebula] are actually being formed within it” or perhaps they
are pre-existing stars that have entered and are accreting.

More fence-straddling: Herbig [13]: “the question arises if these [T'TS]
are ordinary field objects that have moved into the nebulae and exhibit
emission spectra and light variations as a result of some interaction process
with the nebular material, or whether they are young stars that have been
formed within the clouds. The Russian astronomers V. Ambartsumian and
P. Kholopov ... believe that the T-associations are composed of newly-formed
main-sequence stars, which in the early stages of their lives behave as unsta-
ble objects with irregular variations in light ... [the] evidence is somewhat
ambiguous”. But in that same year:

Blaauw [3] published his work on expanding associations of OB stars,
which suggested that these young stars were moving outward from their
birthsites on a time scale of 1-2Myr. And in:

1954: Herbig [14] discovered the T'T'S in IC 348, a cluster that, according
to Blaauw, participates in the expansion of the Per OB2 association. This
seemed direct demonstration that T'TS were young, and indeed were examples
of those low-mass stars that were expected to accompany the formation of
high-luminosity stars from interstellar clouds. But more tip-toeing around:
“did the event that produced the high luminosity members of the ¢ Per group
also result ... in the formation of stars of low luminosity ... "7 Then: it is “...
probably correct”, but then, wringing hands: “The present results do not by
themselves imply that all T Tauri-like objects are of recent formation”. But
surely if they were formed at the same time as the OB stars of the association
with an expansion time of a few Myr, at least those TTS in IC 348 must be
young!

1954 - 1955: Theorists began to appreciate that young stars could be
recognized by their location in the H-R diagram. Salpeter was apparently
the first clearly to say so, initially at a symposium at Michigan in 1953, then
again in the 1953 Liége symposium [23], where he recommended an “attempt
to study whether the low luminosity part of the main sequence is actually
missing in young star association]s], to look for reddened stars to the right
of the main sequence and to look for similar effects in gas and dust clouds
where star formation is still suspected to go on”. The following year Henyey,
LeLevier, & Levée [11] actually calculated pre-main sequence radiative tracks
for contracting stars of masses between 0.65 and 2.291 M.

None of these people knew or commented on the fact that the TTS, which
had then been known for about a decade met these specifications, or that Joy
[20] had already remarked on the odd fact that the K- and M-type T'TS he
had found in the Taurus clouds were much too bright for their main sequence
counterparts: exactly what Salpeter in 1953 was urging observers to look for.

1955: Herbig [15]: “The central question is: are the T'T'S variables new
stars, recently formed or still forming within the nebulae, or are they ordinary
field stars that have encountered the gas and dust clouds accidentally, and
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are in process of being modified ... by their environment? ... Three years
ago ... I concluded that it was 'not possible to make a clear-cut and entirely
acceptable decision between [these] two opposing alternatives ... Today, in my
opinion, we are able to take a more positive stand. I believe that the evidence
now available favors the hypothesis that the TTS as a class are new objects,
genetically associated with the clouds in which they are found”.

1956: Walker’s paper [27] containing the photoelectric color-magnitude
diagram of the young cluster NGC 2264 pulled all this together, showing as
it did the elevated main sequence where the T'T'S were located. Sandage [24]
gives a very good review of how the situation looked in 1957.

1958: Baade is not reported as having said so directly (in the printed
version of his Harvard lectures [1]), but clearly he believed that the TTS
in Orion and NGC 2264 have recently formed there, that star formation is
on-going, and that star formation in such a region continues over a signifi-
cant time interval. From that point on, the question seemed settled to the
satisfaction of most people in the field. Much of this history is summarized
in Herbig (1970).

After the glacial advances of these painful decades, the subject underwent
a drastic revolution, with the advent of non-photographic detectors, exploita-
tion of the infrared, and radio-frequency spectroscopy/ imaging of molecular
clouds and their contents.
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I. Initial Conditions of Pre-Main-Sequence Evolution

1 The Classical Theory
of Pre-Main-Sequence Evolution

The location of optically visible Pre-Main-Sequence (PMS) stars in the H-R
diagram combined with the use of theoretical evolutionary tracks have played
a central role in stellar evolution studies since the initial work of Hayashi,
Cameron and Iben in the early 1960s. Hayashi and his contemporaries lacked
a theory of the protostar phase, and therefore could not specify with any
degree of confidence the initial conditions for PMS contraction. A simple
argument indicated that if the interstellar cloud radiated away little energy
during its collapse, the starting values of the stellar radius would be some
two orders of magnitude greater than the corresponding main-sequence values
(Hayashi [20]). The contraction time (Kelvin-Helmholtz time) is so short for
these large radii and high surface luminosities that the poorly understood
early collapse would be much too brief to affect the subsequent evolution.
Adopting the large initial radii, Iben [25] and Ezer & Cameron [15] followed
numerically the hydrostatic contraction of stars with masses from less than 1
Mg to over 100 Mg,. The evolution of all stars was thought to be qualitatively
the same, with quantitative differences scaling in a simple manner with the
stellar mass M,.

1.1 Basic Results

Let us first follow the arguments used by Hayashi and others to derive the
initial stellar radii. A protostar of mass M, and radius R, forms out of cold,
nearly static cloud material whose dimensions are much larger than R,. Thus,
the initial energy (mechanical and thermal) is equal to zero. The star itself
is a gravitationally bound entity with a negative total energy. Some of the
energy difference is radiated into space during collapse, while most of the
rest goes into dissociating and ionizing hydrogen and helium. This internal



10 Francesco Palla

component, Fi, is given by

X M, |EX Y M, EHe
Eint = diss + Ej[(-)ln 4 fon (1)
my 2 4 my

Here, Eﬁ:s = 4.48 eV is the dissociation energy of Hy molecules, Ef =

13.6 €V is the ionization potential of hydrogen, and EH¢ = 75.0 eV is the

on
energy needed for full ionization of helium. The hydrogen and helium mass

fractions are taken to be X=0.70 and Y'=0.28, respectively. Since the proto-
star's thermal energy is equal to half the gravitational potential energy by
the virial theorem, we may write

1 GM?
0= _5 R* + Eint + Lradt y (2)

where L,,q is the average luminosity escaping over the formation time t.
Suppose that we first take the extreme step of ignoring L..4 entirely. Then
eq. (2) ylelds the mazimum radius Ryax which the protostar could have at
any mass M,. We thus find

G M2 M
Rmax = —" = - .
5B 61 R (M@> (3)

A Dbetter treatment of the gravitational energy term changes slightly the
numerical value of Ryax. Athough the actual value of the radius of solar-type
protostars is still unknown, we know that even the youngest and largest T
Tauri stars have radii smaller by an order of magnitude than that predicted
by eq. (3).

Having established the initial conditions, the classical theory of PMS evo-

lution then predicts that any star contracts due to heat loss at a rate given
by

Lot = 477R30T§ﬂc , (4)

where Lg.¢ is the surface luminosity and Teg the effective temperature of the
star. The star is also fully convective because of the large radius. For a one
solar mass star with an effective temperature of about 4000 K, Lgys ~600 L
which is much higher than the luminosity that can be carried out radiatively

M* 11/2 R* —-1/2
Lrad = LO <M@> (R@) ) (5)

where the precise value of Lg, a luminosity of order 1 Ly, depends on the
star’s detailed structure and where it has been assumed that the interior
opacity obeys Kramer’s Law (Cox & Giuli [10}]). Thus, convection spreads
inward from the surface (Von Sengbusch [51]).




PMS Evolution 11

A fully convective star represents a particularly simple case to model the
interior. If the ratio of specific heats is constant, as in the case of a completely
ionized gas, the equation of state obeys the relation

P=Kp = Kp(]‘H/") (6)

where K is a constant and v = 5/3 for a monoatomic gas. In such case, the
polytropic index n = 1/(y — 1) takes the value 3/2. The gravitational energy
{2 of a polytropic star is

3 GM? 6 GM?

O E T TR @

Thus, the rate at which contraction proceeds given by eq. (7) can also be
written as
1d2  3GMZdR, (8)
2dt ~ TR2 dt’

where we have assumed that the loss of radiation occurs at constant mass.
Since Leys is positive, R, must be negative, and the star must contract to
supply the needed luminosity. The characteristic time scale for the evolution
is set by equating eq. (4) to eq. (8),

Lsurf =

R,  3GM2/7R,  3GM?
dR./dt ~ 4nR20T% = TR.L,

tpMs = = tkH. (9)
The last term represents the Kelvin-Helmholtz time scale, and L, corresponds
to the luminosity of the star when the star has a fiducial radius R,.

The path followed by any star in the H-R diagram is the same. Stars con-
tract homologously descending along nearly vertical tracks, commonly called
Hayashi tracks. The time taken by a star of mass M, to contract to radius
R, along the Hayashi track is of the order txy = 107 M2/R2 yr. Since the
Kelvin-Helmholtz time scale is much longer than the sound crossing time,
the star can effectively be considered to be in hydrostatic equilibrium at each
instant, despite its slow, or quasi-static, contraction.

At a certain point during contraction, the star can no longer remain fully
convective. The physical reason is that as the stellar luminosity decreases, the
thermal gradient becomes stable and in the central regions a radiative core
develops. At this time, the luminosity is no longer determined by the surface
boundary conditions, but by the flux in the inner regions. The net result
is that the luminosity remains nearly constant as the contraction proceeds.
From eq. (4), the effective temperature must increase to compensate for the
reduction in radius, while the radiative zone extends towards the surface.
Thus, the star moves away from the Hayashi track along a radiative track, first
discovered by Henyey, LeLevier & Levee [22] in 1955. Eventually, hydrogen
ignites in the center and contraction is halted: the PMS star has reached
the Zero-Age-Main-Sequence (ZAMS). These results were obtained in the
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pioneering numerical models of Iben [25] and Ezer & Cameron [15] which
established the standard set of PMS tracks in the H-R diagram and which
can be found in any textbook on stellar evolution.

Before concluding this introductory section, two fundamental properties
discovered in the original derivation by Hayashi must be stressed. First, stars
of a given mass and radius have a minimum surface temperature, the Hayashi
temperature; second, the Hayashi temperature is insensitive to the stellar
radius, so that the convective portions of the tracks are nearly vertical. Both
properties reflect the behavior of the opacity of the gas in the outer layers
of the star. The minimum surface temperature is due to the steep decline
of opacity with falling temperature below the hydrogen jonization zone near
104 K. For too low a surface temperature, the outer layers become optically
thin, violating the condition that the photosphere be located at an optical
depth of order unity from the surface. The extreme temperature sensitivity
of the opacity is also responsible for the vertical nature of the Hayashi tracks.
At temperatures below 10* K, the opacity varies as T® with a between 7 and
13. Therefore, only a minor change of T.g is needed for a substantial change
in the photospheric pressure and entropy (which determine the boundary
conditions). For solar-type stars, the effective temperature is about 4000 K.
An excellent explanation of the role of the photosphere and entropy structure
in determining the basic properties of PMS stars, together with the history
of the early developments of PMS theory can be found in the review by
Stahler [46).

2 The Impact of Star Formation

The formation of stars occurs within the densest regions of molecular clouds.
The detection of infrared point sources embedded in these dense cores shows
unequivocally this fundamental property. However, star formation is not sim-
ply the result of clouds breaking apart into these dense substructures. The
onset of collapse is rather a highly localized occurrence within large com-
plexes, and the character of collapse dictates the structure of the nascent
protostar. It is also true that individual collapses can occur over extensive
regions of a complex which give birth to large collection of stars in multiple
systems, groups, associations and clusters, in order of increasing hierarchy.
The observational evidence is that most clouds are not in a state of collapse:
support against gravity comes from a balance of forces that persists over long
periods of time.

The main support is provided partially from thermal pressure, but also
from turbulent motions and the interstellar magnetic field, especially on the
largest scales. Typically, the star formation efficiency, defined as the ratio of
the mass in stars and the total mass (gas+stars), is of order of few percent
in giant molecular clouds. In localized dense clumps, the conversion of gas
into stars can be very efficient, reaching values greater than 20-30%, and
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gravitationally bound clusters of stars can form. The dual character of star
formation that gives rise to either isolated single and binary stars or to groups
and clusters has come out clearly from a large body of observations of the
most spectacular nearby star forming regions.

The formation of a protostar from the quiescent conditions typical of
dense cores occurs through the gradual accumulation of the interstellar gas
onto an accreting core. This process requires a large decrease in gravitational
potential energy. A large fraction of this energy is radiated away in radial or
disk accretion shocks that form as a result of the abrupt change in the velocity
of the freely-falling gas. If no net energy is absorbed by the circumstellar
material, the resulting luminosity is given to a good approximation by

GM*MaCC

R, '
where M, and R, are the instantaneous mass and radius of the protostellar
core, and Moo = dM, /dt the mass accretion rate. Thus, estimates of the
luminosity emitted during this phase rely on the knowledge of two funda-
mental quantities: the mass accretion rate, and the mass-radius relation. The
former is determined by the dynamics of the gravitational collapse, while
the relation between the mass and the radius are established by processes
occurring in the protostellar interior. The radiation produced at the shock
is absorbed, reradiated and thermalized in the optically thick dusty infalling
envelope. Most of the observable radiation is emitted at mid- and far-infrared
wavelengths. The exact shape of the emergent spectrum depends on the den-
sity and temperature distribution of the dust component, which are set by
the dynamics of collapse. This section describes how current models of proto-
stellar formation and evolution have constrained both the value of the mass
accretion rate, and the structural properties of the central core.

Lacc = (10)

2.1 Protostellar Collapse: the Mass Accretion Rate

An estimate of M. requires the solution of the dynamical collapse problem.
In the idealized case of the collapse of a marginally unstable cloud, such a
solution has been found semi-analytically by Shu [44]. In this theory, the rate
at which a protostar is built up is
3

Moo = o %T . (11)
Ineq. (11), ar is the effective isothermal sound speed, G the gravitational con-
stant, and o a constant of order unity. If the cloud is supported only by ther-
mal pressure, the expression for the sound speed is simply at = /(kpT/um),
where T is the gas kinetic temperature. Otherwise, at should also include
the contribution of magnetic and turbulent pressures. In general,

(aF + v +vi,)*?

Macc = G

(12)
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In dense cores with very little nonthermal support, the gas kinetic tem-
perature varies between 10 and 30 K, corresponding to ar = 0.1 — 0.3 km
s~1. This yields an average accretion rate of order M, ~ severalx10~¢ —
1075 Mgyr~!. Then, for (sub)solar protostars, the duration of the embedded
phase is expected to last typically

tace = M*/M z 10° yr (13)

The remarkable property of the form of M, in eq. (11) is that it depends
only on one parameter, the sound speed, which is controlled by the condi-
tions in the parent cloud, and not by the properties of the central protostar.
Equation (11) also implies that the higher the temperature of the cloud, the
faster the accretion. This situation is in fact radically different from the more
familiar case of the Bondi-type solution of the accretion problem, in which
the mass accretion rate does depend on the mass of the star, and is inversely
proportional to the velocity (and hence the temperature) of the gas. In Shu’s
solution, a faster accretion rate implies a higher initial density at the onset of
gravitational collapse. The predictions of the inside-out collapse model, and
the estimate of M., have been extensively used as a diagnostic tool in the
interpretation of molecular cloud observations.

2.2 Classical Collapse Models

The onset of the dynamical collapse of a self-gravitating cloud requires the
specification of the initial conditions. In the first numerical models (e.g. Lar-
son [26]), these were assumed to correspond to the physical conditions in
interstellar clouds at the end of the fragmentation phase, a process by which
a massive cloud breaks up into smaller and smaller subunits, clumps and frag-
ments. Considering thermal and gravitational effects alone, the requirement
that the clumps be self-gravitating leads to the determination of a critical
mass, the well-known Jeans criterion. For an isothermal, non-magnetic, non-
rotating sphere composed primarily of molecular hydrogen, neutral helium
and heavy metals in solar proportions, the critical wavelength of a perturba-
tion is given by

ra2\? T \? ny -1/2
)\ procay T = . 2 14
J (Gp) 0-2 pe <10K) (104 cm‘3) (14)

where p and n are the mass density and the total number of particles per unit
volume. Those perturbations with wavelength exceeding this Jeans length
have exponentially growing amplitudes. Written in terms of the mass enclosed
by Ay, the Jeans critierion becomes

3 3/2 ~1/2
_ ay _ T ny,
My = pl/2@3/2 16Mo (10K> <104cm"3) (15)
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The numerical factors in equations (14) and (15) show that typical dense
cores are close to the edge of gravitational instability. In fact, those with
internal stars have already crossed this threshold, and at least some of these
ought to show signs of ongoing collapse. Conversely, any structures with mea-
sured masses substantially less than M or sizes less than A; could be stable,
given sufficient external pressure, or they could be temporary configurations
of positive total energy that will soon cool or disperse. Thus, Larson suggested
that protostellar clouds should have initially an almost uniform density, and
that the initial density would be close to the critical one.

Starting with these initial conditions, the numerical simulations of proto-
stellar collapse have identified three main stages: an initial isothermal contrac-
tion, during which the gravitational potential energy is effectively radiated
away by the dust and the collapse proceeds at constant temperature; an adi-
abatic phase, corresponding to the transition from low to high optical depth,
as a result of the increased density; and, finally, the formation of an hydro-
static core, that grows in mass as the collapse proceeds. The basic physical
processes that govern each of these phases have been extensively reviewed
and need not be repeated here (see Bodenheimer [5]). Suffice to mention only
the most general ones, and underline the important fact that they do not de-
pend on the restrictive assumptions under which the numerical calculations
were carried out originally (mainly, spherical symmetry). More realistic 2-
and 3-dimensional collapse models with less stringent geometry constraints
have been developed in the meantime (e.g. Boss [7], Bate [3]), but the main
results of the simple case can still be used as useful guidelines.

Gravitational collapse occurs in a highly non-homologous way. The central
regions of the cloud collapse faster than the outer parts, pressure gradients
develop fast, and the nonhomology sets in already during the initial isother-
mal phase. Independent of the initial conditions, whether uniform or centrally
condensed, the matter develops a density distribution of the type p oc 772,
where 7 is the radial distance from the cloud center. In a time slightly longer
than the free-fall time, the structure of the cloud resembles that of an asymp-
totically singular isothermal sphere, modified at the center by the presence of
a stable hydrostatic core, which contains only few percent of the total cloud
mass. [ts instantaneous mass is M}, = M,ct, where t is the time elapsed since
collapse. The core is bounded by an accretion shock where the infalling gas is
brought to rest. Matter accretes from a freely-falling inner envelope, charac-
terized by a density and velocity profile of the type p o< 7~3/2 and v o r~1/2.
The outer parts of the clouds are in nearly static equilibrium, with p o 2.

On the basis of these results, Shu[44] has shown that the singular isother-

mal sphere,
2

ar
p = —©L _ 16
27 Gr2’ (16)

has a self-similar analytic solution that reproduces well the dynamical col-
lapse model. Since a power-law of this type does not have a typical scale,
the solution does not define a characteristic mass scale to be associated with
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the formation of an ordinary star. What the self-similar solution defines is
the rate at which the central star is built up by accretion. It is exactly this
rate that appears in eq. (11). The collapse is said to proceed from inside-out,
since the inner parts collapse first, and the outer parts later on after being
reached by an expansion wave that propagates outward at the sound speed,
ar.

Recently, some concern has been raised about the assumption of the sin-
gular isothermal sphere as the initial conditions for the collapse phase. The
main criticism is that the density profile has a singularity at the origin, where
the density is infinite. Also, in any actual cloud the pressure does not fall to
zero, but to some finite value P.y; characterizing the external medium. In

such conditions, the critical value of the gravitationally stable mass is given
by (Bonnor [6]; Ebert [12])

a4 T 2 P -——1/2
Mpg = 118 —2L — 0.35Mg, | — oxb
BE Poye G372 © (10}() (106 k3> > 47

where Pey is the total pressure, the sum of thermal, turbulent, and magnetic
contributions. In a Bonnor-Ebert marginally stable cloud the central density
is finite, with a maximum contrast between the central and the ambient
values of 14.3. Observations in a variety of dense cores have shown that
indeed the density profile flattens out at small radii (André et al. [1], Alves
et al. [2]). In addition, the assumption of an isothermal equation of state,
while appropriate in dense cores where low-mass star formation occurs, may
not be compatible with the conditions observed in the subcondensations of
giant molecular clouds that spawn high-mass stars and/or stellar clusters.

As an illustration of the modifications introduced by a different equation
of state, we briefly discuss the results obtained in the case of polytropic re-
lations as in eq. (6). Here, however, the index n can also be negative (see
McLaughlin & Pudritz [33]; Galli et al. [18]). For a polytropic equation of
state with n < 0, the sound speed at = (dP/dp)'/? o p'/?" increases with
decreasing density, a behavior that appears to accord well with the empirical
line width-density relation for molecular clouds (Larson [27]). Since obser-
vations indicate that Av o p~9, with ¢ ~0.5 for low-mass cores (Fuller &
Myers [16]) and g ~0.2 for high-mass cores (Caselli & Myers [8]), the appro-
priate value of n would be in the range —1 to —3.

The interesting case of n = —1 (the "logatropic” equation of state) in
which P o In p has been considered by McLaughlin & Pudritz [34] (see also
Lizano & Shu [28]) as the best phenomenological description of the internal
structure of clouds and clumps. The predicted density profile is p oc 7~ for
the static gas, and p o« 7~3/2 behind the expansion wave where the velocity
field is the same as that in free-fall. The basic change is in the mass accretion
rate that now is time-dependent with M,..  t*. Thus, the value of the
accretion rate is smaller than the isothermal case at early times and larger
at late times. The density profiles of the pressure-truncated logatrope and of
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Fig. 1. Density profiles of a pressure truncated logatropic and of the Bonnor-
Ebert isothermal sphere. Both configurations are in hydrostatic equilibrium and
marginally stable. The dotted lines show the corresponding singular profiles. (From
McLaughlin & Pudritz [34])

the Bonnor-Ebert isothermal sphere for a marginally stable cloud are shown
in Fig. 1.

Models of protostellar collapse starting from different density profile have
also been developed by Henriksen et al. [21] and the result is that the initial
phases are characterized by mass accretion rates much faster (Maec ~ 1073
Mg yr~!) than in the singular isothermal case. However, the high luminosities
implied by such accretion rates have not been observed in the youngest, most
embedded sources (Class 0 objects ; André et al. [1]). In addition, evidence
of cores with density profiles p « =2 over a significant range of radii is also
available (e.g. Evans [14]). In conclusion, the question of the most appropriate
initial density profile to describe core collapse is still an open issue.

2.3 DMore Realistic Models

The assumptions that enter in the derivation of Macc represent an oversim-
plification of the realistic case where forces other than thermal compete in
maintaining the stability of molecular clouds. It is clear that molecular clouds
cannot be collapsing as a whole on a dynamical time scale, as the Jeans crite-
rion would predict, or the resulting star formation rate in the Galaxy would
be far too high. Thus, the concept of the Jeans mass appears of little use
in the definition of the appropriate initial conditions, and eqgs. (15) and (17)
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should be replaced by a more realistic one. Among the various mechanisms
of cloud support, magnetic fields are the most likely to play the dominant
role. A magnetic field of strength B can support a molecular cloud of radius
R, provided its mass is less than a magnetic critical mass

& B R \?
MB = 012— ~ 108 —_}{ =
e VG ! (30#G> <2pc) Mo . (18)

where @ is the magnetic flux through the cloud (Mouschovias [37]). Depend-
ing on the cloud mass, M, two situations can be envisaged. Supercritical
clouds (M, >» M.,) cannot be supported by magnetic fields alone even if
they were perfectly frozen in the gas (no magnetic dissipation), and they
would collapse on a magnetic diluted free-fall time scale. Subcritical clouds
(M < M) are supported by the magnetic field against collapse (even if
the external pressure increases) and evolve on the time scale that character-
izes the diffusion of the magnetic field. Observational evidence that magnetic
fields of the magnitude required by eq. (18) are present in dense cores and in
molecular cloud complexes has been obtained by Zeeman splitting measure-
ments (Crutcher [11]).

At the scale of the dense cores, the value of M2 is of the same order as
M, namely a few solar masses. The main difference between the two cases
is in the time scale of evolution. In dense cores, the gas is lightly ionized (the
fractional ionization is about 1077), and the relevant mechanism of magnetic
diffusion is due to ambipolar diffusion (Mestel & Spitzer [36]), a process in
which the fluid of charged particles can slowly drift with respect to the fluid
of neutral particles, the two fluids being coupled by collisions of atomic and
molecular species. Studies of the quasi-static evolution of molecular cores
have shown that the configuration tends to acquire the density profile of the
singular isothermal sphere at the time the central regions become gravitation-
ally unstable and undergo dynamical collapse (Lizano & Shu [28]). Indeed,
observations towards dense cores in the Taurus-Auriga region have revealed
a high degree of central condensations. On the other hand, the process of
ambipolar diffusion is negligible in cloud envelopes because of the relatively
high degree of ionization (z; 2 1075).

A good approximation for the density of ions, valid in a wide range of
molecular cloud densities, is p; = C’p,l/ 2, where p; and p, are the ion and
neutral densities, respectively, and C' = 3 x 10716 ¢m=3/2 g!/2 is a constant.
Under these conditions, ambipolar diffusion sets in gradually, and its char-
acteristic time scale in a molecular cloud core of size R, and density p,
is
Rcl ~ 47T’Ycﬂn Rgl
Vd B2

B ng, \¥2( Ra \>( B \°
=13 (104cm—3) <O.2pc> (30,uG> Myz, (19)

tAD ~
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where vy is the ion-neutrals drift velocity and v = 3.5x 10 cm® g~ s~ !is the
ion-neutral drag coefficient. For typical molecular cloud cores, the diffusion
time is long compared to the dynamical free-fall time, by a factor of ~10 (e.g.
McKee et al. [32]).

Collapse calculations starting from these initial conditions have been pre-
sented by several authors who considered in detail the effects of magnetic
field and plasma drift (e.g., Galli & Shu [17]; Ciolek & Mouschovias [9]). The
results indicate that the collapse still takes place in an inside-out fashion, but
now propagating outward as a fast magnetosonic wave, traveling faster in the
direction parallel to the initial magnetic field. Interestingly, the value of M.,
obtained in the magnetic case is not significantly altered by the presence of
a magnetic field. The reason is that the gas is slowed down, because of the
Lorentz force opposing gravity, but the information travels outward faster,
because of the increased characteristic speed of the system. The two effects
cancel out, and the numerical value of M,.. remains unchanged.

However, the dynamics of the gas is significantly affected by the magnetic
field. The strong pinching Lorentz force deflects the infalling gas toward the
equatorial plane, with the formation of an inner disequilibrium structure. The
disk instantaneous radius is given by

2 pay 1/3
rg ~0.12 <G B > £7/3
ar

B 4/3 ar —1/3 " 7/3
~ 6 — — AU. (20
00 (30 ;LG) 0.3kms™" 10%yr 20

Disk-like structures over scales of several hundred AUs have been mapped in
molecular line emission around many YSOs (Beckwith [4]). The scale of the
magnetic pseudo-disk is much larger than that of the centrifugal disk, that
forms as a result of the effects of the initial small, but not negligible rotation
of the molecular cloud. The value of the centrifugal radius is (Terebey et
al. [49])

Teen = 0.06 (ar 2°) ¢°
2 3
ar 2 t
~ AU 21
! (O.3kms_1> (4>< 10“145“1> <105yr> ’ (21)

where 2 is the initial rotation rate of the core. Inside 7cey, infalling matter
encounters a centrifugal barrier in the equatorial plane, and accumulates in
a disk. The mass of the protostar at this time is thus Mpyo0 = M2, which
gives

16R*a8T 1/3
Moroto =\ o2

R, 1/3 0 —2/3 ar
=02Mo <3R@> (10—143—1> (0.3kms—1) (22)
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The various elements that characterize the collapse of magnetized, rotating

molecular cores over a range of different scales are schematically shown in
Fig. 2.
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Fig. 2. Global view of the collapse of a magnetized, rotating dense core. The right
panel shows the isodensity contours and magnetic field lines over a scale of about
0.1 pc. The dotted line represents the infall magnetosonic wave that propagates
faster in the direction perpendicular to the field. In the middle panel, on scales of
~ 10%® AU, the dynamics is dominated by magnetic and gravitational forces that
shape the density distribution in the equatorial plane. The left panel shows the
isodensity contours in the innermost ~ 102 AU. The positions of rg and r¢ (see
text) are indicated in the middle and left panels. (Adapted from Galli & Shu {17])

3 Protostellar Evolution

Having established the magnitude of the mass accretion rate, we now discuss
the properties of protostars, as they grow from the small hydrostatic core
formed at the end of the adiabatic phase to a stellar sized object during
the main accretion phase. The purpose here is to show how a mass-radius is
established , that can then be used in eq. (10) to estimate the protostellar
luminosity.

In the inside-out collapse scenario, the structure and evolution of the pro-
tostar are solely determined by the specification of Mce. The evolution of the
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infalling envelope and the hydrostatic core are effectively decoupled, owing
to the existence of a region of very low opacity (the opacity gap) in the outer
parts of the envelope. The photons produced at the accretion shock can es-
cape freely, instead of being pushed back into the core by the infalling matter.
This results in a great simplification of the problem, that otherwise would
require the joint solution of the full hydrodynamical equations for the dy-
namical collapse and a detailed radiation transfer. Despite great efforts, fully
self-consistent models do not yet exist (see Masunaga et al. [30]; Bate [3]).
The quasi-hydrostatic evolution of the protostar can be treated as a prob-
lem in stellar structure, with the modifications introduced by a time varying
mass and nonstandard surface boundary conditions provided by an accre-
tion shock (Stahler et al. [48]). These models have shown the key role of
the nuclear burning of interstellar deuterium in determining the properties
of the accreting core. The protostellar evolution in a mass interval that cov-
ers low- and intermediate-mass stars, 0.1 < M, /Mg < 10, is marked by the
occurrence of four distinct phases of deuterium burning, independently of
the assumptions of the accretion process (Stahler [47]; Palla & Stahler [39]).
These phases are sketched in Fig. 3 and will be described in detail below.

(a) steady-state (b} radiative
burning barrier

{c) depleted (d) shell
interior burning

Fig. 3. A schematic view of the main phases of deuterium burning in protostars
(from Palla & Stahler [38]).
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3.1 Central D-Burning

For low-mass protostars (M, <1 M), deuterium burning occurs near the
center for temperatures exceeding 10¢ K. The energy input is sufficient to turn
and maintain the star convectively unstable. As more mass is gathered, the
newly accreted deuterium is instantly transported by convective eddies to the
center, and a situation of steady-state burning is created. In this condition,
the deuterium generated luminosity, Lp is given by

: M

Lp ~ Myeed = 12Lg | ——re— | . 23

D d (O] (10_5 M@ yr_1> ( )

In eq. (23) the nuclear energy per unit mass available in interstellar matter

is given by § = [D/H|XQpg/my, where [D/H]| = 2 x 1075 is the deuterium

fractional abundance by number, X = 0.7, and Qg = 5.5 MeV is the energy

available per reaction. The temperature sensitivity of the energy generation
rate

ep = 4.2 x 107 [D/H] < P ) <1OZK> ergg ts!t, (24)

lgem™3

with n = 11.8, is such that deuterium acts as an effective thermostat, pre-
venting the central temperature from rising above T, ~ 10% K as the star
gains mass (Stahler [47]). Since the amount of energy available in deuterium,
8, is comparable to the gravitational binding energy of the star, GM. /R., the
thermostatic effect results in a core radius that increases almost linearly with
mass during the phase of active burning. This trend is illustrated in Fig. 4
for 0.3 < M./Mg X 1, assuming a constant accretion rate of 1 x 107> Mg
yr~1. The other curves each have a different value for R, at the initial mass,
here taken to be 0.1 Mg. It is evident that, by the time M, has doubled, the
curves are nearly identical. The open circle marks the mass when the interior
becomes fully convective.

To gauge the evolutionary influence of different mass accretion rates on
the resulting mass-radius relation, Fig. 5 shows the results for lower values of
M. In a protostar forming at low M, the radius at a given mass is relatively
small, resulting in a higher central temperature, earlier deuterium ignition
and earlier depletion of nuclear material. Thus, the core slows its growth at
a small mass. The onset of full convection occurs at smaller masses as M is
lowered. The mass-radius relation also depends on the deuterium interstellar
concentration. The lower panel of Fig. 5 illustrates this point in the extreme
case where [D/H] is set equal to zero and three different values of M are
considered. It is seen that the radius increases smoothly and the curves are
well separated by their M values. Of course, as soon as a modest abundance
of deuterium becomes available, the modest rise in radius will be replaced
by a more pronounced increase, due to the thermostatic nature of deuterium
burning.
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Radius R,(R,)
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Mass M, (M)

Fig. 4. Mass radius relation for a protostar accreting at M = 1075 Mgyr %
As shown by the dashed curves, different initial radii quickly converge to the
same mass-radius relation. The circle marks the onset of full convection. (From
Stahler [47])

3.2 Radiative Barrier

The evolution of protostars more massive than solar is marked by the return
to radiative stability and the onset of gravitational contraction. These events
occur at about the same time, as can be seen by the following argument.
Convection ceases to be effective when the equality

LD = Lrad(M*,R*)v (25)

where L;.q is the luminosity that a star of given mass and radius can carry
radiatively, is met. For low-mass stars, L;.q is very small, but it quickly
rises, due to the strong dependence on stellar mass, Ly,g ~ M55 R, 12,
The requirement on the equality of the two luminosities provides a condition
on the star’s gravitational contraction time, tx g, at the time of radiative
equilibrium, i.e.

Lo oM oM aM? M,
K= R lea Rlp  RMS M

=tace. (26)

Equation (26) establishes that the star is losing heat by radiation at the same
time as it accretes new matter, and therefore it undergoes a phase of rapid
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Fig. 5. Dependence of the mass-radius relation on the mass accretion rate and on
the initial deuterium concentration. In either case, the three curves are for different
values of M, as indicated. In the upper panel, the open circles mark the onset of
full convection. In the lower panel, no deuterium is present in the gas. of [D/H].
(Adapted from Stahler [47})

gravitational contraction. Note that for low-mass stars, the accretion time
is always much shorter than txg. Due to the sensitivity of L,,q on M,, the
equality of the two time scales is confined to a rather narrow range of masses,
between 2 and 3 M. If nothing else happened in the interior, the rapid con-
traction would lead to the conditions appropriate for hydrogen burning in the
center, and the star would then join the main-sequence while still accreting.
As a consequence, there should be no stars of mass greater than 2 — 3 Mg
in the pre-main-sequence phase. This result is in clear contradiction with
the observational evidence of intermediate-mass stars, the so-called Herbig
Ae/Be stars, whose location in the H-R diagram is well above the ZAMS.
The reason why this expected behavior does not occur is subtle, and is again
related to the effects of deuterium burning. Physically, the transition to ra-
diative equilibrium does not occur throughout the star all at once, but begins
in a localized region (the radiative barrier). Interior to the barrier, matter
quickly burns its nuclear fuel that can no longer be replenished by newly ac-
creted deuterium, and an inert core develops (see the second and third panel
of Fig. 3).
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3.3 The Onset of D-Shell Burning and Gravitational Contraction

Matter exterior to the barrier still contains substantial deuterium. When the
thermodynamical conditions are appropriate, deuterium once more ignites,
this time in a convective shell located at the barrier, as indicated in the last
panel of Fig. 3. This shell slowly expands toward the surface, due to the
overall tendency of the star to become more and more radiatively stable. The
release of nuclear energy in the lower density subsurface regions results in a
dramatic swelling of the star, that doubles its radius. This is shown in the
steep, almost vertical rise of the curve in Fig. 6. The expansion of the radius
counteracts the gravitational pull, and retards the beginning of the phase of
gravitational contraction. As a consequence, the fusion of ordinary hydrogen,
and thus the arrival on the main sequence is postponed to higher masses,
~ 8 My in the specific case considered here, thus solving the inconsistency
with the observations.

12
> -
0 HERBIG
Ae/Be
BIRTHLINE o
L gravilatiopal »
. 8 contraction
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Fig. 6. The evolution of the radius vs. mass in accreting protostars. The open circles
represent, from left to right, the ignition of central deuterium, the start of D-shell
burning, the ignition of central hydrogen via the CN cycle, and the final arrival on
the ZAMS at a mass M, ~ 8 Mg. To gauge the importance of D-shell burning, the
dashed curve shows the path of the radius obtained ignoring it (adapted from Palla
& Stahler [38]).
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3.4 The Stellar Birthline

Under the assumption that protostars end their accretion phase in a time
much shorter than the Kelvin-Helmholtz time, the mass-radius relation shown
in Fig. 6 can be used to construct a theoretical birthline for stars of low- and
intermediate-mass in the H-R diagram. The birthline is the locus along which
young stars first appear as optically visible stars (Stahler {45]). Accordingly,
there should be no observed PMS stars whose position in the H-R diagram is
above the birthline, since the largest radius a PMS star of a given mass can
achieve is the protostellar radius at that mass.

The resulting birthline is shown in Fig. 7, together with the location of T
Tauri stars and Herbig Ae/Be stars. It is evident that the upper envelope of
the stellar distribution is generally well matched by the theoretical birthline.
The agreement is also suggestive of the fact that the specialized assumptions
of the calculations (spherical symmetry, constant mass accretion rate) are
not essential to the outcome of the mass-radius relation (see also Hartmann
et al. [19]).

Corroboration of these evolutionary calculations with the data on Herbig
Ae and Be stars has already begun. For example, stellar properties for all
candidate Herbig stars (44 objects) measured by Hipparcos have been derived
(van den Ancker et al. [50]). The distribution in the H-R diagram of 16 stars
with accurate trigonometric parallaxes (better than 3o) is shown in Fig. 8.
The typical error in log Teg is about 0.05 (or one subclass in spectral type),
whereas the error in luminosity is dominated by the error in the distances.
With the exception of one star (HD 34282) below the ZAMS, all the others
fall below the birthline for 1078 Mg yr~!. The brightest star is HD 200775
which is probably in a more advanced evolutionary phase than the others
which are still contracting toward the main sequence.

An interesting prediction of the birthline is that the ages of intermediate
mass stars should be much less than previously thought (Palla & Stahler [38]).
The predicted endpoint to the birthline at 8 Mg also appears supported
by the observational data. For example, the detailed study of the stellar
population of the Trapezium cluster by Hillenbrand [23] clearly shows that
stars more massive than ~6 Mg, are grouped tightly about the ZAMS, while
less massive ones diverge from it. A very similar pattern is evident in the
clusters NGC 6611 (Hillenbrand [24]) and NGC 3603 (Eisenhauer et al. [13]),
in a number of Galactic OB associations (Massey et al. [29]), and in the R136
cluster of 30 Doradus (Massey & Hunter [30]).

3.5 Effects of the Accretion Flow

Variations in the geometry of the accretion flow mainly reflect the influence of
rotation and magnetic fields in the parent cloud. Angular momentum conser-
vation imposes that the infalling material does not strike the stellar surface
directly, but first forms a circumstellar disk from which it spirals into the star
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Fig. 7. Location of the stellar birthline in the H-R diagram for accretion rates of
1075 (lower heavy curve) and 10~* (upper heavy curve) Moyr~'. Symbols give the
positions of young PMS stars. Labeled curves are PMS evolutionary tracks for the
indicated stellar mass. (From Palla & Stahler [41])

(e.g. Mercer-Smith et al. [35]). The largest uncertainty in accounting for this
effect in numerical models comes from the lack of detailed knowledge of the
physical mechanism responsible for the accretion through the disk, and an
ad hoc prescription must be used. Qualitatively, the global effect of accretion
through a disk is to yield matter landing onto the star with a lower specific
entropy than that which hits the surface directly, because of the heat loss
through radiation from the disk faces. In actual calculations, where this ef-
fect has been mimicked by altering the boundary conditions for the core, the
resulting protostellar radius results smaller than in the shock case. However,
as shown in Fig. 9, the sequence of events described above remains unal-
tered with the protostar undergoing the same dramatic swelling at the time
of deuterium shell-burning (Palla & Stahler [40]).

As for a variation of the mass accretion rate, there are observational in-
dications that stars of increasing mass may be formed from molecular cloud
cores with large nonthermal internal motions. These motions would provide
support to the cloud against collapse, and would tend to increase Maee well
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Fig. 8. H-R diagram of Herbig Ae/Be stars with parallaxes measured by Hipparcos.
Also shown are the PMS evolutionary tracks and birthlines for 10™° and 107 Mg
yr~! from [41]. (From van den Ancker et al. [50])

above the thermal value given by eq. (2). On the other hand, if the fiducial ac-
cretion rate was much lower than the thermal one, the resulting intermediate-
mass stars would run through the entire PMS evolution during protostellar
accretion, a result in clear conflict with the observations. The effect of increas-
ing M is opposite to that of assuming disk accretion; namely, the entropy level
of the protostar becomes higher, since each gas element landing on the star
has less time to radiate away its heat. The dependence of the mass-radius
relation on the accretion rate is illustrated in Fig. 10. The various evolution-
ary phases are once again recovered: the shape of the mass-radius remains
unaltered, even though each event is shifted to higher masses.

The fact that R,(M,) reaches a maximum and then declines is a common
property of accreting protostars and originates from the combined effects of
deuterium burning in a shell and the eruption of the luminosity wave from
the interior. The behavior of the radius can be understood in the following
terms: for small masses, nuclear heating causes M,(R.) to increase linearly
(M, =0.5-1 Mg), while at larger masses (M. =1-2 Mg) the self-gravity of
the star takes over, and the radius declines as My /3. A useful expression
that relates the peak radius at maximum expansion to the pre-expansion
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Fig. 8. The evolution of the radius vs. mass in accreting protostars. The two curves
are for the case of radial infall and disk accretion at the fiducial rate 107° Mg
yr ~!. The open circles mark the evolutionary phases as in Fig. 4 The evolution
without deuterium burning is displayed by the dashed curve. (Adapted from Palla
& Stahler [40])

radius is given by

BRmax [ Lmax\"*
e ( e ) , (27)
pre

where Lax is the luminosity at maximum radius. In all cases shown in the
figure, Liax/ M§ ~ 5, so that the radius swells by a factor of ~2.

The resulting birthline computed with an accretion rate of 10™% Mg yr
is shown in Fig. 7 by the uppermost curve. Clearly, the new curve does
not greatly improve the agreement with the observational data. These con-
siderations lead to the conclusion that an accretion rate M ~ 1075 Mgyr~?
can represent the typical value for the formation of stars in a mass range
from few tenths of a solar mass to about 10 Mg,

-1

References

1. André, P., Ward-Thompson, D., Barsony, M. 2000, in Protostars and Planets
IV, eds. V. Mannings, A.P. Boss & S.S. Russell (Tucson: University of Arizona



30

Francesco Palla

5 DISK ACCRETION

Radius R, (Ry)
o

M=1x10"% M,yr~!

0 | |
0 5 10 15

Mass M, (Mg)

Fig.10. The dependence of mass-radius relation on the accretion rate. The val-
ues of Mac. considered are for the case of disk accretion. (Adapted from Palla &
Stahler [40])

Press), p. 59

Alves, J.F., Lada, C.J., Lada, E.A. 2001, Nature, 409, 159

Bate, M.R. 1998, ApJ, 508, L95

Beckwith, S.V.W. 1999, in The Origin of Stars and Planetary Systems, eds.
C.J. Lada & N.D. Kylafis (Dordrecht: Kluwer Acad. Press), p.577
Bodenheimer, P. 1992, in Star Formation in Stellar Systems, eds. G. Tenorio-
Tagle, M. Prieto & F. Sdnchez (Cambridge: Cambridge Univ. Press), p.1
Bonnor, W.B. 1956, MNRAS, 116, 351

Boss, A.P. 1999, ApJ, 520, 744

Caselli, P., Myers, P.C. 1995, ApJ, 446, 665

Ciolek, G.E., Mouschovias, T.Ch. 1996, ApJ, 468, 749

. Cox, J.P., Giuli, R.T. 1968, Principles of Stellar Structure, (New York: Gordon

and Breach)

. Crutcher, R.M. 1999, ApJ, 520, 706

. Ebert, R. 1955, Z. Astr. 37, 222

. Eisenhauer, F. Quirrenbach, A., Zinnecker, H., Genzel, R. 1998, ApJ, 498, 278
. Evans, N.J.,IT 1999, ARAA, 37, 311

. Ezer, D., Cameron, A.G.W. 1965, Canadian J. Phys., 43, 1497

. Fuller, G.A., Myers, P.C. 1992, ApJ, 384, 523

. Galli, D., Shu, F.H. 1993, ApJ, 417, 220

. Galli, D., Lizano, S., Li, Z.-Y., Adams, F.C., Shu, F.H. 1999, ApJ, 521, 630



19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.

38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

PMS Evolution 31

Hartmann, L., Cassen, P., Kenyon, S.J. 1997, ApJ, 475, 770

Hayashi, C. 1966, ARAA, 4, 171

Henriksen, R., André, P., Bontemps, S. 1997, A&A, 323, 549

Henyey, L.G., LeLevier, R., Levee, R.D. 1955, PASP, 67, 154

Hillenbrand L.A. 1997, AJ 113, 1733

Hillenbrand L.A., Massey P., Strom S.E., Merrill K.M. 1993, AJ, 106, 1906
Iben, I. 1965, ApJ, 141, 993

Larson, R.B. 1969, MNRAS, 145, 121

Larson, R.B. 1981, MNRAS, 194, 809

Lizano, S., Shu, F.H. 1989, ApJ, 342, 834

Massey P., Johnson K.E., DeGioia-Eastwood K. 1995, Apl, 454, 151

Massey P., Hunter D.A. 1998, ApJ, 493, 180

Masunaga, H., Miyama, S.M., Inutsuka, S. 1998, ApJ, 495, 346

McKee, C.F., Zweibel, E.G., Goodman, A.A., Heiles, C. 1993, in Protostars
and Planets III, eds. E.H. Levy & J.I. Lunine (Tucson: University of Arizona
Press), p.327

McLaughlin, D.E., Pudritz, R.E. 1996, ApJ 469, 194

McLaughlin, D.E., Pudritz, R.E. 1997, ApJ, 476, 750

Mercer-Smith, J.A., Cameron, A.G.W., Epstein, R.1.: 1984, AplJ, 279, 363
Mestel, L., Spitzer, L. 1956, MNRAS, 116, 505

Mouschovias, T.Ch., Ciolek, G.E. 1999, in The Origin of Stars and Planetary
Systems, eds. C.J. Lada & N.D. Kylafis (Dordrecht: Kluwer Acad. Press), p.
305

Palla, F., Stahler, S.W. 1990, AplJ, 360, L47

Palla, F., Stahler, SSW. 1991, AplJ, 375, 288

Palla, F., Stahler, S W. 1992, ApJ, 392, 667

Palla, F., Stahler, SSW. 1993, AplJ, 418, 414

Palla, F., Stahler, S W. 1999, ApJ, 525, 772

Palla, F., Stahler S. W. 2000, ApJ, 540, 255

Shu, F.H. 1977, ApJ, 214, 488

Stahler, S.W. 1983, ApJ, 274, 822

Stahler, S.W. 1988a, PASP, 100, 1474

Stahler, S.W. 1988b, ApJ, 332, 804

Stahler, S.W., Shu, F.H., Taam, R.E. 1980, ApJ, 302, 590

Terebey, S., Shu, F.H., Cassen P. 1984, ApJ, 286, 529

van den Ancker M., de Winter, D., Tjin A Djie, H.R.E. 1998, A&A, 330, 145
Von Sengbusch, K. 1968, Zs.f.Ap., 69, 79



II. Pre-Main-Sequence Evolution
4 Evolutionary Models

Once the main phase of accretion is completed, the stellar core emerges as an
optically visible star along the birthline. The physical process by which infall
stops is still not known, although stellar winds and bipolar outflows must play
a fundamental role. The circumstellar matter surrounding these young stars,
partly distributed in a disk and the rest in an extended envelope, still emits
copiously at infrared wavelengths: the emergent spectral energy distribution
departs substantially from that of a normal stellar photosphere, showing ex-
cess emission extending from the near- to the far-infrared. The origin of this
excess has been commonly attributed to the presence of accretion disks. De-
pending on the mass of the star, young visible stars are classified as T Tauri
(low-mass, typically ~1 Mg), or Herbig Ae/Be stars (intermediate-mass, $10
Mg). Their early evolution can be followed in detail, once the initial condi-
tions for the gravitational contraction phase toward the Main Sequence are
specified. The birthline joins the ZAMS at M, ~8 Mg,. Thus, for stars with
masses above this value there is no optical PMS phase: the rapid gravitational
contraction in these objects has led to hydrogen ignition already during the
accretion phase. Massive stars are born on the ZAMS.

4.1 Protostellar Initial Conditions

The results of protostellar evolution demonstrate that the classical assump-
tions described in Sect. 1 are no longer appropriate. First, protostellar cores
never reach large radii: the radius remains typically a factor of ten smaller
than that predicted by eq. (3). It is thus reasonable to assume that the pro-
tostellar radius represents the mazimum value that a star of a given mass
can achieve prior to contraction. Second, the internal structure departs sig-
nificantly, at least for intermediate-mass objects, from the assumption of
thermal convection. In low-mass stars, convection is due to central nuclear
burning. Protostars more massive than about 2 Mg are radiatively stable in
the inner regions, and possess a thick, subsurface mantle of deuterium. This
deuterium must ignite in a shell to fuse to helium during the approach to
the main sequence. The disparate state of the two regions implies that the
stars are thermally unrelazed at the beginning of the PMS evolution. Thus,
in contrast to the situation described by the classical theory, these stars must
undergo non-homologous quasi-static contraction (Palla & Stahler [41]).
Another important aspect is that for a PMS of fixed mass, the amount of
deuterium available is that which a protostar of the same mass did acquire in
the course of its accretion history. The variation of the fractional deuterium
concentration, fp, for a protostar accreting at different rates is shown in
Fig. 11. Here, fp is calculated relative to the interstellar concentration. We see
that for the lowest values of the accretion rate, fp, declines quite rapidly for
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M. <1 Mg, even thoguh the star is fully convective, and therefore accreting
deuterium as fast as it is being consumed. Actually, consumption slightly
exceeds accretion, and Lp differs correspondingly from the value in eq. (23).
The evolution of fp in a fully convective protostar is given by

dfp Lp
M, M. 1—fp— Mg (28)
from which it follows that
_ A d(fDM*)
LD = Macc(s [1 W*—— . (29)

Since the product fpM, is proportional to the total deuterium content, equa-
tion (29) shows that any net loss of deuterium implies that Lp exceeds Maeed.
Such loss is inevitable, because of the slowly rising interior temperature of
the protostar. The fall of fp shown in Fig. 11 continues until the radiative
barrier appears, and thereafter deuterium exists only in a small, subsurface
mantle. For fast accretion rates, the drop of deuterium in the protostellar
phase is postponed at masses M, ~1.5 Mg.

Deuterium Concentration log,, (fp)

—4 | 1 I |
0 0.5 1 1.5 2 2.5

Protostellar Mass M, (M)

Fig.11. Evolution of the fractional deuterium concentration, fp, in protostars
accreting at different values of the accretion rate.



34 Francesco Palla

The calculation of the buildup of a protostar to a mass M, automatically
yields the initial PMS structures for all stars of lower mass, provided only
that the main accretion process ends relatively quickly (compared to the
Kelvin-Helmholtz time scale). Since the contraction time is of order 107 yr
for a solar-type star, while the typical clearing time due to a wind/outflow
is 10% yr, this assumption is well satisfied. The salient features of the initial
phases of PMS evolution can be discerned by comparing several characteristic
luminosities as functions of stellar mass, as depicted in Fig. 12. The figure
displays the surface luminosity Lg,,; at the start of the PMS phase. Also,
Fig. 12 shows L;,q, the luminosity transported by radiation within the star,
and the protostellar accretion luminosity L.
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Fig. 12. The mass dependence of luminosities in protostars accreting at 107% Mg
yr ~!. The arrows on the horizontal axis indicate the critical masses where L;aq
intersects Lgurr, Lp, and Lacc, respectively. At Ms, Leu,s climbs steeply to join L;ada
(from Palla & Stahler [41]).

Let us first apply Fig. 12 to the low mass T Tauri stars (M, <2 Mg).
According to the figure, such stars begin contracting with Lg greater than
Liaq. In other words, they radiate more energy per unit time from their
surfaces than can be supplied by photons from the interior. The excess lumi-
nosity must be carried by thermal convection. Thus, T Tauri stars begin their
evolution as fully convective objects with nearly fixed surface temperatures,
in the same manner described by Hayashi.
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More massive stars, the Herbig Ae/Be stars (M, >2 Mg), are not initially
convective from surface cooling; a large fraction start the PMS contraction
with Lgy less than Lyaq. In this case, more energy is transported per unit
time through the deep interiors than can be radiated into space and the star
is in a thermally unrelaxed state. In the H-R diagram, this star appears first
with a surface luminosity and temperature that place it below the classical
evolutionary tracks for that mass. During subsequent relaxation, the stellar
radius, stellar luminosity, and surface temperature all increase, while the
outer convections disappears. Then, the star joins onto the radiative portion
of its classical track, which it then follows to the main sequence.

Not all the intermediate mass stars undergo thermal relaxation. If a star
is sufficiently massive, it will have already relaxed prior to the end of proto-
stellar accretion, i.e. before the star is optically visible. This condition is met
when L;.q becomes larger than L,... In Fig. 12 the critical mass is about 4
Mg. More massive Herbig Ae/Be stars appear immediately on their classical
radiative tracks.

4.2 Stellar Structure Equations

Unlike the previous hydrodynamical protostellar phase, the PMS evolution
of a star can be followed by models in hydrostatic and thermal equilibrium.
These models are much easier to construct and less subject to numerical
inaccuracies. The subject of stellar structure equations is well established and
fully described in numerous textbooks. Here, I will present a brief description
of the main equations needed for the calculation of PMS stellar models.

The mechanical stellar structure equations are simply a restatement of
hydrostatic balance. If we neglect internal rotation, then a convenient spatial
variable in a spherical star is the mass coordinate M, defined by

R.
M, = / arripdr (30)
0

where p is the mass density of the gas. The function M, represents the mass
enclosed within a sphere of radius r. From eq. (30) we have immediately

% = 4mr?p. The radius r then acts as a dependent variable, whose variation
with M, is governed by the inversion of this expression
dr 1
= 31

dM, dnr2p (31)
The internal pressure is related to the total weight by

dP GpM,

= =7 32

dr r2 (32)
Dividing (31) by (32) we derive the alternate form

dP _ G M, (33)

dM, ~  4dwrt’
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which again utilizes M, as the independent variable. The pressure itself obeys
the equation of state for an ideal gas:

p=LRrr. (34)
W

Here the mean molecular weight 1 depends on the state of ionization and
dissociation of the gas, and is therefore a function of p and T. One may
either calculate this function ab initio, by invoking statistical equilibrium, or

obtain it from prior tabulations.
We turn next to the thermal stellar structure equations. Since the proto-
star’s interior is highly opaque, the transport of radiation is governed by the

diffusion equation
T3 dT _ _ 3/‘5Lint ’ (35)
dM, 2562 opgrt
The Rosseland mean opacity « is again a function of p and T. Like p, it is
available in numerical form.

Finally, we consider the spatial variation of L;,;. Recall that the latter
is the surface integral over a spherical shell of |F,4|, where the flux points
radially outward. In general, a fluid element gains heat either by being irra-
diated externally or from internal nuclear reactions. Let € {p, T') represent the
rate of nuclear energy release per unit mass. Both this rate and Fi,q enter as
source terms in the heat equation:

pTil—i; =pe — V Faa, (36)

where s is the entropy per unit mass of the fluid. For a spherical star, it is
convenient to recast this relation as
dLing ds
aM, ~ T T dt

Equations (31), (33), (35), and (37) are the desired stellar structure equa-
tions for the dependent variables r, P, T, and L;,. They must be supple-
mented by the equation of state (34) and by knowledge of 4, &, €, and s
as functions of p and T. In practice, tabulations of the entropy utilize the
Second Law of thermodynamics:

T As = ¢, AT — P Ap/p*, (38)

(37)

which governs small changes of the state variables. Here, ¢, is the specific
heat at constant volume. Knowing this latter quantity (or, equivalently, the
specific internal energy) as a function of p and T allows one to integrate
eq. (38) in the p — T plane and numerically obtain the function s(p,T'). Note
that a purely monatomic gas would have ¢, = (3/2)R/u, where p is now a
constant. In this case, we may integrate eq. (38) analytically to obtain

3/2
8§ = —7-1— 11’1<T—“> + S0, (39)
r p
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where s, is an arbitrary constant. Equation (39) is often a useful approxima-
tion in stellar interiors, where the gas is fully ionized and p = 0.61.

Solution of the stellar structure equations requires specification of four
boundary conditions. Two of these are the statements that both r (M,) and
Liynt (M,) vanish at the center of the configuration:

M=0: r(0) =0 Lin(0) = 0. (40)

A third condition is that P (M, ) must equal the appropriate photospheric
value when M, = M,.:

_2GM,

M=M,: P.= -——.
3 Rk

(41)

The fourth boundary condition concerns the surface value of the temperature
and its relation to the luminosity. For a PMS star, this relation is the standard
photospheric one given by eq. {(4):

M=M,: L= 4nR%T4% . (42)

The full four stellar structure equations can now be solved as a two-point
boundary value problem, in which the values of the pressure and entropy are
guessed at the center, while the stellar radius and luminosity are guessed at
the surface. One can integrate the equations from both directions to an inte-
rior fitting point, where the four guesses must be changed until all variables
match.

The four basic ingredients required by the stellar models are the equation
of state, opacity, treatment of convection and the nuclear generation rate.
Each of these physical processes would require a lengthy discussion, which is
beyond the scope of this chapter. Here, a brief summary of some basic aspects
is outlined.

4.3 Equation of State

The importance of using a good equation of state (EOS) for stellar models
has been discussed by Déppen [33] and by D’Antona [29] for the case of
PMS stars. The task is to develop a formalism for the computation of the
EOS valid from the conditions of the photosphere, where the temperature is
typically a few 102 K and the density some 107 g cm™3, to the center of a
star where T ~107 K and p ~10% g cm™3. As a first approximation, PMS
stars, because of contraction and of the relatively low density, should follow
the ideal gas law. However, the Saha formula is just an approximation that
ceases to hold as soon as a small degree of degeneracy or other non-ideal gas
effects are present. Mazzitelli [64] has discussed in detail the implications of
including non-ideal gas effects on the hydrogen and helium ionization. An
important result is that because of the decrease of the value of the adiabatic
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gradient in regions of partial ionization, stellar models are characterized by
lower effective temperatures. The most recent efforts to derive reliable EOS
for astrophysical use include Mihalas, Hummer & Déppen [68], as part of the
international “Opacity Project” (OP), and Iglesias & Rogers [49], as part of
the opacity project at Livermore (OPAL}. A clear explanation of the physical
approach behind the two computations and comparisons between the results
are presented by Déppen [33].

4.4 Opacity

There has been a dramatic improvement in the calculation of the Rosseland
mean opacity of gas mixtures over the last ten years. Prior to 1990, the only
existing set of opacities were provided by the Los Alamos group, both at
high (T210* K) and low-temperatures (TS10* K) (Huebner et al. [48]; Cox
& Tabor [28]). In the latter regime, an important contribution has been done
by Alexander and collaborators who considered the presence of molecules
and grains in the computations (Alexander et al. [2]; Alexander & Fergu-
son [1]). The physical processes considered in the calculations include con-
tinuum sources of opacity due to 14 elements (H, H™, H;“, H, He, plus
heavy elements); atomic and molecular lines (about 60 million transitions);
electronic and Rayleigh scattering due to H, Hy and He; absorption and scat-
tering of grains with radius between 0.005 and 0.25 pm.

At temperatures above 8000 K, both the OPAL and OP projects pro-
vide extended tabulations of the opacity, including free-free, bound-bound
and bound-free transitions for many elements from hydrogen to iron. The
motivation for these calculations is interesting. In 1982, Simon [78] made a
plea for the re-examination of the heavy element contribution to opacities.
He showed that an increase in the opacity from elements heavier than helium
by factors of two or three in the envelope regions, would resolve a number
of outstanding problems in the theory of pulsating stars. Two groups, OPAL
and OP, responded to the plea and performed calculations that showed that
indeed a better treatment of atomic physics led to significant opacity en-
hancements that helped to solve the problem of (Beta) Cepheid pulsation
(Iglesias & Rogers {49]; see also Seaton [76] for a review). The opacity ta-
bles are constantly updated, as improvements in atomic physics are obtained
(Rogers & Iglesias [72]; Iglesias & Rogers [50]; Seaton et al. [77]). As an illus-
tration of the properties of the Rosseland mean opacity at selected densities,
Fig. 13 shows the behavior of the opacity at low- and high-temperatures
for different sets of tables. In the right panel, the peak at T~10°% K, called
the Z-bump, visualizes the impact of the OPAL calculations on the behavior
of the opacity in the inner regions. This feature stems from bound-bound
transitions involving the inner electrons of heavier metals, principally iron.
The main peak at T~10* K is due to the photoionization of hydrogen. At
lower temperatures, the opacity falls steeply because too few photons in the
Planckian distribution have energies exceeding the ionization threshold of
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13.6 eV. The decline in opacity with falling temperatures halts temporarily
at near 2000 K, where the dominant process is now bound-bound transitions
in molecules (left panel).
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Fig. 13. Rosseland mean opacities for a gas of solar composition. Left panel: com-
parison of the low-temperature opacities for different densities. The solid lines are
from Alexander et al. [1] and the dashed lines from Rogers & Iglesias [72]. Note
that the latter do not include the contributions from molecules. Right panel: high-
temperature opacities for a density of 1078 g em™3. Solid line is from Rogers &
Iglesias [72] and the dashed line is from Cox & Tabor [28]. Note the enhancement
of the opacity at T~10% K (Z-bump).

Molecules play a dominant role in the atmospheres of cool dwarfs, from
mid K to late M stars, and a mass from 0.6 Mg, to the hydrogen burning limit
(0.075-0.085 Mg, depending on metallicity), and in the brown dwarf regime.
In such stars, most of the hydrogen is locked in Hy and most of the carbon in
CO, with excess oxygen bound in molecules such as TiO, VO, and HyO (e.g.
Allard et al. [4]). These molecules can serve as useful diagnostics of the nature
of the very low-mass stars. Opacities due to grains are also becoming available
(e.g. Alexander et al. [3]). Grains can condensate in stellar atmospheres at
temperatures below ~2000 K, and their effect is to decrease the gas phase
abundance of some important absorbers, such as TiO. The impact of grain
opacity on the spectral distribution and atmosphere of cool stars is quite
important, but a full understanding of the physics of grain condensation and
absorption is still lacking.
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4.5 Treatment of Convection

The standard treatment of turbulent convection is a phenomenological one,
based on Prandtl’s theory of turbulence with the introduction of a quantity
called the mizing length (B6hm-Vitense [14]). Despite its limitations, the
mixing length theory (MLT) gives a satisfactory description of the convective
zone since this region is to a large extent very close to being adiabatic. In
the MLT theory, the length ! over which a convective bubble merges with its
surroundings is assumed to be proportional to the pressure scale height Hp,
{ = aHp, where « is a free parameter and Hp = —dr/dinP. The actual value
of «r is chosen as to fit the solar radius and effective temperature. In general,
a=1.5 yields a good fit. However, the surface properties of stellar models
are quite sensitive to the value of o adopted in the computations. Lowering
(rising) o to 1 (2) instead of 1.5 reduces (increases) the values of the effective
temperature by about 10% (i.e. several hundred degrees), especially along the
Hayashi vertical track (e.g. Forestini [39]). Thus, the poor knowledge of stellar
convection introduces considerable uncertainties in the location of the tracks
in the H-R diagram. Also, the temperature at the base of the convection
zone is very sensitive to the value of a. Therefore, important differences in
the level of light elements depletion in the convective envelopes result from
different choices of the mixing length parameter.

An alternative theory to the MLT has been presented by Canuto & Mazz-
itelli ([19], CM) and Canuto, Goldman & Mazzitelli [20]. Unlike MLT which
considers a single element of turbulence (“one-eddy” description), the CM
convection model takes into account the full spectrum of the eddy distribu-
tion. Also, the mixing length is chosen to be the harmonic mean between
the distance z of the layer from the top and the distance from the bottom of
the convective region. The properties of the Sun can then be fitted to high
precision (less than 1%, as demanded by helioseismological constraints) by
introducing a small amount of overshooting from the surface convective layer
and the prescription for the scale length becomes [ = z+ GHp. A full descrip-
tion of the CM convection model, together with a discussion of the reasons
to adopt such a model rather than the MLT, can be found in D’Antona &
Mazzitelli [32].

4.6 Nuclear Reactions

Nucleosynthesis during the PMS phase is limited to the light elements. In
addition to the destruction of deuterium, the nuclear burning of 6Li, “Li,
9Be, and 2He takes place when the central temperature in solar-type stars
reaches values of 2x106 K, 3x10° K, 3.5x10% K, and 8x10° K. However, the
relatively tiny abundances of these species render the effect energetically and
structurally unimportant. For example, the interstellar lithium abundance is
[Li/H]~107%: in order to halt PMS contraction, the abundance should be
enhanced by a factor 10° or more over the observed ones. On the other hand,
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the depletion history of lithium in low-mass stars can be followed in detail to
compare with observations and to test the internal structure of stars. A full
discussion of lithium depletion can be found in Ventura et al. [85].

The nuclear network consists of the complete pp chain and the CNO
cycle. Deuterium and “Li burning are considered separately, since they occur
before the pp chain takes over. The computation of the energy generation
requires the knowledge of the nuclear cross sections. These are tabulated by
Caughlan & Fowler [22], while weak and intermediate screening factors can
be computed using the formalism of Graboske et al. [41]. Screening is also
important for D and 7Li burning reactions, especially for very low-mass stars
and brown dwarfs. The relative concentration of the nuclear species follows
the solar composition {e.g. Grevesse & Sauval[42]) with a metal abundance
Z=0.019. The location of PMS tracks is not sensitive to the exact value of
the metallicity; however, the amount of “Li depletion is strongly affected by
Z, increasing for larger values of Z (D’Antona & Mazzitelli [30]).

5 The H-R Diagram

The results of the calculations of PMS evolution incorporating the protostel-
lar initial conditions and the input physics discussed in Sect. 4 are shown
in the H-R diagram of Fig. 14 for stars from 0.1 to 6.0 Mg. The evolution-
ary tracks have been computed using the opacities of Alexander et al. [1] at
T<8000 K and of Rogers & Iglesias [72] at higher temperatures. Convection
has been treated using MLT with a=1.5. From Fig. 14, we can see that while
low-mass stars descend from the birthline on convective paths, stars more
massive than ~4 Mg move to the left on radiative ones. Stars between 2 and
4 Mg undergo thermal relaxation, looping back slightly behind the birthline
and recrossing it before pursuing horizontal tracks.

Compared to the classical set of PMS tracks, those shown in Fig. 14 oc-
cupy a much more limited portion of the diagram. The reason is that the older
tracks correspond to stellar radii too large to have attained during protostel-
lar accretion. Thus, the starting luminosities are much lower than previously
envisioned. In addition, the surface temperature of these stars begin higher.
For example, a 5 Mg star starts with T.g=12000 K in contrast to the value
of 4400 K obtained by Iben [25]. Notice also that the birthline intersects the
main sequence at a mass M, ~8 Mg: this point represents the critical stellar
configuration in which hydrogen burning has stopped gravitational contrac-
tion while the star is still growing in mass (see Fig. 6). More massive stars,
therefore, have no PMS phase at all, but appear directly on the main sequence
once they are optically revealed.

An important result of the new calculations is that observed PMS stars
should not be located to the right of the birthline. For both T Tauri and Her-
big Ae/Be stars the agreement is excellent, despite the rather strong assump-
tion of a constant mass accretion rate of 1075 Mg yr~! used in the models.
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Fig. 14. Evolutionary tracks in the H-R diagram for low- and intermediate-mass
stars. Each track is labeled by the corresponding mass, in solar units. Selected
isochrones are shown by the dotted lines. For each track, the evolution starts at
the birthline (not shown), and ends at the ZAMS, as indicated. (From Palla &
Stahler [42])

This fact indicates that a limited dispersion in the properties of molecular
cloud cores (which determine the magnitude of Macc) somehow produces an
impressive range of stellar masses. The case for even more massive stars is
complicated by the difficulty in determining the appropriate stellar parame-
ters to place them in the H-R diagram

Finally, another important result is the drastic reduction in age obtained
for Herbig Ae/Be stars. The same is true, of course, for T Tauri stars, but
the quantitative impact is minor. Even a large drop in the initial radius of a
typical T Tauri star hardly changes its total contraction age, since tky scales
as R 3. For the Herbig stars, however, eq. (5) implies that txy only increases
as R*_l/ % The age reduction is far more significant for masses well below the
upper cutoff at = 8 Mg,.
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Other key features of the evolutionary tracks of Fig. 14 are listed in Ta-
ble 1. For each low-mass star, the second column gives the Atp, the duration
of deuterium burning. This interval is measured to the point where [D/H]
falls to 0.1 its value on the birthline, but only for those masses where the
initial abundance is at least 0.1 of interstellar. The third column lists #,.4,
the time at which a radiatively stable core first appears in fully convective
models. Here, ¢t = O refers to the star’s appearance on the birthline. Finally,
the last column gives tzams, the total time required for each star to settle
onto the zero-age main sequence. The latter is arbitrarily set at the point
where the luminosity released through gravitational contraction falls to 3%
of the total.

Table 1. Characteristic Times of Pre-Main-Sequence Evolution

Mass Atp trad tzAMS
(Mo)  (yr) (yr) (yr)
0.1 1.5x 10° — 3.7 x 108
0.2 7.0x10° — 2.4 x 108

04 30x10°1.1x1071.1 x 108
0.6 2.0x10°5.5 % 10%8.5 x 107
0.8 1.5x10*2.5 x 10%5.2 x 107

1.0 - 1.4x10%3.2x 107
2.0 - - 85x10°
3.0 - - 2.0x 108
4.0 - - 82x10°
5.0 — - 23x10°
6.0 - - 4.0x 10*

5.1 Low-Mass Stars: 0.1 SM,./Mg< 2

The largest departure from the standard theory of PMS stars concerns the
history of deuterium burning. Salpeter [73] was the first to recognize that
deuterium ignition via the reaction ?H(p,v)*He at a temperature of about
1x108 ¥ could slow down contraction or, for the least massive stars, stops it
entirely for a relatively brief time. This effect was confirmed by the detailed
calculations of Grossman & Graboske [43] and Mazzitelli & Moretti [65] who
introduced the concept of a “deuterium main sequence” to denote the curve in
the H-R diagram crossed by the PMS tracks at the point of ignition. However,
Stahler [46] has shown that this concept is obsolete, since deuterium burning
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occurs already during the accretion phase for stars with masses above a few
tenths of a solar mass. Thus, the locus of the deuterium main-sequence is
nothing else than the birthline shown in Fig. 7.

T Tauri stars, having consumed most of the available deuterium during
the accretion phase, begin the contraction phase by simply descending along
the vertical portion of the Hayashi track. The same is true for a Herbig
Ae/Be star, which begins with a severely depleted deuterium supply. While
this supply lasts, the outermost layers remain convectively unstable. But the
luminosity provided by deuterium burning, Lp, is now so minor compared to
L..q4 that even this limited convection vanishes by the time the star has joined
the classical radiative portion of its evolutionary track. Finally, for stars of
mass smaller than ~0.3 Mg, protostar theory still implies deuterium burning
during the PMS phase, while for masses as low as M,=0.018 M, degeneracy
effects set in and prevent nuclear burning (D’Antona & Mazzitelli [31]).

It is convenient to consider separately those stars which contract as fully
convective objects from those with radiative interiors. Referring again to
Fig. 12, the distinction can be established through comparison of the two
luminosities Lgys and Ly,q. Stars with M, <M; are fully convective due to
surface cooling as soon they appear as optically visible objects. The value of
M; of 2.35 Mg is coincindentally close to the mass, My, if 2.44 Mg at which
the radiative barrier first appears. The fact that M; ~M; means that stars
that were fully convective as protostars from deuterium burning remain so,
at least for a time, following the end of accretion.

Figure 15 illustrates the first 3 x 10® yr in the PMS evolution of stars
with masses of 1.5 and 2.0 Mg. Since both stars are fully convective at the
beginning, they follow paths on the Hayashi tracks. However, their initial radii
are much smaller, so that the convective phases are considerably shorter. In
particular, the 2 Mg star, with a mass close to the critical value My, contracts
for only 1.1 x 10% yr before a radiative core appears at its center. The figure
shows that the stellar radius actually swells during the spread of the radiative
region: this swelling is a sign of nonhomologous contraction.

The nature of contraction is further shown by the evolution of the specific
entropy in Fig. 16 for the star with 2.0 M. The star begins with the uniform
entropy distributions enforced by convective mixing, apart for the sharp drop
in entropy near the surface, where hydrogen and helium are recombining. The
spreading of the radiative regions, in which the entropy increases outward,
is also seen in both models. As the star radiates heat from the surface, its
average interior entropy must drop. For lower mass stars, the decline within
the radiative core is much faster than that in the convective exterior. For
the 2 Mg, star, in which the radiative region has spread farther, the exterior
entropy actually increases. In both cases, a portion of the heat lost from the
deep, radiative interior is being transferred to the convective surface layers.
This surface entropy rise is responsible for the swelling of the 2 Mg mass
star.
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Fig. 15. Early evolution in the H-R diagram of stars with M. =1.5 and 2.0 Mg.
The labeled tick marks on each curve cortespond to times of 0, 1, 2 and 3x10° yr

after the end of protostellar accretion. The thin dashed lines are curves of constant
radius. (From Palla & Stahler [41])

The evolutionary trend seen for this, and also for the lower mass stars, is
identical to that found in traditional calculations. In particular, the entropy
distribution is undisturbed by the fusion of residual deuterium. As shown in
Fig. 11, the initial concentration for stars more massive than ~0.5 Mg is so
low that it is quickly consumed. Since the deuterium luminosity is initially
close to the steady state value in eq. (23), the time for the exhaustion of the
fuel, Atp, is

fpAMp[D/H]XQ _ fp AMp
mp Lp M

In this equation, AMp represents the stellar mass contained in the convective
region. It turns out that Atp = 30 yr for 1.5 Mg and only 1 yr for 2.0
Mg. These exceedingly brief times serve to emphasize the point that PMS
convection is driven in these stars by surface cooling, rather than central
heating. For lower mass stars, however, the times for deuterium exhaustion

Atp =

(43)
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Fig.16. Early evolution of the entropy (right panel) and luminosity (left panel)
profiles for M, =2.0 Mg. The curves show the specific entropy and luminosity as a
function of the internal mass coordinate. Each curve is labeled by the corresponding
evolutionary time. Specific entropy is measured in units of kg/mg, with the zero
point arbitrarily set at T = 2.05 x 10°K and p = 5.16g cm ~*. (From Palla &
Stahler 1993)

are longer, as listed in Table 1. Stars below ~0.5 Mg have almost the full
content of interstellar deuterium initially and take approximately 10° yr to
burn it completely.

The rapid disappearance of deuterium is reflected in the stars’ interior
luminosity. The behavior during the first 3 x 106 yr is shown in the left panel
of Fig. 16 for the 2.0 Mg star. At ¢ = 0, the luminosity rises rapidly from
the center and attains a value slightly less than ~12 Lg, generated by the
steady-state burning of deuterium. Then, the absorption of this energy by the
overlying layers of gas causes the decline at larger mass shells. However, after
a period Atp, the luminosity arises from gravitational contraction alone and
has a very different distribution. Since most of the interior is homologously
contracting, the global loss of heat leads to a luminosity that monotonically
rises toward the surface. Between ¢t = 1 x 10% and 3 x 108 yr, the surface
luminosity rises despite the increase in stellar radius: this rise is due to the
disappearance of the absorbing convective layer.

5.2 Intermediate-Mass Stars: 2 SM,/Mg< 10

For stars more massive than solar, the imprint of the prior accretion his-
tory persists much longer than in the low-mass, convective case. The reason
is that the stellar interior is not thermally relaxed, and the stars must un-
dergo a phase of global readjustment. The main results can be schematically
summarized as follows.
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o Fully convective stars: Stars in the range 1—2.5 Mg are fully convective
due to surface cooling as soon as they appear as optically visible objects. The
evolution is undisturbed by the fusion of residual deuterium: its concentration
is so low, that it is quickly consumed (on a time scale of few years). Stars
contract along the Hayashi track, but their path is much reduced (see the
case for M, = 2 Mg in Fig. 14).

o Partially convective stars: Stars in the range 2.5 — 4 M, undergo ther-
mal relaxation and nonhomologous contraction. When they are first optically
visible, they are underluminous: i.e., the evolutionary track begins at low lu-
minosity and then moves up to join the radiative portion. The Hayashi phase
is skipped entirely. In the H-R diagram, shown in Fig. 17 for the case of a
3.5 Mg star, the unrelaxed star first appears below the classical evolutionary
track for that mass. At this early epoch, the star has a relatively shallow
convection zone. During subsequent relaxation, the stellar radius, surface lu-
minosity and temperature all increase, while the outer convection disappears.
The variation of the distribution of the internal luminosity at different times
is also shown in Fig. 17. Initially, the function L (), the luminosity crossing
any interior shell enclosing a mass M, rises from zero at the center, peaks
somewhere in the interior, then falls again to the relatively low surface values
Lgurt. Such odd luminosity profile cannot be maintained indefinetely. Accord-
ing to the heat eq. (36), matter between the star’s center and the shell where
L, peaks is losing heat (ds/dt < 0), while the gas between this shell and
the surface is gaining heat. As shown in Fig. 17, this internal heat transfer,
achieved entirely through radiative diffusion, causes the peak of L, to move
outward with an attendant rise in the surface luminosity. The approximate
duration of this thermal relaxzation is given by the Kelvin-Helmholtz time
with Leurr replaced by the internal luminosity Ly.qg in eq. (9).

The luminosity in stars of mass between 2.5 — 4 Mg stems almost en-
tirely from gravitational contraction. This contraction, however, is initially
quite different from that envisioned in the classical PMS theory. That interior
portion which is losing heat indeed shrinks, but the transfer of this energy
actually expands the outer region and creates a net increase of the stellar ra-
dius. This nonhomologous contraction continues until L,(M,) is everywhere
increasing, by which point the star as a whole is shrinking, as in the classical
model.

o Fully radiative stars: Stars more massive than 4 Mg appear immediately
on the radiative portion of the classical track, and begin to contract homol-
ogously under their own gravity. As the star contracts, the average interior
luminosity must rise as Ry 1 2, according to eq. (5). Such rise is evident in
the evolutionary tracks of Fig. 14. The specific entropy decreases with time
in all interior mass shells, a sign of homologous contraction. At any one time,
the interior is radiative, i.e. the entropy is increasing outward, except for a
very thin surface layer.
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Fig.17. Left panel: Early evolution in the H-R diagram of a 3.5 Mg star, covering
the phase of thermal relaxation. The thin dashed lines are cruves of constant radius.
Right panel: The evolution of the internal luminosity during the thermal relaxation
process. Note the shift of the peak in luminosity toward the stellar surface as a
result of nonhomologous contraction. (Adapted from Palla & Stahler [41])

5.3 Massive Stars: M2 10Mg

The process of gravitational contraction during the accretion phase ends when
the nuclear luminosity due to the CNO cycle becomes dominant. There is
no precise way to specify the arrival of a protostar at the main sequence,
since the models are never identical to ZAMS stars of the same mass. For
example, at M,=8 Mg, the nuclear luminosity still accounts for 75% of the
total luminosity, with the remainder provided by gravitational settling in
the outer layers. However, we know that the stellar radius must reach a
minimum if accretion were to increase indefinetely. From Fig. 6, the value of
the minimum R, is 3.1 Rg. This radius is reached on the theoretical ZAMS
at M, ~8 Mg. Thus, we may take this mass as the value where the protostar
has joined the main sequence. The consequence is obvious: there is no longer
any PMS phase for stars more massive than this value. They can only be
observed as infrared accreting protostars or as main-sequence or post-main
sequence objects.

An implication of the evolution described so far is that most stars should
form with nearly the same accretion rate, as supported by the distribution of
known PMS star in the H-R diagram. One possible objection to this hypoth-
esis is that stars forming at modest rates might complete their entire main-
sequence evolution before reaching a sufficiently high mass. However, with an
Mee of 1075 Mg yr~!, the accretion and nuclear lifetimes become equal only
at a stellar mass of 45 Mg, while with Mee=10"14 Mg yr~! the critical mass
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is higher than 100 Mg (Schaller et al. [74]). These figures suggest that even
high-mass stars form with accretion rates in the range considered above and
do not require extreme conditions. This possibility has been considered by
Beech & Mitalas {7] and Bernasconi & Maeder [8] who studied the formation
and evolution of stars up to ~100 My under the accretion scenario. The re-
sulting birthlines are displayed in Fig. 18. One of the interesting findings is
the definition of an upper stellar birthline as an extension above ~10 Mg of
that shown in Figs. 7 and 14. A massive star then begins its main-sequence
evolution from these initial conditions that differ substantially from those at
the classical ZAMS. In particular, they have lower effective temperatures and
a reduced extent of the convective core.

However, accretion cannot proceed indefinetely because of the mechani-
cal effect of the protostar’s radiation on the infalling envelope. The accretion
shock at the stellar and disk surfaces produces photons at optical and ultravi-
olet wavelengths. These are absorbed by the envelope’s dust grains and rera-
diated into the infrared. Trapping of this infrared radiation creates thermal
pressure that retards infall. The stellar luminosity also raises the envelope’s
temperature until the grains sublimate at the dust destruction front. The
direct impact of short-wavelength photons on grains at this front provides an
additional retarding force. Radiation pressure begins to become significant in
protostars of intermediate mass. Infall cannot be stopped, however, as long
as the accretion component dominates the total luminosity. Any retardation
of the flow diminishes M,cc, which in turn lowers L,.. Once the luminosity
falls, the flow picks up again. Numerical simulations of collapsing clouds with
central stars display this effect. For stars in the proper mass range, Mace
oscillates strongly without actually reversing (Yorke and Kriigel [90]). The
feedback between radiation pressure and infall is cut once L;,; dominates L.
Again, the transition occurs just where txy falls below ¢,.., i.e., for protostars
that have joined the main sequence. The internal luminosity is now supplied
by hydrogen fusion rather than contraction, but still scales as M} 12p1/2,
Hence the retarding force on the envelope increases rapidly with mass. Within
the context of spherical collapse, the result is inevitable and the condition of
balance between the forces yields

L dreG
L= =1x10°=2
7R x g (44)

where it has been used a value of k=10 cm? g—! for the opacity. Plausible
variations in grain composition could alter this value by as much as a factor of
3 in either direction (Draine & Lee [35]; Pollack et al. [71]). Thus, the critical
ratio occurs at a mass near 10 Mg, implying that accretion is significantly
affected for central objects of greater mass. Wolfire and Cassinelli [89] have
analyzed the dynamics of envelopes falling onto stars with M, exceeding
60 Mg. They found that infall was reversed unless M,cc were arbitrarily
increased to at least 1072 M yr~—! and grains were depleted in abundance
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Fig. 18. The birthline for massive stars in the H-R diagram in the accretion sce-
nario. The two birthlines refer to the case of constant accretion rate at Macc = 107°
Mg yr~!, and to a time-dependent rate. The dashed lines are the standard PMS
tracks for several masses computed from arbitrary initial conditions. Finally, the
upper thin lines display the post-MS evolutionary tracks computed with mass loss
for selected masses, as indicated. (From Bernasconi & Maeder [8])

by an order of magnitude. For earlier discussions on the problem of infall
reversal, see Larson and Starrfield [56] and Kahn [51]. More recently, the
possibility of forming massive stars by fast accretion has been quantitatively
explored in a series of papers by Maeder and collaborators ([62], [63]).
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There is little doubt that a massive star produces more than enough en-
ergy to expel its envelope. In fact, the inequality txy < f... implies that
the radiated luminosity can easily unbind the parent cloud before the star
has gained appreciable mass. The real issue is the efficiency of energy trans-
fer. Here, any departure of the infall from spherical symmetry is likely to
play a major role {Nakano [69]). Unfortunately, a consistent theory which
includes rotation and the simultaneous presence of infall and outflow is still
unavailable, so that the formation of massive stars via accretion remains a
mystery. Perhaps, one should invoke a completely different scenario (e.g. col-
lision/coalescence models in dense clusters: Bonnell, Bate & Zinnecker [15],
and Stahler, Palla & Ho [80)).

6 Tests to PMS Evolutionary Diagrams

The location of young stars in the H-R diagram is commonly used to estimate
their masses and approximate ages. When young clusters or associations are
studied, the information on the mass of individual members can yield di-
rect information on the rate and efficiency of star formation and, eventually,
on the initial mass function to compare to that observed locally. Also, the
amount of depletion of the light elements due to nuclear activity in these
early stages sheds light on the internal structure and on the mechanisms of
angular momentum transport. It is important at this point to discuss the un-
certainties that affect the computation of modern evolutionary tracks, such
as those described earlier. The sources of uncertainty can be due to the uncer-
tain knowledge of certain aspects of the input physics used in the theoretical
models, or to the complex phenomena that accompany the evolution of young
stars, such as the interaction with circumstellar disks and the accretion of
residual matter, or the presence of companions and so on. In the following, I
will first overview the uncertainties intrinsic to the models, and then discuss
the effects of the environment.

6.1 Comparison of Tracks

Several recent studies have reconsidered the PMS evolution of stars with
population I compositions over a wide mass range (e.g. D’Antona & Mazz-
itelli [31]; Forestini [39]; Swenson et al. [83]; Baraffe et al. [5]; Palla &
Stahler [42]). The main motivation for these studies is the progress in the
fields of the equation of state, radiative opacities and the treatment of
convection, each of which greatly influences the surface properties, i.e. the
observables, of PMS stars. Before summarizing the main properties of the
new models, let first stress the following point: the average error in the
determination of the observable quantities, Ly, and Teg, is of the same
order of magnitude as the theoretical ones. Typically, AT.g=+300 K and
Alog (L./Lg)=10.25 dex, for stars observed in the nearby star forming
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regions (e.g. Strom & Strom [82]). On the other hand, the mean spacing
between Hayashi tracks is of the order of ~130 K for M,=0.5 Mg, and of
only ~60 K for a 1 Mg star (Forestini [39]). Thus, for very young stars, still
on the vertical portion of the tracks, the mass assignment based on their
position can lead to errors of a factor of 2.
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Fig. 19. Effects of the variation of the free parameter « in the mixing-length theory
on the evolutionary tracks of a M.=1 Mg star. The solid line is for a model with
a=1.5 which fits the Sun, while the other curves are for a=1 (redshifted) and 2
(blueshifted), respectively. (From Forestini [39])

The largest sources of uncertainty in the position of the tracks in the H-
R diagram are due to the poor description of turbulent convection and the
limited knowledge of low-temperature opacities. If the mixing-length theory
is adopted, then the difference in effective temperature can amount to ~700 K
for a variation of the free parameter « from 1 to 2 (the standard value for
a M,=1 Mg star that fits the Sun is @=1.5). Such a variation is shown in
Fig. 19 for a 1 Mg star. The difference is thus comparable to the observational
error. However, the discrepancy is greatly reduced if one follows the nonlocal
treatment of convection developed by Canuto & Mazzitelli [19] and used in
the PMS models of I’Antona & Mazzitelli [31] [32]. The variation in Teg
is lower than 3% at the top of the PMS tracks and becomes insignificant
along the radiative portion. Note that the parameter a in the Canuto &
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Mazzitelli theory is not a free parameter as in the mixing-lenght sense, but it
is introduced only to allow for fine tunings in the calculations of the standard
Sun and for internal comparisons. The important aspect to underline is that
the value of a which fits the solar Teg does not result in a Hayashi track
having the same effective temperatures as for D’ Antona & Mazzitelli (in the
sense that the latter obtain blueshifted tracks). The differences however are
within the theoretical uncertainties associated with the inaccuracy of the low
temperature opacities, and therefore the two convection theories cannot be
tested observationally in this way.

The overall level of uncertainty expected from some of the existing the-
oretical models can be appreciated by inspection of the evolutionary tracks
shown in Fig. 20. Here, we compare the results of Palla & Stahler [42] to
those of D’Antona & Mazzitelli [32]. The latter exhibit tracks with much
greater curvature than those of Palla & Stahler, even in the fully convective
case. The D’Antona & Mazzitelli models also have higher surface tempera-
tures at the earliest ages. For masses between 0.4 and 1.5 Mg, the difference
in temperatures are of about 400 K. Conversely, a young PMS stars which
has a mass of 0.4 Mg according to Palla & Stahler, would have only 0.2 Mg
using the other set of tracks. Equally severe are the discrepancies in age. The
use of the birthline to set the initial time reduces the ages for intermediate
masses. At the lowest masses, the D'Antona & Mazzitelli isochrones sag be-
low the others. Thus, a star of given L, and Teg has a lower age, affecting
the interpretation of the H-R diagram of young clusters.

An example is provided by the recent study of Luhman & Rieke [60} of the
low-mass end of the IMF in L1495E in Taurus. As shown in Fig. 21, the results
are quite different depending on the choice of the set of tracks: an object with
a mass of 0.25 M using D’Antona & Mazzitelli [31] tracks corresponds to
a 0.5 M. using Baraffe et al. [5] tracks. Thus, the shape of the IMF cannot
be uniquely determined, and it is too premature to draw firm conclusions
from observations of the low mass end of the stellar distribution with the
current uncertainties in both evolutionary tracks and in the conversion from
observational to theoretical quantities (see also the discussion in D’Antona
& Mazzitelli [32]). We shall return to this important point later on when we
discuss the global properties of clusters and associations.

Similarly, a deep CCD survey aimed at discovering the lowest mass PMS
stars in Taurus has discovered nine new objects, all of them with spectral
types later than M4 (Bricefio et al. [17]). Their distribution in the H-R di-
agram is shown in Fig. 22. The comparison between various evolutionary
models indicates that the D’Antona & Mazzitelli [31] and Burrows et al. [18]
models tend to yield larger masses, whereas the smallest masses are obtained
by the Baraffe et al. [6] tracks. However, if one assumes that M, = 0.075
Mg is the minimum mass for hydrogen burning at solar metallicity for ages
greater than about 10® yr (Chabrier et al. [25]), then all models agree in pre-
dicting that T Tauri stars stars with spectral type M6 and later are young
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Fig. 20. Comparison of PMS evolutionary tracks of low-mass stars (M. < 2.5 Mg)
computed by D’Antona & Mazzitelli (1998) using the Canuto-Mazzitelli prescrip-
tion for convection (a =0.5), and by Palla & Stahler (1999) using MLT with a =1.5.

brown dwarfs. Finally, the ages derived from the models differ by not more
than a factor of two, indicating that these low-mass stars are very young
objects (S2 x 10%yr), consistent with the average age of the more massive
objects of the Taurus association.

6.2 The Low-Mass M Dwarfs and the End of the Main Sequence

In order to construct an H-R diagram, one should derive Tz and Ly, from
observable quantities. The derivation of Teg relies on temperatures scales
which are fairly well known for dwarfs between A and K types. For M dwarfs
(Teg <4000 K), differences between temperature scales are much larger (Al-
lard et al. [4]). Below ~0.6 M, the observational mass-luminosity relation is
determined by only ~18 stars, with mass determination at the level of 10%—
20% accuracy (Henry & McCarthy [47]). The problem is that there are only
two eclipsing binary systems, with accurately measured temperatures. Thus,
it is difficult to plot a reliable H-R diagram for the low- and very low-mass
stars and obtain good mass and age estimates.

Selection effects render the discovery of eclipses in intrinsically faint and
small stars rather difficult. The two known eclipsing binary systems are YY
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Fig. 21. H-R diagram of L1495E in Taurus-Auriga. The three panels show a com-
parison of different evolutionary tracks: FJS96 for Swenson et al. (1996), DM94 for
D’Antona & Mazzitelli (1994), and BCAH for Baraffe et al. (1997). The solid dots
are for members of the cluster, whereas the open circle are probable foreground
stars. The dashed line indicates the completeness limit at dereddened K=10 mag.
The position of the brown dwarf PPL 15 in the Pleiades is shown for comparison.
(From Luhman & Rieke [60])

Gem and CM Dra with dynamical mass estimates of M(YY Gem A B)=
0.62 +0.03;0.57 £ 0.03 Mg (Leung & Schneider [59]) and M(CM Dra A,B)=
0.231 40.001;0.214 £0.001 Mg (Lacy [55]; Metcalfe et al. [66]). In YY Gem,
the two components are nearly identical dMe stars in an almost circular orbit
(e <0.01) viewed almost edge on (i = 86.4°). The eclipsing system CM Dra is
also circular and edge on (i = 89.8°). CM Dra is currently the least massive
main sequence eclipsing SB2 currently known and it provides the opportunity
to test models of stellar interiors and atmospheres. Chabrier & Baraffe [23]
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Fig. 22. The low-mass end of the HRD in Taurus-Auriga. The location of the the
newly discovered T Tauri stars is displayed using two temperature scales: Stauffer
et al. [81]) (filled circles) and Leggett et al. [57] (open circles). The two panels
illustrate differences in the evolutionary tracks and isochrones computed by various
groups, as indicated. (From Bricefio et al. [17])

have presented evolutionary models that reproduce the observed masses, radii
and luminosities of both binary systems.

Recently, Delfosse et al. [34] have discovered a third detached M dwarf
eclipsing system: GJ 2609, a nearby (d =12.8 pc) M3.5V quadruple system,
whose main component, GJ 2069A is the eclipsing binary. From accurate
radial velocity orbit and light curve, Delfosse et al. derive individual masses
of 0.433 4 0.002 Mg and 0.397 £+ 0.002 Mg, respectively. Unfortunately, no
estimates for the effective temperatures are available and we cannot use the
stars as a test of the goodness of the tracks. From a comparison with the
theoretical mass-luminosity relation of Chabrier & Baraffe [24], Delfosse et
al. conclude that the components of GJ 2069A appear to be sub-luminous for
their mass with respect to solar metallicity models (i.e. they fall slightly below
the ZAMS), suggesting perhaps a metal-rich composition since an increase
in the metal content shifts the ZAMS toward the blue. Another interesting
case is the eclipsing system BW3 V38, discovered by the OGLE microlensing
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project (Maceroni & Rucinski [61]). With a period of only 0.2 day, this is the
shortest period system known with indication of strongly distorted orbits.
Although the parameters have not been fully derived, Maceroni & Rucinski
conclude that the the properties of the components are intermediate between
those of YY Gem and CM Dra.

Considering the stellar parameters of YY Gem and CM Dra, Habets &
Heintze [45] assign a spectral type M1V to YY Gem and M4V to CM Dra. The
conversion from spectral types to effective temperatures is rather delicate,
especially for CM Dra, for which values vary between 3150 K (Lacy {55]) and
3350 K (Chabrier & Baraffe [23]) with a sensitivity on the stellar metallicity.
Gizis [40] from optical spectroscopy finds a solar metallicity for CM Dra.
Based on a direct comparison of synthetic and observed spectra in the near-
IR and optical regimes, Viti et al. [86] derive values of Teg in the range 3000-
3300 K for various metallicities, with the latter value corresponding to the
solar abundance. As for YY Gem, few estimates are available in the literature
and they are restricted to values around 3750 K for both components (Habets
& Henitze [45]). In both cases, the distance is well established by astrometric
parallaxes.

The location of YY Gem and CM Dra in the H-R diagram is displayed in
Fig. 23, along with other M dwarf stars without accurate mass measurements
(Kirkpatrick et al. [53]; Leggett et al. [57]). The values adopted for YY Gem
are log L = —1.28 Lg and Teg = 3790 & 200, while those for CM Dra (A,B)
are log L = —2.30,-2.36 Lg and Teg = 3200 £ 150K for both components.
Thus, the mass estimate for YY Gem is 0.52 £ 0.06 Mg, and that for CM
Dra (A,B) is 0.18+0.08. In either case, mass estimates tend to be lower than
the dynamical values, but within the range of uncertainties.

6.3 Derivation of Observable Quantities
from Evolutionary Tracks

It is often useful to derive directly observable quantities, such as colour in-
dices and absolute magnitudes, from the stellar parameters computed by PMS
models. For example, near-infrared observations of young embedded clusters
can probe the stellar population down to very faint magnitudes and it is
important to transform the K-band (or any other photometric band) com-
pleteness absolute magnitude into an estimate of the lowest mass detectable
in the field. The discussion below follows closely the method described by
Meyer (67]).

First, one needs to convert the set of PMS evolutionary tracks from the
theoretical H-R diagram (log Ly, log Terr) into the observed color-magnitude
plane Mg, (V-K)|, where Mg is the absolute K magnitude. Useful rela-
tions are provided by the calibrations of Schmidt-Kaler [75], Bessell [9]; [10]),
Bessell & Brett {[12]) and Koorneeff ([54]) for dwarf stars which can be used
to compile tables of the bolometric corrections at the V-band (BCy) and the
(V-K) colour index as a function of the effective temperature. These relations
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Fig. 23. H-R diagram for M dwarfs. The two eclipsing binaries, YY Gem and
CM Dra, are shown by filled triangles (data from Viti et al. [86]; Bessell [11]). Data
from Kirkpatrick et al. [53] are represented by open squares, and data from Leggett
et al. [57] by filled circles. Several low-mass tracks from Palla & Stahler [42] are
also shown for comparison.

are shown in Fig. 24. For each value of L, and T.g, one can then compute
Mg as:

Mk = 4.725 — 2.5 Log(Ly /Lo) — BCy(Tet) — (V — K)(Tefr) , (45)

where 4.725 is the assumed absolute V-magnitude of the Sun. The colour-
magnitude (V-K, Mg) diagram resulting from the transformation of the
evolutionary tracks is shown in Fig. 25.

We can now derive for each stellar mass the run of the K-absolute mag-
nitude with time. This is shown in the right panel of Fig. 25 for masses in
the interval 2.5-0.1 M. The peak in Mg that appears for the more massive
stars at Log(age)~ 6.2-7.4 is due to the transition from the convective to the
radiative portion of the evolutionary tracks. We can see that in the range of
ages (t< 10 Myr) and minimum masses considered here, the Mg of a star of
a given mass is a monotonically increasing function of time. For this reason,
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Fig. 25. (Left panel:) Colour-magnitude diagram obtained from the evolutionary
tracks of Palla & Stahler [42]. The dotted lines show the evolutionary tracks for
0.1, 0.2, 04, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, and 2.5 Mg, respectively. Solid lines show
from top to bottom isochrones for 0.1, 1, 10, and 100 Myr. ( Right panel:) Absolute
K magnitude as a function of time for selected masses, as labeled. (From Testi et

al. ([84])

given a K-absolute completeness magnitude, the minimum mass detectable
is a function of time: as the age of the cluster increases, one looses sensitivity
on the least massive objects. In graphical form this is presented in Fig. 26,
where the masses corresponding to Mk are plotted for isochrones between
0.1 and 10 Myr.
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Fig. 26. Stellar mass versus the absolute K magnitude as a function of time. The
isochrones in the interval 0.1-10 Myr are indicated. Given the K absolute magni-
tude, Mk, and the age of a star, it is possible to derive the corresponding limiting
mass using the appropriate isochrone.

6.4 Pre-Main-Sequence Binaries

The study of PMS binaries offers the best way to test the theoretical evolu-
tionary tracks. The measurement of the dynamical mass of the components
of any binary system yields in fact an absolute mass calibration of the tracks,
and thus provides a direct answer for the exact location of the tracks in the
H-R diagram. Under the assumption of coeval formation, the derived ages of
the binary components test relative age calibrations of the tracks. The pop-
ulation of binary systems in the nearest star forming regions has now been
studied and a binary frequency of at least 50% has been derived for systems
with angular separations in the range 3 to 1400 AU. It appears that there is
even an excess of such systems in comparison to what found among nearby
solar-type stars, possibly implying that binary formation is the main mode
of star formation.

Mass Estimates Unfortunately, there are very few cases where it has been
possible to derive the dynamical mass of the components of an eclipsing bi-
nary system. One such case is TY CrA, a binary with a period of 2.89 days
in the Corona Australis complex (Beust [13]; Casey [21]). Accurate spectro-
scopic measurements allow to derive the masses of the individual components,
M;=3.16 Mg and My=1.64 M. The position of TY CrA in the H-R diagram
is shown in Fig. 27. The primary appears slightly below the ZAMS, near a
mass of 3.0 Mg. This value compares well with the more precise spectroscopic
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determination of 3.16 Mg. The secondary indeed falls just above the 1.5 Mg
evolutionary track. Thus, the two methods (spectroscopic and photometric)
for obtaining the component masses are in essential agreement. To illustrate
the effect of adopting a different set of PMS tracks, Fig. 27 also displays
the results of Casey et al. [21] who tested three sets of tracks (Swenson et
al. [83], shown in the figure; D’Antona & Mazzitelli [31]; Claret [26]). In all
three cases, the tracks for Mg =1.64 Mg, are consistent with the physical pa-
rameters. Thus, the secondary star represents the first quantitative dynamical
test of PMS tracks. Unfortunately, the accuracies of the derived parameters
are not adequate to distinguish among the different sets of tracks.

Luminosity log,, (L,/Ls)

-0.5 1 1 1 1
4.2 4.1 4 3.9 3.8 3.7 36 42 41 4

39
Temperature log,, (T,,) Log Ty (K)

38 3.7 2.0

Fig. 27. Location of TY CrA in the H-R diagram. Stellar parameters are from
Casey et al. [21]. Left panel: evolutionary tracks, isochrone and birthline are from
Palla & Stahler [42]. Right panel: PMS tracks are from Swenson et al. [83], cal-
culated at solar (solid curve) and Hyades (dashed curve) abundances. The open
squares and triangles mark isochrones at ages of 3 x 10% yr, and 10 x 10° yr, re-
spectively. (From Casey et al. [21])

A summary of the stellar parameters derived for the best studied cases
of PMS binaries is given in Table 2 (Palla & Stahler {70]). Here, we consider
both double lined spectroscopic systems for which the highly accurate mass
ratios can be derived from the individual radial velocity curves, and eclips-
ing binaries which yield individual masses. For comparison, the theoretically
derived values of masses and mass ratios are given (under the subscript PS).
Finally, the last column gives the ages as derived from the isochrones.

Individual masses can also be derived for younger systems which are
surrounded by circumstellar disks. The best case is GG Tau, a hierarchi-
cal quadruple consisting of two binary stars (Leinert et al. [58]). The close
pair, GG Tau A, with a separation 0.”25 (~35 AU), lies 10.”1 to the north
of a wider pair (separation 1.”48~207 AU). The interest of this system for



Table 2. Properties of spectroscopic binaries

System Tes L Mayn Mps (Ma/MB)aya Ma/MB)ps tes
(K) (Lo) Mo) ~ (Mo) (Mo) (Me)  (10° yr)
TY CrA d =130 pc
A 120004500  67:£12  3.16+0.02 291 1.93+0.02  1.82707% -
B 49004400 24408  1.64+0.01 1.60 3.9+3¢
EK Cep d =150 pc
A 9000200 14.841.4  203+0.01 1.97 1.82+0.02 173733 20
B 57004200 1.55+0.3  1.12+£0.01 1.14 20+4
RS Cha d =97 pc
A 7810+180 15.2+1.2 1.858+0.016 1.88 1.02+0.02  1.04+0.06 5.0+0.3
B 72954170  13.9+1.2 1.821+0.018 1.80 43738
V773 Tau d =149 pc
A 4900+180 2.31+0.43 153  1.32+0.06  1.297035 4.1+09
B 44004180 1.39+0.43 1.19 2.8718
NTTS 162814 d = 125 pc
A 4390 1.20 1.26  1.09+0.07 1.11£0.07 5.1152
B 4083 0.85 1.08 53153
P 1540 d =470 pc
A 5010 11.5 1.71  1.3240.03 1.1940.18 <0.1
B 4680 7.9 1.25 0.240.1
V826 Tau d =140 pc
A 41004200 0.5540.20 0.83  1.02+0.01 1 5.1
B 41004200 0.5540.20 0.83 5.1
GG Tau d = 140pc
Aa 40004150 0.84+0.13 1.28+0.07 0.78 2.3+0.3
Ab 3760+£120 0.714£0.09  (total)  0.54 1.510:2
Ba 29854180  0.08:-0.02 <0.1
Bb 26904190 0.01540.004 < 0.1

9
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testing evolutionary models comes from the dynamical mass estimate for GG
Tau A from kinematic studies of its circumbinary disk (Dutrey et al. [37]).
Millimeter interferometric data have resolved the circumbinary disk and have
yielded a mass of Mo =1.2840.08 Mg (D/140 pc) for the mass of the binary
stars (Guilloteau et al. [44]).

L L LA

1.2M,

Baraffe q NG ]
et al. (1998) i 2N0035My)

Lumiposity log,, (t,./l@)

LI S S B AR N B
]
1

IS BT N

3.6 3.5 3.4
log Tey

0.1
1

3.8 3.5 34
Temperature log,, (T,,)

1

Fig. 28. Location of GG Tau in the H-R diagram. Left panel: comparison with the
evolutionary tracks of Palla & Stahler [42], computed with mixing length parameter
a =1.5. Right panel: evolutionary tracks of Baraffe et al. [6], with & =1.9. The
lowest mass companion has a mass of 0.0444+0.04 Mg, assuming coevality for the
temperature scale. (From White et al. [87])

In addition, the stellar properties of each of the four components have
been determined spectroscopically, using both the HST and Keck telescopes
(White et al. [87]). These results confirm that all stars are indeed T Tauri
stars, with spectral types ranging from K7 for GG Tau Aa to M7 for GG
Tau Bb. Using various temperature scales, White et al. derive the effective
temperatures for all stars, while the luminosities have been estimated from
the reddening corrected I-band measurements and a bolometric correction,
assuming a distance of 140 pc for Taurus-Auriga. The location of the four
stars in the H-R diagram is shown in Fig. 28, together with a comparison with
the evolutionary tracks of Baraffe et al. [6] (o =1.9). These models yield the
most consistent ages, using a temperature scale intermediate between that of
dwarfs and giants. The resulting age is 1.5 x 10% yr. The total mass for GG
Tau A is 1.46-£0.10 Mg, close to the dynamical value obtained by Guilloteau
et al. [44]. An estimate of the mass of GG Tau B can then be obtained by
assuming that the stars lie on the same isochrone. In this way, the mass of GG
Tau Bb results of 0.05 Mg,, well below the hydrogen burning minimum mass
of ~0.075 Mg. Thus, GG Tau Bb is the coldest, lowest mass, spectroscopically
confirmed companion to a T Tauri star.
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In conclusion, the analysis shows that PMS tracks are reliable, in the
sense that they generally predict masses or mass ratios in agreement with
the empirical values.

Age Estimates Derivation of stellar ages comes from theoretical isochrones.
here, the discrepancy between different evolutionary tracks are reduced, par-
ticularly for systems with ages greater than several million years. For younger
stars, the impact of the birthline to set the ¢ = 0 mark is largest and can
cause differences in derived ages up to an order of a magnitude.

What about the ages of the TY CrA components? Unfortunately, the lo-
cation of the primary so close to the ZAMS makes it impossible to assign
a reliable contraction age. However, the star illuminates a bright reflection
nebula in the Corona Australis cloud, and the system’s spectral energy distri-
bution rises in the mid-infrared regime toward longer wavelengths. Thus, the
primary is undeniably young, a typical Herbig Be star situated within both
interstellar and circumstellar gas and dust. Suppose we tentatively assign
it the pre-main-sequence age for a 3 My star just arriving on the ZAMS, or
2x 106 yr. Then, the corresponding isochrone (dashed curve in Fig. 27) passes
close to the secondary’s position. The components of TY CrA are therefore
plausibly coeval, although the data do not permit a more quantitative assess-
ment.

Age assignments are more trustworthy when both stars lie well above the
ZAMS. No eclipsing binaries of this kind are known, but there are a number
of non-eclipsing, double-lined systems. In the absence of eclipses, one must
obtain T.g and Ly for each star by careful analysis of both the composite
SED and the shifting, narrow-band spectrum.

Discerning the relative luminosities from an unresolved pair of stars is no
simple matter, and the results are subject to some uncertainty. The situation
further improves when we consider wider, spatially resolved binaries. In this
case, however, there is no spectroscopic mass ratios for comparison. Studies
conducted in several nearby star forming regions have shown that most of
the pairs when placed on the H-R diagram appear to be coeval, within the
observational errors (Hartigan et al. [46]; Brandner & Zinnecker [16]). This
implies that binary systems consist of stars that were born nearly simul-
taneously. Thus, the typical binary must arise in situ, rather than through
capture.

The other important effect to consider is the incorrect assignment of the
star luminosity that affects the position in the H-R diagram and the age esti-
mate. Since in the past PMS stars were not known to have companions, their
luminosity has been overestimated. For the youngest stars on the vertical
portion of the Hayashi track the higher luminosity corresponds to a younger
age. However, to correct for this effect is not an easy task since binary surveys
are usually made photometrically and therefore provide only monochromatic
magnitudes (in particular, K-magnitudes). Thus, in order to derive an es-
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timate of the luminosity of the secondary, one has to extrapolate to longer
wavelengths which may result in large errors since young stars have large
infrared excesses. Within an entire stellar cluster, the error could materially
impact the derived star formation history.

By considering only the correction for the K-flux ratios, Simon et al. [79]
have derived the contribution of the secondary to the luminosity in a large
sample of binary stars in Taurus. They find that the average age of these stars
is 2-3 times older than previously thought and that the apparently different
distribution in the H-R diagram of singles and binaries is only an artifact
of the luminosity overestimate. However, a better treatment of the binarity
issue shows that the expected age correction, for a primary of solar mass, is
about 1.5, substantially less than the expected value. A useful derivation of

the correction factor to the luminosity and age of the primary is given below
(see Palla & Stahler [42]).

Statistical Correction of Mass and Age for Unresolved Binaries
Suppose a pre-main-sequence star is observed to have luminosity L, and ef-
fective temperature Teg. Suppose also that this object is known to be on the
convective (vertical) portion of its evolutionary track. From the temperature
and luminosity, one can estimate the star’s age given by the Kelvin-Helmholtz
time. For convective, solar-type PMS stars, the effective temperature is re-
lated to the mass by the approximate relation:

T = T(ﬂ‘@) , (46)

where n ~ 0.2, and where M and T are a fiducial mass and temperature,
respectively. To relate R, to Teg and L., we may use the blackbody law and
we find that the age, t, of the star is given by:

_ GM? (Teg /T)%™ (4maT4)V?

¢ 1372 ’

(47)

Now, it turns out that the star is not a single object, but an unresolved
binary. Let ¢ be the ratio of the mass of the unseen companion, Ms, to the
mass of the primary star, M;. What is the actual luminosity of the two stars
as a function of ¢7 Also, given a reasonable distribution of secondary masses,
what is the average luminosity ratio?

To answer the first question, assume that the two stars have precisely the
same age. If T, is the temperature of the unseen companion, then, since the
two luminosities, Ly and Lq, together add to give L., the equal-age require-
ment becomes, by eq. (47),

(Tl /T)Q/n T12 - (TZ/T)2/n T22 (48)
Ly? (Lo =Ly~
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Using eq. (46) to evaluate the temperatures, the expression for Ly is:

L -1
= 1+ = () (49)

In order to compute the reduction factor f(gq), the distribution of secondary
masses must be specified. One can adopt the initial mass function for field
stars, an assumption that apparently holds for at least G-type and M-type
primaries {Duquennoy & Mayor [36]; Fischer & Marcy [38]). The average
value of f(q), is then

f= / f(g)€(q) dg . (50)

where
£(q) = &(gM1/Mp) M1 /My , (51)

so that foooﬁ(q) dq = 1. Note that f depends on the primary mass Mj, and
may readily be evaluated numerically from eq. (50). The factor is only small
for the lowest mass-values, and rises to 0.75 by M; = 0.08 M. Thus, the
primary luminosity could be overestimated by at most 25 percent.

One may also estimate the error in age introduced by an unseen compan-
ion. From eq. (47), we first obtain t1(g), the true primary age as a function
of g
_ GM? (Tog /T)?™ (4m0T4)Y/?
= 573 .

[F@ne/2 LY

Assume that the observed surface temperature corresponds to that of the
primary, i.e. T1 = T, The ratio of the true age to the naive value ¢, is then

2O iy, (59)

t1(q)

(52)

where one has made use of the definition of txy. Now, the mazimum age
discrepancy corresponds to ¢ = 1. Evaluating f(1) from eq. (49), the corre-
sponding ratio t1/tg is 2.83. An age ratio of 2.0 requires a g-value of 0.7. Such
relatively high companion masses are however unlikely.

The average age discrepancy is obtained by folding in the expected distri-
bution of mass ratios, £(g). Let us consider the case of a primary mass near
1 Mg. According to Duquennoy & Mayor [36], the appropriate g-distribution
is approximately Gaussian:

202

&) = Hexp (—M> , (54)

where p = 0.23, 0 = 0.42, and H is the normalization constant. The mean
value of g, according to eq. (54), is only 0.23. The average age ratio is there-
fore:

&y = / F@)]"¥2€(g) dg. (55)

to o}
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The integral can be evaluated numerically, and the resulting ratio is 1.46. In
conclusion, for realistic mass distributions of the secondary, the correction
to the mass does not exceed 10-20%, while ages can be off by only a factor

~1.5.
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III. Physical Processes in PMS Stars

7 Lithium Depletion in Young Stars

The depletion of lithium in both young and evolved stars is considered one of
the strongest constraints imposed on stellar evolution theory. Surface abun-
dances in fact provide a critical test for the physical processes {convection,
opacity, rotation, mass loss) which ought to be included in the theoretical
models in order to reproduce the observed level of depletion. Due to its small
binding energy, "Li (the most abundant of the two stable isotopes of lithium)
is easily destroyed in stellar interiors via the reaction "Li(p,a)*He at temper-
atures around 2.5x10% K (Bodenheimer [8]). According to standard models,
depletion occurs only when the outer convection extends down to that tem-
perature. Thus, it appears quite unavoidable that some “Li depletion due
to nuclear burning takes place already during PMS contraction. Other pro-
cesses, associated with the mixing due to transport of angular momentum
through the star, are effective on much longer time scales and dominate the
depletion history during the main sequence phase (e.g. Forestini [39]; Martin
& Claret [48]; Ventura et al. [85]).

The theoretical predictions are rather well established, independently of
the adopted models. Stars more massive than 1.7 Mg should not show any "Li
depletion at all; solar-type stars are significantly depleted, while for sub-solar
stars there should be no 7Li left over. For stars with M, 20.5 Mg, most lithium
burns after convection has halted in the stellar core. Predictions of lithium
depletion then depend on the temperature at the bottom of the convection
zone, whose exact location is sensitive to opacity, convection, and rotation.
Stars with M, $0.5 Mg are fully convective during lithium burning. Since the
rate of contraction of such stars is controlled by the effective temperature,
the amount of lithium depletion is also sensitive to Teg and hence to the
surface opacities.

Several groups have followed numerically the phase of lithium burning,
and the models make specific predictions about the time evolution of the
lithium depletion boundary. At ages 30, 70 and 140 Myr, the lithium depletion
edge should occur at 0.17 Mg, 0.09 Mg and 0.07 My (Baraffe et al. [5];
Burrows et al. {15]; D’Antona & Mazzitelli [32]). Figure 29 illustrates the
behavior of a 1 M, star according to the models of D’ Antona & Mazzitelli [32)
for variations of the input parameters. In all cases, the amount of lithium
burning is very large, with the depletion factor ranging between 100 and 400.
Thus, most lithium should be consummed during the PMS phase, a result
with is at odds with the observational evidence of the surface abundances in
open clusters of ages of about 5 x 107-108 yr. Also note the rather surprising
dependence of the results on the metallicity of the gas mixture: a change of
only ~10% can cause an order of magnitude difference in the depletion factor.

To bypass the uncertainties of numerical models, Bildsten et al. [7] have
developed a clever analytic approach based on the fact that Teg remains
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approximately constant during the fully convective phase (see the low-mass
tracks of Fig. 14). Rather than calculating Teg, Bildsten et al. calculate
the dependence of lithium depletion on Teg, obtaining the radius, age and
luminosity of a PMS star as a function of lithium depletion. This method
can be used to derive the age of open clusters with higher accuracy than any
other method.

7.1 Rotation and Depletion

Another important aspect of the lithium problem is related to the rotational
properties of PMS stars. Studies of low-mass stars in the Pleiades and Hyades
have shown that rapid rotators have more lithium than slow rotators (e.g.
Barrado y Navascues & Stauffer [4]). This correlation breaks down at lower
masses. The early results of PMS models including angular momentum trans-
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fer in the interior and angular momentum loss through stellar winds showed
that lithium depletion is enhanced with respect to nonrotating models (Pin-
sonneault et al. [58]). However, the models of Martin & Claret [48], which
included solid body rotation and no mass loss, obtained the opposite result
whereby lithium depletion is reduced. More recently, Mendes et al. [51] have
confirmed the early results of Pinsonneault et al., confirming that it is un-
likely that the lithium depletion problem can be solved by rotation alone. As
a general result, the effect of rotation is to decrease the level of lithium de-
pletion in fully convective interiors, and to increase the efficiency of burning
as soon as the star develops a radiative core.

7.2 Spectroscopic Classification Based on Lithium

The equivalent width of the of the photospheric Lil line at 6708 Acan also
be used as a spectroscopic criterion for the classification of low-mass PMS
stars (Martin [47]). Such a diagnostic is important since it is not always pos-
sible to distinguish young stars in different evolutionary phases. The prob-
lem has become even more complicated with the discovery of many X-ray
emitting stars possibly associated with PMS stars far from molecular clouds
(Neuh&user [54]) whose nature and origin are still unclear. This problem is
closely linked to the puzzle of the missing post-T Tauri stars in associations,
i.e. stars with an age greater than ~ 107 yr (Herbig [31]).

Martin has shown that T Tauri stars occupy different regions in the Teg—
Wi diagram, as shown in Fig. 30. Most T Tauri stars fall on or above the
lithium isoabundance line at log N{Li)=2.8 (in the scale of log N(H)=12),
which represents the minimum abundance observed in a large sample of stars
(Magazzt et al. [42]; Martin et al. [49]). For masses $0.5 Mg, models predict
that Li depletion is not significant until ages larger than ~ 107 yr. Since
a typical T Tauri star has a mass of ~0.5 Mg and an age much less than
this value, it has preserved most of its initial lithium content, which should
therefore be easily detectable as & strong absorption line. On the other hand,
low-mass members of older system, such as the open clusters displayed in the
figure, show lithium equivalent width much weaker than T Tauri stars and
the separation between the two groups becomes increasingly larger at lower
Teg. Finally, post-T Tauri stars can be easily identified if they fill the empty
region between the T Tauri stars and the low-mass members of open clusters.
Martin has dubbed this part of the diagram the ”post-T Tauri gap”. This
way, accurate Wy,;; measurements at high spectral resolution can provide the
spectral diagnostic to obtain more reliable estimates of the fraction of WT'TS
and post-T Tauri stars in and around star forming regions.

7.3 Lithium and Brown Dwarfs

One of the most successful applications of the theory of Li-burning has been
in the field of brown dwarfs. The limiting mass for “Li-burning is M, >0.06
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Mg, since degeneracy effects in lower mass stars prevent the onset of nu-
clear reactions. This value is below the substellar mass limit, usually taken
between 0.08 and 0.07 Mg,. Thus, it has been suggested that the presence of
lithium lines in the observed stellar spectra can be used as a powerful probe
to search for brown dwarf candidates (Rebolo, Martin & Magazzu [61]). The
Li-depletion history for different masses is shown in Fig. 31. Using this diag-
nostic, the first brown dwarfs have been discovered in the Pleiades (Rebolo
et al. [63]; Basri, Marcy & Graham [6]) and about a dozen candidates have
been identified to date (Martin et al. [50]; Stauffer et al. [73]). The object
PPl 15 in the Pleiades is particularly interesting: it is the first confirmed
brown dwarf by the lithium test and the first brown dwarf double lined spec-
troscopic binary (Basri & Martin [5]). The derived period is about 5.8 days
and the eccentricity ~0.4. The dynamical mass ratio is about 0.85, yielding
individual masses between 60 and 70 Jupiter masses. The very short period
of the system poses new challenges to binary formation mechanisms.
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Mg. (From Rebolo et al. [63])

8 Mass Accretion in Young Stars

The evolution described so far, although improved by the account of more
realistic initial conditions and input physics, is still rather conventional. It
assumes that each star evolves in isolation at constant mass from the birthline
to the arrival on the main sequence. But we know that in reality the situation
is more complex, owing to the interaction of the star with the environment.
In particular, we have neglected both the thermal effect of stellar winds and
their associated mass loss. Empirical determination of the mass outflow in
T Tauri stars remains problematic, with most estimates utilizing the high
velocity component of the optical forbidden line emission occurring within
100 AU of the star. The studies of Hartigan, Edwards & Ghandour [27] and
Hirth, Mundt & Solf [34] yield rates of order Mioss ~ 1079 Mg yr~! for a
sample of about 40 T Tauri stars. Since the typical age of these stars is a few
% 10% yr, their diminution of mass has been relatively small.

8.1 Disk Accretion

Another equally important effect to consider is the occurrence of residual
mass accretion from a circumstellar disk during the PMS phase. Accretion
alters the total (star+disk) luminosity, the evolutionary path, and hence the
age estimate of a star. Hartmann, Cassen & Kenyon [19] have presented a
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detailed analysis of the effects of disk accretion on the initial evolution of
fully convective low-mass PMS stars.

Current estimates of mass accretion rates derive from the analysis of the
excess optical continuum radiation in T Tauri and Herbig stars that also show
an infrared excess. The latter is interpreted as being due to the presence of
an active circumstellar disk. In this case, the disk luminosity is the sum of
two contributions, _
GM My

2R,

where the first term represents the accretion luminosity, while the second
term is due to the absorption and reradiation of light from the central star.
Typically, Lyep ~0.25-0.5 L,. Thus, unless Lqisx > Lx, the identification of
the excess luminosity as accretion is not secure. On the other hand, observa-
tions indicate that at most Lgjs ~0.5 L.

If the optical excess is assumed to arise in a boundary layer (BL) between
the star and a disk, then the standard theory of viscous accretion disks pre-
dicts that up to half of the accretion luminosity is emitted as radiation,

Ldisk = + Lrepv (56)

GM* Macc

<
Lo < R,

(87)
Thus, measurements of Ly, can provide a direct estimate of the amount of
mass actually falling onto a star. In practice, estimates of the accretion rates
come from measurements of the hot continuum excess produced as disk mate-
rial impacts on the stellar surface. This method requires a careful separation
of the contribution due to accretion produced emission from that intrinsic
to the stellar photosphere. This is a difficult procedure when the accretion
luminosity is small compared to the stellar luminosity, which is always the
case even in the youngest stars. In addition, both extinction corrections and
assumptions on the geometry of accretion may lead to estimates of the ac-
cretion rates that are significantly uncertain, and that may vary from author
to author up to an order of magnitude for the same object. Recently, Gull-
bring et al. [26] and Hartmann et al. [29] have presented a careful analysis
of ultraviolet, optical and infrared lines in a sample of 60 stars in Taurus
and Chamaeleon cloud complexes. The derived mass accretion rates for 40
objects are shown in Fig. 32. The typical accretion rate is Macc ~1078 Mg
yr~!, again too small for significant mass change during the earliest, active
phases of contraction.

Higher values of Macc, up to 100 times, have been derived for the more
massive Herbig Ae/Be stars {e.g. Hillenbrand et al. [33]). These estimates are
based on infrared disk emission, assuming that the excess emission is mostly
due to viscous dissipation. However, it is often the case that irradiation from
the central star provides more energy than internal dissipation, so that the
accretion rates tend to be overestimated. Note also that, in the absence of
angular momentum loss, accretion at large rates would spin up the central
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Fig. 32. Mass accretion rates for T Tauri stars. Values of Mac. for 40 stars are

plotted as a function of stellar age. The median accretion rate for T Tauri stars of
age ~ 10°% yr is ~ 107® Mg yr~!. (From Hartmann et al. [29])

star to half the break-up velocity in a few million years. Since young stars
are known to rotate at typically 1/10-1/5 of the break-up speed, it is likely
that strong winds carry away the angular momentum excess. Therefore, it
is still not clear what fraction of the accreted mass is actually incorporated
into the star.

8.2 Effects on Evolutionary Tracks

The question, then, is whether the inferred rates are high enough to modify
the evolutionary tracks. Hartmann & Kenyon [28] argue that indeed the path
is greatly affected, and estimate from qualitative arguments that about 10%
of the final mass of a T Tauri is accreted during the PMS phase. Simple energy
considerations allow to derive an estimate of the effect of mass accretion on
fully convective stars (e.g. Palla [55]; Hartmann, Cassen & Kenyon [19]). The
evolution of the stellar luminosity is described by the equation

d G 2 * .a,cc .
(_3 M*) — _L. - GMMoce Mool (58)

dt R. | R,
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where the term on the left hand side represents the temporal change of the
gravitational potential energy; the second and third terms on the rhs express
the gain of (negative) energy by mass accretion and the released luminosity
of freshly accreted deuterium. The main difference with the heat equation
(36) is now in the interpretation of the time derivative of the entropy which
can no longer be computed at constant mass. Because of the addition of new
mass elements, it is more convenient to introduce a relative mass coordinate
q = m/M, such that

0s Js . Js
(3), = (&), o (am), o9
From the definition of ¢
om .
(3;) . = M(] , (60)
and the heat equation becomes

Os Os . Os
(%l e T (é?), * qM“(%)g (61

The outer boundary conditions can be either those of a normal photosphere as
in eqgs. (41) and (42), or those appropriate to an accretion shock. A condition
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is that the pressure at the stellar surface must equal the ram pressure due to
infalling matter, given by pV;2, where Vg is the free-fall velocity. Then,

Maee (2GM,\Y?
4 RS '

P(M.) = (62)
The last boundary condition concerns the surface value of the temperature
and its relation to the luminosity. The total luminosity of an accreting PMS
star is given by two contributions

L* = Lpost + Laccv (63)

where L. is the luminosity released by accretion, and Ly is that radiated
by the interior

3
Lpost = 47rR30-BTgost - ZLaC(H (64)

and Tpost is the postshock temperature.

In order to test the effect of mass accretion, the evolution of stars with
initial mass of 0.6 and 1.0 Mg has been followed allowing for steady mass
accretion at different rates for the first 3 million years (Parigi [56]). The
net result of fast (M ~ 10~% Mg yr—!) accretion during contraction is to
accelerate the evolution of a star, i.e. a star reaches a given evolutionary point
at an age smaller than that of a star evolving at constant mass. Conversely,
for low accretion rates (M ~ 1078 Mg yr~!) a star experiences a delay in
reaching the same evolutionary state, and therefore appears relatively older.
The resulting evolution is displayed in Fig. 33. As we can see, as long as
the value of M, remains below ~10~7 Mg yr—!, the new tracks do not
differ substantially from those computed at constant mass. Moreover, if the
global effect of mass accretion is limited to about 10% of the final mass, it
would take only 1 million years to a 1 Mg star to accrete such an amount
of mass at Mace=10""7 Mg yr~!. Small departures can be appreciated only
after at least 2 million years for Mye.=10"7 Mg yr~!, implying that, unless
accretion continues for a substantial part of the PMS evolution at high rates,
the uncertainty in the location of a star in the H-R diagram due to this effect
is small.

Following a different approach, Siess & Forestini [66] and Siess, Forestini
& Bertout [68] have computed the evolution of stars that accrete a substantial
part of their final mass during the PMS phase. In such case the evolutionary
tracks are greatly affected: compared to a non-accreting star, the evolution
is accelerated, the central temperature remains larger, and the star appears
systematically younger (with age estimates affected by up to factors 2 to 3).
The evolutionary path followed by a star with initial mass of 0.5 Mg and
accreting up to a final mass of 1.2 Mg is shown in Fig. 34. Although the
physical effects are well understood, it remains to be seen if the assumption
that most of the mass is accreted during PMS evolution is confirmed by
observations.
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Fig. 34. Evolutionary path of a PMS accreting star. At t = 0, the star has a mass
of 0.5 Mg, and arrives on the ZAMS with a final mass of 1.2 Mg. The various
curves are for different mass accretion histories, while the non-accreting case of a
1.2 Mg star is shown by the long-dash line. Filled triangles mark the time when
the star expands as a reaction to accretion, whereas squares indicate the onset of
gravitational contraction. The appearance of the radiative core is indicated by the
pentagons. Finally, the end of accretion is marked by empty circles. (From Siess et
al. [68])

We conclude this section by discussing an interesting observational test
for the occurrence of protracted accretion in PMS stars based on the behav-
ior of the surface abundances of deuterium and lithium (see Siess et al. [69]).
Deuterium is expected to be completely destroyed in the interior of stars less
massive than ~1.2 Mg since the temperature at the base of the convection
zone always remains above ~ 108 K. However, if accretion persists at a rate
faster than the nuclear burning rate, then its surface abundance can build
up and reach the initial interstellar value. Similarly, an increase in the abun-
dance of surface lithium can be achieved in stars with mass $1.5 M which,
in the absence of accretion, would deplete it. As an illustration, Fig. 35 shows
the domains in the H-R diagram where accretion enhances the surface abun-
dances of both deuterium and 7Li. The detection of these elements in PMS
stars of the appropriate mass would provide a clear signature for long-lasting
accretion episodes.
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(Thase < 3 x 10° K). (From Siess et al. [69])

9 Rotation and PMS Evolution

9.1 Rotational Properties of Young Stars

The evolution of angular momentum in the PMS phase is a long-standing
problem in the study of early stellar evolution and star formation in general.
During star formation, almost all the angular momentum should be removed
from the molecular cloud core. If the velocity gradient of 0.3-2 km s~! pc~!
observed in molecular lines toward some dense ammonia cores is due to ro-
tation, the specific angular momentum reaches values ~ 3 x 10%! ¢m? s~1
(R/0.1 pc)? (2/4 km s~ pc™!). On the other hand, the typical rotation
periods and radii of classical T Tauri stars are P =3-10 days and R, ~ 2 R
(Bouvier et al. [12]) which yield a value of the specific angular momentum of
approximately j ~ 47 R2? /(5P) ~ 6 x10'® cm? s™! (R, /2 Rp)? (P/10days)~!
(assuming uniform rotation). Thus, the specific angular momentum should
decrease by several orders of magnitude during star formation. Various mech-
anisms have been proposed to solve this basic problem, including binary for-
mation, magnetic braking, magnetocentrifugally driven outflows. However,
there is no consensus on which one is the dominant process.

The youngest optically visible T Tauri stars are typically rotating at only
<1/10 of their breakup velocity (Hartmann et al. [30]; Bouvier et al. [11]).
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Fig. 86. The distribution of rotation periods for 34 classical T' Tauri stars. (From
Bouvier et al. {13])

The distribution of rotational periods of a sample of classical T Tauri stars
is shown in Fig. 36. Note the well defined peak around 7-9 days (Bouvier et
al. [13]). The intermediate mass Herbig Ae/Be stars also rotate at a small
fraction of the breakup speed (e.g. Finkenzeller [23]). Even in the youngest
deeply embedded stars the rotational rates are low (Eiroa & Casali [17];
Montmerle et al. [52]). In young clusters, such as the Orion Nebula Cluster,
about 2/3 of the low mass members are slow rotators, while the rest have
higher rates (Choi & Herbst [16]). Finally, young stars are expected to spin up
considerably during their PMS phase, both as a result of contraction and of
residual accretion from circumstellar disks. However, the rotation rates of T
Tauri stars projected to the main sequence under the assumption of angular
momentum conservation do not reproduce the observed rates of ZAMS stars,
which are predominantly slow rotators (e.g. Queloz et al. [60]).

The older post-T Tauri stars with age 2107 yr are in general fast rotators,
with only ~30% having velocities <20 km s™! (Bouvier et al. [13]). The frac-
tion of rapid rotators decreases rapidly with stellar ages: in the young open
cluster @ Per (50 x 10° yr) about half of the stars have projected velocities
vsini 2 50 km s™!, with a rather large spread. In the Pleiades (80 x 10° yr),
about 80% of the stars are slow rotators. Finally, in the Hyades (600 x 10°

~—
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yr) all stars rotate at velocities less than 10 km s~'. Thus, after arrival on
the main sequence, low-mass stars undergo an efficient braking via a magneti-
cally driven wind (e.g. Weber & Davis [75]). Wind braking, although certainly
present even during the initial phases of contraction, is not expected to dom-
inate the rotational evolution since it operates on a time scale comparable or
longer than the Kelvin-Helmholtz time (Bouvier et al. {10]).

Presently, the most popular mechanism for the depletion of angular mo-
mentum involves magnetic star-disk interaction (Ghosh & Lamb [25]; Ko-
nigl [38}; Shu et al. [65]). According to this model, the stellar magnetic field
threads the circumstellar disk and truncates it at a characteristic radius set
by the balance between the accretion rate and the strength of the magnetic
field. Accretion of disk material onto the star occurs along field lines, produc-
ing hot spots near the magnetic poles. At the same time, magnetic torques
transfer angular momentum away from the star to the disk. The model ac-
counts for the typical rotation period of a T Tauri star or a slow rotator in the
Orion cluster (~8 days) for reasonable values of the magnetic field strengths,
few hundred Gauss, and accretion rates of the order of 107! to 107° Mg
yr~! (e.g. Armitage & Clarke [1]).

Indirect evidence of the link between rotation rates and disk indicators
is provided by the infrared and ultraviolet excesses, outflow properties, and
truncated disks. For example, Edwards et al. [21] have observed that of 34
late-K and M stars in Taurus-Auriga, only those with P > 4 days showed
significant near-infrared emission indicative of circumstellar disks. Similarly,
the distribution of rotation periods among 75 stars in the Orion cluster ap-
pears to be bimodal and dividing at a period of 4-5 days, suggesting the
presence of two distinct regimes of slow (P > 4 days) and fast (P < 4 days)
rotators (Choi & Herbst [16]). Finally, Bouvier et al. [12] have shown that
classical T Tauri stars rotate more slowly on average than the weak-line T
Tauri counterparts, implying that the presence of disks affects the rotational
properties of the central stars. The whole observational picture provides the
basis of the “disk-locking” hypothesis.

Simplified models of the rotational evolution of low-mass stars in this
framework have been developed by Bouvier et al. [10] and Siess & Livio {67].
The basic assumption is that, as long as a star is coupled to its circumstel-
lar disk, its angular velocity is constant and fixed at the initial value. At
later times, when the disk disappears, the star rotates either as a solid body
(Bouvier et al. [10]) or it experiences a core-envelope decoupling at different
rotation rates (Siess & Livio [67]). Obviously, the disk life time is a free pa-
rameter of the model. In all cases, the angular momentum J is extracted from

the surface by a magnetized wind whose functional form is parametrized as
(Kawaler [35]):

dJ 144an o s 1-2n —n/3
ENQ‘FB RI™M, . ° M.™", (65)
where n = 1.5 corresponds to a field geometry intermediate between dipolar
and radial, and a describes the dependence of the magnetic field on the ro-
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tational velocity. The angular momentum loss rate is specified in two cases
where ¢ = 0, when the angular velocity exceeds the critical value for sat-
uration (wset), and @ = 1 when the dynamo generated magnetic field is
proportional to the angular velocity:

dJ R, 1/2 M, -1/2
(E) ~ K 2P <R®> <M®> (22 < wsat) (66)

dJ RN\ (M 7
(@), ~ (i) () @2 @

For ages greater than the disk life time, the evolution of the angular velocity
is then described by

and

1dR 1(dJ 1dI
(). <68>

Qd J S Idt
where J = I2 and I = k*M, R? is the stellar moment of inertia.

The results for the rotational evolution of a 1 Mg, star is shown in Fig. 37,
for an initial rotation period of 8 days and wg,: = 14 2¢ (25 = 2.9 x 10~
s~1; Bouvier et al. [10]). The behavior of {2(¢) is very sensitive to the assumed
disk life time: if this is short (<108 yr), then high angular velocities can be
reached by the age of young clusters. Conversely, the lowest observed veloci-
ties can result from long lived disks (2108 yr). Bouvier et al. conclude that
the observed distributions of projected rotational velocities can be well repro-
duced assuming solid body rotation and a median disk life time of ~ 3 x 108
yr. While the models account for the moderate and fast rotators on the main
sequence, the relatively high proportion of slow rotators (<10 km s™1) can-
not be explained. It is possible that for these objects one should relax the
assumption of solid body rotation and consider instead differential rotation
(Krishnamurthi et al. [39]) or radiative-convective decoupling (Keppens et
al. [36]). As cautioned by Bouvier et al., however, progress in the under-
standing of the slow rotators is hampered by the absence of precise velocity
measurements in young clusters.

The disk-locking scenario has been recently challenged by the observations
of a large sample of 254 stars in an area centered around the Trapezium
cluster (Stassun et al. [71]). The distribution of rotation periods appears
statistically indistinguishable from a uniform distribution, with no evidence
of bimodality around 4-5 days. Also, there is no difference for stars with and
without accretion signatures, with the former occurring over the entire range
of periods observed. Finally, no correlation is found between the rotation
period and the near-infrared signatures of disks. Another important finding of
the study is the large dispersion of rotation rates of the low-mass population
of the cluster, already present at an age of only 1-2 Myr. Such a dispersion
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Fig. 37. The evolution of the angular velocity {2 for a 1 Mg star as a function of
time for various disk life times. The uppermost curve is for stars with short lived
disks (4 x 10° yr), while the lowest one is for long-lived disks (30 x 10® yr). The
observed angular velocities in a variety of T Tauri stars and open clusters are shown
by the various symbols. (From Bouvier et al. [10])

is similar to that observed among the low-mass members of the Pleiades at
~100 Myr (see Fig. 37). Whether this dispersion is a result of the initial
conditions of star formation or of rapid angular momentum evolution is still
an open problem that future observations (and models) of deeply embedded
objects should address.

The issue of the intrinsic difference between slow and fast rotators in
Orion has been reconsidered by Herbst et al. [32] who find that the rotational
properties depend in fact on stellar mass. In particular, stars more massive
than ~0.25 M have a bimodal distribution with a significant gap near 4
days, whereas less massive stars have a narrower distribution with no gaps.
The observational situation is illustrated in Fig. 38 that displays the period
distribution of 52 stars more massive than 0.25 Mg in the Stassun et al.
sample that fall within the area covered by Herbst et al. The distribution
appears bimodal and the origin of the gap is related to the rapid evolution
of young stars that have contracted from the birthline conserving angular
momentum, thus supporting the idea of disk-regulated rotation at least for
the more massive objects. However, searches in the near- and mid-infrared
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for circumstellar disks around stars with known rotation periods have yielded
largely negative results (Stassun et al. [72]). On the other hand, when the
disks are present they extend beyond the co-rotation radius, in contrast to
the requirements of disk regulated angular momentum evolution. Thus, we
conclude the direct linkage between stellar rotation and disks has still to be
demonstrated.

1 5 T T T T T T T T T T T T T T T T T T T T T T T

SMMV Data (M > 0.25 Solar Mass)

0 2 4 6 8 10 12
Period (days)
Fig. 38. The frequency distribution of stars with M>0.25 My and rotation periods
determined by Stassun et al. [71]. The solid portion of the histogram is for stars

whose rotation periods are confirmed in the study by Herbst et al. [32], suggesting
the reality of the gap. (From Herbst et al. [32])

9.2 Structural Effects

The fact that young stars rotate faster than more evolved objects implies
that one cannot neglect the effect of rotation in realistic PMS evolutionary
models. This task was initiated by Kippenhan & Thomas [37] who devised a
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scheme to calculate the structural effects on spherically symmetric models.
The method has been implemented by Endal & Sofia [22] and Pinsonneault
et al. [59] to follow the PMS contraction of solar-type stars.

Recently, Sills & Pinsonneault [70] have extended the mass range to in-
clude stars less massive than 0.5 Mg for which the observational data on
the rotation rates as a function of age are abundant. The basic modifications
in the standard stellar structure equations {see Sect. 4.2) consists in com-
puting the physical variables on equipotential surfaces rather than spherical
surfaces. The mass continuity and energy equations retain their non-rotating
form, while the equations of hydrostatic equilibrium (eq. (33)) and radiation
transport (eq. (35)) are modified to account for the change of the gravitational
potential on the non-spherical equipotential surfaces. The former becomes:

where 4ot 1
P = e s gy 7
=5 gt ()

YP=const

The diffusion equation can be rewritten as:

dinT  3kPLw fr
dinP ~ 167acGT* fp’

where

dmr 2 1
h:<8)<MrW 73)

and (g) is analagous to {g~1). fr is of order unity.

The resulting evolutionary tracks for stars with mass between 1 Mg and
0.1 Mg are shown in Fig. 39. All models start at the birthline with an initial
period of 8 days, corresponding to the median value of the CTTS. The main
effect of rotation is to shift the tracks to lower effective temperatures and
luminosities, mimicking a star of lower mass (Sackmann [64]). The change is
more conspicuous for more massive stars and becomes neglible below ~0.5
Mg. However, since most low-mass stars have rotational velocities smaller
than about 20 km s™1, the net effect on the reduction of the effective tempera-
ture is always limited to few tens of degrees. Only for fast rotators (Vo4 ~100
km s~!) the temperature can decrease by about 100 K.

The results show only a weak dependence on the exact form of transport
of internal angular momentum. Fully convective stars are assumed to rotate
as solid bodies, whereas stars with radiative cores have differential rotation.
All low-mass stars begin their contraction as fully convective objects, but the
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Fig. 839. The effect of rotation on evolutionary tracks. The solid lines are for non-
rotating stars, and the dotted lines are stars with initial rotation periods of 8 days
and no angular momentum loss. Computed masses go from 0.1 to 1.0 Mg, in steps
of 0.1 Mg. (From Sills & Pinsonneault [70])

more massive objects develop radiative cores and become more centrally con-
densed so that the central core spins up more than the envelope. Therefore,
the effects of rotation are more pronounced for differential rotators than for
solid body rotators with the same surface rotation rate. However, the global
modification of the stellar tracks is minor. Although still relatively simple (no
angular momentum loss, no internal instabilities), these models represent an
interesting assessment of the impact of rotational effects on PMS contraction.
It should be pointed out, however, that the models do not address the basic
angular momentum problem related to the low rotational velocities observed
in the majority of the young stars.

10 Pulsational Instabilities in PMS Stars

Young stars are characterized by a large degree of activity. Winds, jets and
outflows are manifestations of the interaction of the stars with the circum-
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stellar environment in which they are embedded. Similarly, both T Tauri and
Herbig Ae/Be stars show photometric and spectroscopic variability on time
scales of minutes to years, indicating that photospheric activity begins in the
earliest phases of stellar evolution, prior to the arrival on the Main Sequence
(MS). In many cases, strong and rapid line variability has been detected with
periods close to the star rotation period. This variability has been interpreted
as due to the rotational modulation of spots on the stellar surface or of fast
and slow streams in the stellar wind (Catala et al.[18]). On the other hand,
the fact that young stars during their evolution to the MS move across the
instability region of post-MS stars raises the possibility that at least part of
the activity could also be due to stellar pulsations (Baade & Stahl [2]; Kurtz
& Marang [40]). However, it is not at all clear whether a PMS star can indeed
pulsate.

As emphasized by Gautschy & Saio [24], stars over essentially the whole
mass spectrum can become pulsationally unstable during various stages of
their evolution. In particular, § Scuti stars are intermediate-mass variables of

spectral type A to F with pulsation periods less than 06,13 and light amplitudes
ranging from thousandths of magnitude to some tenths (Breger 1979 [14]). In
spite of the traditional association of § Scuti pulsation with stars in their core
hydrogen-burning phase or evolving towards the base of the giant branch and
burning hydrogen in a shell, some § Scuti have been identified to be PMS
objects. In particular, the Herbig Ae star HR 5999 has shown photometric
light variations characteristic of § Scuti stars with peak-to-peak pulsation
amplitude of about 07013 in Johnson V-band and a period of 4.99 hr (Kurtz
& Marang [40]). These small amplitude changes are superimposed on a non-
periodic photometric variation of 0"*35, probably due to variations of dust
obscuration in the circumstellar envelope and disk.

Of particular interest is also the Ae star HD 104237 that shows both
short- and long-term velocity changes of spectral lines (Donati et al. [20]).
These variations indicate that the star is undergoing radial pulsations with
a period of approximately 40 minutes and an amplitude of about 1 km s~1.
Interestingly, HD 104237 is the first intermediate mass PMS star with a
measured magnetic field .

The detection and characterization of the pulsation properties of young
stars provides an opportunity to improve the knowledge of their internal
structure and to obtain unique constraints on the theoretical predictions of
the models. Ultimately, the analysis of the pulsation characteristics can yield
an indirect estimate of the stellar mass. This represents a powerful method
for stars that are not part of the restricted group of spectroscopic binary
systems (see Sect. 10.2).

10.1 The Input Models

The calculation of the pulsational instability requires the specification for
any given mass of the stellar luminosity and effective temperature. These are
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provided by PMS models as a function of time. The physical mechanisms
which govern the pulsation phenomenon are the x and v mechanisms in
the hydrogen and helium jonization regions (see Cox {19]). Thus, one must
rely on the radiative opacities, such as OPAL, for temperatures higher than
10* K, and molecular opacities for lower temperatures (e.g., Alexander &
Ferguson [1]).

As an illustration of the differences in the internal structure of stars at
various stages of evolution, Fig. 40 shows the variation with radius of the in-
terior density (normalized to the central value) for a 3 Mg star. Three cases
are considered: a protostar, a young PMS star, and an evolved object. On the
birthline, the density profile is quite flat and the star is thermally unrelaxed.
At the end of the relaxation phase, in the middle of the PMS track, the star
has already started its contraction to the ZAMS and is more centrally con-
densed. The middle curve of Fig. 40 is for a model with luminosity L,=57 Lg
and effective temperature Tg=6900 K at an age of 7 x 10% yr. As we shall
see below, such a model falls within the boundaries of the instability strip.
Finally, the lower curve is for a star that has completed the main-sequence
phase and is evolving toward the red giant branch. The effective temperature
is approximately the same as for the PMS star, but the luminosity is now
L.=135 Lg due to the larger radius (8.3 Rg instead of 5.3 Rg)). These condi-
tions correspond to those of a typical, evolved § Scuti star. The star is much
more centrally condensed because of the complete exhaustion of hydrogen in
the center. However, beyond the inert core, the density profile is quite similar
to that of the PMS star. Thus, a mature § Scuti star differs from a young one
mostly in the inner regions and for its higher luminosity. These structural
changes clearly affect the estimate of the pulsation periods, as we shall see in
the following sections.

10.2 The Instability Strip

The theoretical framework for the investigation of the linear and nonlinear
pulsation characteristics is well known (e.g. Bono et al. [9]). For each selected
pulsation mode, the fundamental observables that can be derived from the
linear nonadiabatic computations are the periods and growth rates. A de-
tailed analysis of the sign of growth rates provides an estimate of the location
of the blue boundaries of the instability strips for each mode, representing
the maximum effective temperatures allowing pulsation at a given luminosity
level. No information is derived about the location of red boundaries because
the linear models are completely radiative while the quenching of pulsation
at lower effective temperatures is due to the interaction between convective
and dynamical motions (e.g. Baker & Kippenhan [3]).

Given the static envelope structures produced by the linear computations,
one can then perform the nonlinear stability analysis. The equations govern-
ing both the dynamical and convective structures must be integrated in time
until the initial perturbations and the nonlinear fluctuations, which result
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Fig. 40. The internal density profile (normalized to the central value) of a 3 Mg
star in different evolutionary stages. The upper curve is a protostar on the birthline
computed with Mace =107% Mg yr~!. The middle curve and lower curves are for
a pre-MS and for a post-MS star with similar effective temperatures but different
luminosities. (From Marconi & Palla {43])

from the superposition of higher order modes, settle down. Because of the
very low growth rates (between 1075 and 10~%), an extremely large period
number (exceeding 10,000) must be calculated for each model before reaching
the stable limit cycle of pulsation (maximum amplitude).

The modal stability analysis reveals the presence of stable nonlinear limit
cycles in the fundamental, first and second overtone as the effective temper-
ature of the star increases. Figure 41 shows the location of the theoretical
instability strip boundaries in the H-R diagram, together with the last static
and the first pulsating models for various masses (Marconi & Palla {43]). The
stellar parameters that define the strip are listed in Table 3. The first and
second overtone pulsators are located at effective temperatures higher than
the fundamental ones. All the models on the red edge are pulsating in the
fundamental mode, while those on the blue edge in either of the overtone
modes. The red edge varies between ~6500 K and ~7100 K, whereas the blue
edge between ~7100 K and ~7500 K for different masses. The width of the
instability strip is nearly constant and equal to about 650 K. The time spent
by each star within the strip is also a constant fraction of the total PMS
contraction time, typically between 5 and 10%, although in absolute terms it
decreases from ~108 yr for M,=1.5 Mg to 8x10% yr for M,=4 M.
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Fig. 41. The shaded region shows the location of the instability strip of PMS stars
in the H-R diagram. The various symbols indicate the distribution within or near the
boundaries of the instability strip of Herbig Ae stars with evidence for pulsational
variability. (From Marconi et al. [46])

As shown in Fig. 41, the PMS instability strip terminates abruptly at
the blue edge of the M,=4 Mg evolutionary track. This results from the
assumption that PMS stars begin their contraction phase at the birthline
computed with an accretion rate of Myee = 10~% Mg yr~!. Obviously, the
theoretical instability strip extends to luminosities higher than the upper
limit shown here for PMS stars, but it would then be populated only by
more evolved objects such as the classical § Scuti stars.

Despite the relatively short time spent by PMS stars inside the strip,
Fig. 41 shows that several Herbig Ae stars with the right combination of
luminosity and temperature have been identified as candidate pulsators. In
addition to HR 5999 and HD 104237 mentioned before, § Scuti type variations
have been discovered in HD 35939 and V351 Ori (Marconi et al. [44], [45]), in
BL 50 and HP 57 members of the open cluster NGC 6823 (Pigulski et al. [57]),
and HD 142666 (Kurtz & Miiller [41]). The comparison between the observed
pulsation properties and the predictions of non-linear hydrodynamical models



92 Francesco Palla

Table 3. Parameters of the instability strip

Red Edge Blue Edge

Mass L. Tog Mode Period L. Teg Mode Period
(Mo) (Le) (K) (d) (Lo) (K) (d)

1.5 7 7090 f 0.0611
2.0 18 6870 f 0.1195 21 7500 II 0.0690
2.5 32 6640 f 0.2155 37 7350 II 0.0925
3.0 52 6500 f 0.2601 62 7260 II 0.1299
3.5 77 6550 f 0.3195 95 7200 II 0.1721
4.0 133 7100 I 0.2736
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Fig. 42. Left panel: UBV photometry of V351 Ori. The B and U data have been
shifted by 4+0.07 mag for clarity. Also, the HJD for the second and third night
are displaced by —0.65 day and —1.3 day, respectively. Right panel: Frequency
analysis in the U filter. The first diagram shows the Fourier Transform of all the
data, while the other panels show the subtraction of the derived frequencies. (From
Marconi et al. [45])

provides important constraints on the mass and evolutionary state of the
Herbig stars.

A case in point is V351 Ori. Figure 42 shows the light curves in the
UBYV Johnson system obtained during three nights in December 2000. Light
variations are presnet in each filter with a maximum amplitude of ~0.12 mag
in U and B. The frequency analysis reveals the presence of multi-periodic
oscillations, as displayed in the right panel of the figure. Up to four frequencies
have been identified with periods between 0.03 and 0.08 days, indicating
that V351 Ori is pulsating in a mixture of modes. The pulsation analysis
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Fig. 43. The position of V351 Ori in the H-R diagram with the uncertainty on
spectral type and distance indicated by the box. The instability strip is shown by
the shaded region. The PMS and post-MS evolutionary tracks are shown for 1.8 Mg
and 2.5 Mg (heavy and thin lines, respectively). The filled circle marks the position
of the best fit model from the pulsation analysis. (From Marconi et al. [45])

successfully matches the detected frequencies with a single model with mass
M, = 1.8Mg, luminosity Lx = 13.9Lg, and effective temperature Tog =
7350 K. The position of the best fit model in the H-R diagram is shown in
Fig. 43. The dotted box accounts for the uncertainty on the spectral type and
distance (d =260 to 450 pc; van den Ancker et al. [50]). The lower value is the
Hipparcos value, whereas the upper limit assumes that the star is located in
the Orion star forming region. The best fit model suggests a mass of 1.8 Mg,
at the Hipparcos distance, indicating that the star is not associated with
Orion.

The position of V351 Ori in the H-R diagram does not rule out the pos-
sibility that the star is an evolved object rather than a young PMS star.
According to Fig. 43), the post-MS track of a 1.8 Mg star intersects the
corresponding PMS track within the instability strip, close to the location
of V351 Ori. Since the pulsational properties depend only on the surface
properties (which are identical for pre- and post-MS stars), there is no clear
signature that would allow to distinguish between a young (~6.5 Myr) and an
evolved (~1 Gyr) star. However, this is a classical situation where asteroseis-
mological studies can offer an unambiguous answer on the evolutionary stage
of the star (and similar cases). In fact, the internal structure of an evolved
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star differs markedly from that of a young one and the presence of mean
molecular weight gradients in the former can induce the excitation of non
radial modes (Suran et al. [74]). The expected amplitudes are large enough
for detection with space telescopes, such as the COROT satellite. Thus, all
the PMS stars that fall inside the instability strip of Fig. 41 are excellent
candidates for asteroseismological observations.
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IV. PMS Evolution of Clusters and Associations

The conventional theory of protostellar infall successfully accounts for the
formation and early stellar evolution of low- and intermediate-mass stars up
to ~10-15 M. More massive protostars burn hydrogen while in the accre-
tion phase and therefore join the main sequence early on, implying that stars
of even higher mass have no contracting PMS phase. As discussed in previ-
ous sections, the location of the stellar birthline and the distribution of the
observed T Tauri and Herbig Ae/Be stars are in agreement with these theo-
retical predictions. Also, observations of young clusters such as NGC 6611 and
the dense regions of the Trapezium cluster support these findings. However,
the accretion scenario of isolated protostars fails to explain the existence of
massive stars. Radiation pressure by photons produced at the stellar and disk
surfaces on the infalling matter begins to being significant at about the crit-
ical mass of 10-15 Mg This limit can be increased by considering variations
in the dust properties (abundance and size), or in the mass accretion rate.
But in either case the required conditions are so extreme (dust depletion by
at least one order of magnitude and accretion rates in excess of ~ 1073 Mg,
yr ~1) that cannot reasonably apply in all circumstances. Disk accretion can
certainly help to shift the critical mass to higher values (e.g., Nakano {69]).

Our current understanding of the physics of star formation is restricted
to conditions that best apply to the buildup of individual protostars within
dense cores and the effect of the environment is often neglected. This is an
oversimplification even in the case of Taurus-Auriga, which is considered the
prototypical region for isolated star formation, where the the majority of
the young stellar population is in binary or multiple systems (e.g., Ghez et
al. [31]; Leinert et al. [58]). A major progress in observational studies of star
formation comes from the evidence that most stars form primarily in groups.
The degree of richness varies from aggregates of few tens of stars, as in the case
of the T Tauri stars in the Taurus-Auriga complex (e.g., Gomez et al. [33]),
to the most populous clusters in OB associations containing thousands of
stars {e.g., Hillenbrand [23]). The same tendency is also found in the younger
population of highly embedded stars, still invisible at optical wavelengths.
Surveys carried out in the near-infrared in a variety of star forming regions,
including p Ophiuchi, Chamaeleon and L1640 in the Orion molecular cloud ,
have conclusively demonstrated the occurrence of clustering of young stellar
objects. Since most stars are believed to form in giant molecular clouds such
as Orion, this argues for clustered star formation as the primary mode of star
formation. In addition, massive stars are almost exclusively connected with
clusters. The evidence that the stellar mass distribution around massive stars
is consistent with the field star initial mass function (IMF) suggests that the
majority of stars of all masses should also be born in clusters.

These observational facts offer important clues for the understanding of
the process of massive star formation. However, a number of outstanding is-
sues are still unanswered: Do massive stars form by accretion or by stellar
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mergers? Are disks present around intermediate- and high-mass stars? Do
massive stars form in clusters? When does the transition from isolated to
clustered formation occur? Is it possible to discover a genuine massive proto-
star? It is the purpose of this chapter to confront with some of these problems
and describe possible avenues to provide some initial answers.

11 High Mass Star Formation

The validation of the standard accretion scenario requires the identification of
a high mass protostar with signatures of gravitational infall and circumstellar
disk. The observational approach to the search of the youngest high mass
objects was first formulated by Habing & Israel [35]: the likely candidates
must have high luminosity (LZ10? L), be embedded in dense circumstellar
environments, and not associated with HiI regions. Thus, the attention has
gradually shifted from the study of HiI regions to that of ultracompact (UC)
Hi1i regions, to that of molecular clumps in which UC Hir are embedded. In
this case, the observed luminosity would be due to the release of gravitational
infall energy and not to nuclear burning. Despite many attempts, however, no
clear identification of a genuine protostar has been obtained yet (e.g., [51]).

There are two major observational difficulties: the selection of good tar-
gets and the choice of a suitable tracer. Because stars form in high density
regions with huge visual extinctions (Ay 2100 mag), the protostellar candi-
dates should be visible in high density molecular tracers (line or continuum)
and selected on the basis of their established association with regions of high
mass star formation. A powerful two-color selection criterion has been sug-
gested by Wood & Churchwell[105] to identify massive YSOs still embedded
inside molecular clouds. These sources are characterized by the largest flux
densities at 100 pm, implying that the emitting dust is quite cool (T4 ~30
K); their spectra peak at ~ 100um and the shape does not show an appre-
ciable variation from source to source. The population of embedded massive
stars, and their associated ultracompact (UC) HII regions, have distinctive
far-infrared colors which have been used to estimate their total number and
distribution in the Galaxy, the time scale of the embedded phase (typically
~10-20% of the main-sequence lifetime), and the current rate of massive star
formation (~ 3 x 1072 O stars yr~1).

The study at high angular resolution of individual UC HIiI regions re-
veals complex morphologies since massive stars never appear alone. Different
strategies have been followed in order to identify massive protostars in these
fields. Some groups have observed the molecular environment in the close
vicinity of UC Hil regions ([72][13] with the aim of finding a protostar in the
same cluster of the early type star. Alternatively, the selection is based on
sources with HoO maser emission but without radio continuum emission. The
assumption here is that water masers are signposts of high mass star forma-
tion, while the lack of radio continuum should identify the youngest stellar
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objects since the UV radiation field has not had time to create an ionized
region ([14]; [17]). One of the most important results that have emerged from
these studies is the detection of small (~0.1 pc), dense (~107 cm ~3), hot
(2100 K) molecular clumps, the so-called “Hot Cores” (e.g. [28]). A beauti-
ful example of the complex environment of a hot core is shown in Fig. 44 for
the case of G29.96—0.02. The peak of the high density gas as traced by the
C343(5-4) and CH3CN(6-5) line emission is not spatially coincident with the
location of the UC HII region, identified by the continuum emission at 1.3 cm.
Most of the activity in the field is associated with the embedded sources in
the hot core, which excites both OH and HoO maser emission, and not with
the massive star ionizing the circumstellar gas.

11.1 The Search for Massive Protostars

Interestingly, the first claim of the detection of infalling motions in a molec-
ular core was found in the case of a massive star by Ho & Haschick [43] who
observed an inverse P-Cygni profile (characterized by redshifted absorption
and blueshifted emission) in HCO™ towards the UC Hir region W49. How-
ever, recent observations at high-angular resolution (~ 5”) have shown that
the velocity field is quite complex and most likely not due to gravitational
infall. In general, the search is made difficult both for the fact that the UC Hix
regions are usually distant (typically more than 5 kpc), and for the presence
of high-velocity molecular outflows. A statistical study of 122 high-mass star
forming regions made by Shepherd & Churchwell [84] has shown that indeed
outflows are a common property of newly formed massive stars, similar to
the case for low-mass stars.

In addition, there are indications that the embedded objects are already
main sequence stars, and not true protostars. To find the initial conditions
for star formation, one should therefore be looking for the precursors to Hil
regions. The search has resulted in the identification of a small sample of
bright IRAS sources (L~ 10* — 105 L) with the appropriate properties:
one of them, IRAS 2338546053, with Ly, = 1.6 x 10* Ly represents an
excellent candidate for a massive protostar ([62]). The spectral energy distri-
bution is shown in Fig. 45. The source is associated with a compact outflow
in HCOt and SiO, with dimensions less than 0.05 pc, a dynamical time scale
<7 x 10% yr, and a mass loss rate 21072 Mg yr—!. Furthermore, the ra-
ti0 Lsubmm/Lbot ~ 3 x 1073, and Mep, /M, >1. All these parameters are
characteristic of a class 0 object ([3]).

The absence of radio continuum from these bright sources raises an inter-
esting problem: can accretion stop the expansion of the Hil region? And if
so, what is the required mass accretion rate? The minimum accretion rate re-
quired to choke-off the expanding HiII region can be estimated in a simple way
(e.g., Yorke [106]). Assume balance between ionizations and recombinations:

Rs
N; = 4nfs / n? R?dR. (74)
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Fig. 44. The environment of the hot core associated with G29.96—0.02 Top: Com-
parison of the C**S(5-4) (grey contours), CH;CN(6-5) (black contours), and 1.3 cm
continuum (dotted contours) emission toward the UC Hir region G29.96—0.02. Bot-
tom: enlargement of the region where the HC and the UC Hil region are located;
the triangles indicate the position of the H3O masers. (From Kurtz[51]).

Consider a density profile of the type n = no(R/R,)” with v = —3/2. Then,
N; = 4nn2 R¥In(R,/R,). (75)
The accretion rate and free-fall velocity are given by:

2G M,
R

Mace = drmpnovesR2 ; vpp =

(76)
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Fig. 45. Spectral energy distribution of the IRAS 2338546053 core. Upper limits
at 7 and 15 um are from ISOCAM, those at 2 and 6 cm are from the VLA. The
dotted line is a model fit. (From Molinari et al. [62])

From which we derive:

1 1 .
2R3 — 2
Mo fo 2G M, 16m2m% Mice (77)

Finally, the ratio between the Strémgren radius and the inner radius is given
by:

2 N,
Rs = er [—-————4me - TGM*] (78)
R, e Ma%cc
Then, the condition on the critical M to avoid expansion is:
My = (47 N;G Mm% 87" Mgyr~? (79)
or 1/2 1/2
. N; M.
~ “EMoyr~! : u . 0
My ~ 4x10 o yr (10495‘1> (30M@) (80)

Values of the critical rate are given in Table 4 for three cases. Also listed is the
accretion luminosity (Lacc = GM. M,ec /R.), computed for two values of the
mass accretion rate, Macc =10"% and 10~* Mg yr~1, respectively. One can
immediately see that, contrary to expectation, a modest mass accretion can
choke-off the HII region: for an O8 star, My ~2x107° Me yr~ !, while for
a B0 star M., is about five times smaller. Values of fewx10~¢ Mg yr! are
considered lower limits to the actual accretion rates in low-mass stars. Since
high-mass stars should have even higher accretion rates, it would be easy to
revert the expansion of the ionized region, making the sources undetectable

in the radio. From Table 4 we can also note that stars more massive than ~
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15 Mg have always L, > Ly, for reasonable values of Macc. Thus, massive

YSOs may still be in the accretion phase even though the underlying source
is already a main-sequence star.

Table 4. Critical mass accretion rates for massive stars

Sp. Type M. L. log N; Mcr Lacc(_5) Lacc(_4)
Mo)| (Lo) | (s71) {(Mo yr™ )| (Le) | (Lo)

05 60 |8x10%| 49.7 | 1x10™* | 2x10% {1.5x10%
08 23 [1x10%| 486 | 1x107° | 8x10% | 8x10°
BO 18 |5x10%| 47.6 | 4x107% | 7x10% | 7x10®
B2 10 |5x10%| 436 | 6x107% | 5x10% | 5%x10°

The identification of objects similar to IRAS 23385+6053 raises another
fundamental question: is the observed luminosity entirely due to accretion,
or does it come from nuclear energy? In the former case, we are dealing with
a true protostar, whereas in the latter event the central source is nothing but
a highly embedded main sequence star. In such case, the absence of radio
continuum emission requires the HII region, if present, to be optically thick
and very compact (~100 AU). From the table above, we see that a residual
accretion rate of 23 x 1078 Mg, yr~! should be able to prevent the formation
and expansion of an HII region around a BO ZAMS star.

The protostellar interpretation requires mass accretion rates higher than
the typical values for the formation of low- and intermediate-mass stars dis-
cussed in earlier chapters. We have seen, in fact, that at a rate of 107° Mg
yr~!, a protostar joins the main sequence at a mass of ~8 Mg where it re-
leases ~3000 L, less than the observed values in excess of 10* L. Thus, the
need for higher accretion rates, also suggested by the large mass loss rates
inferred from the associated outflows (see [84]).

We have reached an important conclusion: in order to distinguish between
the two plausible explanations, massive protostars vs. young ZAMS stars,
the critical quantity to determine observationally is the mass accretion rate.
Future high angular resolution millimeter observations will reveal whether
the selected sources are characterized by high values of the accretion rate
(protostars) or not (ZAMS stars). Given the large distances of massive star
forming regions (21 kpc), one has to wait for the completion of (sub)mm-
wave arrays such as ALMA to reach the desired spatial resolutions.
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11.2 The Evolution of Ultracompact Hir Regions

The presence of an UC Hir region is the earliest manifestation of massive
stars of spectral type earlier than B3. Observationally, UC HII regions are
small (r £ 10'7 cm), dense (n X 10 ecm™3), high pressure (nT 2 108 cm—3K)
Hi1 regions found in about 10% of the O stars in the Galaxy (cf. [105]). This
frequency of occurrence is quite high and leads to the following paradox. The
lifetime of an UC HII region is approximately given by

tuc ~ 0.1tpg ~ 3 x 10%yr, (81)

where tog = 3 x 10° yr represents the main-sequence lifetime of an O star.
The dynamical time is

tayn = % ~ 3% 103 yr, (82)

where ar is the sound speed, here taken to be ~10 km s~!. Thus, the ex-
pansion of the UC HII region should take place very quickly and very few of
them should be observed at any given time.

Several explanations have been proposed to explain the long duration of
the ultracompact phase. However, before discussing models in some detail,
let us first see the basic fact that the UC regions cannot be classical Hix
regions. The main reason is that the observed radii are much smaller than
the typical size of a developed HiI region. To see why, consider the radius of
the Strémgren sphere

in _ 3¢ 13 0.02 pe 613 /3 83
Ts—m ~ VUIpC o5 Mg ) (83)

where ¢ is the stellar ionizing photon rate (s7!), ¢ss = ¢/10%® 571, 35 is
the hydrogen recombination rate coefficient of levels n 2 2, n, is the number
density and ns = n,/10° cm™3. The evolution of the Strémgren radius with

time is given by
s 7 aTt 4/
rs = T;n (1 + Z ,,-in > . (84)

If we take as a lower limit to the lifetime of the ultracompact region ¢ =10°
yr, then eq. (84) indicates that rg ~10'® ecm~0.3 pc, a factor of at least 5
larger than the observed size of an UC HII region.

One possibility to solve the problem of the lifetimes is that the ram pres-
sure from the infalling gas provides pressure to confine the gas. Although
very interesting, and initially supported by the observations of OH lines
which seemed to indicate collapse ([80]), this explanation however fails since
the balance between ram and thermal pressure is unstable to small pertur-
bations ([44]). A simple argument can show why this is true. The thermal
pressure is given by P, ~ n.T.. Now, the ionizing flux is approximately
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¢ ~ n2r3; since ¢ ~const, then n, ~ r;3/2. The electron temperature is
T, ~ 104K ~ const and finally
Py x n T, ~ 1732, (85)

On the other hand, the dependence of the ram pressure of the infalling gas
on the density can be estimated in the following way. The ram pressure is
equal to P. = pVigf, where Viy¢ is the infall velocity. From the equation of
continuity, the mass accretion rate is given by M = 4nr2nmpgViy. Since
Vint o< 7~1/2 and assuming M =const, it follows that n oc r—=3/2. Thus, the
ram pressure is

P x nVZ ~ r7%/2, (86)

Now, it can be readily seen why a small perturbation will make the equi-
librium unstable. In fact, a displacement to larger » will produce a larger
decrease in P, than in Py, and the Hil region will expand freely. In the op-
posite limit, the ram pressure can overcome the thermal pressure and the
infalling matter will crash the Hil region. The equilibrium condition corre-
sponds to the derivation of the critical mass accretion rate for choking-off the
radio emission from a massive protostar.

More realistic models have been proposed to solve the lifetime problem.
Among them, the possibility that the UC HII region is formed in bow shocks
caused by the stellar motion through dense molecular gas ([96]). In this model,
the equilibrium is established between the pressure of the stellar wind coming
from the O star and the ram pressure of the infalling gas. Unlike the previ-
ous case, such a balance is stable. This model successfully accounts for the
cometary UC HiI regions which represent about 20% of the Wood & Church-
well sample. However, a major limitation is that the required stellar velocities
(v, ~5-10 km s~!) appear uncomfortably high to explain all the observed ul-
tracompact HII regions, considering the typical velocity dispersions of only
few km s~! observed in young stars.

Finally, an interesting mechanism based on the idea of photoevaporation
of accretion disks surrounding O stars has been suggested by Hollenbach et
al. [44) Here, the diffuse radiation field due to hydrogen recombination in the
photoionized gas produces a steady evaporation at the surface of the disk,
producing a disk wind. In this case, the lifetime of the UC HII region depends
on the mass of the disk. Using typical parameters of disks, rq 2 1015-1016
ecm and My ~ 0.3M, ~3-10 Mg, the characteristic lifetime of the photoe-
vaporating disk is

ty = %‘1 ~ T x 104 yr ¢ pg’? <ié\47®> . (87)

Then, if My ~2-10 Mg, tuc 2 10° yr, in agreement with the observational
constraints. But are these rather big disks commonly observed around mas-
sive stars? We will come back to this important issue later on in the chapter.
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12 Clustering of Young Stars

Direct and indirect observations suggest that most, if not all, stars are formed
in groups rather than in isolation ([16]). An important result that strongly
constrains theories of massive stars and stellar clusters formation is that the
stellar density of young stellar clusters seems to depend on the most massive
star in the cluster. Low-mass stars are usually found to form in loose groups
with typical densities of a few stars per cubic parsec ([33]), while high-mass
stars are found in dense clusters of up to 10* stars per cubic parsec (e.g. [42]).
Therefore, the transition between these two modes of formation should occur
in the intermediate-mass regime, namely for 2SM/Mg<15.

Recently, an extensive near infrared (NIR) survey for young clusters around
44 intermediate mass stars has been completed with the goal of detecting and
characterizing the clustering properties of intermediate-mass stars ([93]). At
NIR wavelengths, and especially at K-band (2.2 pym), the low extinction al-
lows the detection of embedded young stars in the vicinity of the bright Herbig
star. Figures 46 and 47 show two fields surrounding the isolated star IP Per
(spectral type A3e) and a rich cluster associated with BD+65°1637 (B2e).
Given the distance and expected ages of these two targets, the completeness
absolute magnitudes at K-band correspond to a minimum detectable stellar
mass of less than 0.1 Mg (see Sect. 6.3).
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Fig. 46. K-band image of the isolated Herbig star IP Per (spectral type A3). (From
Testi et al. [93])
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Fig. 47. K-band image of the cluster associated with BD+65°1637 (spectral type
B2). (From Testi et al. [93])

The most reliable richness indicator of young clusters is the integral of
the radial surface stellar density profile, I, defined as:

tmax

Ic = ) w(n(ri) — neo)(rip, —73), (88)

=0

where n(r;) is the local source surface density (i.e., the number of stars be-
tween r; and 1;4, arcsec from the Herbig Ae/Be star divided by the area
m(r,, — r?). imax is chosen so as to contain all the members of the clusters
and the field stars surface density (no) is estimated at the edge of each field.
In all fields Ar = r;4y — r; = 12", which ensures a good resolution and (in
most cases) a reasonable number of stars per annulus.

The quantity I¢ thus estimates the number stars above the background.
Stars associated with rich clusters have a value of I 2 40. In the intermediate
regime with 10 < I £ 40, a cluster may be present. However, when I¢ < 10
only small aggregates or background stars are found, a situation similar to
that found around T Tauri stars.

An important result of the observations is that all the detected clusters
appear to have similar sizes, with a typical radius of ~0.2 pc (FWHM), a
value which which is remarkably similar to the dimensions of dense cores in
molecular clouds. Assuming spherical clusters, we can use this value to con-
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vert I into stellar volume densities. The result is illustrated in Fig. 48 where
the two solid vertical lines represent the typical ranges of densities for low
mass stars aggregates in Taurus—Auriga and for the Orion Nebula Cluster.
Note how stars later than B9 are not surrounded by dense (> 150 stars/pc?)
stellar groups, whereas only the early type B0-B2 may be associated with
stellar clusters with densities exceeding 10® stars/pc®. The observed trend
indicates that there is a physical relationship between cluster density and the
maximum stellar mass (Hillenbrand [41]; Testi et al. [94]). The intermediate
mass-stars with spectral types between A5 and BO mark the transition be-
tween the low density aggregates of <10 stars pc™2 typical of T Tauri stars
and the dense clusters.
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Fig. 48. Mean stellar density of the stellar groups associated with Herbig Ae/Be
stars of a given spectral type. The two solid vertical lines represent the typical
ranges of densities for low mass stars aggregates in Taurus—Auriga and for the
Orion Nebula Cluster. (From Testi et al. [93])

The fact that more massive stars are typically found in denser and not
simply richer groups suggests that this is a necessary condition for their
formation. Then, the formation of massive stars requires special physical
conditions that can only be obtained in the early evolution of dense clusters
and it is not the result of random sampling in large clouds ([19]). These
results tend to support the idea that coalescence in dense clusters may play
a role in the formation of the most massive stars (see [16]; [87]).
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12.1 Clustering and Mass Segregation

Observational studies of stellar clusters find a strong tendency toward mass
segregation. That is, the average stellar mass increases toward the system’s
center, which is also the densest region. This is the case, for example, of the
Pleaides where all of the brightest stars are concentrated in an inner core
which covers only a small fraction of the cluster radius of ~10 pc (Raboud
& Mermilliod [79]). The high concentration of the more massive objects in
the center of the cluster is evident in Fig. 49 that shows the position of
270 members brighter than V = 12.0. Mass segregation, however, is observed
even in the youngest clusters, such as Mon R2, NGC 2024 and the Trapezium
cluster where the effect is seen down to stars of a few solar masses (Carpenter
et al. [12]; Hillenbrand & Hartmann [42]).
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Fig. 49. Mass segregation in the Pleiades cluster for 270 members. The left panel
shows the stellar mass as a function of the radial distance from the cluster center.
The spatial map of the same stars is displayed in the left panel, where the size of
the dots is related to the mass of the star, with bigger symbols representing more
massive objects. (From Raboud & Mermilliod [79])

It is well known that gravitational interaction between individual stars
transfers kinetic energy to the lowest mass stars and drives the system toward
energy equipartition. Thus, massive stars tend to sink toward the center of
the cluster, while those of lesser mass are ejected on wider orbits. However,
the main problem with this mechanism is the time scale. The transfer of
energy requires many interactions and occurs on the relazation time:

N
~ ———tcross 9 89
trelax SInN ( )



PMS Evolution 109

where N is the number of stars in the cluster, and t...¢s is the dynamical
time scale, or crossing time

leross = ———, (90)

where R,/; is the half mass radius and o the one dimensional dispersion
velocity. Now, for the Pleiades, N ~1000, ¢ ~0.5 km s—!, and Ry/3 ~2 pe.
Then, teross ~ 4 x 108 yr, and trelax ~18 teross. Since the cluster age is about
108 yr, dynamical relaxation has had time to operate effectively. On the other
hand, for the Trapezium cluster, trelax ~25 feross, Whereas its estimated age
is only about 1.5 x 10% yr, or ~3 tcress (Palla & Stahler [42}]). Thus, the
massive stars of the Trapezium cluster did not have the time to migrate to
the center from larger distance as a result of mutual interactions. Indeed, the
results of N-body simulations of cluster evolution indicate that clusters that
are not already segregated at birth cannot relax rapidly enough to reproduce
the observed distributions (Bonnell & Davies [9]).

On the other hand, Kroupa [50] has followed the stellar dynamical evo-
lution of bound clusters, considering a high percentage of primordial bi-
naries. Contrary to the other results, Kroupa finds that massive stars do
sink to the cluster center on a time scale given approximately by (< M, >
/M massive )trelax S 0.1trelax. This process leads to cluster heating and expan-
sion in the first few million years. Also, because of mutual interactions in the
high density core, massive stars can be readily ejected from the cluster with
high velocities. Measurements of the space velocity of massive stars away
from clusters/associations are required to verify the model predictions. Since
purely stellar dynamical models do not account for the presence of the molec-
ular gas within the cluster, the finding of a rapid onset of mass segregation
should be considered as preliminary. In conclusion, the primary question is
not how massive stars find their way to the densest, inner region of a cluster.
The problem is rather why they preferentially form in that location.

12.2 Effects on the Environment

An important, and still open, question is whether intermediate- and high-
mass stars are surrounded by circumstellar disks. While disks of gas and
dust are known to be associated with the majority of classical T Tauri stars,
the presence of similar structures around more massive objects is still elusive.
Clearly, if Herbig stars do not have (and never had) circumstellar disks , the
natural conclusion is that their formation mechanism differs qualitatively
from that of lower mass stars which requires the presence of an accretion
disk.

Natta et al. [66] have reviewed the status of the observational evidence
on Herbig stars (the so-called “disk debate”). The analysis of interferometric
data indicates that there is a clear difference between the frequency of occur-
rence of disks around HBe (M. 25 Mg) and HAe (M, <5 My,) stars: for the



110 Francesco Palla

latter, the frequency is very large (between 75% and 100%), whereas for the
more massive stars the incidence of disks drops to almost zero. Interestingly,
it appears that while the disk mass seems to decrease with the stellar mass,
the ratio of disk mass to stellar mass is roughly constant for stars in the
range AO-M?7. Thus, it appears that PMS stars of all masses have relatively
low-mass disks (Mgisk/My ~ 0.04). The available measurements in both T
Tauri and Herbig stars are displayed in Fig. 50.
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Fig. 50. Properties of disks around low-mass (T Tauri ) and intermediate-mass
(Herbig Ae/Be) stars. Panel a): Total disk mass (gas+dust) vs. the stellar mass.
Panel b): ratio of the disk mass over the stellar mass as a function of M.. Detections
are shown by circles, 3¢ upper limits by triangles. Filled symbols refer to stars
with single dish observations, open symbols to interferometric measurements. (From
Natta et al. [66])

The absence of evidence of disks around early-type stars is not evidence of
genetic absence. A possible explanation may be due to the rapid dissipation
of the circumstellar material, mainly as a result of the effect of the intense
radiation field from the central stars. Maps at far-infrared and millimeter
wavelengths show that often the Herbig Be stars are located in large cavities:
Fuente et al. [27] find a time scale of less than 10° yr for a complete dispersal of
the surrounding dense gas and dust. An important result is that the efficiency
of the dispersal is very different for early-type (B0-B5) and late-type (B5-
A5) stars. While in early-type stars the mean gas density in a radius of 0.08
pc decreases by almost two orders of magnitudes during their evolution to
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the main sequence, in late-type objects it decreases by less than an order of
magnitude. The morphology of the molecular cloud around several early-type
Be stars is shown in Fig. 51. The fact that Herbig Be stars are associated
with rich clusters of lower mass stars (see below) can also partially account
for the rapid evolution of the environment and the lack of circumstellar disks.
However, the stellar density in these clusters does not seem to be high enough
to induce significant star-disk interactions and dissipation.

HD 52721

.
I

Fig.51. Gas dispersal around Herbigrlde istars. The maps show the integrated
intensity emission of the **CO J= 1 — 0 line from stars of spectral type B0 to B5.
The size of the box is 1pex 1pe for all the objects. Contour levels are 0.3 to 70 by
4 K km s™!. The star position is marked with an asterisk. Note how the youngest
objects LkHa 234, MWC 1080) are still embedded in the dense gas, whereas the
more evolved ones sit in the middle of an large cavity. (From Fuente et al. [27])

The evidence for the presence of disks around massive stars is also as
uncertain as in the case of the Herbig Be stars. Only recently, sensitive, high
resolution observations of dust and molecular gas emission have become avail-
able for a small sample of objects. The distribution of SiO masers around the
deeply embedded source IRc2 in Orion has been interpreted as due to the
presence of a rotating and expanding circumstellar disk, about 80 AU in
diameter (Plambeck et al. [76]). One of the most convincing cases is repre-
sented by the source IRAS 2012644104 with a luminosity of ~ 1.5 x 104 L.
Observations in CH3CN have revealed the existence of a flattened disk-like
structure with a radius of ~ 5 x 10°AU and with a velocity gradient across
the major axis (Cesaroni et al. [14]; Zhang et al. [108]). The kinematics of
the disk are consistent with Keplerian rotation around a 20 Mg, star. The
small scale structure of this object is shown in Fig. 52.

Interferometric radio observations of masers, both H,O and CH3OH masers,
have indicated that the spots often lie across the diameter of the associated
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UC HII regions, suggesting that they are tracing disklike structures (Norris
et al. [71]). The derived properties of these disks are rather extreme: in the
case of the methanol masers, the diameters are of the order of 3—4 x 102 AU,
surrounding central objects of masses in excess of ~10 Mg. Further support
to the disk hypothesis has been provided by by mid-infrared imaging, as in
the case of G339.88—1.26, which has revealed polarization patterns typical
of the scattering lobes in bipolar cavities (Stecklum et al. [88]). However,
the complex morphology observed in these regions makes the unambiguous
identification of disks still uncertain, since the infrared features can also be
attributed to scattering peaks while the central structures remain undetected
because of the very large extinction (Ay 2100 mags). Thus, the role and rel-
evance of disks in the earliest phases of the evolution of massive stars are still
uncertain, but the high angular resolution in the thermal infrared offered
by the large telescopes now available holds great promises to directly detect
these elusive structures.

12.3 Clustering and Binary Formation

We have shown that young stars form in groups/clusters. But does clustering
extend to all spatial scales, or, is there a characteristic threshold? In an
interesting paper, Larson [54] has extended the analysis of the clustering
of T Tauri stars by Gomez et al. to even smaller separations by using the
rich database available on binary/multiple stars in Taurus-Auriga . Larson
finds that binary stars exhibit self-similar clustering on the largest scales,
but that there is a definite break from self-similarity at a scale of about
0.04 pc. This change separates the regime of binary and multiple systems on
smaller scales from that of true clustering on larger scales. At 8 <0.04 pc,
the power-law corresponds to a distribution of binary separations between
10 and 8000 AU. The break in the observed distribution is interpreted as
evidence for an intrinsic scale in the star formation process which Larson
identifies with the Jeans length in a typical cloud core. However, as we have
seen in eq. (14), Ay ~0.2 pc, a factor of at least five bigger than the break-
up scale. Finally, the observed hierarchical clustering can be interpreted as
a fractal structure with a dimension of about 1.4, possibly originating from
pre-existing hierarchical structures in the progenitor molecular clouds (e.g.,
Elmegreen & Falgarone [22]).

Additional support to the findings in Taurus-Auriga has come from recent
studies of the binary population in Ophiucus and in the Trapezium cluster
(Simon [85]), and in a number of other star forming regions (Nakajima et
al. [64]; Gladwin et al. [32]). The situation is summarized in Fig. 563. The sur-
face density distribution X'(6) is characterized by a binary regime in which
X(6) ~ 672, and a large scale clustering where X(8) ~ §7%5: Although the
distributions are rather similar, the characteristic scale of the break differs:
from ~400 AU for the Trapezium to ~12000 AU for Taurus, or even higher
(~20000 AU) in Chamaeleon. The interpretation is that, in addition to the
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Fig. 52. Disk around the massive source IRAS 20126+-4104. Top panel: overlay of
the Hz 2.1 pm line emission (grey scale) and HCO* (1-0) emission, showing the
presence of a bipolar outflow. Bottom panel: enlargement of the central region with
the grey scale representing the 1.3 mm continuum emission. The full and dashed
lines show the CH3CN (12-11) emission integrated under the blue and red line
wings, showing evidence for Keplerian rotation. Finally, the position of the H20
masers is indicated by the triangles. (From Kurtz et al. [51])

Jeans length, another parameter, the stellar density, should operate to es-
tablish the transition from binary companions to clusters. However, Bate
et al. [7] have carefully reanalyzed the data base used by these groups and
reached a somewhat different conclusion: the observed power law slope of the
mean surface density of companions is also consistent with clustering on a
single scale, with no evidence for a fractal distribution.

12.4 Clustering and Star Formation Efficiency

The second property of clustering bears directly on the star formation mech-
anisms in dense regions. It is clear that the standard model of isolated star
formation mediated by the action of ambipolar diffusion is hardly tenable
in these conditions. Therefore, other mechanisms must be invoked. It is well
known that, although most star formation occurs in molecular cores that
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Fig. 53. Variation of the stellar surface density of companions with angular sep-
aration in different star forming regions. The right hand bottom panel shows the

results for the three regions placed on a common scale of apparent separations in
AU. (From Simon 1997)

form large groups of stars, most main sequence stars are not found in clusters.
Thus, most of the embedded clusters that have been found in star forming
regions cannot survive for long as bound open clusters and the majority must
be dispersed soon after their formation. The mosty likely physical reason for
this behavior is the low efficiency of star formation in clusters that do not
remain gravitationally bound after gas removal. Lada et al. [53] have shown
that the formation of a bound cluster requires at least a 30% efficiency of
conversion of gas into stars. This value is much higher than the typical 2-3%
estimated in molecular clouds, but it also higher than that derived for the
young cluster in p Ophiuchi (about 20%). In the case of the Trapezium clus-
ter, the situation is more favorable since the total mass of stars is comparable
to the mass of gas in the region, so that the efficiency there (~50%) seems
to have been high enough to produce a bound cluster.

Models of the early evolution of young clusters still embedded in the par-
ent gas are needed to firm up the estimate of the minimum star formation
efficiency needed to form bound clusters. The important result of Lada et
al. is based on a simplified dynamical model in which the gas was assumed
to be lost to the system with an ad hoc time-law prescription. Recent im-
provements using N-body+ fully hydrodynamical codes allow to follow the
radiative and mechanical interaction between stars and gas in time and there-
fore the mechanisms by which the binding energy is removed from the system.
For example, it is found that most of the mass is lost via the action of stellar
winds and outflows during the earliest phases of the evolution, before the
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most massive stars evolve to supernovae. Also, there is a strong dependence
on the stellar mass distribution and on mass segregation. In fact, there is
evidence that massive stars are born at the center of the clusters and do not
settle there via dynamical friction and gravitational drag. The formation of
the most massive objects can thus occur only at the center of dense clusters,
where the deep potential well of the surrounding gas and interaction with
close objects may allow accretion to continue onto very luminous stars.

12.5 Clustering and the IMF

This point introduces the last question of what determines the mass of a
star in a cluster. We have seen that in all YSOs infall and outflow occur
simultaneously. Also, the amount of mass which is available from cloud cores
is generally bigger than the final stellar mass. Thus, it is not because of lack
of reservoir that stars stop accreting. It is quite natural then to identify in the
outflows the main agents for reversing the infall and limiting the final stellar
mass. This idea has been put forward initially by Norman & Silk [70] and
more recently by Adams & Fatuzzo [1] and Nakano et al. [65]). The main idea
is that the mass outflow pushes out the surrounding core material, producing
a bubble and a thin dense shell. The condition for stopping infall is achieved
when the shell radius Ry, grows to the core radius R, or

) 1/4 13

V.

Rap ~ (M) t1/2 ~ R, ~ (Mc> , (91)
Pc Pc

where Mout and V,ut are the mass outflow rate and outflow velocity, respec-
tively. Using typical values for the outflow and core properties, Nakano et
al. obtain a value of the typical mass of about 2 Mg with a dependence on
the mass infall and outflow rates M, ~ (Mous/Ming)™/6. The estimated star
formation efficiency is found to be less than ~5%, in agreement with the
observations.

The main problem with the scenario in which the mass of a star is set
by the outflow mass rate is that the condition in eq. (91) is achieved when
the bubble has reached a value of ~0.2-0.4 pc, i.e. the core radius. Now in
the conditions of dense clusters, the typical separation varies between 0.04
pe (Trapezium cluster) and 0.12 pc (dense cores in L1641). Both values are
smaller than the shell and core radii. Thus, accretion is shut off not because
of outflows, but because of lack of available material and by interaction with
neighboring protostars. In other words, the small extent of the protostellar
envelopes does not allow the outflow to propagate to large distances and
therefore would limit the total amount of matter that can be accreted to
much smaller values than the characteristic solar mass.

As a possible alternative, it is interesting to envisage a model in which
the stellar mass is not set by the feedback effects of forming stars on their
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environment, but by the clumpy structure of molecular clouds. Strong evi-
dence exists for clumpy substructures down to the smallest scales. Also, the
clump mass spectrum is a power-law N (M) NMC_II'S, for M1 2 1 Mg. Thus,
it is natural to simply relate the clump mass spectrum to the stellar mass.
Indeed, the stellar IMF is a power-law N{M,) ~ M 17 at subsolar masses
and becomes much steeper at larger masses (~ M 23). The similarity of the
two power indices suggests a linear relation between the mass of the clump
and that of the star, with an efficiency of conversion of gas into star of about
100%. At higher masses, the efficiency decreases rapidly, probably due to sub-
fragmentation of more massive clumps, implying that it becomes more and
more difficult to build up massive stars. In order to reconcile this scenario
with the observed stellar IMF, the star formation efficiency should scale with
the mass of the clump as M 97 This can be achieved if massive stars result
from the coagulation of several protostellar cores in the same clump. Inter-
estingly, some support to the possibility that the IMF in clusters is basically
determined by the clump mass distribution has been presented by Motte et
al. [63] and Testi & Sargent [92] from the mass spectra of pre-stellar clumps
mapped in the p Ophiuchi and Serpens molecular clouds. The derived mass
distribution in p Ophiuchi is displayed in Fig. 54. It appears that the mass
distribution follows approximately AN/AMq oc M 15 below M. ~0.5 Mg,
then it steepens at larger masses. This break in the power law is reminiscent
of that observed in the stellar mass spectrum.

Pre—stellar mass spectrum (o Oph)
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Fig. 54. Mass spectrum of 59 pre-stellar clumps in p Ophiuchi. The dotted and
dashed lines show two power laws AN/AM o« M7 and AN/AMa o« M7%5,
respectively. (From André et al. [1])
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13 Stellar Populations in Clusters and Associations

The previous chapter has emphasized the role of young stellar clusters for
testing star formation theories. One important clue is the actual pattern of
stellar births within any region. The most powerful technique in this regard
is to place the stars in the H-R diagram: one can then read off directly the
ages and masses of individual cluster members and reconstruct the detailed
history of star formation, as well as the relative production rates of various
masses. Studies of the stellar population of young clusters have a venerable
tradition, dating back to the original works of Walker [97] and Herbig [37].

Herbig was the first to argue that low- and intermediate-mass stars form
first in clusters and that the formation of one or more O stars may terminate
the process by dispersing the ambient gas. The spread in the formation times
of PMS stars was then quantified by Iben & Talbot [47] who used theoretical
tracks and isochrones in the H-R diagram to reconstruct the properties of the
young clusters NGC 2264 and NGC 6530. They established that a typical
group is created over an interval of some 107 yr, and confirmed Herbig’s
suggestion on the progressive formation of more massive objects with time.

Many subsequent studies have used the same basic tools to investigate
several other clusters, and the picture emerged of “sequential star forma-
tion”, in which the average stellar mass being produced at any time increases
in a smooth fashion (e.g., Herbst & Miller [40]). Building upon the results of
protostellar evolution, Stahler [86] examined critically the notion of a corre-
lation between stellar masses and ages and concluded that the data available
at the time were more consistent with a scenario in which all stellar masses
form approximately in the same interval of time within a given cluster. Thus,
the idea of “contemporaneous star formation”, with a probability based on
the initial mass function (Elmegreen & Clemens [21]).

The improvement over the last decade in the empirical knowledge of
the stellar population of nearby star forming regions, and the simultaneous
progress in the theory of PMS evolution call for a modern reassessment of
these basic issues. With such an approach, one hopes to address not only the
problem of the star formation history of individual clusters and associations,
but also what factors determine whether the resulting groups become aggre-
gates of T Tauri stars, bound clusters, or expanding OB associations. Finally,
a solution can be found to the long standing puzzle of the large deficit of T
Tauri stars of age greater than about 107 years, the so-called post-T Tauri
problem (Herbig [31]). In this chapter, we will provide first a brief description
of the empirical properties of the stellar populations in star forming regions
in the solar vicinity. The characterization of the age distributions rests on the
evolutionary tracks and isochrones described earlier, and will be presented
separately. The common evidence is for a pronounced acceleration in star for-
mation activity that lasts for several million years in any given region. This
pattern represents a true physical phenomenon and may arise from a global
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contraction of the parent molecular cloud. The implications on the post-T
Tauri problem will be addressed at the end.

13.1 H-R Diagrams

Taurus-Auriga Because of its proximity and overall low extinction (d =
140 pc, Ay ~1), the Taurus-Auriga molecular complex has been extensively
surveyed for PMS stars at all wavelengths. As a result, the current census
indicates more than 150 known members, most of them concentrated within
several distinct clumps of molecular gas. Figure 55 shows the distribution of
this population, relative to the molecular gas as outlined by the 12CO line
emission. The optical and near-infrared properties have been presented by
Kenyon & Hartmann [52] who determined luminosity and effective tempera-
tures for about 105 stars, including 65 CTTS and 38 WT'TS. This sample of
optically visible PMS stars is believed to be nearly complete for objects with
V-magnitude less than about 15, corresponding to stars of about 0.3 Mg.
The presence of 25 embedded Class I objects in Taurus-Auriga indicates that
the population of the youngest sources may be incomplete. Kenyon et al. [48]
have characterized the properties of six of them, bringing the tally to 108
stars. Only two class 0 objects (L1527 and IRAM 04191) have been identified
to date.

The resulting distribution of stellar population in the H-R diagram is
shown in Fig. 56. The vast majority of the stars lie between the birthline
and the ZAMS. Most stars stars have masses between ~0.1 and 2 My and
their contraction ages vary between 10% and 107 yr, with few WTTS stars
close to or slightly below the ZAMS. The median mass of the sample is about
0.6 Mg, with a relative dearth of stars with masses below ~0.2 Mg, possibly
due to selection effects. However, both deep optical surveys of individual dark
clouds (Bricefio et al. [17]; Luhman & Rieke [60]) and large scale, moderately
deep optical and X-ray surveys of the molecular cloud complex (Bricefio et
al. [11]) have failed to detect a large population of very low mass, faint and
more evolved objects.

The completeness issue should also consider the information provided by
the ROSAT All-Sky-Survey (RASS). Wichmann et al. [101] have identified 76
new T Tauri star candidates over a large area in the direction of the Taurus-
Auriga region. Most of them (72) were classified as WI'TS on the basis of
weak Ho emission or absorption and detection of lithium in low-resolution
spectra. The high number of WTTS identified would yield a WI'TS/CTTS
ratio of about 6, a value close to that predicted by Walter et al. [98] on the
basis of the EINSTEIN observations of a much more limited area. However,
observations of the lithium line at high spectral resolution of a subsample of
the WTTS has reduced the number of bona-fide young objects, the rest being
more evolved objects (Martin & Magazzu [59]). However, without a precise
estimate of the distance of the RASS stars at large distances from the star
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Fig.55. Location of known PMS stars in Taurus-Auriga. The six main stellar
groupings identified by Gomez et al. [33] are indicated. The dashed contours trace
the extent of the **CO (J=1-0) line emission, obtained by Ungerechts & Thad-
deus [95]. (From Bricefio et al. [17])

forming region, it is impossible to place them in the H-R diagram and derive
masses and ages.

Lupus The Lupus region, at a distance d =140 pc, contains four T asso-
ciations {(Lupus 1 to 4) associated with small dark clouds , embedded in a
larger CO complex of mass comparable to Taurus-Auriga. Most of the star
formation activity is concentrated in Lupus 3, where Schwartz [81] identi-
fied 69 Ha emission line stars. With the exception of two Herbig Ae stars
(HR 5999 and HR 6000), all the other members are of spectral type later
than MO (Hughes et al. [46]). The ROSAT survey has discovered some 130
new stars, distributed over an area of more than 200 square degrees (Kraut-
ter et al. [49]). Follow-up observations have established the PMS nature for
27 of them, located within the boundaries of CO emission (Wichmann et
al. [102]). Thus, the ratio of WTTS to CTTS appear to be about unity. The
H-R diagram for the population of 92 stars is shown in Fig. 56. Most stars
have masses below ~0.6 Mg, and are well distributed around and below the
birthline. The Lupus H-R diagram resembles that of Taurus-Auriga.
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Fig. 56. The distribution of the stellar population of nearby T associations in the
H-R diagram. (From Palla & Stahler [43])

Chamaeleon The Chamaeleon SFR consists of three molecular clouds (Cha
I, I and I1I), and a number of smaller structures, including compact globules
and isolated dark clouds (Schwartz [82]). Because of their location at high
galactic latitude (b = —17°), the clouds suffer from little contamination by
background sources. Of the three dark clouds, the Cha I region has the highest
number of PMS stars, the majority of which are optically visible, with very
few Class I sources. Cha II also contains a significant population of young
stars, whereas no visible or infrared sources have been discovered in Cha III.
The distance to the clouds was, until recently, poorly known, ranging from
115 to 215 pc. However, recent estimates establish a value of d =160 pc for
Cha I and d =180 pc for Cha II (Whittet et al. [100]).

In Cha I, the stellar census derived from optical, near-infrared and X-
ray surveys consists of about 100 probable members, with roughly 50% being
WTTS (e.g. Persi et al. [75]). The stellar population of Cha II contains about
20 stars, whose properties have been determined by Hughes & Hartigan [45].
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The H-R diagram of these two regions are displayed in Fig. 56. Note the
presence in Cha I of a number of stars with mass in the brown dwarf regime:
spectroscopic studies by Neuhéuser & Comerén [69] have con rmed the sub-
stellar nature for four of them. The ROSAT survey has discovered about 80
additional young stars spread over a wide area (Alcald et al. [2]). Although
about half of them appear to be PMS objects on the basis of the strength
of the lithium line, their genetic link to the central clouds is still unclear
(Terranegra et al. [91]).

Ophiuchi The Ophiuchi complex, at a distance of 160 pc, represents
another region of intense star formation. The two main clouds, L1688 and
L1689, are massive and opaque, with visual extinction exceeding 50 mags
(Wilking & Lada [103]). Most of the young stars are found in the L1688
cloud core, where near-infrared surveys have revealed a population of over
200 heavily embedded objects (e.g. Barsony et al. [6]). Because of the high
extinction, stellar parameters are di cult to determine. This task has been
successfully done by means of near-infrared spectroscopy for a sample of
about 100 stars, located in the central region of L1688 (Greene & Meyer [34];
Luhman & Ricke [56]). The distribution of 72 stars from this group in the
H-R diagram is also shown in Fig. 57. The population is nicely spread below
the birthline, and, once again, there is evidence for a number of brown dwarfs
(e.g. Wilking et al. [104]).

Unlike the other SFRs discussed above, there is little sign of a dispersed
population of older stars in  Oph. Of the 35 RASS stars studied by Martn
et al. [60], only three are post-T Tauri stars, while there is an equal number
of CTTS and WTTS within the interior of L1688.

Upper Scorpius Upper Scorpius is the youngest subgroup of the Scorpius-
Centaurus OB association, the nearest to the Sun at a distance of 145 pc.
From proper motion studies, Blaauw [8] derived an age of 2 107 yr for
the whole complex, while the kinematic age of Upper Scorpius is closer to
5 10° yr. The whole area is essentially free of molecular gas, and the ab-
sence of deeply embedded objects indicates that there is little star formation
activity going on in the association. The Upper Scorpius association has been
thoroughly investigated by Hipparcos which has established secure kinematic
membership for 120 stars (de Zeeuw et al. [107]). The stellar properties of
the intermediate- and high-mass members have been derived by de Geus et
al. [30].

The low-mass population associated with Upper Scorpius has been stud-
ied mostly by follow-up studies of X-ray observations, both with EINSTEIN
(Walter et al. [99]) and ROSAT (Sciortino et al. [83]; Preibisch & Zinnecker
[77]). The H-R diagram of Fig. 57 includes both high- and low-mass stars.
Note how the majority of the intermediate mass stars lie close to the ZAMS,
while the brightest stars depart from it. As for the PMS population, most
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Fig. 57. The distribution of the stellar population of nearby clusters in the H-R
diagram. (From Palla & Stahler [43])

of the stars are WT'TS, with a small number of older post-T Tauri objects.
The gap between the two distributions is not real, and results from selection
e ects in the de nition of the samples. Clearly, the complete population of
Upper Scorpius should include stars of both higher and lower luminosities
and must still be fully characterized.

IC 348 IC 348 is a small cluster in the Perseus complex, a large region of
high visual extinction at a distance of 320 pc. In addition to IC 348, the
area contains other well known SFRs, such as L1448, L1455, B1, B5, and
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NGC 1333 (Bachiller & Cernicharo [4]). The richest groups of PMS stars are
found in IC 348 and NGC 1333, which contain bright B type stars as well
as a cluster of deeply embedded Class 0 sources. The entire IC 348 cluster is
embedded within a dark cloud of diameter of 2 pe.

The stellar population of IC 348 has been extensively studied over a range
of wavelengths. In X-rays, deep ROSAT observations have identified more
than 100 sources, 56 of them probable new WTTS (Preibisch et al. [78]).
In the optical, the stellar census has been extended to more than 110 emis-
sion line stars (Herbig [38]), whereas deep near-infrared imaging has revealed
about 400 probable members (Lada & Lada [52]). Follow-up optical and in-
frared spectroscopy has allowed to derive stellar parameters for more than
150 stars (Luhman et al. [57]; Luhman [55}). The distribution of these stars
is displayed in Fig. 57. The brightest member of the cluster is BD+31 643, a
B5 star that, together with other 11 similar objects, belongs to the expanding
Per OB2 association.

Orion Nebular Cluster The Trapezium cluster was first noted by Trumpler
in 1931 and Baade & Minkovski in 1937 as a concentration of faint red stars
near the 1§ Ori Ic association. From optical studies, Herbig & Terndrup [39]
identified about 150 stars over a region approximately 3’ x 3’ in size around
the Trapezium stars. Deep optical and near-infrared imaging has revealed the
full population of ~3000 low-mass members, equally proportioned between
embedded and revealed stars (McCaughrean & Stauffer [61]). In the central
1 arcmin (0.14 pc) diameter core, the stellar number density exceeds 10*
pc™3, with a mean separation between the cluster stars of ~0.045 pc. At a
distance of only 470 pc, the Trapezium cluster is one of the densest stellar
concentrations in the Galaxy.

The study of Hillenbrand [23] has provided stellar parameters for more
than 900 visible stars. Their distribution in the H-R diagram is shown in
Fig. 57. Most stars of low- and intermediate-mass fall below the birthline,
while those of mass larger than ~6 Mg have already joined the ZAMS. The
preponderance of low-mass stars is clearly visible in the H-R diagram. Hil-
lenbrand found that the actual mass distribution is roughly a power law
above 0.2 Mg, and also noted a turnover at lower masses. Incompleteness
at the low-mass end does not allow, however, to draw firm conclusion about
the shape of the IMF. Finally, from the tight distribution of stars near the
birthline, it is clear that the period of most active formation is confined to
a few x108 yr, and has recently ended with gas dispersal from the Trapez-
ium (although formation is going on inside the molecular cloud behind the
cluster).

NGC 2264 At a distance of 750 pc, NGC 2264 is the central cluster of the
Mon OB1 association, which contains a large number of reflection nebulae and
dark clouds. This cluster represents a benchmark for the observational studies
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of star formation, starting with the initial discovery of 84 Ha emission line
stars by Herbig [36]. Subsequent photometric studies by Walker [97] showed
the stars to be PMS in nature. Walker concluded that all stars with spectral
type later than AO lie above the ZAMS, resulting in an age estimate for the
cluster of ~ 5 x 108 yr. Several hundred optically visible members are now
known, ranging in mass from the O7 star S Mon to T Tauri stars.

The small extinction and differential reddening, and the presence of an
optically thick reflection nebula which obscures background stars greatly fa-
cilitate the identification of cluster members (Pérez et al. [74]). However, until
recently the number of stars with reliable values of luminosity and effective
temperature has remained limited. Now, optical and X-ray surveys have been
presented by Sung et al. [90] and Flaccomio et al. [25] [26], determining the
properties of about 200 low-mass stars. The distribution of these stars and
of main-sequence stars with masses greater than 1.5 Mg, in the H-R diagram
is shown in Fig. 57. In spite of the large distance, we see that the low-mass
population has been sampled down to ~0.2 M.

13.2 Star Formation Histories

Having established the stellar content of the most conspicuous star forming
units within ~1 kpc from the Sun, we can now utilize the evolutionary tracks
and isochrones to gauge the formation histories by reading off individual
ages of their members. This exercise produces age histograms which reveal
the pattern of stellar births as a function of time. The results for associations
and clusters are shown in Fig. 58 and Fig. 59. Note that only stars with ages
less than 107 yr are included in the figures, even though the H-R diagrams
presented above indicate that older stars are also present in each region.
However, their number is so small and the age dispersion is so large that
their inclusion does not add much information, nor does it change the shape
of the distribution.

Scanning the histograms from the oldest ages to the youngest, we see
a common character of star formation: it begins at a modest level roughly
4% 10% yr in the past and is followed by a rapid rise toward the present epoch.
This qualitative feature is insensitive to the precise method of assessing stellar
luminosities and effective temperatures. In the Orion Cluster, however, the
acceleration of star formation is a factor of at least 10 higher than in the other
cases. Only in the case of Upper Scorpius, we see that at about 3 x 108 yr
the formation rate peaked and then underwent a steep decline. This falloff is
also evident in the H-R diagram, as the gap just below the birthline and the
clumps of PMS stars. The lack of molecular gas is clearly responsible for the
cessation of active star formation in Upper Scorpius, an event possibly related
to the explosion of a supernova (see de Geus [29], Preibisch & Zinnecker [77]).

In order to quantify the observed trend, Table 5 lists the e-folding times
t, of the accelerating formation. These times fall between 1 and 3 x 10° yr, an
indication of the brevity of the process. While for regions containing massive
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Fig. 58. The distribution of the stellar population of nearby T associations in the
H-R diagram. (From Palla & Stahler [43])

Table 5. Formation Time Scales

Region Distance Time t,
(pc) (10°yr)
Taurus-Auriga 140 2.3
Lupus 140 2.3
Chamaeleon 1 160 1.5
Chamaeleon 11 180 1.8

p Ophiuchi 160 1.0
Upper Scorpius 150 1.8
IC 348 320 1.0
Orion Nebula 470 1.2
NGC 2264 760 3.3

stars, the activity should soon end because of the efficient dispersal of the
remaining molecular gas by radiative and mechanical forces, in T associations
where such type of stars are absent, the acceleration can be maintained for
another few million years, but no longer. The scarcity of stars with ages of
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Fig. 59. The distribution of the stellar population of nearby young clusters in the
H-R diagram. (From Palla & Stahler [43])

107 yr or older in fact implies that those regions cannot remain for that
length of time in a state of active formation, and eventually star formation
must stop. However, the physical mechanism(s) responsible for the decline is
not obvious, since winds and outflows from low-mass stars are too inefficient
to disperse the gas in just a few million years.

How robust is the accelerating pattern? Does it depend on the partic-
ular choice of PMS tracks and isochrones used for assessing stellar ages?
Would factors such as residual mass accretion, the location of the birthline,
or the presence of unresolved binaries affect the resulting age distribution and
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wipe out the non-steady nature of formation within each cluster /association?
Clearly, all these effects should be present on an individual basis and must
be accounted for when more complete observations become available. How-
ever, we believe that accelerating star formation will remain as observations
improve (for a discussion on the assessment of uncertainties, see Palla &
Stahler [43]). In support of this conclusion, it is interesting to consider the
extreme view in which star formation indeed occurs steadily for 107 yr: how
would the H-R diagram of such a hypothetical region lock like? Using the data
base of Taurus-Auriga, Fig. 60 shows the resulting H-R diagram obtained by
assigning random ages between 0 and 107 yr to the stars distributed between
the birthline and the ZAMS. Compared to the original H-R diagram, the
faked one is markedly different with a large void just below the birthline and
a concentration of stars around the last few isochrones. Such a diagram re-
sembles that of Upper Scorpius where the absence of molecular gas indicates
that star formation has halted. Thus, we reach the conclusion that regions
with still considerable amount of molecular gas always have enough young
objects to produce an accelerating rate.
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Fig.60. The H-R diagram for a hypothetical cluster in which stars have been
randomly assigned ages between 0 and 107 yr. (From Palla & Stahler [43})
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13.3 The Post-T Tauri Problem

The rapid rise of star formation sheds new light on the post-T Tauri problem.
Herbig [31] first noted that there is a remarkable deficit of T Tauri stars
of age greater than approximately 3 million years in nearby star forming
regions. He introduced the possibility of the existence of a missing population
of post-T Tauri stars with ages greater than ~ 5 — 10 x 10% yr. Searches
aimed at identifying such an elusive population have been carried out ever
since. However, the issue is still matter of heated debate. I believe that the
implications bear important consequences for the understanding of the star
formation process and therefore deserve some further remarks.

Observational Considerations The main question is: does the combina-
tion of CTTS and WTTS observed within or close to molecular cloud com-
plexes represent the whole stellar population spawned by such entities? If so,
the history of star formation can be traced accurately by their stellar content.
This approach has been followed in the previous sections (see also the work
of Bricefio and collaborators [17] [11]). In contrast, other authors have re-
marked that the dominant stellar population has still to be determined, since
many relatively young stars can be found at large distances from the par-
ent molecular clouds. Since the measured velocity dispersion of young stars
is ~2-5 km s7!, one expects that they can drift over 5-20 pc in ~ 107 yr
(equivalent to ~ 8 — 20° at 150 pc), ignoring the gas content and assuming
ballistic trajectories.

The finding of hundreds of RASS stars over large areas of sky (much
larger than those probed by optical/near-infrared surveys) has boosted this
idea and rejuvenated the debate on the post-T Tauri stars. If these stars are
genetically linked to those found within the boundaries of molecular clouds,
then the total number of low-mass stars formed in such regions would increase
dramatically, filling the gap shown by the age distributions shown in Figs. 58
and 59. In particular, Feigelson [24] estimated that the number of stars older
than 2 — 5 x 108 yr should exceed that of younger stars by factor 5-10 or
larger, assuming a constant rate of star formation over the last ~ 107 yr.
As a consequence, the star formation efficiency of molecular clouds would be
much higher than the few percent currently estimated.

The nature and origin of the widely dispersed population of T Tauri stars
are still uncertain. To complicate things even more is the unknown distance
of the majority of these stars. The presence of strong lithium absorption line
observed at high spectral resolution in a number of the RASS stars clearly
indicates that they are young objects (e.g. Covino et al. [18]) and the addi-
tional information on the distance provided by Hipparcos has allowed to place
some of them in the H-R diagram, confirming the PMS nature (Neuhiuser &
Brandner [68]). However, the number of stars with accurate distance measure-
ments is too small to draw general conclusions. Also, the use of the strength
of the lithium line to distinguish PMS from main sequence stars is not free of



PMS Evolution 129

uncertainty and, in fact, Bricefio et al. [10] have argued that most of the RASS
stars of spectral type G and early K (to which the RASS is most sensitive)
must have ages closer to 108 yr than 107 yr. Quantitative analysis of ages from
lithium depletion also provides little evidence for a substantial population of
post-T Tauri stars (Favata et al. [23] and Martin & Magazzli [59]).

In conclusion, it appears that while there is a number of young PMS
stars at large distances from star forming complexes, the majority of the
RASS represent an older population, likely formed in clouds of a previous
generation which have been dispersed by now. Various possibilities have been
suggested to explain their origin (see Neuh&user [67]). The most interesting
one links the RASS stars to the Gould Belt, a band of O, B and early A
type stars highly inclined to the galactic plane. A number of star forming
regions are aligned within this band (Lupus, Orion, Sco-Cen), while others
are well outside (Taurus, Chamaeleon). The RASS stars found in these latter
regions could have formed in low-mass cloudlets (Feigelson [24]) or could
represent run-away stars, ejected from the birthsites as a result of dynamical
interactions (Sterzik et al. [89]).

Theoretical Considerations In order to explain the post-T Tauri problem,
two possible solutions have been suggested. In both models, the lack of older
stars is a consequence of the star formation process itself rather than the
dispersal/ejection mechanisms mentioned above. However, in one case star
formation occurs in an accelerating pattern after a long period of quiescence
(Palla & Galli [73]; Palla & Stahler [43]), while in the other case star formation
is a very rapid, dynamic process which only lasts for a few million years
(Ballesteros-Paredes et al. [5]; Elmegreen [20]).

Star Formation Is Slow... The basic idea here is that it is incorrect to
think of star formation as an instantaneous process during the lifetime of a
molecular cloud. Rather, it takes a long time to establish the appropriate
initial conditions for gravitational collapse and protostellar accretion. In the
magnetically supported clouds discussed in Sect. 2, the time scale is set by
the ambipolar diffusion time (see eq. (19), which is similar to the estimated
lifetime of molecular clouds (2107 yr). Dense clumps within larger clouds
contract quasi-statically before the density exceeds some critical threshold.
Both the accretion and the core dispersal time scales are much shorter than
the cloud lifetime. Therefore,

e the probability of finding a large population of stars with ages greater
than ~ 107 yr is intrinsically very small;

e the star formation rate is not constant as a function of time, but very
low initially and steeply accelerating at later times;

e the overall star formation efficiency is small (few percent) because of the
fast deceleration related to the mechanisms that determine the survival
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of a molecular clump (i.e. negative feedback due to outflows and injection
of energy from the newly formed stars);

e star formation needs not to be synchronized to small age spreads (~
1 — 2 x 10° yr), since it takes place at all times during the life of a
molecular cloud, albeit at different rates;

¢ giant molecular complexes contain so many of these clumps that at least
few of them have evolved to the point of initiating star formation, thus
explaining why almost all nearby molecular clouds are forming stars.

...or Star Formation Is Fast In this picture, star formation is not medi-
ated by any retarding force, but occurs in only one or two crossing times for
a wide range of scales, from ~1 to ~ 103 pc. Observational evidence in sup-
port of this claim has been summarized by Elmegreen [20]. This conclusion
runs opposite to the long believed longevity of molecular clouds, based on
the disparity between the free fall time and the total star formation rate in
Galactic clouds. Recent MHD simulations of self-gravitating clouds find that
turbulence decays rapidly over a dynamical time (e.g. MacLow [58]), elimi-
nating the need for sustaining the clouds for many crossing times. However,
one must explain how to create continuously new molecular clouds at the
conditions appropriate for fast collapse. Since self-gravity of the gas cannot
operate so rapidly, one must invoke external factors as triggering events. In
the case of Taurus-Auriga, Ballesteros-Paredes et al. [5] have simulated the
formation of clouds resulting from the compression of HI flows. Some general
implications of the picture include:

e the formation of stars occurs only in self-gravitating cores, and the crit-
ical factor is not their high densities;

e because of the hierarchical structure of molecular clouds, such conditions
are rarely found, thus explaining the low overall efficiency, both locally
and over a Galactic scale;

o because of the short time scale, young stars do not have time to move
away form their birthsites, maintaining the turbulent-driven structure of
the parent clouds.

Conclusion

Differences in the two pictures of star formation (slow vs. rapid) are so large
that observational tests should be able to discriminate between them. Future
studies should try to specifically address the predictions of these models. In
the meantime, we can conclude with the following consideration. We have
started this cycle of lectures underlining how the initial conditions estab-
lished during protostellar accretion have modified our view of PMS evolution
with respect to the classical studies of Hayashi, Iben, Cameron and their
collaborators. We have now reached the point where the global properties
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of PMS stars in nearby clusters and associations are providing fundamental
tests to the theory of star formation. The circle is closed.
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I. Introduction

This lecture course is unusual in that it consists of a body of real observing
proposals, submitted to various time allocation committees in the years 1996
1999. In all cases the observations have already been conducted; a summary
and reference to published results are given at the end of each proposal.
I am grateful to my co-investigators B. Brandl, W. Brandner, A. Brown,
M. J. McCaughrean, Th. Preibisch, B. Reipurth, Th. Stanke, K. Stapelfeldt,
and A. Quirrenbach for their permission to use these proposals.

The organization of this chapter is as follows: The first part (5 lectures)
mainly deals with disks, jets, and protostars. In particular, the first two lec-
tures are on disks and jets and the next two are on the search for jet sources
and protostars. Lecture 5 is on the circumstellar environment of weak-line or
seemingly naked T Tauri stars, relevant to planet formation. The second part
(3 lectures) starts with a discussion of the statistics of young binary stars, a
subject that is especially dear to my heart (cf. the recent IAU Symp. 200). It
continues with a study of the binarity of young A and B stars and ends with
a study of the multiplicity of massive stars. The third part (4 lectures) ba-
sically deals with the low-mass stellar content of OB associations and young
clusters. We begin with a discussion of how to determine the low-mass IMF
in the most nearby OB association (from ground-based observations) and end
with our quest for the low-mass pre-Main Sequence population in the famous
30 Dor starburst cluster in the LMC (from HST observations). In between
we discuss the stellar content of two important young galactic clusters, one
small (IC 348) and one big (NGC 3603).

This course is dedicated to George Herbig, on the occasion of his 80th
birthday. George very kindly agreed to provide a historical introduction to
this Saas-Fee course about the early history of star formation for which I
would like to thank him very much.

I also thank U. Hanschur for his invaluable technical help in preparing my
chapter at long last. Finally, I thank the organisers and editors, A. Maeder
and G. Meynet, for inviting me to give this course and for their patience with
the manuscript.
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1 How to Find Young Stars and Protostars

The poster for this Saas-Fee course is entitled “Physics of Star Formation
in Galaxies” and shows an optical image of the NGC 604 HII region in the
Triangulum galaxy M33 as an example. NGC 604 is one of the most luminous
HII regions in the Local Group, second only to 30 Doradus in the Large
Magellanic Cloud [18].

However, much of this course will be concerned with star formation on
smaller scales, scales that can only be studied nearer to home, i.e. inside
our own Milky Way Galaxy or even only close to the solar neighborhood
(< 500 pc distance), due to sensitivity and spatial resolution. The most well-
known nearby star forming regions include the Taurus-Auriga, Rho Ophiuchi,
Lupus, R Coronae Australis, and Chamaeleon T associations which are all at
a distance of about 150 pc (all but Taurus-Auriga are located in the southern
sky, see [17]). Moreover, there are nearby OB associations [3], the nearest
being the Scorpius-Centaurus (Sco-Cen) OB association, also at about 150 pe,
and the most famous being the Orion OB association at 350—500 pc (see [4]).
Orion is distinct in that it is the place in the sky where massive stars can
be studied in the making. On the other hand, in the Sco-Cen region star
formation has just finished, and thus this young association is a very good
place where the end-products of the star formation process - e.g. the stellar
mass distribution - can be investigated.

Detailled observations of true protostars in the process of collapse (so-
called class 0 objects) have also become possible recently, owing to tech-
nological advances in radio astronomy, such as new mm receivers and mm
optimised telescopes, including telescope arrays for mm interferometry (at
IRAM, OVRO, BIMA). Before, beam dilution prevented sensitive, spatially
resolved mm spectroscopy of infalling gas. Now, the hallmark of a collapsing
protostar is an asymmetric line profile in an optically thick tracer molecule of
dense gas (such as CS in its various rotational transitions), with a red-shifted
self-absorption feature [see Fig. 1}; such profiles look very much like the shape
of the Matterhorn mountain (as we saw it during our excursion).

In the following, to conclude this brief Introduction, a quick tabular
overview is given of the various techniques available to find young stars near
their birthplaces (molecular clouds), followed by a few references to young
star surveys.

techniques: objectives:

molecular clouds
dense gas cores
cold dust condensations

CO surveys (2.6 mm, 1.3mm)
CS surveys (3.0 mm, 2.0 mm)
mm continuum surveys

IRAS survey (12 /25 /60 /100 um) dusty protostars
NIR surveys young objects
DENIS (1JK) / 2MASS (JHK) with infrared excess

Lried



Observations of Young Stellar Objects 137

H, (2.12p4m) surveys = very young jets

optical surveys = T Tauri stars

(He, Lil, Call)

X-ray surveys = T Tauri stars

(ROSAT, XMM, AXAF) embedded stars

proper motion surveys = cluster / association
(Hipparcos, ...) membership

radio cont. surveys = HII regions

maser surveys = high-mass SF regions
(H20, OH, CH30H) (massive protostars)
VLA/VLBA surveys = non-thermal young sources
(3.6 cm, 6 cm) (reconnection, magn. field)
shock-excited nebulosity = Herbig-Haro objects
reflection nebulosity = Herbig Ae/Be stars
emission nebulosity = HII region, young clusters

Ha, Hg, [O11]]

Examples of extensive surveys for dense molecular gas include the obser-
vations of Tatematsu et al. 22], [23] in the Orion A cloud and of Lada et al.
[12] in the Orion B cloud (see also Bally et al. [1}). A very important IRAS sur-
vey was Beichman et al. [2], while the first 1.3mm pre-stellar dust continuum
surveys were Mezger et al. [14] and recently Motte et al. [15], Testi et al. [24],
and Chini et al. [5]. Near-infrared surveys for young embedded clusters were
reviewed by Zinnecker et al. [30], and the first Hy survey for embedded pro-
tostellar jets was done by Stanke [21]. A comprehensive electronic catalog of
Herbig-Haro objects is given by Reipurth (http://casa.colorado.edu/hhcat),
also the author of the so-called Star Formation Newsletter.

A big survey for classical T Tauri stars was the Kiso Schmidt Ha survey
(Kogure et al. [10]). The ROSAT all-sky X-ray survey in search for the wide-
spread population of weak-line T Tauri stars was reviewed by Neuh&user [16];
see also Guillout et al. [9] for the results of an X-ray survey along Gould’s
Belt. The classical Ha survey for HII regions is Sharpless [19], but a more
recent work on compact/ultracompact HII regions from thermal radio con-
tinuum observations is Wood and Churchwell [28]; see also Kurtz et al. [11].
Non-thermal radio searches for young stars are discussed in Montmerle and
Feigelson [7]. A survey of methanol maser emission from (high-mass) star
forming regions can be found in Walsh et al. [25], while OH and H2O masers
are reviewed in Garay and Lizano [8]. In a few cases H2O masers are also
associated with low-mass protostars (e.g. IRAS 05413-0104 / HH 212, see
Claussen et al. [6]). Garay and Lizano [8] as well as Stahler et al. [20] give
an excellent summary of our current knowledge of the physical conditions
of massive star formation. The nearest massive protostar is IRc2-I in the
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Orion BN/KL nebula, a compact radio continuum source, which is the only
luminous young object known to be associated with SiO maser emission [13].

Fig. 1. Predicted molecular line profiles (intensity vs. velocity) from a spherically
symmetric collapsing cloud core, as a function of the line optical depth (left) and
(right) for a given optically thick line as a function of the radial infall velocity
(assumed const.). Note the characteristic red-shifted self-absorption. Courtesy of
Jonathan Williams (Univ. of Florida), see Williams and Myers 1999 [27], see also
Wang et al. 1995 [26] and Zhou et al. 1993 [29] (especially their Fig. 8).
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II. Disks, Jets and Protostars

2 A VLT/ISAAC Study of Circumstellar Disks
and Envelopes Around YSOs

2.1 Abstract

We propose deep, high spatial resolution JHKL imaging of a nearby southern
IRAS sample of 30 very young stellar objects (YSOs), selected from previ-
ous integrated near-infrared photometry to be faint and highly reddened, and
also expected to be mostly nonstellar and nebulous. The main goal is to char-
acterize and understand the morphology of the observed disk and envelope
structures from the measured spatial surface brightness distribution. A few of
these objects will turn out to have edge-on disks with dark dust lanes between
extended scattering lobes. The VLT is needed to detect sub-arcsec structure
in these nebulous young objects, including the wavelength-dependent sub-
arcsec scaleheight of edge-on disks and hidden sub-arcsec infrared compan-
ions. In good seeing, ISAAC/VLT will deliver the most detailed YSO images
ever seen, rivaling those of NICMOS/HST.

2.2 Scientific Rationale

The coplanar orbits of our planetary system suggest that a disk-like cloud
surrounding the young Sun provided the raw materials for planet formation
4.6 billion years ago. Studies of nearby young stellar objects (YSOs) offer an
opportunity to detect and characterize the disk environments which may play
host to planet formation. Evidence has mounted that low-mass, pre-main se-
quence stars possess circumstellar disks with sizes and masses comparable to
the early solar nebula. Unresolved infrared and millimeter continuum excess
emission consistent with disk models is associated with more than half of
the T Tauri stars in the Taurus-Auriga star-forming region [1]. Millimeter
interferometers have mapped flattened molecular gas structures at 1arcsec
resolution around several T Tauri stars [3]. In some cases (e.g. GM Aurigae),
evidence for Keplerian orbital motion in a circumstellar disk has been found
(Dutrey, priv. commun.). Thus the existence of circumstellar (and possibly
protoplanetary) disks around young stars is now well established.

The clearest images of circumstellar disks produced to date are 0.1 arcsec
resolution optical images from the Hubble Space Telescope. As of this writ-
ing, six young stars associated with nearby molecular clouds show disks in
reflected light. One is GM Aurigae [11], where the disk is seen adjacent to the
bright point spread function of the central star. In the five other cases (HH30
[2]; Haro 6-5B [4]; DG Tau B and IRAS 04302 [9]; and HK Tau/c [12]), nearly
edge-on disks are seen as absorption lanes bisecting the reflection nebulosi-
ties. In addition to these local young stars, seven backlit absorption disks have
been detected toward the more distant Orion Nebula [7]. Taken together, all
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these HST results have provided some of the best available constraints on the
structure and extent of young disks which may form solar systems like our
own.

Disks viewed edge-on offer the best opportunity to study their internal
structure, as the bright central star is occulted from view and thus does not
pose a contrast problem. Furthermore, in edge-on systems the disk thickness
can be directly measured. This vertical structure is related to the local disk
temperature, and may also be affected by grain growth processes that are
expected to initiate dust settling toward the disk mid-plane. In two of the
edge-on disks studied so far with HST, HH 30 and HK Tau/c, detailed com-
parison of scattering models with the images has allowed disk scale heights
to be measured for the first time [2] [12]. The disks’ inclinations and masses
have also been well-determined in these analyses, and the radial density pro-
files and flaring exponents have been constrained. Interesting differences are
already apparent: the scale height of HH 30 is significantly larger than that
of HK Tau/c, possibly due to the increased contribution of viscous heating
to the energy budget. Resolved disks in young binary systems also present
interesting tests for tidal perturbation theories. It is clear that edge-on sys-
tems provide most valuable laboratories for the study of disk structure and
evolution. To understand the diversity of disk properties and the contexts
in which they occur, it would be very beneficial to identify and study many
more of these edge-on or nearly edge-on systems.

Two criteria are available to select young stars with edge-on disks. If disks
and jets are perpendicular, as expected theoretically, then systems with low
radial velocity jets should have nearly edge-on disks at the sources. The use-
fulness of this criterion has been demonstrated by the well-known imaging
results for HH 30. However, all of the nearby YSO with published data in-
dicating low radial velocity jets have been observed with HST already; and
edge-on disks lacking bright jets (objects such as HK Tau/c) would not be
identified by this criterion. Fortunately, there is a second powerful selection
criterion: All of the edge-on YSO disks currently known distinguish them-
selves as unusually faint near-infrared sources as well as a large J-K colour
index (> 4), indicative of high extinction (cf. Fig. 2 from [9]; see also [5] call-
ing the object shown in Fig. 2 the “Butterfly Nebula”; however, they could
not see the dark dust lane from their ground-based JHK observations, the
dust lane only became apparent from the high-spatial resolution NICMOS
JHK images. The images we propose to take with the VLT/ISAAC almost
rival the spatial resolution of HST/NICMOS and should be good enough to
resolve similar edge-on disks!)

This VLT /ISAAC proposal is based on the above photometric selection
criterion; in fact we have collected the best possible southern object list
for disk/envelope systems (faint, highly-reddened near-IR sources) a total
of 30 objects (in the Cham, Rho Oph, Serpens, R CrA clouds). They are all
so-called Class I objects, probably less than 1 Myr old. Our sample is 5 times
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Fig. 2. Example of a disk/envelope system observed with NICMOS/HST

larger than the known disk sample from HST and promises to let us see the
full diversity of disk/envelope properties, possibly leading to a systematic
morphological classification or even an evolutionary sequence. For random
orientation of the disks in space, we expect to find edge-on disks in about
10 % of the objects, which is why we need a large sample.

2.3 Immediate Objective

1) We will measure the surface brightness distribution of very young stellar
objects still surrounded by tenuous envelopes left over from the star formation
process. Based on their youth, they should have relatively large envelopes.
These objects are younger than normal T Tauri stars and have not been
observed systematically as a group yet. We will measure the surface bright-
ness in several wavelengths to study the scattering morphology and the dust
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properties giving rise to the observed appearances and the observed nebular
colours. For example, the high spatial resolution images of ISAAC will allow
us to check if the scattering envelope is clumpy or smooth. We will provide
an atlas/classification of these extended objects.

2) Eventually we will simulate the multi-wavelength appearance through
radiative transfer model calculation (see [10]). Matching theory and obser-
vations, we will provide “initial conditions” for 3D hydrodynamical model
calculations of continuing envelope accretion and disk formation. An evolu-
tionary sequence might emerge, refining the Class I definition currently based
soley on the integrated, spatially unresolved spectral energy distribution.

3) We expect to catch new examples of edge-on circumstellar disks. The
JHKL observations can be used to infer a minimum mass for the disk from
the estimated line-of-sight extinction (to be compared with the minimum
solar mass nebula of 0.02 My). Images in different wavelengths in edge-on
systems are also important to derive vertical scaleheights of circumstellar
disks as a function of wavelength (all these issues are discussed in [8]).

4) We expect a number of other serendipitous discoveries in carrying out
this YSO-VLT mini-survey. For example, we may discover new infrared com-
panion, as most young stars have sub-arcsec companions [6], some of them
very cool (large K-L, as in T Tau S), and possibly extended. Furthermore,
our Class I sources may well be in an active phase, with outflow cavities
discernible in scattered light and faint jets revealed in the K-band 2.12 ym
molecular hydrogen line, while the central star itself is too heavily embedded
to be seen (cf HH212: [13]).

2.4 Telescope Justification

The need for deep, high spatial resolution {0.35 arcsec) infrared imaging calls
for ISAAC on VLT/UT1. The only alternative would be NICMOS on HST,
but this facility is no longer available (however, NICMOS would not have
allowed us to take L-band images). The average image quality at the NTT
(= 0.7 arcsec) is not sufficient; furthermore there is no thermal infrared cam-
era for L-band imaging at the NTT. Adaptive optics imaging with ADONIS
at the ESO 3.6 m telescope is not possible for our sources, as the objects are
too heavily obscured to serve as optical reference stars for wavefront sensing.

2.5 Results

Direct, near-infrared continuum observations at the VLT have helped us to
find new examples of star-disk systems viewed nearly edge-on. These quasi
edge-on disks are seen as spatially resolved dark lanes bisecting reflection
nebulosity above and below the disk, with the nebulesity originating from
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the illumination of the dusty envelope or outflow cavities by the central star.
A particularly nice case is the Chamaeleon infrared nebula (Fig. 3) in which
the whole original pre-stellar cloud with 0.1 pc size shows up in scattered light.
Presumably, these new star-disk systems resemble our own solar system in
the early days of its formation (Figs. 4, 5).

Fig. 8. The Chameleon infrared reflection nebula, as seen with the VLT infrared
camera ISAAC. The size of the image is ~3 x 2arcmin or ~0.15x 0.10pc at a
distance of 140 pc.
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Fig. 5. Edge-on circumstellar disk sources in Ophiuchus and Taurus. In comparison
to isolated disks in Taurus, the Ophiuchus disks and their reflection nebulosities are
more compact. For the disk sources in the Ophiuchus region, North is up and East
is to the left. (See: W. Brandner, S. Sheppard, H. Zinnecker et al.: ‘VLT-detection of
two edge-on Circumstellar Disks in the rho Oph dark cloud’, A&A 364, 13 (2000))

3 Infrared H,; Imaging of the Highly Symmetric
Proto-stellar Jets HH 212 and HH 111

3.1 Abstract

We propose to obtain deep diffraction-limited images of two highly collimated
protostellar jets in the v=1-0 S(1) line of molecular hydrogen at 2.122 pm
using NICMOS. HH 111 is a well-known jet visible at optical wavelengths, and
the new NICMOS data will be analyzed in conjunction with existing WFPC2
imaging. HH 212 is a newly discovered jet, obscured by its parent molecular
cloud core and only detectable at near-IR wavelengths. The high degree of
symmetry seen in both jets makes them crucial template objects for studying
the earliest phases of jet formation, since the underlying “patterns” have not
been erased by strong environmental effects. The new images will however
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enable us to study the interaction of the jets with their surroundings, where
the Hy line traces shocks at the interface between the jet and the ambient
gas. In particular, we will examine the hypothesis that molecular outflows
are created by the entrainment of gas into the wings of jet bow-shocks. The
Cycle 7 data will be used as the first epoch in proper motion study: by mea-
suring transverse velocities as small as 40 km s~ ! over the NICMOS mission
lifetime, we will study the dynamical evolution of the jets in comparison with
theoretical models. Finally, we will use deep continuum images to determine
the structure of faint reflection nebulae seen around the jet driving sources,
in order to determine whether these are cavities excavated by the molecular
outflows, or the upper surface of a large-scale disk around the source.

3.2 Scientific Background: Star Formation and Herbig-Haro Jets

Herbig-Haro (HH) jets from young stellar objects are ubiquitous; well over
300 flows are known [12], and they have been a subject of intense study
over the last decade (see, e.g., [14]). Highly collimated jets and associated
outflows are observed from even the most deeply embedded protostars, and
thus they must be an integral part of star formation and the earliest phases
of stellar evolution. Unlike extragalactic jets, HH jets emit line radiation
and are nearby enough that they are resolvable in ground- and space-based
observations. Not only can their morphological structure be analyzed, but also
their kinematics can be explored through a combination of radial velocity
and proper motion studies. Thus, it is possible to derive detailed physical
properties for these objects.

The jets typically consist of a highly collimated chain of knots terminating
in a working surface where the flow hits the ambient molecular cloud. Typical
jet velocities and dimensions are ~ few x 100 km s~! and ~ 0.3 pc, suggesting
dynamical ages of a few 102 yrs. The jets often have multiple working surfaces
along their flow axes, understood in terms of episodic activity of the driving
source, probably linked to massive accretion events in its circumstellar disk.

Most known HH jets emit optical emission lines ([SII] and Ha): only a
much smaller number of infrared jets, traced in the v=1-0 S(1) line of shock-
excited Hy, are known to date. Yet these are important sources, since to study
the earliest phases of stellar evolution, e.g., the history of accretion/ejection
phenomena, we need to study embedded jets from embedded protostellar
objects. Of the known infrared jets, there are two which exhibit a very high
degree of collimation and two-sided spatial symmetry, HH212 and HH 111.

The Targets: HH 212 and HH 111

HH 212 — Discovered through imaging in the 2.12 ym line of Hy, HH 212
is totally embedded and not optically visible [27]. It is a flow of extraordi-
nary bilateral symmetry (Fig. 6), with matching series of inner knots and
outer bow shocks on both sides, extending over a total length of 240 arcsec
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(0.6 pc in Orion). It is accompanied by a highly collimated molecular outflow
extending the full length of the jet (Dent, personal communication). Radial
velocities measured for the Hy knots on either side of the centre are almost
identical, indicating that HH 212 lies very close to the plane of the sky. Ex-
actly between the two sides of the jet lies a cold, low-luminosity (15 Lg) IRAS
and mm-continuum source [26], coincident with a strong 1.3 cm water maser
[24]. Millimetre interferometry reveals highly collimated shocked SiO along
the inner jet, and a rotating C'80 disk perpendicular the source [10]. Evi-
dence for this disk and its extended envelope can also be seen in the near-IR
continuum, where the invisible central source is straddled by a matching pair
of paraboloidal reflection nebulae, reminiscent in structure (if not in scale)
to those imaged around the HH 30 driving source with the HST [1].
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Fig. 6. Ground-based near-IR v=1-0 S(1) Hz mosaic image of HH 212. The image
is ~ 250 arcsec across, ~ 0.5 pc in Orion. The spatial resolution is ~ 0.7 arcsec. The
data were taken at the Calar Alto 3.5 m telescope. The extreme bilateral symmetry
of the jet is apparent, both on small scales (inner knots) and large (outer bow
shocks).

Fig. 7. Ground-based optical ([SII]) CCD mosaic image of HH 111. The image is
~ 500 arcsec across, ~1.1pc in Orion. The bright knots and bow shocks in the
west have faint symmetric counterparts in the east: this symmetry is considerably
enhanced in the near-IR.



Observations of Young Stellar Objects 149

HH 111 — Discovered by Reipurth [11], this is one of the finest HH jets
known. Fig. 7 shows a ground-based CCD mosaic of the HH111 complex in
Orion. The jet emerges from a dense cloud core, which harbours a 25 Ly IR
source. The source illuminates a conical reflection nebula through which the
jet appears. After a series of knots, the flow terminates in a working surface
142 arcsec (0.32 pc) from the source. On the opposite side of the source, two
other working surfaces are found at 200 and 226 arcsec. Overall the jet takes
on a more symmetric two-sided appearance when imaged in Hy [5] [6]. The
jet complex is ~ 0.8 pc in length [11], and with the more recent discovery of
even more distant working surfaces, Reipurth, Bally & Devine [18] find that
in total the HH111 complex extends more than 7pc. A molecular outflow
coincides with the jet [13], and mm-interferometric observations show the
CO flow surrounding the optical jet as a hollow tube of molecular material,
probably dragged along by entrainment processes [15]. Optical spectroscopy
of the jet shows moderate radial velocities, with the western lobe approaching
us, and the eastern lobe receding. Combined with measured large proper
motions (300-600km s™!) away from the source, an inclination of the jet
to the plane of the sky of ~ 10 degrees is derived [16]. We have observed
the HH 111 jet with HST/WFPC2, obtaining high signal-to-noise Ho and
[SII] images [19]. The inner jet is fully resolved in Ha (Fig. 8), and analysis
shows that the jet body consists of a series of small internal working surfaces,
which are also prominent in the near-IR Hy images. The driving source of the
HH 111 jet is deeply embedded, surrounded by large amounts of cold dust and
gas [14] [23]. A rotating disk has been resolved, lying perpendicular to the
jet axis [25]. The source is detected by the VLA at 3.6 cm, and high angular
resolution (0.2 arcsec) maps reveal a tiny one-sided radio jet well aligned with
the optical jet [20].
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Fig. 8. Contour plot of the HST Ha image of HH 111. The jet is fully resolved and
is seen to comprise of a series of internal working surfaces. The plot covers 30 arcsec
along the brightest part of the optical jet.
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HH 111 and HH 212 share many characteristics, including their extremely
high collimation, the high degree of two-sided symmetry, the association with
very collimated molecular outflows, and low-luminosity proto-stellar driving
sources with near edge-on circumstellar disks. Together they represent the
Herbig-Haro phenomenon at its best.

3.3 Scientific Goals

In the last few years, it has been realized that molecular hydrogen is a major
coolant in Herbig-Haro jets. Near-IR array images of many outflow regions in
addition to HH 111 and HH 212 have revealed substantial H, emission with
a variety of geometries, e.g., HH211 [9], HHO91 (7], HH47 [3] and Ceph A
[8]. It is becoming increasingly clear that the rich morphological variety of
H, emission is the key to understand evolutionary effects, flow types, and
environmental aspects of the observed jets.
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Fig. 9. Contour plots from the HST emission-line of two of the bright bow shocks
in HH 111 overlaid on corresponding ground-based near-IR Hs images. Bow shock L
is shown in Her on the left; bow shock V in [SII] on the right.

Jet Morphology: shocks and entrainment

As a jet propagates, it interacts vigorously with the ambient medium sweep-
ing up and carrying along some of the surrounding gas. This entrainment
can take place in the bow shock at the head of the jet (referred to as prompt
entrainment), or in a turbulent boundary layer along the sides of the jet
(referred to as steady entrainment). These two processes should be observa-
tionally distinct. In the case of steady entrainment, models suggest that the
Hs emission should be brightest at the edges of the jet. In an extreme case
of steady entrainment, the jet may dissipate and form a collimated flow of
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turbulent molecular gas [22]. Conversely, in the case of prompt entrainment,
the warm Hp will be swept to the side by the wings of the bow shock, and
a series of bow shocks should then form a shell of Hy that surrounds the
optically emitting gas [8].

Similarly, the morphology of the Hy emission can tell us about the type
of shock involved. When a shock proceeds into mostly neutral gas, and if
a strong magnetic field is present, then a “C” shock forms [2], and the H,
should coincide with the wings of the optical emission [21]. On the other hand,
models of slow “J” shocks suggest the Hs emission should occur just inside the
optical bow shock wings. If fluorescence plays a role in exciting Hy, we would
expect the Hy to radiate in a diffuse photo-dissociation region surrounding
the bow shock (e.g., [4]). As a consequence, the detailed morphology of Ha
can provide significant insights into the nature of the flow.

In the case of the optically visible, approaching lobe of the HH 111 jet, we
can directly compare the locations of the optical and molecular emission. The
Ha line, in particular, serves to trace the precise position of the shock front,
while [SII] emission marks the more extended post-shock cooling zone. Com-
paring our optical HST images of HH 111 with ground based Hs data (Fig. 9)
provides tantalizing hints, but is inconclusive, because of the low resolution
(~1 arcsec) of the ground-based Hy frames. For example in HH111 L, the
working surface at the tip of the bright jet, the Hy emission is strongest at
the apex of the bow shock, but it is impossible to say whether the emission
peaks at the shock (C-shock) or slightly behind it (J-shock). In the outer
working surface HH111 V, the Hy emission clearly peaks well behind the
bow shock, but in this case more probably arises in the Mach disk or reverse
shock which decelerates the jet. Faint Hy emission can be seen along the edges
of the jet in Fig. 9, but given the poor resolution one cannot judge whether
this comes from a continuous boundary layer or from the extended wings of
the various bow shocks. A comparison of the existing optical HST data with
similar resolution Hs images would evidently provide an essential advance in
our understanding of shock processes in this jet.

HH 111 is a case of an optically visible jet which has been excavated
partly by its own interaction with its surroundings and partly because the
OB stars in the Orion Ib association have helped sweep away the surrounding
gas. HH 212, on the other hand, is a pure infrared jet, and is likely to be in
an even earlier evolutionary stage than HH111: it is deeply embedded; it
has a much smaller total extent than HH 111; its source is even colder than
the HH111 source. HH212 is the only infrared jet known which has the
perfect collimation seen in the finest optical jets: all other infrared “flows”
are surrounded by significant Hy envelopes or clumps, which complicate study
of the jets themselves. The remarkable symmetry in geometry and brightness
of the two lobes of HH 212 makes it ideal for a study of jet structure, and a
comparison with the large number of jet models discussed above.
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By comparing the HH 212 and HH 111 jets at high spatial resolution, we
can hope to answer the question of whether the differing environment and
evolutionary state of the two jets affects the knot structure or if they are
morphologically identical despite these factors.

Proper Motions: Kinematic Structure and Dynamical Evolution

We also wish to study proper motions in the jets, particularly in HH 212,
in order to understand the kinematics of the detailed Hy structures. The
present data will provide a first epoch which we would then follow-up later
in the NICMOS mission. The expected bulk jet velocity is on the order of
200500 km s~1, which, since the jet lies close to the plane of the sky, trans-
lates into transverse proper motions of 0.1 —0.25 arcsec/year at 450 pc. Such
proper motions should be well measured over the lifetime of NICMOS: over a
4 vear baseline, 40 km s—! is equivalent to 0.1 arcsec, or half the diffraction-
limit. Therefore, we will request observations in Cycle 10/11 similar to those
proposed here, assuming they are successful.

Reflection Nebulae: Outflow Cavity or Circumstellar Envelope?

Finally, we wish to study the faint, diffuse continuum nebulae seen at the
base of both jets: in HH 212, again a symmetric pair is seen either side of the
driving source. We assume these to be reflection nebulae illuminated by the
driving source, but what is not clear, is how the characteristic paraboloidal
shape arises. There are two basic models. First, the reflection nebula may
trace a cavity around the jet excavated by an associated less collimated
wind. Second, the nebulae may trace the upper (and lower) surface of the
circumstellar disk around the driving source, as beautifully seen in the HST
images of the HH 30 jet [1]. However, the reflection nebulae at the base of
both HH111 and HH212 are much larger and further displaced from the
driving source, and they may trace a larger-scale infalling envelope rather
than the centrifugally-supported disk. We wish to study the shape of these
reflection nebulae in detail, in order to distinguish between the two models,
and provide constraints on the flaring of either the outflow cavity (e.g., how
collimated is the wind compared to the jet?) or the circumstellar envelope
(e.g., what is the envelope aspect ratio?). To do so, we propose taking very
deep broad-band F160W NIC3 images of the reflection nebulae taking ad-
vantage of the very low sky background at 1.6 um. High spatial resolution is
needed in order to trace the nebular shapes as accurately as possible.

3.4 The Need for HST

The highest possible spatial resolution is needed in order to resolve the
smallest-scale structures in the jets: typical Hy cooling lengths for gas at
2000K and 10° cm™2 are 10 cm [21], i.e., 66 AU or 0.15arcsec at 450 pe.
This is just below the HST diffraction limit at 2.122 ym.
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To study the jet kinematics, we need observations with HST at two
epochs. To achieve a wvelocity resolution of ~40km s~ with ground-based
observations would require ~ 20 years. However, with the poor spatial resolu-
tion of ground-based data, they can only provide the bulk motion of the flow,
while it is the kinematical behaviour of the fine structural details that are
important, since that outlines the dynamical processes at work in the jets.
Moreover, we expect significant changes in the knot structures (fading, merg-
ing, etc.) on these longer time-scales: therefore it is important to measure the
velocities over the shortest possible interval, to separate the effects of mate-
rial motion and excitation changes. Thus, short timescale, high resolution
observations are required, thus the need for HST.

Ground-based adaptive optics will not work for either HH 212 or HH 111,
since there are no stars brighter than m,, ~ 17™ within 1 arcmin of either jet.

Acknowledgments. This HST proposal was written by M. J. McCaughrean
(PI) and B. Reipurth, with HZ as a co-investigator.
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Fig.10. A closer look at the innermost part of the twin-exhaust Hy jet HH 212
based on diffraction-limited A =2.12 um imaging with HST/NICMOS?2 (cf. Fig. 6).
The mini bow-shocks that are revealed are not completely mirror-symmetric. Note
the interknot Hs emission.

3.5 Results

Diffraction-limited, near-infrared emission line observations of the highly
symmetric, pulsed, twin-exhaust jet HH212 have been made in molecular
hydrogen with NICMOS on HST (A =2.12 pm, 0.25 arcsec resolution) in or-
der to take a closer look at the detailed spatial structure of the innermost
collisionally excited H; knots nearest to the invisible exciting source (see
Fig. 10). The knots are seen to be mini bow-shocks but their bilateral mir-
ror symmetry is less striking than in previous images of poorer resolution,
implying that either the gaseous medium into which the jet is propagating
is slightly asymmetric (cf. Wiseman et al. 2001, ApJ 550, L87) or that the
jet driving mechanism itself is somewhat asymmetric with respect to the di-
rection of ejection. Interknot emission is also revealed, indicating weak shock
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heating of the ambient gas all along the inner jet channel. Note that in the
case of a centrally pulsed jet, jet gas ejected recently at high speed will be
propagating through a partially empty channel, interacting with the channel
walls, and finally catching up and running into the jet gas ejected earlier,
perhaps creating both the interknot emission and the shock-heated knots.
(The situation as a whole is reminiscent of a series of car accidents on a
motorway with groups of cars driving at different speeds, skidding along the
crash barrier and ultimately crashing into each othert).

The same HST experiment on a second jet (HH 111) did not add any new
insight, because its Hy emission was too faint to be seen.

PS. Another surprising result on HH 212 is the following: comparison of
the Hy emission line and 2 ym continuum images suggests that the reflection
nebulae, which are also seen near the inferred location of the exciting source,
are not due to reflected 2 um continuum starlight, but most likely due to
reflected Hs line emission, with the innermost Hy knots bright enough to
provide the dust illumination.
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4 An Unbiased mm Continuum Survey for Protostellar
Outflow Sources in the Orion A Cloud

4.1 Abstract

We propose to use the MPIfR 37-channel bolometer array at the IRAM 30m
telescope to carry out for the first time an unbiased survey for 1.3 mm contin-
uum emission from cool dust in protostellar objects over a large part of the
Orion A cloud. Our goal is to map a total area of ~ 1 square degree in an effort
to find the sources of embedded jets found in our unbiased infrared Hy sur-
vey of the same area. The millimetre survey will very effectively reveal even
the youngest (Class 0) objects. It is also important to establish the popula-
tion of sources without corresponding jets. Our combined infrared /mm-survey
constitutes the first statistical investigation addressing the earliest phases of
protostellar jets and their feedback on the scale of a full molecular cloud.

4.2 The Need for an Unbiased Millimetre Survey
for Protostellar Outflow Sources

Once a prestellar cloud core becomes unstable to gravitational collapse, a
young star is formed at its centre surrounded by a dusty envelope and a
circumstellar accretion disk (see, e.g. [1]; [9]). Since dust effectively absorbs
shorter wavelength radiation, the youngest objects (Class 0 protostars), sur-
rounded by the most massive dust envelopes, can only be found by detect-
ing the submillimetre and millimetre wavelength emission from cool dust in
the disk /envelope. Also, at a very early evolutionary stage, protostars are
found to drive energetic outflows, probably due to the presence of accretion
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Fig.11. The figure shows on the left panel the distribution of dense molecular
gas as traced by the CS(1-0) transition [8]; the frame around the map is about
2.5x1.5degrees wide). There are 125 dense cloud cores, thought to be the locations
of ongoing or future star formation. The CS-map also delineates the area that we
propose to survey at 1.3mm. The right panel shows the current state of the Hs
survey (the image shows a drastically compressed version of the big mosaic, which
has 0.4 arcsec pixels). Based on the number of Hs-jets found in that big mosaic, we
expect to detect a total of about 40 jets in the final image. This means that by far
not all of the dense molecular clumps identified in the CS-maps are associated with
Hz-jets, either indicating that these currently do not form stars or that there is
star formation without jets. The latter possibility can be tested with the proposed
millimetre survey, which should detect all protostellar objects. That’s why we must
map the whole region (unbiased mm-survey). Credit: Th. Stanke (Ph.D. Thesis)
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through the disk. We are currently conducting an unbiased infrared survey in
the Orion A cloud, designed to detect emission from shock-excited H, in the
flows ([7]; see also Fig. 11). Here we propose to carry out an unbiased mil-
limetre survey of the same region for the driving sources of these outflows.
Subsequent follow up FIR /submm-bolometry will allow us to determine the
nature and evolutionary status of these driving sources, in particular whether
they are Class I or Class 0 sources. This will enable us to establish on a sta-
tistical basis the moment at which protostellar jets first develop. The basic
reason why we need an unbiased survey of the whole cloud at mm wavelengths
is to reveal the full population of protostellar cores and clumps, and in par-
ticular to investigate what fraction of this population may be without any
sign of outflow activity.

4.3 Framework: A Survey for Jets and Protostars in L 1641
The Jet-Disk Connection

Over the past decade, it has been established that accreting YSOs reveal
themselves via simultaneous mass loss in the form of high-velocity molecular
outflows and/or highly collimated jets. Central magnetised accretion disks
are thought to launch the jets and outflows in protostellar systems, as in
active galactic nuclei [2]; [5]; [3], and theoretically at least, there appears to
be a strict jet-disk connection, 4.e. no jet without an accretion disk, and no
accretion disk without a jet. Therefore, we can expect jets and outflows to
be seen at the very earliest stages of protostellar evolution, i.e. from Class 0
objects. Thus by searching for very young jets and outflows, we can hope to
identify the protostellar jet driving sources, as it has been done in the case
of HH 212 [11]; [12] and recently for V380 Ori NE (see Fig. 12).

The Survey Region. The Orion molecular cloud complex at 450 pc is the
nearest site of ongoing high- and low-mass star formation. Tatematsu et al.
[8] surveyed a ~ 1square degree region of the Orion A cloud in CS (1-0), find-
ing 125 dense molecular gas clumps, thought to be the locations of ongoing
or future star formation. The large variety of environments present in the
cloud (high mass star formation in the BN /KL complex; clustered and dis-
tributed low- to intermediate-mass star formation all over the cloud) ensures
that surveys in this region will provide samples of objects largely free from
selection effects.

The Jet Survey. To search for the youngest, embedded flows in Orion A we
make use of the emission from shock-excited molecular hydrogen at
A =2.12 um, which, with the advent of large format IR-cameras, is much more
efficient than using millimetre spectroscopy to search for high-velocity molec-
ular gas. The survey, using the Calar Alto 3.5m telescope and a 1024 x1024
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Fig.12. This image shows the result of a test observation (data taken by Karl
Menten during January 1998 with the 37-channel bolometer). The image is an
overlay of an infrared image highlighting molecular hydrogen emission features
(grayscale) and a 1.3 mm map (contours). We find that the mm-source is located
right on the jet axis. Since there is no obvious point source in the IRAS images, the
mm-source probably is a true Class 0 protostellar object, “found” by near-infrared
imaging (plus follow-up mm imaging), demonstrating the power of our method.

pixel IR camera, is now almost complete. The analysis of ~20% of the data
indicates the power of this approach, with ~ 10 new jet-like sources already
discovered ([7]; see also Fig. 11). A complementary unbiased optical survey
for giant Herbig-Haro-flows, scheduled for January 1999 at ESO, will reveal
the true extent of the flows and the role of interactions of more evolved flows
with the cloud on larger scales.

The Jet Sources. Accompanying near-/mid-IR observations at J, H, K and
N will also help find and characterize the outflow sources. However, the true
test cases for the jet-disk connection are the youngest sources, just turning
from clumps of gas into star+disk systems. Since these are detectable only at
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long wavelengths (> 100 um), we require an equivalent unbiased millimetre
continuum survey to probe the jet-disk connection even at these youngest
stages, which are most critical for the onset of outflows.

4.4 Technical Details

We propose to use the MPIfR 37-channel bolometer array at the 30m tele-
scope to survey a total area of ~1 square degree in the Orion A cloud for
1.3 mm dust continuum emission, as a probe for very young protostellar ob-
jects. This instrument is well suited for this task because of its high sensitivity
and the possibility of mapping large areas with good angular resolution (of
the order of 10 arcsec) in a reasonable amount of time.

Very young stellar objects in Orion, like the mm-condensations in OMC2
and 3 [4] and some well known HH energy sources [6], have 1.3 mm fluxes of
typically a few hundred mJy. For the survey proposed here we suggest to try
to reach a detection limit of about 30 mJy rms, in order to detect sources of
that kind and possibly younger, fainter ones. Judging from pre-stellar cores
in Taurus (1.3mm: a few tens of mJys at 150pc; [10]) we would expect
similar cores in Orion to be at a few mJy and thus below our detection limit;
however, in Orion the pre-stellar cores may be more massive and warmer,
thus we might well detect them in our survey. Since the transition from pre-
stellar to protostellar objects is (by definition) the point at which accretion
starts (at which point outflow activity is also expected to start), we must
try to detect the youngest and thus faintest Class 0 objects. Therefore we
propose to reach a sensitivity limit of about 60-120mJy at 1.3 mm (i.e. an
rms noise of ~20-40mJy), in order to find these youngest protostars.

4.5 Results

The 1 square degree unbiased IRAM 1.3 mm continuum survey to find embed-
ded jet driving sources associated with dense protostellar dust condensations
produced a number of detections. In addition, a few cold dust condensations
were discovered without molecular jets; apparently these dense condensations
have not formed a star yet, but are likely to do so in the future. The small
number ratio of pre-stellar and stellar (jet-related) condensations may be
taken to indicate that the onset of star formation in the Orion A cloud was
partly synchronised by an external triggering event (Stanke et al., in prep.);
see also: Th. Stanke, M.J. McCaughrean, H. Zinnecker: ‘Giant protostellar
outflows revealed by infrared imaging’, A&A 355, 639 (2000)).
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Fig. 13. Example of a successful search for a protostellar cold dust continuum
source (1.3 mm) associated with a Herbig-Haro flow (jet driving source).
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5 Mid-Infrared Imaging of Deeply Embedded
Protostellar Sources in the Orion A Cloud

5.1 Abstract
Our goals for this Keck observing run are:

1. Detection and location of heavily embedded sources: mid-infrared imag-
ing is necessary to detect and locate sources which are hidden from view
even at near-infrared wavelengths. The use of Hy jets as pointers to these
sources will allow us to construct a well-defined sample of Class I sources.

2. Imaging of deeply embedded multiple sources: most young stars are found
in multiple systems (e.g. {3]). The high angular resolution of LWS at Keck
will allow the examination of multiple systems at their earliest stages.
Furthermore, the influence of multiplicity on the formation and evolution
of jets and outflows can be studied.

3. 11.7 pm and 18 um photometry of protostellar jet sources: this will enable
us to compile spectral energy distributions of the outflow sources, to put
constraints on their evolutionary status, and to detect and to characterize
the expected warm, inner protostellar disks.

5.2 Scientific Justification

In our standard picture of star formation, the collapse of a molecular cloud
core leads to the formation of a protostellar object, which is initially invisi-
ble at optical and near-infrared wavelengths (Class I source). Later on, the
obscuring material is cleared away, revealing the young star. It is well known
now that outflow activities usually accompany the protostellar evolution even
at the earliest stages (e.g. [2]). Bipolar molecular outflows are common in the
deeply embedded protostellar stage. In fact, these outflows often are the first
observable signs of star formation. A number of jets, visible in the near in-
frared at 2.12 um (1-0 S(1) line of molecular hydrogen), have been found to
have their driving source still heavily embedded, e.g. the highly symmetric
HH 212 jet [8]. The jets are thus an efficient tracer of young (Class I) sources.
Many stars at somewhat later evolutionary stages, e.g. T Tauri stars, are as-
sociated with optically visible Herbig Haro jets. The origin of the outflows as
well as the acceleration and collimation mechanisms are still very unclear, but
inner accretion disks at a few to a few tens of AU seem to play a crucial role
(jet-disk-connection, e.g. [1]). Thus it is of great importance to identify the
sources driving the outflow, to learn as much as possible about their nature,
and to relate their properties to the properties of their outflows.

So far, most searches for outflow sources have been rather unsystematic,
resulting in inhomogeneous samples of such objects. To get an unbiased sam-
ple of young stellar objects and associated outflows, we have surveyed a large
region in the Orion A molecular cloud (a region of low-mass star formation
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also known as L 1641) for molecular hydrogen jets. In this region, which cov-
ers about one square degree, Tatematsu et al. [7] found 125 dense cloud cores,
which are thought to be possible sites of ongoing or future star formation.
Our plan is: survey the whole region for protostellar Hy jets; characterize
the jets; relate Ho jets to molecular outflows and Herbig Haro objects; find
and characterize the sources driving the jets (spectral energy distribution =
evolutionary stage; properties of protostar /protostellar disk); relate the prop-
erties of the cloud cores, the outflows, and the sources driving the outflow.
The final goals of this work are to obtain a well-defined sample of proto-
stellar sources in Orion A, and to study the role of jets and outflows in star
formation for the first time with a statistical approach.

Our Hj survey was conducted with the NIR camera OMEGAprime at the
3.5m telescope, Calar Alto, Spain, using imaging in a narrow band centered
on the 2.12 um transition of Hy, and in K band. Preliminary results from a
part of this survey have been published by Stanke et al. [6]. The survey, which
is now complete, has lead to the detection of about 40 jet-like Hy emission
features. An additional near-infrared survey (J and H band) is planned for
this fall/winter in Spain. In addition, we have recently started to map the
whole one square degree region at 1.3 mm with the IRAM 30 m mm-telescope.
Identification of the sources driving the jets depends on their evolutionary
stage. Rather evolved sources can be identified in the near-infrared images,
whereas the very youngest sources may be found only at mm wavelengths.
Mid-infrared observations are crucial for detecting jet sources seen neither
at near-IR nor mm wavelengths, for constraining the evolutionary stage of
mm-sources not detected at near-IR wavelengths (discrimination of class 0
and class I sources), for determining the position of outflow sources not de-
tected in the near-IR, and for providing information at high spatial resolution
(multiplicity, presence of small clusters). Our Hy survey allows us to obtain
a good estimate of the source positions (less than 5arcsec) from the distri-
bution of the Hy emission (e.g. lobes of symmetric jets pointing to a central
source, similar to the case of HH212). This allows targeted observation of
these positions, rather than imaging of the full survey area, which would
take prohibitively long. During an observing run with the 3.6 m telescope at
La Silla (10 um imaging of the sources of well known protostellar outflows)
we also observed (by chance) one source of an outflow (L1641N) which is
located in the region of the Hs survey. In this case, 10 um imaging already
turned out to be a useful tool to locate the outflow source (see [6]).

5.3 Why Do We Need Mid-Infrared Observations at Keck?

e Mid-infrared emission is a tracer of warm dust (~150 to 300K; photo-
spheric emission is negligible), which is expected to be found in a disk-like
structure around young stellar objects at a distance of a few AU from the
central (low mass) object. Therefore mid-infrared emission indicates the
presence of inner disks and provides a tool to test the disk-jet-connection.
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In addition, near-infrared observations will be used to study the contri-
bution of hot dust and the protostar itself, and millimeter continuum
observations will reveal the presence of cold dust.

o Mid-infrared emission penetrates the dusty cloud cores, enabling us to de-
tect heavily embedded objects not visible at optical or even near-infrared
wavelengths.

e Keck provides a much higher spatial resolution than space-based observa-
tories (IRAS, ISO, SIRTF). Observations from these missions have poor
positional accuracy, which make source identifications doubtful; their
poor resolution makes them useless for finding binary sources or small
clusters.
Keck provides much better sensitivity than other ground-based obser-
vatories. The good mid-infrared characteristics of the Mauna Kea site
allow observations at 18 ym, which is not possible with reasonable ef-
ficiency at poorer sites (e.g. La Silla). Furthermore, the better spatial
resolution helps to resolve clusters or binaries, which is also necessary for
the construction of a proper spectral energy distribution.

e Source positions can be measured to an accuracy of better than one
arcsecond; thus the array helps to locate sources whose positions are not
precisely known (e.g. sources surrounded by strong extended reflection
nebulosity).

e The spectroscopic capabilities of LWS allow us to determine the strength
of silicate features, which are correlated with extinction. This is a partic-
ularly interesting measurement for multiple sources, in which differences
in evolutionary stage can be revealed in this way.

We propose to use LWS to observe a sample of (candidate) jet sources.
Since the final goal of our work (see above) is a statistical study of young stel-
lar objects and their associated outflows, we propose to observe a fairly large
sample of ~ 40 jet sources. The jets/jet sources have been identified during
our survey for Hs jets in the Orion A cloud. In a few cases, IRAS sources with
fluxes of a few hundred mJy at 12 um are found at positions consistent with
our jet sources. Since the IRAS fluxes are in many cases contaminated by
extended emission, and may reflect the cumulative emission of small clusters,
we aim at a substantially better sensitivity, 5o detection limits of 10 mJy
at 11.7 um and 30 mJy at 18 pum. The use of these two wavelengths will give
us a good handle on the spectral energy distribution, which is necessary to
determine the evolutionary status of the sources.

5.4 Technical Remarks

We plan to observe a sample of about 40 sources. We will use two filters
with central wavelengths of 11.7 um and 18 um. With the best available mea-
surements of the LWS sensitivity (conservatively 40mJy in 1s on source at
11.7 pm, 120mJy in 1s at 18 um, see LWS web page), we need 10 minutes
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Fig.14. Near-infrared (2.12 pm) image of the OMC2-cluster (from the Orion A
cloud jet survey of Stanke et al. 2000, carried out at the Calar Alto 3.5 m telescope).
This image is to be compared with the following mid-infrared image of the same
cluster (see Fig. 15) on the same scale.

per source and filter (including a factor of 2 for chopping) to obtain a 5¢ de-
tection limit of 10 mJy at 11.7 um, and 30 mJy at 18 um. Allowing sufficient
time for target acquisition and setup, we will need about 17 hours to observe
our sample. In addition, we intend to perform pilot spectroscopic observa-
tions (low-resolution, N band) of a few of the brightest sources. Orion A can
be observed for about 7 hours per night at Keck Observatory, which means
that we will need three nights for our program. The time before and/or after
Orion is visible will be used for observation of photometric standard stars.

5.5 Results

Guided by the geometry and morphology of embedded jets previously found
in our large-scale unbiased H> jet survey in the Orion A cloud carried out with
a wide field near-infrared camera at the Calar Alto 3.5m telescope, follow-
up observations with a mid-infrared camera at the 10m Keck telescope on
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Mauna allowed us to detect several faint 10 um point sources, likely to be the
obscured star-disk energy sources for the jets. A similar project conducted
with camera at the ESO 3.6 m telescope revealed only the brightest 10 pm jet-
driving protostars (see Fig. 15). The 10 um emission most likely results from
warm (300K) dust in the inner circumstellar disk from which the obscured
young stellar objects are accreting.

Fig. 15. Mid-IR (11.8 um) image of the OMC-2 cluster (~ 2.4 arcmin x 3.0 arcmin)
obtained using TIMMI2 at the ESO 3.6 m telescope. A variety of sources are seen in
the 11.8 um mosaic, which in this case all have a 2.1 um counterpart (see Fig. 14).
Additional 18 um images (see insert, top right) demonstrate that the northern com-
ponent of the close pair actually becomes the brighter source at this wavelength;
it is reasonable to assume that the northern, brighter source also is the dominant
source of luminosity at mid- to far-IR wavelengths. Presumably this is the source
driving the OMC-2 molecular outflow, which is visible in the 2.12 um image ex-
tending towards the north-east (see Fig. 14). Another 11.8 um source is seen to the
north-west of the close pair; this source drives another outflow (marked as Flow # 19
in Fig. 14). (This figure was kindly prepared by Th. Stanke.)

It is clear that only high spatial resolution mid-infrared imaging can help to con-
strain the spectral energy distributions of sources like these at mid-infrared wave-
lengths: the resolution of IRAS is far too poor to resolve a little cluster like this.
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6 A Study of Faint Disks Around X-ray Selected
Young Low-Mass Stars in an OB Association

6.1 Abstract

We propose an ISOCAM/ISOPHOT search at 6.7/15 um and 60/100 pm for
faint circumstellar disks around very young (1-2Myr) stars of low mass in
the most nearby OB association (Sco-Cen or Orion depending on the launch
window). All these stars are weak-line, X-ray (EINSTEIN, ROSAT) selected
T Tauri stars (WTTS). It has been suggested that such stars are truly naked
(diskless). The sensitivity of ISO is such that we can probe the presence of
disk dust masses up to a factor of 100 lower than ground-based observations
(i.e. of order earth masses). By concentrating on the youngest WI'TS, we will
find out whether WT'TS are genuinely naked or whether WT'TS only lack the
innermost disk and, correspondingly, the signatures of accretion (e.g. large
Ha equivalent widths). Therefore the proposed observations go a long way
to understand the difference between weak-line and classical T Tauri stars.
Indeed we expect to find faint dusty disks and will investigate their prop-
erties (dust mass, dust temperature) in a well-defined nearly coeval sample
(each object is placed in the HR-diagram). The 7/15 um data will probe the
presence of warm inner disks at radii of the order 1 AU, important for the
formation of terrestrial planets. The 60/100 pm data bear on the presence of
cold outer disks with a scalelength of the order of 100 AU, important for the
formation of very low-mass binary companions. Models suggest the disks are
likely to be optically thin at each of the 4 wavelengths, in which case the dust
mass of both the inner and outer disks can be determined. This will respre-
sent an enormous quantitative advance in our understanding of young disks
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(disk dissipation timescale as a function of stellar mass), in an environment
where most of the field stars are believed to form.

6.2 Description of the Proposed Programme

Background and Open Problems. Most young stars, including low-mass
stars, seem to form in OB associations. Already in 1978 Miller and Scalo (8]
pointed out that if the IMF of high-mass stars defining an OB association is
extrapolated to low-mass stars (then not yet detected), then OB associations
would be the primary birth place of the low-mass stars in the field. While
young low-mass stars were long known in T associations (like Taurus), the
existence of young low-mass stars in OB associations (like Orion or Sco-Cen)
has just been verified through recent all sky X-ray observations (in particu-
lar ROSAT). X-rays are a powerful pointer to identify young low-mass stars,
something that became clear a decade or so ago after the first imaging X-ray
data obtained with the EINSTEIN Observatory were analysed (e.g. [11]).
Because young stars are rapid rotators and are also convective, they should
have magnetic dynamos and bright coronae, giving rise to strong X-ray emis-
sion. Thus X-ray emission is an efficient method to discriminate between old
Main Sequence and young pre-Main Sequence stars of low-mass, and hence
to discover candidate young low-mass stars. It turns out that many of these
candidates are indeed pre-Main Sequence objects, as judged from their place-
ment in the HR-diagram, with only weak Ha emission lines (therefore the
name weak-line T Tauri stars or WT'TS). Therefore they did not show up in
objective prism emission line surveys for young low-mass stars (those stars
are the so-called classical T Tauri stars or CTTS, which in addition also have
NIR and UV excess emission). Now one can ask why WTTS are so inconspic-
uous in Ha or in NIR and UV. The current concensus is that this is because,
contrary to the classical T Tauri stars, they have no or only weak circum-
stellar disks. The question then is why are there two populations of T Tauri
stars, the classical ones and those that only were discovered through their
X-ray emission? One answer may be that the strong magnetic fields of the
X-ray selected PMS stars can destroy the inner part of their disks (perhaps
early on). Another answer may be that the X-ray selected stars are much
older than the classical TTS and that therefore their disks have evolved and
dissipated (e.g. by accretion earlier on). A third possibility is that, although
these objects may not have inner disks, they still have outer disks (e.g. the
dust in the inner disk has been depleted by the Poynting-Robertson drag,
by the action of a close binary system, or by planet formation). However,
the best ground-based 1.3 mm and 0.8 mm dust continuum observations have
failed to detect these outer dust disks (e.g. [2]; [9]). This has led some people
to call these objects “naked” T Tauri stars (Walter). But are WT'TS really
naked? One might expect that at least in the youngest systems these outer
dust disks should be present, unless these systems somehow form without
any disks at all - a revolutionary idea, unlikely but worth testing.
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As of now, we do not understand the physical connection between the
classical and the weak-line T Tauri stars. This is all the more true since CTTS
and WTTS often occupy the same part in the HR-diagram, .e. the same
variety of ages and masses. This suggests that the difference is not purely an
evolutionary one, but maybe genetic. It is of great astronomical significance
to understand the origin of this difference, especially since the WT'TS seem to
outnumber the CTTS, thus the WTTS play the bigger role for the Initial Mass
Function. It is conceivable that the difference between WTTS and CTTS
has something to do with binary companions at small separations (e.g. [4]),
although this is controversial (e.g. [6]). Binary companions at small/large
separations would effect the inner/outer disks considerably, reducing the dust
mass [2].

Sensitive ISO observations can probe the presence, the amount, and the
temperature of the dust in the inner/outer disk of X-ray selected WTTS.
Model calculations are available to interpret any dust emission spectra that
will be observed (including various types of dust grain composition).

By focussing on the youngest WT'TS (1-2 Myr) we will find if the WT'TS
are born naked (ie devoid of dusty circumstellar material) or whether so far
we just lacked the sensitivity to detect their faint dusty disk emission.

Need for ISO Data. The need for ISO data is due to the faintness of
the dusty disks of WTTS. ISO observations both in the short wavelength
regime (6.7/15 um) and in the long wavelength regims (60/100 um) are about
100 times more sensitive to the total mass of warm/cold dust (assuming
optically thin emission) than current ground-based instruments (e.g. TIMMI
at ESO for 10 um and the mm wave telescopes detecting cold dust emission,
such as CSO, JCMT, SEST, and even IRAM). Furthermore, due to being
a cooled infrared telescope, ISO is also typically a 100 times more sensitive
than IRAS. For the study of faint disks ISO represents a giant step forward.

Technical Feasibility. We have selected 40 targets in the Sco-Cen associ-
ation (Upper Sco subgroup): 24 from Walter et al. [12] and 16 from Kunkel
[5]. In both cases, we are dealing with X-ray selected targets, either follow-
ing EINSTEIN pointings (Walter et al.) or ROSAT pointings (Kunkel). The
corresponding spectroscopic follow-up observations of the X-ray sources pro-
vided not only identification as weak-line T Tauri stars but also spectral types
(effective temperatures) and luminosities, so that each young stellar object
in our target list has been positioned in the HR-diagram. Using pre-Main
Sequence evolutionary tracks, such as those by d’Antona and Mazzitelli {1],
each star in our target list has a rather well-defined mass and age. Since we
are dealing with weak-line T Tauri stars, both masses and ages are not cor-
rupted by an excess luminosity due to active accretion onto the stellar surface.
In fact, the present proposal is chasing “passive accretion disks”. Such pas-
sive disks are faint, and indeed they have not been detected in 1.3 mm dust
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continuum observations ([e.g. [9]). The sensitivity of ground-based searches
for dust disks is 0.1Jy at 1.3mm (with 15m class telescopes like JCMT or
SEST; somewhat better with IRAM 30m) which implies of order 10Jy at
100 pm for optically thick emission. Inspection of the IRAS PSC reveals that
no such flux density has been seen; indeed the sources are also not detected
in the IRAS FSC at an upper limit of around 1Jy. Therefore we are chal-
lenged to search for faint dust disks at the 0.1 Jy level. This necessitates the
ISOPHOT_C100 observations. The ISOCAM observations near 10 ym aim at
detecting the photospheres of naked M and K pre-Main Sequence stars in the
Sco-Cen OB associations. (Any emission in excess of the photospheric flux
would be due to a disk.) K and M are the typical spectral types for the young
stellar counterparts of the X-ray sources in this nearby (160 pc) region. [In
the more distant Orion region the dominant spectral type would be G, but
the requirement to detect a G2V star photosphere in Orion is about the same
as it is for the detection of an MOV photosphere in Sco-Cen]. The sensitivity
needed is in the range 1-5mJy (¢f. [10]), 1 mJy corresponding to an M4 star
at a distance of 160 pe. 1mJy can be achieved with the ISOCAM LW2 and
LW3 in 20 readouts of 10sec each (with a pixel FOV = 1.5 arcsec).

Related ISO Observing Programmes. There are already several disk
projects in the ISO central programme, notably those by Beckwith et al.
and Ray et al.; Beckwith et al. aim at studying the evolution of disks as a
function of time (e.g. searching for fainter and fainter disk in progressively
older clusters). This is not in conflict with us, since we perform something
complementary: searching for disks in a coeval population of (very) young
stars in an effort to understand disk origin and dissipation as a function of
mass. As for comparison with the Ray et al. project which does include WT'TS
targets, we point out that our sample is much more homogeneously selected,;
we know the mass and age of every single object in our sample from the
HR-diagram, and we emphasize the particular aspect of choosing extremely
young weak-line T Tauri stars (for reasons that are explained above). This
should enable us to reach more powerful conclusions than Ray et al..

6.3 Results

We report the discovery of weak thermal infrared excess in several weak-
line T Tauri stars in the Scorpius-Centaurus OB association, obtained with
ISOCAM aboard the ISO satellite. This excess, measured at 6.7 and 14.3 pm,
suggests the presence of faint remnant disks, with sizes of the order 1 AU.
These young stellar objects are about 5 Myr old and were previously believed
to be “naked”, i.e. lacking a circumstellar disk. Thus, planet formation may
be ongoing around some Sco-Cen weak-line T Tauri stars, whose masses are
around a solar mass. (See: W. Brandner, H. Zinnecker, A. Moneti et al.:
‘Timescales of Disk Evolution and Planet Formation: HST, Adaptive Optics,
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and ISO Observations of Weak-Line and Post-T Tauri Stars’, AJ 120, 950
(2000))
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Fig. 16. Color-magnitude diagram based on ISOCAM observations of young stars
in Chamaeleon (circles, Nordh et al. 1996) and Scorpius-Centaurus (squares, this
work). Black filled circles indicate previously known YSOs and CTTSs, circles with
a central dot previously known WTTSs, and open circles new sources detected with
ISO by Nordh et al. (1996). The dashed line indicates the location of pure stellar
photospheres, the dotted and solid line the location of flat and flared circumstellar
disks, respectively, as predicted by the models from Kenyon & Hartmann (1995).
WTTSs and PTTSs in Sco-Cen show a spectral index intermediate between main-
sequence stars and CTTSs and WTTSs in Chamaeleon. (Courtesy A. Moneti)
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III. Young Binaries

7 Statistics of Young Binary Stars: Implications
for (Binary) Star Formation*

7.1 Young Binary Stars: Why Care?

It is well known that most main sequence stars are members of binary and
multiple systems (e.g. [2]; [19]). Recent survey work in nearby star form-
ing regions (such as Taurus and Ophiuchus) has demonstrated that this is
also the case for young low-mass pre-main-sequence stars [41]; [35]; [25]; [14];
[38]. Therefore, it is fair to say that binary star formation is the rule in star
formation, while single star formation (¢f. [36]) seems to be the exception.
Statistical studies of pre-main-sequence binary stars are privileged over those
of Main Sequence stars in that the former generally carry a closer memory
of star formation and of binary formation mechanisms in particular. Also the
memory of environmental influences on binary star formation (differences
among young binaries born in T vs. OB associations or young star clusters)
is not yet lost. We can also turn the question around and ask if there is
something about Main Sequence binaries that we can use to learn about bi-
nary star formation without resorting to young pre-main-sequence objects.
Indeed, the distribution of mass ratios might be such a property, provided
mass ratios are frozen in since stellar birth. This is because on the Main Se-
quence there is a well-calibrated luminosity mass relation, while this relation
is time-dependent for contracting pre-main-sequence objects; furthermore,
accretion luminosity can contaminate the stellar luminosity in the case of
actively accreting T Tauri stars, messing up any mass-luminosity relation.

Figure 17 shows an example (Sz24) of a T Tauri star binary system
resolved by direct CCD imaging at the 3.5 m ESO New Technology Telescope
at La Silla. The component separation is 0.69 arcsec. This is just wide enough
to secure optical spectra of the individual components enabling us to place the
two components separately on the H-R diagram. A number of other similar
binary objects could also be placed on the H-R diagram Fig. 18. One can
easily see that if young binaries are not recognized as such, the masses and
ages of these systems would be substantially misjudged (¢f. [37]). This then
shows that unresolved young binaries can cause errors in the determination
of the Initial Stellar Mass Function and also in the reconstruction of the star
formation history.

7.2 Observational Methods

Figure 19 shows the frequency distribution as a function of semimajor axis
for solar-type main-sequence binaries (adapted from [12]). If we assume the

* Paper reprinted from Proc. Conference “Visual Double Stars: Formation,
Dynamics, and Evolutionary Tracks”, A. Docobo et al. (eds.), p. 115 (1997)
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Fig.17. The young visual binary star Sz 24, also known as VW Cha, resolved into
its components (projected separation 0.69 arcsec).

same distribution to be valid for T Tauri stars at a distance of 150 pc, we can
estimate which percentage of binaries remains unresolved. Using conventional
observing techniques (i.e. direct imaging) under typical seeing conditions
(FWHM 1 arcsec) we detect only 30 % of all binaries.

In order to achieve a higher spatial resolution more sophisticated ob-
serving techniques such as speckle imaging or lunar occultation need to be
employed. In the following we give a brief summary of the different techniques
used to search for PMS binaries.

1 arcsec resolution: direct imaging in the optical and near infrared offers
seeing limited resolution.

0.1 arcsec resolution: speckle imaging & adaptive optics both compensate
for the wavefront distorsions induced by earth’s atmosphere
and produce diffraction limited images (e.g. A/D = 0.1 arcsec
for A=2.2 yum and D =4 m telescopes).

0.01 arcsec resolution: lunar occultation & HST-Fine Guidance Sensors
provide even higher resolution independent of the seeing, but
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Fig. 18. A sample of young binaries in the H-R diagram before and after resolving
them into their individual components. It is seen that unresolved binaries lead to
an underestimate of the age of a T Tauri star population [9].
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Fig. 19. Distribution of semimajor axes for nearby solar-type main-sequence bina-
ries according to Duquennoy & Mayor [12]. The resolution limits of various detection
techniques are indicated for an assumed distance of 150 pe (i.e. the distance to the
nearest star forming regions).
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dependent on the diameter of the telescope and system through-
put (effectively the total light collecting power).

0.001 arcsec resolution: long baseline interferometry is currently only appli-
cable to bright sources. The new interferometers now under
construction (Keck, CHARA, VLTI, LBT) will be able to re-
solve PMS binaries with orbital periods of a year or even less
(a separation of 0.007 arcsec corresponds to 1 AU at a distance
of 150 pc).

7.3 Results

o The binary frequency amoung pre-main-sequence stars is at least as high
as among main-sequence stars. Individual low-mass star forming regions
(4.e. Taurus-Auriga) show a clear (factor of 2) overabundance of pre-main-
sequence binaries with separations > 15 AU in comparison to the main-
sequence [25]; [14]; [16]. Other regions (i.e. Ophiuchus, Trapezium cluster)
appear to have a similar binary frequency as on the main sequence [38];
[34]. For binaries with separations > 150 AU the overabundance is mild or
non-existent within the statistical uncertainties [35]; [29]. However, there
are variations in the binary frequency within the boundaries of certain
associations, such as the Sco-Cen OB association; here localized areas
exist where the PMS binary frequency is enhanced or suppressed with
respect to the main sequence {8].

e The histogram of infrared (lum) brightness ratios Io/I (Fig. 20a) of
the components of wide visual PMS binaries (> 150 AU) exhibits a small
gradual increase towards smaller ratios, the median being around 0.3 [35];
[8]. The corresponding histogram of PMS speckle binaries (now measured
at 2 um) looks flat for ratios I5/I; in the range 0.5-1.0 [25]. The distri-
bution seems to rise slightly (Fig. 20b) for smaller ratios, but this may be
an artifact which goes away when a coarser binning is used. At any rate,
there is a selection effect against the detection of the smallest bright-
ness ratios (first bin in Fig. 20b) at the smallest separations (near the
diffraction limit). Therefore the jury is still out regarding the frequency
distribution of brightness ratios for PMS stars with faint companions (cf.
114]; (16]).

e The surface density of companions for the 40 young Taurus speckle bina-
ries rises with the 2.4 power towards smaller projected separations [25]
(see also [24] who finds a slope of 2.15 when combining the data sets of
Leinert et al. [25}; [14]). Thus the corresponding semi-major exis distri-
bution of nearby PMS binaries roughly follows a 1/a distribution in the
range of separations 0.1-12arcsec, i.e. 15-1800 AU. Similarly, the sys-
tematic CCD survey among visual T Tauri stars in southern star forming
regions produced a sample of 42 visual binaries and 1 triple system, whose
distribution of separations also follows a 1/a law between 150-1800 AU
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[35]. This is essentially Opik’s law, originally found and confirmed for
main sequence binaries (see Allen, Poveda & Herrera, ibid. p. 133).

e The components of almost all close visual pre-main-sequence binaries
appear to be coeval to within 1 Myr or less [9], see Fig. 18). Previous
work on this topic [18] which concluded that only 2/3 of the chosen PMS
binary sample had coeval components used much wider visual binaries
some of which may be optical pairs.

e There is a subclass of young binaries in which some optically visible
T Tauri stars have an infrared companion (i.e. a companion which is
invisible or just barely visible in the optical). Examples include the T
Tau system itself, Haro 6-10, UY Aur, and a few others such as VV CrA
(Fig. 21). For an early review see [42], while the most recent paper is by
Koresko, Herbst, & Leinert [22]. In particular, the latter authors noted
that UY Aur changed its state from visible to infrared companion in the
last 50 years or so. Therefore, based on the observed variability, they
propose that infrared companions are objects which undergo episodic
accretion events, similar to FU Orionis outbursts. In this context, it may
also be relevant that in classical T Tauri binaries it is the infrared bright
component that carries most of the infrared color excess [31].

e Double jets emanating from embedded binaries are not aligned (e.g.
HH111/HH 121, [17]; see Fig. 22). Other examples can be found in [20]
and in [21]. This strongly suggests that the planes of circumstellar disks
around the individual components of a pre-main-sequence binary are not
coplanar [40], contrary to the simplest rotational fragmentation schemes.

e Recently, Leinert, Haas, & Richichi [26] extended PMS binary statistics to
some 30 Herbig Ae/Be stars. Although their sample is inhomogeneous and
incomplete {(i.e. objects at various distances are included), their initial
survey indicates that Ae/Be stars have similar binary frequencies as T
Tauri stars. As for the binary frequency of (young) massive O-type stars,
it is being investigated by the CHARA group and some results of their
survey of 239 objects (V < 8) have been announced [28]. It is clear that
again the binary frequency is “high”.

e Latest news: 2 um adaptive optics observations of the Trapezium stars in
the Orion Nebula carried out at the ESO 3.6 m telescope with ADONIS
have shown §'A to be a 0.2arcsec binary (a result first found by Petr
et al. 1996 with speckle techniques). Moreover, !B turned out to be a
0.7 arcsec binary, with the secondary being a (very red) 0.2 arcsec binary
itself. Thus #'B is a spatially resolved triple system. Finally, §%A is a
sub-arcsec binary (0.3 arcsec), too [30].

7.4 Implications

1. Binaries form prior to the pre-main-sequence stage. This and the coevality
of the components argues against random pairing of field stars and in
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Zinnecker, unpublished). The infrared companion becomes increasingly brighter at
longer infrared wavelengths. At optical wavelengths (not shown here) the infrared
companion is barely visible.
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Fig.22. Jets and Herbig-Haro objects arising from the individual components of
pre-main-sequence binaries appear to be misaligned. The 2 um image above (taken
from [17]) shows two series of knots of shock excited molecular hydrogen emission
at an angle of ~ 120°, emanating from a deeply embedded putative binary system
in Orion (IRAS 05491 40247). The misalignment indicates that circumstellar disks
in binary systems may not always be coplanar.

favour of some sort of correlated formation (i.e. fragmentation during
collapse or independent condensation in small groups).

2. The distribution of mass ratios is consistent with independent pairing
from a Miller Scalo IMF (cf. [27]) and perhaps suggestive of negative
feedback effects due to accretion in protobinary systems (cf. [4]).

3. The distribution of semi-major axis of visual PMS binaries, taken at
face value, is scale-free (1/a distribution) down to the resolution limit
(15 AU). Alternatively the observed distribution is also consistent with a
Gaussian in log a, with a peak around 30 AU (cf. [12]). It is important to
discriminate which of the two shapes is the more correct, as each shape
requires a different type of explanation. Several theories for the origin of
semi-major axis or period distribution have been suggested depending on
the adopted shape. A broad Gaussian in log a can be explained by mod-
els combining magnetic braking and ambipolar diffusion in protostellar
clouds [32] or by models of a multi-step hierarchical fragmentation [5];
[39]. On the other hand, the scale-free 1/a distribution — valid over a wide
range (two orders of magnitude) — may point to orbital decay induced by
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gravitational drag (dynamical friction) and related angular momentum
transport effects [24].

4. Binary components possess circumstellar disks. This suggests that planet
formation can take place in sufficiently wide binary systems, even though
the planets may not be stable and may be ejected (free-floating planets).

5. The star formation environment is important for the binary frequency.
The binary frequency can differ in different star forming regions. This
may allow to trace the main origin of the field star population (“inverse
binary population synthesis”).

6. The difference between CTTS and WTTS (presence or absence of accre-
tion disks) is not primarily due to binarity.

7. The origin of the infrared companions is still a matter of debate. Bonnell
& Bastien [6] and Bate & Bonnell [4] relate the infrared companion to
accretion events onto the more massive binary component, while Arty-
mowicz & Lubow [3] and Koresko, Herbst, & Leinert [22] favor the less
massive of the two components to be the accretor and hence the infrared
companion. While Koresko et al. may well be on the right track with
their variability theory for infrared companions (see above), differential
mass-dependent evolutionary effects as well as differential disk inclination
effects may also play a role [42].

7.5 Future Prospects

Up to now, mass estimates for PMS stars are primarily based on the compar-
ison with theoretical PMS evolutionary tracks in an H-R diagram. Different
sets of theoretical PMS evolutionary tracks based on different input physics
(e.g. [11]; [13]; [33]), however, yield ambiguous results. In addition, star-disk
interactions (accretion luminosity) and uncertain intrinsic colours for young
stars makes it often difficult to place these stars in an H-R diagram at all.
With a typical distance of 150 pc to the most nearby star forming regions
and a diffraction limit of 0.1 arcsec at 2.2 um at a 4m class telescope, only
pre-main-sequence binaries with separations >15 AU have been resolved so
far. Continuous observations over a period of 50 yr or even longer are nec-
essary in order to determine the orbital parameters of these binaries. The
new generation of 8m to 10m class telescopes and the large optical inter-
ferometers now under construction have the power to resolve PMS binaries
in nearby star forming regions with semimajor axis of 1 AU and less. This
will enable us to determine orbital parameters, mass ratios, and individual
masses of pre-main-sequence stars within a timespan of a year. Thus, these
observations will allow for a mass calibration of (theoretical) PMS tracks.
In addition, these very high angular resolution observations will allow us
to decide whether the semi-major axis distribution is unimodal or bimodal.
From this we will ultimately learn whether there is a single binary formation
mechanism which can explain the full range of component separations or two
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mechanisms — one for wide binaries (filament fragmentation?) and one for
close binaries (disk fragmentation?).

RXJ15252-3845
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Fig. 23. Shown in gray scale is the binary system at epoch 1994.3 (separation 1.05
arcsec), and its common proper motion in the sky by about 5 arcsec over the last
100 years or so (dashed line). The center of light at 3 epochs is indicated with a
star symbol, while the binary separation and position angle is given by the short
line. Note that the position angle at epoch 1897.0 was 247 deg, different from the
later epochs: hence there is evidence for orbital motion (cf. [8]).

7.6 Discussion

MecAlister: Have orbital motions, rather than just relative motions, yet been
detected? Isn’t there still a chance that some of these are optical?
Zinnecker: This is an important question. For speckle binaries at a distance
of 150 pc and components separation of the order of 0.1 arcsec
(15 AU), the orbital period is 60yr, i.e. within 5 years signif-
icant orbital motions should be detectable. However, for wider
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Bonnell:

Beust:

Abt:

Zinnecker:

visual binaries with separations of order 1arcsec (150 AU), the
orbital periods exceed 1000 yr and orbital motions cannot be de-
tected within a few years. — Yet for some such binaries, e.g.
the weak-line T Tauri star RXJ 15252-3845 (=1IDS 15189 - 3823
BC =HD137059) data with an epoch difference of 100 yr is avail-
able and orbital motion can indeed be seen (see Fig. 23)!

I'd like to make two comments. 1) If a binary forms from frag-
mentation during collapse, there is no reason why the different
parts of the cloud can’t have unaligned angular momenta vec-
tors such that the resultant binary has unaligned rotation axes.
2) Although orbital motions cannot be shown for individual PMS
speckle binaries, the work of Ghez et al. [15] shows that statis-
tically it is consistent with orbital motion in that more massive
and closer systems move more quickly.

You said that up to now no young eclipsing binary has been dis-
covered. But I will give a talk tomorrow morning on such a system,
namely TY CrA. Secondly, you mentioned that binaries should
normally form with aligned rotation axes. This may be true for
isolated binary systems, but not for multiple ones. Here again, [
will show that concerning the TY CrA system, which is in fact a
triple system, we have good reason to think that the rotation axes
of the central binaries are not aligned, thanks to the pertubations
of the third body.

There is interesting work being done in N-body simulations rele-
vant to binary formation. Perhaps the most pertinent study was
by Aarseth & Hills [1], which involved a range of stellar masses
and subclusters to give faster rates. It showed that binaries formed
and were disrupted; new pairs were formed and were disrupted, so
that the final pairing bore little resemblence to the initial pairing.
Yes, if most stars in the Galaxy were born in initially bound
clusters (consistent with current results from infrared imaging),
cluster dynamics may well have a substantial effect on the final
binary pairings. There are 3 new papers (ideas) on the effects of
clusters (small N, large N, hierarchical or otherwise) on binary
star formation to which I would like to refer to [10}, [23], and [24].
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8 Low-Mass Binary Companions
to Intermediate-Mass Stars
in the Sco-Cen OB Association

8.1 Abstract

We propose to use ADONIS to search for close (> 0.1”) low-mass companions
to the young A and B stars in the Upper Scorpius subgroup of the Scorpius-
Centaurus OB association (distance 145 pec, age 5 Myr), for 3 reasons: 1) We
expect to find faint (K=10) companions of T Tauri type, which may ac-
count for the unexpected X-ray emission from some of these systems. 2) We
will probe a regime in brightness ratio unaccessible but complementary to
Hipparcos astrometric binaries and existing spectroscopic surveys. 3) We will
obtain the first systematic multiplicity study of early type stars with a sub-
stantial range in companion mass and semi-major axis, important for star
formation theories. This is an ideal project for the adaptive optics system
ADONIS, as the A and B stars are bright and can be used for high-order
wavefront sensing.

8.2 Description of the Proposed Programme

Scientific Rationale. The companion frequency of young stars of all spec-
tral types is currently a topic of considerable astrophysical interest. The accu-
rate characterisation of this frequency as a function of mass, separation and
environment provides crucial constraints for star formation theories. We have
been engaged in NIR speckle surveys of the multiplicity of young low-mass
stars (T Tauri stars of spectral type G and K) in the Taurus T association
[15]. Subsequently, the multiplicity of X-ray (ROSAT) selected young weak-
line T Tauri stars in the Sco-Cen OB association was studied in the same
way. Meanwhile 100 stars have been surveyed with SHARP at the ESO-NTT
and detailed analysis indicates [13], [5] and [6] that the binary frequency is
of the order of 85 %, somewhat higher than that of the G-dwarfs in the solar
neighborhood [11].

Unfortunately, not much is known about the companion frequency of the
more massive stars in OB associations like Sco-Cen or Orion. High spatial
resolution bispectrum observations and multiplicity results of 13 Orion OB
stars were recently reported [22] and [18], however, Sco-Cen is better suited
for an investigation, as it is 3 times closer than Orion, at a distance of only
145 pc. Searches for spectroscopic binaries among massive and intermediate
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mass stars exist, but the majority of companions lies at wider separations
(median of the order of 30 AU or 0.2 arcsec in Sco-Cen). The scientific interest
in binarity studies of higher mass stars derives from the question whether
the different processes of high-mass and low-mass star formation [2] reflect
themselves in different binary frequencies and distribution of mass ratios [3].

Immediate Objective

1) We want to observe all the young A and B stars known to be members
of the Sco-Cen OB association (cf. Fig. 24). In this proposal we will focus
on the A and B stars in the Upper Scorpius subgroup of the association.
There is a total of about 85 objects in this subgroup [10] for which we will
establish whether they have close visual companions of the T Tauri type in
the range of projected separation between about 0.1 arcsec (the diffraction
limit of the 3.6 m at 2.2 um) to a few arcsec. With a sample of 85 early-type
stars we expect to obtain statistical information on the companion frequency
in the nearest complete sample of young A and B stars. These stars, being
more massive than solar-mass stars, also allow us to probe a larger range in
component mass ratio. For example, our observations could reveal first hints
whether the A stars typically have fainter (4.e. lower mass) companions than
the B stars.

2) Another goal of the present observations will be whether we can detect
companions to those A and B stars which ROSAT has found to be X-ray
emitters [1] (these authors show that at least 20% of A and B stars in Sco-
Cen have X-ray emission characteristic of T Tauri stars). Here we must note
that neither A stars nor B2-B9 stars are supposed to be X-ray sources, since
stars in that spectral range have neither strong winds nor coronae. In order
to detect these suspected X-ray emitting T Tauri like companions, optical
speckle methods are not suitable, as the magnitude differences between the
bright early-type primaries and the faint late-type secondaries in the visual
is rather extreme, i.e. of the order of 8- 10 magnitudes. However, in the near-
infrared (J,H,K) the contrast between the primary and secondary components
is much more favourable, i.e. only 4-5 magnitudes difference. This much
improved contrast in the infrared and the fact that the primaries are very
bright (V=4™-7™) visual objects, ideal for high order wavefront sensing,
makes this a perfect project for ESO’s state of the art ADONIS system.

3) We would like to stress here that present spectroscopic studies of binarity
[16] and [21] are not sensitive to low-mass companions around A and B stars,
for separations of 0.1 arcsec or more. Similarly, Hipparcos astrometric stud-
ies are also insensitive to these types of binaries with very large brightness
differences at the distance of Sco-Cen. Hipparcos observations are sensitive
down to separations of 0.1 arcsec for magnitude differences (in the visual) of
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Fig. 24. Spatial Distributions of Hipparcos selected A and B stars in the Sco-Cen
OB association

less than about 3 magnitudes. Our proposed study thus fills the gap between
present spectroscopic and astrometric studies of binarity.

All our targets have been observed by Hipparcos and the majority of
them are confirmed as members of the Upper Scorpius subgroup of Sco-
Cen, based on both proper motion and parallax data [10]. To complement
our adaptive optics study further information on multiplicity is available
from the Hipparcos catalogue and from the literature, which one of us has
recently extensively culled. Furthermore, two follow-up studies have been
done for Upper Scorpius based on astrometric data. In the first of these,
improved estimates of the Hipparcos parallaxes were used to construct an
accurate Hertzsprung-Russell diagram [9]. The second study [12] consists of
an extensive comparison between Hipparcos proper motions and those in
the ACT [20] and TRC [14] catalogues. Both studies allow the identification
of additional candidate binaries as well as possible members missed by the
Hipparcos study. This extends further the complementary information on
binarity and provides a number of additional targets.

Finally, we also aim at improving the absolute photometric calibration of
our stars, at least to a level of 30 %, made possible by the new parallaxes
(1 masrms for a parallax of 6.9 mas or 145 pc corresponds to an uncertainty
in distance of about 15%). Many astrophysical problems hinge on a good
absolute brightness calibration of young intermediate mass stars [19] which in
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return will lead to more accurate IMF determinations and to improved stellar
evolutionary models. Our studies will also improve knowledge of the basic
stellar quantities (Teg, radius, log g, mass). Hence, the proposed observations
address fundamental questions related to stellar evolution and star formation.

8.3 Results

Adaptive optics K-band observations searching the immediate neigbourhood
of 200 A and B stars in the Scorpius-Centaurus OB association, with Hippar-
cos confirmed membership, have found 67 “companions” in the range 30 to
300 AU. Many of these may not constitute physical systems but optical pairs
instead (see Shatsky and Tokovinin astro-ph/0109456 for a similar study).
Nevertheless the implied total binary frequency of A and B stars appears
to be high (more than 50 %) and the implied mass ratios inferred from the
K-band brightness ratios suggest that A and B stars prefer F and G stars as
companions rather than K and M stars. Thus the concept of random pairing
from a pre-existing IMF (Malkov and Zinnecker 2001, MNRAS 321, 149)
seems to be wrong, i.e. the secondary component at the time of formation
seems to “know” something about the mass of its primary component.
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HD 123445

Fig. 25. K-band image of HD 123445 (A B9V star in the Upper Centaurus Lupus
association), observed with the adaptive optic system ADONIS at the ESO 3.6 m
telescope. The whole field of the SHARPII camera (12.8arcsec x 12.8 arcsec) is
shown. As can be seen, two new objects are detected at ~ 5arcsec NE from the
central star (perhaps a true 0.25arcsec binary system). Courtesy of N. Huélamo;
see: N, Huélamo, W. Brandner, A. G. A. Brown, R. Neuhauser, and H. Zinnecker:
‘ADONIS observations of hard X-ray emitting late B-type stars’, In: A&A 373, 657
(2001)

21. W. Verschueren, M. David, A. G. A. Brown: ‘A Search for Early-Type Binaries
in the SCO OB2 Association’. In: The Origins, Evolution and Destinies of Bi-
nary Stars in Clusters, Astronomical Society of the Pacific Conference Series,
Volume 90, An international symposium held at the University of Calgary, 18-
23 June 1995, ed. by E.F. Milone, J.-C. Mermilliod (Astronomical Society of
the Pacific, ASP, San Francisco 1996) p.131
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9 Multiplicity of Massive Stars
in the Orion Nebula Cluster
and Implications on Their Formation Mechanism**

9.1 Abstract

We present the results of a bispectrum speckle interferometric survey for bi-
naries among the massive stars in the Orion Nebula cluster. Observations of
13 bright cluster members of spectral type O or B reveal 8 visual companions
in total. Using the flux ratios of the resolved systems to estimate the masses
of the companions, we find that the systems generally have mass ratios below
0.5. Extrapolation with correction for the unresolved systems suggests that
there are at least 1.5 companions per primary star on average. This number
is clearly higher than the corresponding number for low-mass primaries, sug-
gesting that a different mechanism is at work in the formation of high-mass
multiple systems than for low-mass multiple systems.

9.2 Introduction

The knowledge of the multiplicity of very young massive stars can provide
important information on their formation mechanism, which is still not well
understood (¢f. [17]). High-mass stars probably cannot form through gravi-
tational collapse in molecular cloud cores and subsequent accretion like the
low-mass stars, because as soon as the stellar core reaches a mass of ~ 10 Mg,
the radiation pressure on the infalling dust halts the accretion and thus limits
the mass [20]. Bonnell et al. [3] suggested that high-mass stars form through
accretion-induced collisions of protostars in the dense central regions of form-
ing stellar clusters. Their theory predicts that multiple systems should be very
common amongst the massive stars, due to frequent tidal captures.

We have performed a survey for visual binaries in massive stars in the
very young Orion Nebula cluster (ONC, cf. [6]; [7]; [8]), which can help to
test this prediction. For spectroscopic binaries among massive stars see [22].

The alternative models of massive star formation (the so-called “strong
accretion” model pursued by Maeder and coworkers {2], [12]; and the disk
accretion model by Yorke [21]) have not yet predicted the binary properties
of massive stars.

9.3 Observations

Our sample consists of 13 bright ONC members with spectral types O or B,
all located within 20 arcmin of the Trapezium (c¢f. Table 1). The speckle inter-
ferograms were obtained with the 6 m telescope at the Special Astrophysical
Observatory (SAO) in Russia in October 1997. We obtained data in the near-
infrared H- and K-bands. The diffraction-limited images were reconstructed
using the bispectrum speckle interferometry method [18]; [11]; [9].

** In collaboration with Th. Preibisch and G. Weigelt (see IAU-Symp. 200)
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Table 1. Target stars of our survey.

Par Brun other spectral 1%
# # name type [mag]

1605 388 V372 Ori B9.5+A0.5  7.98

1744 502 HD36981 B5 7.89
1772 530  LP Ori B1.5 8.47
1863 595 6lOriB B2 7.96
1865 587 #'OriA B0 6.73
1889 612 4'OriD  BO0.5 6.71
1891 598 #'OriC 06 5.12
1993 682  #*0riA 095 5.07
2031 714 6%0riB  BI 6.41
2074 747 NUOr Bl 6.84
2271 907 HD37115 BS6 7.00
2366 980 HD37150 B3 6.56
2425 1018 WH 349 Bé6 10.64

9.4 Results

In our speckle reconstructions we were able to resolve visual companions
of 7 of the 13 target stars. Figure 26 shows our reconstructed images of
the resolved systems. Interestingly, in all resolved systems the K-band flux
ratios are quite small, i.e. less than 1/3. This suggests that all these visual
companions are much less luminous and thus less massive than the primary
stars.

Estimation of Companion Masses. We have estimated the masses of the
companion stars in the resolved systems from the observed K- and H-band
flux ratios in our images. These flux ratios, together with the assumption
that the companions are very young pre-main sequence stars, can be used to
estimate their location in the HRD, allowing us to determine stellar masses by
comparison with pre-main sequence tracks. All details of this method can be
found in [19] and [14]. Since the masses estimated in this way might be subject
to significant uncertainties, we have also determined firm upper limits for the
companion masses by assuming the companions to be main-sequence stars.
From the companion masses we have computed the mass-ratios ¢ := M./M,,
which are listed in Table 2; the upper limits to the mass-ratios are added in
brackets.
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Fig. 26. Diffraction-limited images of the resolved systems, reconstructed by the
bispectrum speckle interferometry method. The contour level intervals are 0.3 mag,
down to 3.6 mag difference relative to the peak intensity. North is up and east is to
the left. The two plots in the lowest row show reconstructed power spectra of Par
1863 and Par 1891.

The Distribution of Mass Ratios. In Fig. 27 we compare our empirical
mass ratio distribution for the ONC stars to several different model distri-
butions: (a) to a companion mass function corresponding to the [15] field
IMF, (b) to a flat companion mass function (i.e. all companion masses are
equally likely), (c) to a distribution that slightly favours massive compan-
ions, and (d) to a distribution that strongly favours systems with (nearly)
equal masses. All details about this distributions can be found in [14].

The observed distribution function for the stars in our sample systemati-
cally lies above the simulated distribution functions for models (b), (c), and
(d). If we take into account our observational bias against systems with low
mass ratios, which are hard to detect due to contrast problems, the true mass
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Table 2. Summary of all known companions of the observed stars. References: 1:
[14]; 2: [19]; 3: [13]; 4: [4]; 5: [16]; 6: [1]; 7: [10]

Prim. M, Comp P q Ref
Par [Mo] (AU}
1605-1 3.5 -2 (spec) ~0.9-1.0 7
1863-1 7 -2 (vis) 430 ~ 0.22(<0.71) 1,2
-3 (vis) 460  ~0.10(<0.50) 1,2
-4 (vis) 260  ~0.03(<0.29) 1,5
-5 (spec) 0.13 6
1865-1 16 -2 (vis) 100 ~0.25 2,3
-3 (spec) 1 ~0.13 4
1891-1 45 -2 (vis) 16 ~0.12 2
1993-1 25 -2 (vis) 173 ~0.28(<0.32) 1
-3 (spec) 0.47 ~ 0.35 6
2074-1 14 -2 (vis) 214  ~0.07(<0.28) 1
-3 (spec) 0.35 ~ 0.2 6
9971-1 5 -2 (vis) 400  ~0.20(<0.96) 1
24251 4 -2 (vis) 388  ~0.04(<0.35) 1

ratio distribution must be even steeper in the low-¢ part. Thus it seems very
likely that the true distribution of mass ratios in our sample is not consistent
with any of the models (b), (¢), or (d), but might in principle be consistent
with the field IMF model (a).

The Binary Frequency. It is obvious that our data do not allow us to
detect all multiple systems; we can only see those systems which are wide
enough and for which the flux ratio is not too low. In order to correct for
this effect, we have performed numerous simulations of multiple systems to
estimate the fraction of undetected binary systems. We assume that the dis-
tribution of orbital periods is the same as for solar-mass primaries found by
[5]. For the companions we consider either a mass function according the the
[15] field IMF (model a), or the flat mass distribution (model b). All details
of our simulations are described in [14].

The simulation results for the case of the [15] field IMF are shown in
Fig. 28. In this figure we have marked the region in the flux-ratio versus
separation space, which contains those simulated binary system we would
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Fig. 27. Distribution function of observed mass ratios of the ONC multiple systems
(thick solid line) compared to the four model functions discussed in the text: (a):
Scalo (1998) field IMF (thin solid line); (b): flat mass ratio distribution (thin dotted
line); (c): massive companions slightly favoured (dashed line); (d): systems with
equal masses strongly favoured (thin dashed-dotted line). The thick dashed-dotted
line shows the observed distribution function based on the upper mass limits for
the companions.

be able to resolve in our data. The boundaries of this area are defined by
our minimal detectable separation of ~ 33 mas, the maximum separation of
1.75 arcsec (given by the 3.5 arcsec x 3.5 arcsec field of our images which we
inspected for companions), and the minimum detectable flux-ratio as a func-
tion of the separation. The fraction of binaries which would be detectable in
our data can now easily be determined by counting the number of simulated
systems within this area. We find that the detectable fractions are 15% and
40 % for the [15] field IMF and the flat mass ratio distribution, respectively.
Thus, we conclude that a detectable fraction of ~40% certainly is a con-
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Fig. 28. Results of the simulations for the case of companions from the Scalo (1998)
field IMF (model a). Each simulated system is shown as a dot in the separation —
flux ratio space. The area delimited by the thick line marks the region of systems
detectable in our data.

servative upper limit, 7.e. that the correction factor to extrapolate from the
detected companions to the full population of companions is at least ~2.5.
Since we find visual companions to 7 of the 13 target stars, i.e. see an
apparent binary frequency of (54 4 14) %, the true binary frequency must
be very close to 100 %. Given the number of 8 detected visual companions,
the true number of companions is > 20, suggesting a mean number of > 1.5
companions per primary star. This is clearly higher than the corresponding
number for the low-mass stars in the Orion nebula cluster and the field star
population (~ 0.5 companions per primary star on average; cf. [5; [13]; [16]).

Multiplicity Versus Spectral Type. A trend for a higher degree of mul-
tiplicity among the stars of very early spectral type as compared to the later
type stars is apparent in our sample, as can be seen in Fig. 29. The aver-
age number of known (visual & spectroscopic) companions per primary is
2.3 times higher among the primaries with spectral type earlier than B3 (11
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Fig. 29. The known number of companions is plotted against the spectral type of
the primary.

known companions to 8 primaries) than among the later type primaries (3
known companions to 5 primaries).

9.5 Conclusions

Our data show that the multiplicity of the massive stars in the ONC is
quite high (> 1.5 companions per primary star on average, after correction
for unresolved systems) and significantly (~3 x) higher than among low-
mass stars. The stars of spectral type earlier than B3 display a higher degree
of multiplicity than the later type stars. These findings suggests different
formation mechanisms for the high-mass and low-mass multiple systems. The
nature of our results seems to support the idea that high-mass (M > 10 M)
stars form through collisions of protostars.
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IV. Low Mass Stellar Content of Young Star Clusters
and Associations

10 The Low-Mass Initial Mass Function
in the Upper Scorpius OB Association

10.1 Abstract

We propose to use the 2dF multi-fiber spectrograph to obtain a complete
sample of low-mass pre-main sequence (PMS) stars in a 12 square-degree area
of the Upper Scorpius OB association. From previous studies and from our
recent multi-object spectroscopic observations with FLAIR we know already
about 100 PMS stars in Upper Sco. However, most of the late K- and M-
type stars were too faint for FLAIR and thus are missing in our sample.
From SuperCOSMOS measurements we have selected some 1400 candidates
for low-mass PMS stars from a colour-magnitude diagram. Spectroscopy of
these stars with 2dF will allow us to identify PMS stars by their Li 6708 A
absorption lines. We will be able to determine the (0.1-20Mg) IMF in an
OB association for the first time.

10.2 Scientific Justification

We ask for another chance to use the unique capabilities of 2dF to reveal the
full low-mass stellar population in the Upper Scorpius OB association (dur-
ing our observing run this June we lost 75 % of our time due to bad weather).
The population of low-mass (M, <2 Mg) pre-main sequence (PMS) stars in
OB associations is important in order to derive the Initial Mass Function
(IMF) over the full mass range, to understand their star formation history,
and to compare these properties to those of low-mass star forming regions
like T associations. In contrast to the rather quiescent conditions in T asso-
ciations, the conditions in OB association are characterized by strong winds
of the luminous O and B stars and frequent supernova explosions. These dif-
ferences might affect the mass functions, for example by making it harder for
low-mass stars to form. However, the low-mass IMF of OB associations is still
very poorly known, because low-mass PMS stars in OB associations are very
difficult to find: The only completely reliable sign for their PMS nature is
the strength of the 6708 A Lithium line, requiring at least intermediate reso-
lution spectroscopy for accurate measurement. Thus, the huge observational
effort to identify the widespread population of PMS stars among the many
thousands of field stars usually prevents further investigations. The unique
capabilities of 2dF now allow such an investigation for the first time. The
best OB association to study is Upper Scorpius (cf. [1]; [11]; [14]), because
it is the nearest OB association (D =145 pc) and is essentially free of extine-
tion (Ay <2mag). Upper Sco was also well studied by Hipparcos, and thus
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Fig.30. Map of the Upper Scorpius region. The thick solid line marks the
160 square-degree area we have surveyed with FLAIR. The low-mass PMS stars
are shown as small solid dots. The Hipparcos high-mass members are shown as big
grey dots (symbol size proportional to log L, ). The circles show the proposed 2dF
fields.

the population of high- and intermediate-mass (M, >3 M) stars is com-
pletely known [14]. We have recently performed a spectroscopic survey for
PMS stars in a 160 square-degree field in Upper Sco. Using the multi-object
spectrograph FLAIR at the UKST, we could identify 39 new PMS stars [9].
In combination with two earlier studies [13]; [4], our current sample contains
98 low-mass PMS stars. We have constructed a new HR diagram and found
that the age of these stars is about 5Myr, with relatively small dispersion,
and that it agrees very well with the age of the B stars [11]. While FLAIR
was an excellent tool to cover the huge area of the association, it did not
allow us to investigate — with the required spectral resolution — the fainter
late K- and M-type stars. Thus, our current sample is only complete for the
rather bright stars with M, >0.8 Mg. From SuperCOSMOS measurements
of the R and I UKST survey plates of our region we have constructed a
colour-magnitude diagram and selected candidates for PMS stars (Fig. 31).
Since this photometrically selected sample is contaminated by field stars,
spectroscopy is necessary to confirm the PMS nature of these candidates
and to allow accurate stellar masses to be determined. We want to char-
acterize the mass function by comparing the numbers of low-mass stars to
those of the high-mass stars. According to the Miller-Scalo field IMF, there
should be 11.5 times more stars with 0.3-1.0 Mg and 17.2 times more stars
with 0.1-0.3 Mg than stars with M >3 M. If we want to be able to draw
strong conclusions about the mass function in Upper Sco, we have to cover
an area which is large enough that the expected number of low-mass stars is
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Fig. 31. Colour-Magnitude diagram for the four 2dF fields. The thick solid dots
show the previously known PMS stars in Upper Sco. The small dots show the
SuperCOSMOS data for all stars in the four 2dF fields. The solid lines mark the
region of photometric candidates for PMS stars (based on the theoretical 5 Myr
isochrone). In order to take into account photometric errors and a possible age
spread, candidates have been selected from a somewhat wider band. The new PMS
stars detected in our 2dF observations of field Upper Sco 2 are shown as asterisks
surrounded by squares.

at least 100 (only in that case will we be sensitive for 20 % deviations at a
confidence level of 0.95). Since the average number of stars with M >3 Mg
in Upper Sco is about 0.6 per square-degree, we have to cover an area of at
least 12 square-degrees (then we can expect 0.6 x 12 x 17.2 7 120 stars with
0.1-0.3Mg). A 12 square-degree area will contain about 1400 photometric
PMS candidates and is also large enough to avoid selection effects due to
poor spatial coverage. From these numbers, it is clear that 2dF is the only
instrument which makes it possible to reach these goals. We have selected
four fields (Fig. 30), containing a total of 1381 PMS candidates (Fig. 31). We
will use the 2dF spectra of these stars to measure the width of the 6708 A
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Lithium line and to determine the spectral type. This will provide defini-
tive evidence on the PMS nature of these stars. We then can determine the
masses and ages of the new PMS stars from their position in the HR-diagram
by comparison with theoretical PMS tracks (e.g. {7]). If the mass function is
the same as the field IMF, we expect to find about 120 stars with 0.1-0.3 M
and about 80 stars with 0.3-1.0 M. It will also be interesting to compare
the mass function to the results from T associations like Taurus-Auriga or
young clusters like IC 348 (cf. [8]; [3]). Finally, we will also be able to look
for possible effects of the immediate stellar environment, since two of our
fields contain several luminous B stars, while the two other fields contain no
B stars. In the spectra of the field we could observe up to now (Upper Sco 2)
we could detect already 77 new PMS stars (cf. Fig. 31). This demonstrates
that our project is feasible and very successful. It also suggests that the num-
ber of low-mass PMS stars might be even somewhat higher than expected
from the field IMF. To put this very interesting result on a reliable statistical
basis, it is very important to observe the other 3 fields too. Only then we will
be able to draw strong conclusions.

Acknowledgments. This as well as the following proposal was written by
Th. Preibisch (PI) and HZ.
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Fig. 32. Typical examples of our 2dF spectra. Spectra of the following PMS stars
are shown: (a}, 160954.4-190654 (M1); (b), 160502.1-203507 (M2); (c), 160823.5—
191131 (M3); (d), 160516.1-193830 (M4); (e), 160350.4 194121 (M4.5); and (f),
160632.1 —202053 (M5). The left plot shows (nearly) the full wavelength range of
our spectra ; the right plot shows details in the region of the Ha and Li lines.
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Fig. 33. H-R diagram for the PMS stars in Upper Sco. The previously known PMS
stars from PZ 99 are shown as triangles, and the new PMS detected in this study
are shown as circles. The dashed lines show the evolutionary tracks from D’Antona
& Mazzitelli (1994) and are labeled by their masses in solar units. The 1 M® and
0.5 M® tracks are shown as solid lines. The other solid lines show the D’Antona &
Mazzitelli (1994) isochrones for the ages of 0.1, 0.3, 1, 3, 10, and 30 Myr and finally
the main sequence. The gray band shows the region in which we expect 90 PMS
stars to lie, based on the assumption of a common age of 5 Myr for all stars and
taking proper account of the uncertainties and the effects of unresolved binaries.
The dash-dotted line indicates the sensitivity limit of the X-ray observations that
were the basis of the X-ray selected PMS sample (see PZ99).

10.3 Results

Utilizing the 2dF multiobject spectrograph at the Anglo-Australian Tele-
scope, we obtained spectra of 576 stars with magnitudes 12.5<R<16.5in a
6 deg? area in Upper Scorpius, one of the subgroups of the nearest OB associa-
tion. Among these objects we were able to identify 98 new pre-Main Sequence
(PMS) stars, nearly all of them M-type stars, by their strong lithium absorp-
tion lines. We place the new PMS stars into the H-R diagram and find that
their ages are around 5Myr and their masses are fully consistent with the
low-mass (0.1 to 0.5 Mg) field star initial mass function. Thus, the low-mass
star are by and large coeval with the high-mass stars and there is no deficit
of low-mass stars in Upper Scorpius. (See: Th. Preibisch, E. Guenther, H.
Zinnecker: A large spectroscopic survey for young low-mass members in the
Upper Scorpius OB association’. AJ 121, 1040 (2001).
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11 The Full Population of T Tauri Stars
of the Young Stellar Cluster IC 348

11.1 Abstract

We propose to obtain a 50 ksec ACIS-I observation of the young stellar cluster
IC 348. The high sensitivity and spatial resolution of AXAF/ACIS will allow
us, for the first time, to detect X-ray emission from the numerous faint T
Tauri stars in IC 348. This will enable us to identify the full population of T
Tauri stars in 1C 348, i.e. down to stellar masses of 0.1 Mg, by their X-ray
emission.

Furthermore, this observation will provide us with X-ray spectra and
lightcurves for a large (> 200) and homogeneous sample of T Tauri stars.

11.2 Scientific Justification

Background and Previous Observations. 1C 348 is very young cluster
located near the edge of the Per OB2 association at a distance of about 300 pc.
Since the most massive star of the cluster (BD 31° 643) is only a B5V star,
which is not powerful enough to disperse the cloud in which the stars were
born (unlike an O star which disperses obscuring material more quickly), the
cluster is still embedded in the remnant molecular core and most stars are
obscured by 2 or more mag of visual extinction.
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The cluster was long believed to consist of just a dozen T Tauri members
[3]; [2]. However, recent sensitive observations have shown that it is much
richer. Herbig [4] could detect over 110 Ho emission-line stars in the area, of
which a majority are most likely T Tauri members of IC 348. A comparison
of their locations in the HRD with pre-main sequence evolutionary tracks
showed that most of these stars have ages in the range 0.7-3Myr, with a
mean of 1.3 Myr. Because there is a steep rise in the number of emission-line
stars between W(Ha) = 10 A, and the detection limit near W(Ha) = 3A, there
are probably many more T Tauri stars with weaker Ho emission in IC 348.
For any study of global properties of this interesting cluster, e.g. the mass
function or the star formation history, it is crucial to include these missing
stars. However, due to their faintness, these stars are very hard to identify
by optical techniques.

Lada & Lada [6] have analyzed near-infrared (JHK) observations of the
cluster, and additionally we have recently performed a very deep K-band sur-
vey (completeness limit K~ 17). More than 1000 infrared sources could be
detected in a 14 x 14 arcmin area (see Fig. 34). While these infrared data are
sensitive enough to detect even the faintest cluster members, they provide
no easy way to discern between members and background stars. We can only
estimate by comparison with background fields that about 400 of these in-
frared sources probably are associated with IC 348. Again, this demonstrates
that there are many more cluster members awaiting discovery.

X-ray observations have proven to be an excellent tool to find T Tauri
stars, since the ratio Lx /Ly, is about 3 orders of magnitude larger for T
Taurti stars than typical for field stars (¢f. [5]; [7]). We have performed deep
ROSAT observations of IC 348 and could detect more than 100 X-ray sources
[10] (see Fig. 35). Many X-ray sources could be identified with Ha emission-
line stars. Additionally, we identified 56 X-ray emitting stars which very likely
are T Tauri stars lacking strong Ha emission. While we could detect most of
the optically bright (V <17) T Tauri stars in our ROSAT images, the data
were not sensitive enough to detect X-rays from the fainter (V >17) T Tauri
stars in IC 348. Furthermore, due to the limited spatial resolution of ROSAT,
our data suffer from some source confusion at the center of the cluster, where
the source density is very high.

The minimum detectable flux in our ROSAT images was about
2 x 107 ergem™2sec™! in the 0.1-2.4keV band. Fits to the spectra of the
stronger ROSAT sources with Raymond-Smith models gave typical spectral
parameters of kT ~2keV and Ny ~ 5 x 102 em™2. Using these values,
the minimum detectable X-ray luminosity in our ROSAT images was about
5x10%% ergsec™!. A detailed comparison of the X-ray and optical data showed
that we detected X-ray emission from nearly all optically selected stars ear-
lier than about K5, many late K stars, but only a very small fraction of the
M stars. This means that our current X-ray/optical sample is complete down
to stellar masses of about 0.7 M.
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Fig. 34. Deep K-band image of 1C 348, showing a 14 x 14 arcmin field.

Aims of the Proposed AXAF Observation. Our aim is to detect the full
population of T Tauri stars in IC 348, i.e. down to 0.1 M. We can calculate
the required X-ray sensitivity in the following way: According to the models of
D’Antona & Mazzitelli [1], a 0.1 Mg star with an age of 3 Myr has a bolomet-
ric luminosity of ~0.03 Lg. If we assume a typical ratio log(Lx/Lbo1) ~ —3
for these stars, we can expect an X-ray luminosity of Lx ~ 1x 10% ergsec™1.
Since we also would like to detect stars which suffer somewhat stronger ex-
tinction or are slightly less active in X-rays, we aim at a minimum detectable
X-ray luminosity of about 5 x 10® ergsec™! in the 0.1-2.4keV band.

In order to reach our aims we need X-ray data which are one order of mag-
nitude more sensitive than our previous ROSAT data. Additionally, we need
high spatial resolution in order to be able to resolve and properly identify the
numerous faint X-ray sources in the center of the cluster. Only AXAF/ACIS
can provide us with data of sufficient quality to reach these aims. As we show
below, the capabilities of AXAF /ACIS perfectly match our needs. With the
proposed observation we expect to identify at least 100, possibly more than
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Fig. 35. Corresponding ROSAT HRI image of IC 348 (9.5 x 9.5 arcmin)

200 previously undetected faint X-ray sources as new cluster members. This
X-ray selected sample will then serve as the basis for further investigations
of the T Tauri star population in IC 348, which finally will yield the mass
function and star formation history of the cluster. Additionally, the proposed
observation will provide us with X-ray data on a large and homogeneous
sample of T Tauri stars. For example, the data will be very well suited to
study the temporal variability of the X-ray sources. About half of the ROSAT
sources in IC 348 displayed significant variability and flares. The classical T
Tauri star LHa 92 even showed the most energetic X-ray flare ever observed
on a T Tauri star during our ROSAT observation [9]. Due to the large num-
ber (> 200) of X-ray emitting T Tauri stars we expect to see at least a
dozen large flares during our exposure. It would be very interesting if we
could detect further X-ray flares on classical T Tauri stars; the analysis of
the flare parameters could help to decide whether their X-ray activity can be
fully explained by scaled up solar-type dynamo activity or whether non-solar
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magnetic structures, which couple the star to its circumstellar disk, might
possibly be involved (cf. {11]; [12]). Finally, we can expect to get X-ray spec-
tra with more than 1000 counts for at least 20 sources in IC 348. The analysis
of these spectra will provide us with important information about the coronal
properties of the very active T Tauri stars (cf. [8]).

11.3 Technical Feasibility

In order to reach our aims, we have to reach the required sensitivity, to be
able to make proper source identifications, and to cover the full cluster with
homogeneous sensitivity. We now show that a 50ksec AXAF/ACIS pointing
can meet all these requirements:

The flux limit for such an observation will be ~ 3x 10715 ergcm ™2 sec™! in the
0.2-10keV band for a 50 detection (AXAF Observatory Guide). Using the
PIMMS simulator and assuming a Raymond-Smith thermal plasma spectrum
with kT = 2keV and Ny = 5 x 1022 cm™2 (see above), we find that this
corresponds to a flux of ~ 1.5 x 107 ergecm™2?sec™! in the 0.1-2.4keV
band. This flux transforms into a minimum detectable dereddened X-ray
luminosity of 5 x 1028 ergsec™ at the distance of IC 348, just as required.
The projected star density in the central regions of our K-band image is some
50 stars per square-arcmin, i.e. the typical angular separation of the stars is
about 5 arcsec. Thus, the fine spatial resolution of AXAF/ACIS of 1-2 arcsec
will allow us to properly separate the X-ray sources and identify them with
the stars in the optical and infrared images. Since the cluster covers an area
of about 10 x 10 arcmin [4], the 17 x 17 arcmin ACIS field of view is perfectly
suited to image IC 348.

11.4 Results

We have obtained a deep (50 ksec) X-ray image of the very young stellar clus-
ter IC 348 with the Advanced CCD Imaging Spectrometer on AXAF (now
called the CHANDRA X-Ray Observatory). In our image with a sensitivity
limit of 1 x 10% ergs sec™! (more than 10times deeper than our ROSAT im-
ages of IC 348), 215 X-ray sources are detected. While 115 of these sources
can be identified with known cluster members, more than 50 X-ray sources
are new, still unidentified cluster members. About 80 % of all known cluster
members with masses between 0.15 and 2 Mg are seen as X-ray sources in
our high resolution image. We discover X-ray emission from four of 13 known
brown dwarfs and from three of 12 brown dwarf candidates in 1C 348. We
also detect X-ray emission from two deeply embedded objects, presumably
class I protostars, south of the cluster center.
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Fig. 36. Deep CHANDRA X-ray image of the IC 348 cluster core (&9 X 7 arcmin).
This high spatial resolution X-ray image looks almost like an optical/infrared image.
Comparison to Fig. 34 reveals a very similar pattern of stars, although some bright
stars obviously are not detected as X-ray sources. (See: Th. Preibisch, H. Zinnecker:
‘Deep CHANDRA X-Ray Observatory Imaging Study of the Very Young Stellar
Cluster IC 348, AJ 122, 866 (2001))
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12 A Study of the Low-Mass Stellar Population
in the Galactic Starburst Region NGC 3603

12.1 Abstract

NGC 3603 is the most vigorous, visible Galactic starburst region with the
highest concentration of very massive stars known in the Galaxy. While its
population of high and intermediate mass stars has been previously charac-
terized, the content of low mass stars is fairly unknown. Our main aim here
is to investigate the relation between high and low mass star formation and
— in the general context of starbursts — whether there are lots of low-mass
stars in starburst regions or not. Its relative proximity and young age make
NGC 3603 the ideal target for a study in the infrared JHK bands. Under
very good seeing conditions, the excellent sensitivity and spatial resolution
of ISAAC on the VLT would enable us to determine the number and spatial
distribution of the stellar populations well below 0.08 Mg (K = 20) — deeper
than ever before in a giant HII region.

12.2 Description of the Proposed Programme

Scientific Rationale. The main goal of this project is to better understand
the processes that lead to the stellar mass spectrum in starburst regions. Do
low-mass stars really dominate the mass of starburst clusters as inferred from
the extrapolation of their IMF slopes? Do most stellar members of a cluster
form simultaneously, or do low- and high-mass stars form independently in
time and space via different physical processes? Is there a universal IMF, and
if so what does it look like?

Apparently low mass stars form at a relatively low, almost constant rate
in molecular clouds, as observed, e.g., in IC 348 [11]. This slow mode of star
formation, probably regulated by ambipolar diffusion [18], may be quite dif-
ferent from the process that leads to clusters of very massive stars: luminous,
young star clusters like the Trapezium cluster, R 136, or NGC 3603 appear
to have formed within less than 1Myr, a timescale that is too short to be
solely accounted for by ambipolar diffusion. If there are two modes of star
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formation, they may show different characteristics not only in the duration
of formation but also in the stellar mass spectrum. The possibility that vio-
lent star formation initially favours massive stars was first suggested by [17].
Variations in the 0 abundance in the Galaxy suggest a truncated (<2 Mg)
IMF in the spiral arms where enhanced star formation takes place, but not
in the interarm regions [6]. Observational results from integrated luminosities
and line fluxes in distant starbursts like M 82 [16] or M 83 [9] indicate a lower
mass cutoff of a few solar masses. Also, theoretical investigations of Silk [19];
[20] and Larson [12] show that the Jeans mass increases when newly born,
massive stars heat the surrounding gas, suppressing the formation of low-mass
stars in their environment. On the other hand, recent studies of nearby young
clusters such as the Trapezium cluster have detected a sub-solar mass popula-
tion (<£0.2 Mg, [7], see also the overview article by Zinnecker, McCaughrean,
& Wilking in [25]). To resolve this controversy, precise and complete photo-
metric information on individual, faint stellar sources in an extreme nearby
starburst is required.

Immediate Objective. We propose VLT/ISAAC observations to detect the
number and spatial distribution of the low-mass stars in the galactic starburst
template NGC 3603. This young cluster is the ideal target for our study: it is
the most massive, optically visible HIl-region in our Galaxy, located in the
Carina spiral arm at a distance of only ~ 7kpc. Within a diameter of 1 parsec
(30 arcsec) the mass in OB-stars is = 1000 M with a peak mass density in
the core of 10° Mg pc—3, making it the densest concentration of massive stars
known in the Galaxy [4] - a real starburst!

NGC 3603 has been a favorite target in numerous high spatial resolu-
tion observations, using ground based speckle interferometry [8] as well as
the WEFPC [14] and FOS [4]. These observations, however, yielded complete
results only for OB-stars.

NGC 3603 is a galactic analog to the prototype starburst cluster R 136 in
the LMC. Indeed NGC 3603 and R 136 (30 Dor) are similar in many respects,
such as age and central density; as in R 136, several molecular clouds around
NGC 3603 show ongoing star formation [13]. NGC 3603 in fact looks like a
clone of the core of the 30 Doradus region, R 136, but without its extended,
surrounding halo [14]. Many specific properties justify an independent and
detailed study, e.g., the central WR stars in NGC 3603 are on average about
one magnitude brighter than those in R 136, maybe due to different initial
starburst conditions. Thus comparing the results on the mass function from at
least one extragalactic (R 136) and one galactic region (NGC 3603) is essential
to establish a general picture of the stellar content in starbursts (analysis of
our R 136 data is in progress).

From the observational point of view, the most exciting difference is the
relative proximity; the fact that NGC 3603 is about 7 times closer than R 136
not only enables us to detect much fainter, less-massive stars but also re-
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Fig. 37. Stars in NGC 3603 detected in Eisenhauer et al.’s [5] near-infrared ADO-
NIS observations. The faintest stars detected here are about 19th magnitude.

duces the significant problem of crowding and photometric errors. Recently,
Eisenhauer et al. [5] reported on a study in J-, H- and K-bands of about
900 stars in the central region of NGC 3603, based on adaptive optics ob-
servations with ESO’s system ADONIS/SHARP2. Eisenhauer et al.’s data
indicate no turnover or truncation of the IMF slope down to at least 1 M,
where the data sample suffers from incompleteness. The observations are lim-
ited to about 19th magnitude in JHK and spatial resolutions of 0.18 arcsec,
0.30 arcsec, and 0.31 arcsec in J, H, and K-bands, respectively. As can be eas-
ily seen in Fig. 37, the observations are limited in sensitivity and by blending:
the typical PSF shape in adaptive optics observations contains a large per-
centage of the source flux in the extended seeing disk, which is also plagued
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by variable, residual speckles, making the detection of very faint sources in
the vicinity of bright stars almost impossible (somewhat like HST before
COSTAR and WEFPC2).

If we extrapolate Eisenhauer’s IMF slope of I" =-0.7 t0 0.08 M we would
expect approximately 3300 stars between 1 M, and 0.08 M, within the same
region of 2190 arcsec? — i.e., about 2 such low-mass objects per square arcsec-
ond on average. While the immediate cluster core is certainly very dense, we
do not expect to be limited by crowding outside one core radius of NGC 3603.
Our proposed observations will be comparable in spatial resclution with the
central core in Eisenhauer et al.’s adaptive optics observations, but without
the surrounding seeing halo, thus yielding much higher point source sensitiv-
ity.

The advantage of performing the proposed observations at infrared wave-
lengths is twofold: First, the dust extinction toward NGC 3603 at K-band is
only 0.5 magnitudes with respect to 4.6 in V-band. Since most directly ob-
servable star forming regions are located in the Galactic plane one typically
gains one to two magnitudes in respect to optical observations. Secondly,
because of the young cluster age, stars less massive than 2 Mg are still in
their pre-main-sequence {PMS) phase, probably surrounded by disks that
emit infrared excess. Kenyon & Hartmann [10] have measured colors of low-
mass stars with circumstellar disks in Taurus-Auriga: (V — K) = 4™ — 7™,
Thus the total gain for these stars in the NIR may be in the order of
~ 5 - 8 magnitudes, relative to the visible.

We propose to observe NGC 3603 in the near-infrared J, H, and K bands,
that provide a unique tool to determine extinction and infrared excess emis-
sion for each individual star [21] — a possibility not available at visible wave-
lengths. Three wavebands (i.e., two colors) yield a very good estimate of
the stellar luminosities and provide sufficient information for precise mass
determinations, even for PMS stars (one color only would not be sufficient
to identify field stars or disentangle local extinction from stellar luminosity
without additional assumptions).

12.3 Required Observing Time

We derive the absolute magnitudes of a 0.08 M, star following Testi, Palla,
& Natta [22]:

Mg = 4725 — 25log(Ls/Le) — BCy(Teps) — (V — K)(Tesy) = 4.8,
based on the PMS evolutionary tracks of D’Antona & Mazzitelli [1]; the
bolometric correction and colors are taken from Testi, Palla, & Natta [22].
We further assume an effective temperature of 2950 K and an age of about
0.5 Myr for the subsolar mass population (see Fig. 38). For a distance modulus
of m—M =14.3 and global reddening of Ay = 4.6 [5], we calculate apparent
magnitudes of my; = 21.2, myg = 20.5, and mx = 19.6. For these values,
ISAA(C’s exposure time calculator yields t; = 900sec, ty = 2500sec, and
tx = 1700 sec on-source for a S/N = 50 point source detection at airmass 1.3
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and seeing of 0.4 arcsec. This is based on detector integration times of 0.5 sec
to keep saturation by the most luminous stars in the cluster to a minimum.
We assume a signal-to-noise ratio of 50 for the point source sensitivity to be
a lower limit to include the effect of reduced sensitivity by blending.

The minimum integration time totals ~ 5000 sec; given some uncertainty
in the PMS model calculations we request 2 hours of on-source integration
time. (This does not include integration time for sky-background determina-
tion which is best done by mapping the sky around NGC 3603 and calculating
the average sky flux using the median technique). ISAAC’s field of view of
150 x 150 arcsec is sufficient to cover the region of interest in one pointing;
no mapping is required.
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Fig. 38. Color magnitude diagram of 820 stars within the central region of
NGC 3603. The diagram includes theoretical pre-main-sequence isochrones and the
main sequence (from [5]).
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Fig. 39. Near-infrared image of NGC 3603 obtained with ISAAC at the VLT. FOV
is 3.4arcmin x 3.4arcmin (6.2 x 6.2 parsecg), North is up, East to the left. The
insert to the lower right is a blow up of the central parsec® (Brandl et al. 1999).

12.4 Results

We have used the near-infrared camera ISAAC on VLT/UT1 to observe
NGC 3603, the most massive visible HII region known in the Galaxy, in very
good seeing (0.4 arcsec) (see Fig. 39). Our J, H, K observations are the most
sensitive, high spatial resolution observations made to date of this dense star-
burst region, allowing us to resolve its low-mass stellar population down to
0.1 Mg. The overall age of the pre-main sequence stars in the core region of
NGC 3603 derived from isochrone fitting is of the order of 1 Myr. The near-
infrared luminosity functions show that the cluster is indeed populated in
low-mass stars at least down to 0.1 Mg. Our observations clearly show that
sub-solar mass stars do form in massive starbursts.
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13 The Low-Mass Pre-MS Stellar Content
of the 30 Dor Starburst Cluster

13.1 Abstract

We propose to take diffraction limited near-infrared H-band (1.6 um) NIC-
MOS images of the young NGC 2070 cluster (age 3.5 Myr) in the 30 Dor giant
HII region in the LMC. The aim is to search for the low-mass (M <2 M)
low-luminosity, red pre-Main Sequence stellar population and to establish the
H-band infrared luminosity function. With the NICMOS we can now deter-
mine whether the IMF in this prototypical extragalactic starburst cluster is
deficient in subsolar low-mass stars or not. The best ground-based data can
sample only M > 2 Mg. In principle, NICMOS in the H-band (F160W) is sen-
sitive enough to reach a magnitude of ~23.5 in a relatively short integration
time, which indeed corresponds to the fantastic possibility to detect young
stellar objects with masses near the hydrogen burning limit (M =0.1 Mg)
according to pre-Main Sequence evolutionary models. Even if we could reach
only H=22.5 (i.e. M=0.4 M), the observations proposed here would still go
along way in directly answering, by star counts, whether the IMF in starburst
galaxies is low-mass deficient or not, with all the corresponding far-reaching
implications. The observations would also tell us whether the 30 Dor clus-
ter can be regarded as a prototype young globular cluster. This possibility
would be ruled out, if we found NGC 2070 to be low-mass deficient, because
old globular clusters do have a rich population of low-mass stars.

13.2 Scientific Background

The 30 Dor Cluster. 30Dor in the LMC is the most luminous giant HIIT
region in the Local Group [6]; [7]; see Fig. 40. It has been called “the starburst
Rosetta Stone” [17]. It is powered by hundreds of massive stars in the core of
the NGC 2070 young star cluster (hereafter “the 30 Dor cluster”). The core
is known as R 136 and is only a few parsec in size, while the diameter of the
full cluster is 40 pc. The age of the 30 Dor cluster is around 3.5 Myr (judged
from the presence of Wolf-Rayet stars and the absence of red supergiants);
the age spread is small, less than 1 Myr, so to first order the cluster has
a coeval high mass stellar population (M >15Mg). Recent WFPC2 HST
data [5] have established the presence of an intermediate mass population
(3-15 M) and a slope of the IMF close to the Salpeter slope. Furthermore,
Brandl et al. [1] from ground-based H and K band adaptive optics imaging,
found a somewhat steeper and spatially variable slope. They probe the IMF
down to M~2 Mg (H and K near 20thmag). Nothing is known about the
low-mass population (M <2 Mg). With NICMOS on HST it is now possible
to determine the low-mass stellar content. Thus the present application is for
NICMOS/HST time to establish if there is or if there is not a major low-mass
population (0.1-2 Mg) in the 30 Dor cluster.
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Fig. 40. The 30 Doradus HII region, also known as the “Tarantula Nebula”, is
shown near the center of this image, taken from the Digital Sky Survey. This gi-
ant HII region is powered by the massive cluster NGC2070. The image size is
~40arcmin x 40 arcmin corresponding to 600 pc x 600 pc at the distance of the
LMC. 20arcmin to the east (left) lies the twin cluster NGC 2100 which is slightly
older (10 Myr) and has already lost its HII region nebulosity.

Significance to Astronomy. Starburst clusters appear to be the primary
sites (unit cells) of star formation in starburst galaxies, including interact-
ing/colliding galaxies such as the Antennae or The Cartwheel. Recent HST
images [20]; [2] have revealed hundreds of giant young star clusters in these
and other starburst galaxies (e.g. M82 [11]). If starburst clusters are the
basic building blocks of certain star forming galaxies, their stellar content
(IMF) will affect much of the observed chemical and photometric evolution
of galaxies, both at the present epoch and perhaps even more so in the high-
redshift past [3]. Thus the question whether the IMF is top-heavy in starburst
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galaxies (as has been frequently claimed, e.g. Rieke et al. [15] from indirect
observations or Silk [16] on theoretical grounds) is essentially the question
of whether the IMF is deficient in low-mass stars in starburst clusters. Note
that a system with a top-heavy IMF will fade away faster than one with a
standard IMF and may eventually disappear, while producing more heavy
elements and more stellar remnants. Thus, provided that the 30 Dor cluster
is a prototypical starburst cluster, it is clear that determining its low-mass
stellar content is of far-reaching importance.

Another side of the same coin is the claim that starburst clusters represent
young globular clusters. Indeed there is some resemblance [10]; [8]. However,
for this to be true, starburst clusters should contain not only luminous high-
mass stars but also low-mass pre-Main Sequence stars in substantial num-
bers. Indeed present-day old globular clusters are full of low mass stars (e.g.
the HST images of NGC 6397 [13]). This begs the long-standing question of
whether the 30 Dor cluster can be regarded as a prototype young globular
cluster, albeit a small one. Many people have speculated that it might be,
but there has always been the problem that low-mass stars have not yet been
directly observed in 30 Dor. Therefore there is not yet any direct evidence
to support this hypothesis. The simple observation of any significant number
of low-mass stars in the 30 Dor cluster would greatly strengthen the case for
regarding it as a prototype young globular cluster. With NICMOS on HST
such observations can now be undertaken. These observations will also reveal
the spatial distribution of stars of different mass in the cluster and will allow
us to check whether the core radii for stars of different mass are different,
hence whether some mass segregation has already occurred in this very young
stellar system (cf. [1]).

13.3 Previous Work

Initially, high spatial resolution HST work [18]; [9] and ground-based speckle
studies [14] of the 30 Dor cluster were limited to the most massive stars only.
Weigelt and Baier [20] were the first to resolve the massive stars in R 136.
Brandl et al. [1] discuss the comparison of their near-infrared adaptive op-
tics data with the optical WFPC2 data of Hunter et al. [5]. With a few
exceptions, all stars brighter than V =16 were detected in the near-infrared.
Almost 60 sources were found in the near-infrared which were not detected
in the HST UVI bands. These may be the bright tail of pre-Main Sequence
objects which we hope to discover in the thousands. Brandl et al. [1] provide
evidence that the core radius grows with decreasing stellar mass (0.5 arcsec or
0.12 pc for M > 15 M, and 1.0 arcsec or 0.25 pc for M > 4 Mg,), consistent with
the slope of the IMF changing with radial distance from the cluster center.
They speculate from timescale arguments that dynamical mass segregation
has already occurred for the more massive stars and that this evolutionary
effect might explain why the IMF is shallower in the inner part. On the other
hand, Hunter et al. [5] see no evidence for mass segregation beyond 0.5pc
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in their data. Clearly future observations must clarify this issue. Both stud-
ies agree, however, that the IMF is not truncated down to their respective
completeness limits. This may suggest that the IMF continues smoothly to
lower masses. The complication brought along with studies of masses below
2 Mg is the need to understand pre-Main Sequence evolution. Pre-MS lumi-
nosity functions of coeval model star clusters (for ages of 1,2,3Myr) have
been constructed [21], and time-dependent luminosity-mass relations are at
hand. Thus infrared J, H, or K luminosity functions can be converted to the
corresponding mass function - and this is what we intend to do in the case
of the largely coeval 30 Dor cluster.

13.4 Summary of the Scientific Goals and Method

The present proposal is for deep NICMOS observations to address/solve two
simple but fundamental questions:

e is there a low-mass (M <1 M) stellar population in the 30 Dor starburst
cluster or is the IMF deficient in low mass stars?
e can the 30 Dor cluster be regarded as a young globular cluster?

The method to be used is star counts at 1.6 pm, going to deeper and deeper
magnitude bins (as deep as crowding allows) and witnessing whether the
number of stars keeps increasing or not. The choice of the wavelength is cru-
cial to the success of the proposed observations, because only in the F160W
filter can we reach faint enough magnitudes that we can probe the low mass
stellar content effectively (ideally H=24 or 0.1 Mg, but even H=22.5 or
0.4 M would be an enormous progress).

13.5 The Need for NICMOS/HST

First of all, the need for infrared (NICMOS) observations arises from the fact
that we are looking for low-mass stars which are cool objects (V-K=3.5,
V-H=23.3 for a 0.5 M star).

H-band observations are favoured over K-band observations due to the
much lower background for NICMOS on HST at H than at K and also
due to the higher spatial resolution for diffraction-limited imaging at H
(~0.15 arcsec) compared to K (~0.25arcsec). At the same time, observing
in the near-infrared the patchy visual extinction in or over the face of the
cluster (Ay < 1.5 mag) is much reduced (Ag < 0.3mag). Taken together (red
objects, extinction) the H-band observations have a 4.5 mag advantage over
the visual observations in this case, even for ground-based observations.

The need for HST observations comes primarily from the fact that we want
to search for low-mass objects, too faint to be detected from the ground, even
with high-resolution adaptive optics techniques which exhaust their potential
around K =20 or H=20 (see [1]). There is an important reason for this:
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Although the point spread function of an adaptive optics system is quite
spiky, the wings typically contain more than 50 % of the source flux spread
out over a few arcsec. This poses no problem for resolving sources of similar
brightness, but severe problems for the detection of faint stars in the vicinity
of brighter sources (i.e. almost everywhere). In contrast, 93 % of the total
flux is concentrated within only 0.3 arcsec of the well-defined point spread
function of the HST.

Fig. 41. 190min K band adaptive optics exposure of R 136 from Brandl et al. [1].
The field of view is 12.8 x 12.8 arcsec corresponding to 3.2 x 3.2pc. North is up,
east to the left. The spatial resolution after deconvolution is 0.15 arcsec FWHM;
scaling is logarithmic. The faintest stars seen have 20th magnitude in K. This is
very similar what NICMOS camera 1 on HST will see, albeit at H, after a much
shorter integration.

High spatial resolution is needed because of the crowding problem in this
dense cluster, especially for low-mass stars. An impression of the expected
crowding can be gained from the 30 Dor adaptive optics image at K taken at
the ESO 3.6 m telescope (Fig. 41) which has the same spatial resolution as we
would get at H with the 2.4 m HST; the limiting magnitude of the ESO image
is K~ 20, while our proposed HST observations would go a factor of 10 or
more deeper, as we want to search for fainter lower mass stars. Clearly, even
with the spatial resolution that HST provides, crowding remains an issue.
The reliability of the so-called incompleteness correction, however, increases
significantly with the spatial resolution and would be a hopeless undertaking
with seeing limited observations.

13.6 Description of the Observations

The observations will be carried out with NICMOS in the F160W filter, us-
ing both NIC1 (0.043 arcsec/pixel) in the innermost 20 x 20 arcsec heavily
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crowded region and NIC2 (0.075 arcsec/pixel) in the outer less crowded re-
gions. The inner region will be covered by a 2 x 2 mosaic of NIC1 frames, plus
a central NIC1 frame centred on R 136a. The outer region will be covered by
a 3 x 3 mosaic of NIC2 frames {covering roughly the central square arcmin
of the cluster, corresponding to about 7.5 X 7.5 pc). In addition, we will add
symmetrically two linear extensions of three frames each (see figure in [22])
to fully cover one diameter (160 arcsec or 40 pc) of the cluster. The obser-
vations will be performed in MULTIACCUM mode, to be able to deal with
the saturation of bright objects in long exposure frames. In addition, 6 sky
frames (3 with NIC1 and 3 with NIC2) will be taken some 5- 10 arcmin north
of the cluster and will be used both for sky subtraction and for determining
the density of foreground /background sources.

At each position, we plan to take 4 dithered images of 10-12 min duration
each (the exact time will be determined in Phase II, and will be adjusted for
the 4 images and overheads to fill the orbit) which will be used 1) to sample
the PSE more finely than with a single image, and 2) to reject cosmic ray
events. Using the exposure time estimators we determined that on single im-
ages we would reach H =~ 23.5 mag and J = 24.5 mag with ~4 ¢ on an isolated
source. In practice source crowding will be very important, especially in the
cluster center, where it will undoubtedly be the limiting factor. Addition-
ally, our final S/N ratio will also be determined by the amount of extended
emission from the HII region. This we estimated from our own ground-based
images: it will be ~24-25mag/pixel in NIC2/F160W on average, though
brighter in a few positions. We estimate that with 4 images per position we
will reach close to H=23.5mag over most of the field covered.

We also plan to use NIC1/F110W filter while observing with NIC2/F160W,
and vice-versa, which will give us further precious information. This will, in
the end, give us a significant amount of J photometry in addition to the H
data which is the main goal of our observations.

13.7 Results

We  present the first infrared luminosity function in  the
30 Doradus star cluster obtained with the HST NIC1 camera
(0.043 arcsec / pixel) in the F160W (H-band) filter. Despite diffraction limited
resolution (0.15arcsec), crowding and blending is so severe that the cluster
centre R136 cannot be studied. Instead a neighbouring NICI field (about
15 arcsec away from the centre), for which an empirical point spread function
could be obtained, was analysed. We obtained photometry for some 750 stars
in the range H=14to022mag. The luminosity function continues rising up
to H=21mag (1 Mg at age 2Myr) after which incompleteness corrections
become dramatic (exceeding 50 %). Contrary to recent optical studies based
on a V vs. V-I diagram, which suffer from extinction problems, we do not
infer a flattening or turnover of the implied IMF slope near 2 My (Fig. 43).
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Fig. 42. H-band (F 160W) NICMOS/HST image of the core of NGC 2070. The im-
age is a 3 x 3 mosaic of NIC2 frames, covering a total field of 1 x 1 arcmin (15 x 15 pc
at the distance of the Large Magellanic Cloud). The spatial resolution is 0.15 arcsec
(HST diffraction limit at 1.6 um). The field of interest is marked by the box.
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V. Appendix:
The Suite of Large Ground-Based Telescopes

Overview of the all large telescopes currently available or under construction:
it is seen that there are more 8 m class telescopes these days than 4m class
telescopes! (note for students: the golden age of astronomy is now)

Southern Hemisphere

Fig. 44. The collecting area of existing and future, large telescopes in the Northern
Hemisphere (left) and in the Southern Hemisphere (right). KeckI and II, HET
and ORM have segmented mirrors; the others have monolithic mirrors (courtesy
ESO/EPR).

Artist’s view of the Atacama Large Millimeter Array - a mm/submm
telescope which will revolutionize star and planet formation studies after it
will be ready in 2010.

e 64 12m diameter antennas
e 5000 m altitude
e antennas distributed over 10km across

e total collection area of over 7000 m?
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v=30-950GHz (A =0.35-10 mm)
angular resolution about 10 milli-arcsec (at 0.5 mm)
the construction phase will begin in 2003 or 2004

the full array is likely to become operational by 2010 — the same time
when the Next Generation Space Telescope (NGST) will fly

Fig. 45. The Atacama Large Millimeter Array (ALMA)
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