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PRE-MAIN SEQUENCE EVOLUTION OF STAR FORMING
REGIONS AND YOUNG CLUSTERS

I, Pallat

Abstract. This review covers a variety of topics related to the proper-
ties of Pre—Main Sequence stars in star forming regions, young clusters
and associations. Some recent developments of theoretical models of
PMS evolution are discussed, with emphasis on the role of magnetic
fields in low-mass stars and their impact on observable quantities. Crit-
ical tests on the comparison between model predictions and observa-
tions are presented for stars across the mass spectrum. The issue of
the formation and early evolution of massive stars is addressed, with
emphasis on clustered versus isolated objects. After a brief historical
s Function, current rep-
resentations of this quantity are discussed. The issue of the duration
of the star formation process is dealt with using the results of age dat~
ing methods for voung stars, mainly based on the property of Lithium
depletion during PMS evolution. A recent analysis of the properties
of the stellar population of the Orion Nebula Cluster is presented with
the resulting IMF and age distributions. Finally, a discussion of recent

background on the derivation of the Initial Me

determinations of the metallicity distribution of voung stars in clusters
and associations closes the review.

1  Introduction

This series of lectures deals with a variety of topics related to the properties of
the early evolution of stars in clusters and associations. These include a brief
overview of recent developments in the theoretical models of Pre-Main Sequence
(hereafter, PMS) evolution, followed by a discussion of critical observational tests
for such models provided by the study of stars over the entire mass spectrum,
from very low-mass stars and brown dwarfs to massive objects. By its nature,
PMS evolution follows, and is entirely dependent on the star formation process, a
subject that has been covered by other authors during the school (in particular,
see the contributions by R. Klessen & A.J. Maury). Nevertheless, I will address
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topics that are naturally linked to star formation, such as the properties of massive
stars in clusters and in isolation, the initial mass function (IMF), and the question
of stellar ages that directly bears on the problem of the duration of star formation.

The lectures included a presentation of the basic theoretical results of PMS
evolution established by the early work of Hayashi, Salpeter, Iben and of the
impact that modern protostellar evolution has had on these classical studies. As
these issues have been described in the contribution to the Proceedings of the
X-th Aussois School of PNPS/INSU/CNRS on Star Formation and The Physics
of Young Stars that took place in 2000 (EAS Publications Series, Volume 3, eds.
J. Bouvier & J.-P. Zahn, EDP Sciences, 2002), they will not be repeated here and
the interested reader can refer to that publication for a full account.

Since the main theme of these lectures concerns the properties of young stars,
it was appropriate to start the presentation paying hommage to the work of Evry
Schatzman, to whom the Ecole de Physique Stellaire is now dedicated. Of particu-
lar interest is the autobiographical review that Schatzman wrote in 1996 (ARA&A,
Vol. 34) in which two aspects stand out from his narration: the origin of his pas-
sion for doing research (... passion and pleasure for exploring unknown countries
of knowledge . .. ), and the need to transmit a message (... 7T always tried to trans-
mit a message...). These two characteristics have marked his scientific research
that developed under very hard circumstances for a voung Jewish with an interest
in astrophysics during the 1940s. In this respect, Schatzman’s reflections are sim-
ilar to those expressed by another contemporary and prominent figure of stellar
astrophysics, E.E. Salpeter (see his 2002 ARA&A review), whose work will also
be mentioned in these lectures in the context of the IMF.

2 Pre-main sequence evolution: Available theoretical models

Unlike the previous highly dynamical protostellar phase, the PMS evolution of a
star can be followed by models in hyvdrostatic and thermal equilibrium. These
models are much easier to construct and less subject to numerical inaccuracies.
Various groups have developed models of varying complexity with special atten-
tion to the implementation of input physics (equation of state, opacity, treatment
of convection, etc.) using the best available prescriptions. The location of opti-
cally visible PMS stars in the HR diagram combined with the use of theoretical
evolutionary tracks and isochrones has allowed researchers to derive fundamental
quantities of stellar clusters and associations, such as the distribution of stellar
masses and ages to contruct the IMF and the star formation history, respectively.
Most of the currently used models have been developed in the late 1990s/beginning
of 2000 and include Baraffe ef ol (1998), IV’ Antona & Mazzitelli (1997), Palla &
Stahler (1999; hereafter PS99), and Siess et al. (2000). Other available models are
those of the Yale group (YREC, Demarque ef al. 2008), the Pisa group (FRANEC,
DeglInnocenti et al. 2008), the Paris group (CESAM, Lebreton & Michel 2008),
the Dartmouth group (DSEP08; Dotter et al. 2008). Thus, there is ample choice
for comparison with observational data. However, since the models are computed
using different prescriptions for the input physics, discrepancies are present among
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Fig. 1. Comparison of the predictions of different PMS evolutionary models, computed
for a solar abundance. The left panel shows the tracks in the (L., Tex }-plane, while the
right panel is for (L, age). (From Tognelli et al. 2011}.

the theoretical predictions. One of the most significant difference comes from the
adopted boundary conditions. These vary from a simplified T(7) relation to spec-
ify the surface conditions to realistic atmospheric models which are particularly
important for low-mass stars (see the discussion in Baraffe et ol. 1998). Another

important ingredient is the treatment of convection which is usually accounted
for using the mixing length approximation, apart from the FRANEC code that
adopts the Canuto-Mazzitelli treatment of turbulent convection. A comparison of
the predictions of various models is shown in Figure 1.

Several models also include the effects of rotation and magnetic fields, although
still in an approximate way. D’Antona et al. (2000) presented a first analysis of
the effects of surface magnetic lields on the PMS evolution of solar-type stars, with
particular emphasis on its effect on the stellar radius and the amount of lithinm
depletion. Assuming that the magnetic field B is generated by rotation and that its
thermal effect is valid for B? <« P, where P is the pressure, the phenomenological
effect of the magnetic field is expressed through a modification of the Schwarzschild
criterion for convection instability of the form Vg > Vaq-+6, where § = B? /(B CE
~FP) and ~ is the ratio of the specific heats. Indeed, in the interiors of very low-
mass stars and BDs the magnetic pressure (5107 dyn em™2) is orders of magnitude
lower than the gas pressure (10°% — 10" dyn cm™2; e.g., Chabrier & Baraffe 2000).
Thus, for small values of §, the convective gradient is close to the unperturbed
gradient plus 6. This prescription follows the Gough-Tayler (1966) criterion for
convective instability. The magnetic inhibition parameter d is a local variable

whose value changes as function of the radial position inside the star. The usual
assurnption is to take 6(R) = constant (see also Mullan & Macdonald 2001).

The resulting evolution turns out to be quite sensitive to the values of the
surface magnetic field, yielding cooler models and lower lithium depletions than in
the case of no magnetic field. Similar results have been obtained more recently by
Macdonald & Mullan (2010) who constructed evolutionary sequences of low-mass
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stars including the effects of the inhibition of convection due to the presence of
a magnetic field. However, Chabrier et ol. (2007) have criticized such approach
arguing that the strength of the magnetic field required to inhibit convection in
a core of a low-mass star would be implausibly high and likely unstable. As an
alternative, they have simulated the global effects of the magnetic field by reducing
the value of the mixing length parameter, o = I/ H, from a canonical value of
1.5-1.9, necessary to fit the Sun, to the smaller value of o < 1. However, in
order to obtain the same quantitative effect on the effective temperature and radii,
Chabrier et al. needed to introduce a second parameter related to the presence of
large spots on the stellar surface. We will return in Section 6 to the effects of the
magnetic field on models of lithium depletion.

3 Observational tests of PMS stars

Since PMS evolution begins when the preceding main accretion phase is over (i.e.,
when the accretion time scale becomes longer compared to the Kelvin-Helmolts
contraction time), it is important to briefly discuss the main results of protostar
evolution as it determines the initial condition for PMS contraction. A key prop-
erty is the existence of a mass—radius relation for accreting protostellar cores. This
relation finds its physical origin in the thermostatic nature of deuterium burning
once the protostar reaches the eritical ignition temperature (~10°K). As a result
of deuterium burning, first at the center and then in a subsurface shell, protostars

corresponding value on the ZAMS, but a factor of ten, or more, smaller than the
large values predicted by the classical theory of PMS evolution (Iben, Hayashi,
Cameron, etc.) that ignored the impact of protostellar evolution. Another im-
portant feature of protostars is that their internal structure departs significantly
from the assurmption of thermal convection. In the standard PMS theory, all stars
are assumed to be fully convective objects as a result of the large initial radii.
However, in low-mass protostars convection is due to central deuterium burning,

while protostars more massive than about 2 M, are radiatively stable in the inner
regions, and possess a thick convective mantle maintained by deuterium burning.
Thus, these stars are thermally unrelaxed at the beginning of the PMS evolution
and must undergo non-homologous quasi-static contraction.

These two properties have a profound impact on the calculation of PMS evo-
lutionary models and the resulting HR diagram. First, compared to the classical
set of PMS tracks, the new tracks occupy a much more limited portion of the dia-
gram. The reason is that the older tracks correspond to stellar radii too large to be
attained during protostellar accretion. Thus, the starting huninosities (propor-
tional to R?) are much lower than previously envisioned. In addition, the surface
temperature of these stars begin higher. Notice also that the birthline intersects
the main sequence at a mass M,~8 M. this point represents the critical stel-
lar configuration in which hydrogen burning has stopped gravitational contraction
while the star is still growing in mass. More massive stars, therefore, have no PMS
phase at all, but appear directly on the main sequence once they are optically
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revealed. The exact mass at which the birthline merges into the ZAMS depends
on the accretion history and increases as the mass accretion rate increases (for an
extended discussion, see the contribution by A. Maeder in this book).

In the following, I will review some important empirical tests on young stars of
different mass that have been carried out in the recent past that allow the reader to
better appreciate limitations and merits of the theoretical background described so
far. For practical purposes, considering the vast literature on the topic, I will select
the relevant information obtained in two main fields: the study of eclipsing binary
systems for the determination of accurate stellar parameters, and the constraints
on the initial conditions for the youngest stars in each mass interval. As usual,
I will cover separately low-mass (M, S2 M), intermediate-mass (2SM /M, <8),
and massive (M>8 M) stars.

3.1 Low-mass stars and brown dwarfs

<

The study of eclipsing binary systems provides one of the most precise {<2%) and
accurate methods for the measurement of fundamental stellar parameters (mass,
radius, luminosity, gravity, effective temperature, and distance). They also serve
as a critical test of theoretical mass derived from evolutionary models. To date,
about thirty dynamical mass measurements of both eclipsing and non-eclipsing
binary systems have been obtained, most for stars with mass 20.5 M, reaching
a precision better than 10% (e.g.; Mathieu et ol 2007). On average, models
predict masses to within 20%, but predictions on individual stars have up to 50%
uncertainty. The primary limitations are systematic errors in stellar properties
(effective temperature, luminosity, radii). However, in a few cases masses and
radii have been measured with very high accuracy, thus allowing a rigourous test
of the predictions of theoretical models. This is the case of the eclipsing binary
system CM Dra composed by two dM4.5 (~0.2 M) main sequence stars {age
~4 Gyr), whose components mass and radius have been measured with relative
uncertainty below 1% (Morales et al. 2009).

As of 2007, all the studied systems had mass M>0.5 M. Hence, the need to
extend the analysis to lower mass systems, in a domain where the uncertainties in
the stellar models are still the largest due to the poorly known (and admittedly
complicated) physics needed to treat the effects of convection, magnetic fields and
stellar opacities at low temperatures. Since then, the situation has improved with
the discovery of several systems, including two twin brown dwarfs. The current
census of the known PMS eclipsing binaries includes ASAS J052821 + 0338.5 in

0041A also in OriTa (My s = 1.27, 0.93 M,; Covino ef ol. 2004); V1174 Oriin Ori
Ie (M, ¢ = 1.0, 0.7 M; Stassun et al. 2004); Par 1802 in Ori Id (the Orion Nebula
Cluster, ONC; My s = 0.41, 0.41 Mg; Cargile et al. 2008); JW 380 (M, = 0.26,
0.15 Mo; Irwin et al. 2007) in Ori Id; and 2MASS J05352184-0546085 also in Ori
Id (M, = 0.05, 0.03M;; Stassun et al. 2006). Remarkably, all these systems
belong to the Orion complex, a fact that could be used to infer reliable stellar ages
as an independent clock for the time history of the associations.
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Among the lowest mass members, the Par 1802 system stands out as a system
with two identical stars with mass ratio ¢ = 0.98 £ 0.01 in a nearly circular orbit
with period of 4.7 day. The large radii of both components (~1.75 ;) testify of
their youth (~1Myr). Owing to the same mass, the stars are expected to have the
same values of temperatures, radii and luminosities. However, further observations
by Stassun et al. (2008) have shown surprising differences in these gquantities with
temperatures varying by ~300K (about 10%), radii by 5%, and luminosities by
a factor of ~2. Such variations have been interpreted as due to a difference in
the epoch of formation of the two compenents (by about a few 10°yr), or by
different surface magnetic field properties that are expected to alter the radii and
temperatures (but not the luminosity).

A similar reversal in the temperatures of the primary and secondary was also
observed in the brown dwarf eclipsing binary 2MASS J0535, contrary to the
expectation for coeval systems. However, Chabrier et ol. (2007) argued that such
a phenomenon could be the result of preferentially strong magnetic activity on the
primary that suppresses surface convection and that should also be manifested by
the presence of large, cool surface spots. Chew ef ol (2009) showed that a simple
model with a small equatorial spot and a very large polar spot (covering fraction
of ~65%) could indeed reproduce the observed variations seen in the light curve
and the different temperatures.

Recently, Stassun has summarized the current constraints on theoretical stellar
models from the empirical measurements of the masses and ages of young low-mass
stars and BDs (e.g., Stassun et ¢l. 2009). The main results of the comparison with
the evolutionary models of Barafle et al. (1998), I’Antona & Mazzitelll (1967),
PS599, and Siess et al. (2000) are shown in Figure 2 and can be summarized as
tollows:

e Dynamical mass estimates are available for more than 30 PMS stars with
mass <2 M, including single stars (from the rotation curve of circumstellar
disks) and binary stars (both astrometric and eclipsing).

s Comparison to theoretical models in the HR diagram shows that above
~1 M, there is a good agreement (both in mass and age) with a mean
difference of 10% and a similar scatter, whereas below ~1 M, the agreement
is poorer with differences that can be as large as ~100% and a large scatter.

e The best overall agreement is found with the models by Siess et al. (2000)
and PS99: the overall consistency amounts to ~5%, with a scatter of ~25%.

e This agreement could be fortuitous and the models right for the wrong
reasons (for example, by the eflect of stellar activity on the effective tem-
peratures that are ignored in the models). However, differences in track
morphology are relevant, especially at M~0.5 M.

® Non-coevality of ~40% is possible in low-mass binaries at ~1Myr. So, care
must be taken in using coevality as a calibration for models.
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Fig. 2. Comparison of dynamical mass estimates of all known PMS binaries to theoretical
models. (From Stassun 2010, priv. comm.)

The last point is particularly interesting since binaries are assumed to form
coevally from the same material within dense cores. If this assumption is in-
deed correct, they represent a powerful calibration of evolutionary models (e.q.,
Luhman 1999). In order to obtain an independent estimate of the degree of co-
evality of a large and uniform sample of binary stars, Kraus & Hillenbrand (2009)
have presented a thorough study of the distribution in the HR diagram of all the
known systermns of Taurus-Auriga with spectral fluxes and flux ratios for at least
two components. For the isochrones, they used the models of Barafle ef al. {1998)
for low-mass stars (M<1.2 M) and D’Antona & Mazzitelli (1997) for more mas-
sive stars. Kraus & Hillenbrand found that the relative binary ages have an overall
dispersion ¢~0.40 dex, while random pairs are coeval only to within o~0.58 dex.
Thus, the binaries seem to be more coeval than the association as a whole. On
the other hand, the distribution of relative ages indicates the presence of two
populations: ~2/3 of the sample appears coeval to within the errors o~0.16 dex,
while ~1/3 of the sample has a much wider age distribution up to 0.4-0.9 dex. As
a possible explanation of this spread, Kraus & Hillenbrand suggest the presence
of unrecognized hierarchical multiples, or stars seen in scattered light, or objects
heavily contaminated by disk emission. They also find that the relative coeval-
ity does not depend on the systern mass, mass ratio or separation. An enhanced
coevality for the binary systems {~70% of the sample) is consistent with the for-
mation timescale of stars from individual dense cores and also gives credit to the
adopted PMS isochrones used in the analysis.

3.2 Intermediate-mass stars

Information on the properties of intermediate-mass PMS stars, the so-called Herbig
Ae/Be star, can come from eclipsing binary systems and from the unique feature
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that on their way to the ZAMS, PMS stars with mass 1.55M/M- <4 cross the
pulsation instability strip in the HR diagram. This class of variable stars are
called PMS & Sct stars (e.g., Ripepi 2006; Zwintz 2008). The relation between the
pulsation period and the intrinsic stellar parameters (L, Tog) allows us to obtain
independent information on the evolutionary properties and in particular on the
stellar mass. Moreover, asteroseismological techniques can be applied to infer the
internal structure of the observed pulsators. In the following, we will discuss some
of the most recent developments on these topics and on the possible constraints
on the initial conditions of PMS evolution, starting from the fortunate coincidence
that a particular system, RS Cha, is both an eclipsing binary and a pulsating
systemn.

3.2.1 The instability strip for intermediate-mass PMS stars

The first theoretical investigation of the PMS instability strip based on nonlinear
convective hydrodynamical models was carried out by Marconi & Palla (1998),
who calculated its topology for the first three radial modes. They also found
that the interior structure of PMS stars crossing the instability strip is signifi-
cantly different from that of more evolved main sequence stars {with the same
mass and temperature), even though the envelope structures are similar. Sub-
sequently, Suran et ol. (2001) made a comparative study of the seismology of a
1.8 My PMS and post-MS star. These authors found that the unstable frequency
range is roughly the same for PMS and a post-MS stars, but that some non-
radial () modes are very sensitive to the deep internal structure. More recently,
Grigahcene et al. (2006) produced a theoretical instability strip for PMS stars for
the first seven radial modes, and Ruoppo et al. (2007) have derived an analytical
relation between the large frequency separation and the stellar luminosity and ef-
fective temperature and developed a tool to compare theory and observations in
the echelle diagram. Finally, using the ATON evolutionary code, Di Criscienzo
et al. (2008) have computed standard (non-rotating) and rotating PMS models to
produce adiabatic oscillation spectra covering an extensive grid of parameter space.

From the observational point of view, to date more than two dozens of pulsating
Herbig Ae stars are known. The location of the instability strip in the HR diagram
and the position of a sample of known § Sct pulsators is displayed in Figure 3.
The typical pulsation periods are in the range of several hours and amplitudes
between hundredths and thousandths of magnitude. Multi-site campaigns (Ripepi
et al. 2003; Bernabei et ol. 2009), and space observations with the MOST satellite
(e.g., Zwintz et al. 2009) have provided us with good set of frequencies to be com-
pared to observations. A fundamental contribution to the field is being provided
by the data collected by the CoRoT satellite (e.g., Baglin ef ol. 2007). Indeed, this
satellite images the same region of the sky for about five months consecutively,
allowing to observe relatively faint stars (up to V~15mag) in its “exoplanetary
field”, with good precision and very high duty cycle. During the first long-term
pointing of CoRoT imaged a region of the sky in the galactic anti-center where
a few distant Star Forming Regions were present, thus allowing the possibility to
discover new ¢ Sct PMS candidates.
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that can be used to test the protostellar initial conditions, one of them being Lk Ho
{(From Marconi et al. 2004.)

3.2.2 Pulsating stars: The case for RS cha

s A particularly illuminating case is provided by the star RS Cha, an eclipsing
double-lined spectroscopy binary belonging to the young n Cha cluster. With a
period of 1.7 days, it is an almost equal mass binary with A, = 1.86 M, and
M, = 1.82M; (Andersen 1991). The stellar parameters of both components
place them inside or very close to the instability strip, making it the only ¢ Sct
candidate known with this property. Recently, Alecian et ol. (2005) presented
resolved radial velocity curves showing evidence for pulsations with periods of the
order of 1hr which they interpreted as the signatures of & Sct-type pulsations.
Refinement of the mass determination yield values of Af, = 1.89 & 0.01 M, and
My = 1.87 £ 0.01 M5 and a surface metallicity value Z = 0.028. Interestingly,
the inferred stellar parameters could not be reproduced simultaneously for both
components using abundance ratios of solar composition, but only if carbon and
nitrogen were depleted by a factor 0.6 and 0.5 dex, respectively, while keeping the
global metallicity unchanged (Alecian et ol 2007). A lower carbon abundance
implies a weaker release of luminosity in the central regions due to the reactions
20 1% and '3C — YN with a concurrent deacrease of the radiative gradient
which delays the onset of a convective core. At the age of the system, ~9Myr,
after the onset of the ONO cycle, the internal structure is particularly sensitive
to any change in composition, thus revealing the power of seismological analysis
for comparison to theoretical models. It is important to note that the lower C
and N abundance is in agreement with the solar mixture derived by Asplund
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et al. (2005) that predict lower abundances of these elements relative to Grevesse
& Noels (1993).

Finally, we like to point out the recent discovery of non-radial pulsations in
both components of RS Cha made by B&hm et al. (2009) using quasi-continuous,
high-resolution spectroscopic observations during 14 nights. From the line profile
variations in the primary and secondary components, the authors were able to
derive two and three pulsation frequencies, respectively. The dominant mode of
the primary appears to be a high degree prograde mode with [ = 10 or 11, while
that of the secondary is a low degree mode with I = 0,1 or 2. These findings
put further strong constraints on the internal structure of the star: it is clear that
asteroseismology has become a viable tool for PMS stars too!

3.2.3 TPulsating stars: A test to the initial conditions of PMS stars

We now turn our attention to one of the four objects of Figure 3 located in the
upper part of the instability strip, near the birthline. Unlike the case of the RS
Cha system whose age of ~8Myr is such that the stars have completely lost mem-
ory of the initial conditions, stars in this part of the diagram have just completed
their main accretion phase and are in the appropriate mass range (~3-4 M)
where theory predicts a strong re-arrangement of the internal structure (Palla &
Stahler 1993). In particular, such stars undergo a process of internal relaxation
in which the internal convection disappears and the luminesity trapped during
the accretion phase is finally liberated at the surface. In principle, asteroseismol-
ogy on these stars should be capable of distinguishing between different internal
structures, thus setting strong constraints on the accretion history.

A remarkable candidate for pulsation studies is the star LkHa 349, the brightest
star of the small cluster associated with the Elephant Trunk globule IC1396 A (e.g.,
Reach et al. 2009). The globule is illuminated by an 06 star whose ionization front
has probably induced the formation of a new generation of (proto)stars, as detected
by the Spitzer saltellite. The present configuration of the globule comprises an
ionized layer on the side facing the O star (bright in Her emission), a dense bright
rim (with strong PAH emission), and a high-opacity region corresponding to the
molecular cloud. This dense region comprises a round head, centered on Lk Ho
349, with a hole in its center, and an extended trunk with several star forming
sites. The central star, Lk Ho 349, is responsible for the central cavity and has a
spectral type Fe, effective temperature of 6165 K, and a luminosity of ~250 L,
(Herndndez et al. 2004). These values place it near the birthline (age ~0.3 Myr),
consistent with other indications of youth, such as the Hea line with P Cygni
profile indicating a strong wind and high rotation rate (vsini = 190kms 1), near
the breakup speed.

An interesting experiment is to compare the internal properties inherited dur-
ing accretion with those of a PMS star of the same mass who started contraction
from the standard Hayashi-type initial conditions. The resulting curves are shown
in the upper panel of Figure 4. The figure highlichts the remarkable difference
between the track of a 4 M, star with protostellar initial conditions (lower curve)
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Fig. 4. Top: evolutionary tracks for a 4 Mg, star. The upper curve is for the standard
initial conditions, while the lower curve is for the protostellar conditions. Boliom: the
internal luminosity profile for the two models; the dashed curve is for the protostellar
case. (Adapted from Marques et al. 2011.)

and the standard one (upper curve). The two curves join each other at a location
near the red edge of the instability strip. The lower panel of Figure 4 displays
the internal luminosity profile of the 4 M, star at the red edge: the solid and
dashed lines are for the standard model and protostellar initial conditions, respec-
tively. The latter corresponds to a thermally unrelaxed luminosity profile, while
the former is characteristic of a fully radiative object. Now, the pulsation charac-
teristics (periods, amplitudes) are particularly sensitive to the internal conditions,
especially in the subsurface regions where the perturbations are excited. Detailed
modeling indicate large differences in the excited linear and nonlinear modes that
could be detected by future observations (Marques ef ol. 2011).

3.3 Massive stars: M.>8 M.,

What happens to massive stars? How can we test their mass and age from the
location in the HR diagram? TIs the accretion scenario developed for low- and
intermediate-mass stars also valid for the most massive objects? Are very high
accretion rates (Mracc > 107* M, yr~1) really required? And, in case, is there
evidence for an increase of .r’\;facc with mass? Since most massive stars are in
clusters, are they the first or the last to form?
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Our understanding of massive star formation is still very limited compared
to that of solar-mass stars, for which a generally accepted theoretical framework
exists. The roles of dynamical interactions and coalescence versus a more stan-
dard core and disk accretion framework are still debated (Beuther ef ol 2007;
Zinnecker & Yorke 2007). Considering the formation mechanism, it is clear that
the accretion scenario that works well for lower mass objects has problems at the
highest masses. The main one is that radiation pressure begins to become sig-
nificant in protostars of intermediate mass. However, infall cannot be stopped as
long as the accretion component dominates the total luminosity. It is known that
for Mue~1075 A vr~!, a protostar joins the main sequence at a mass of ~8 M,
where it releases ~3000 L; less  than the luminosity delivered by
H-burning ( m'l()ﬁ'L»;) at that mass. Hence, the need for higher accretion rates
(for example increasing with mass; see Maeder this volume), indirectly suggested
by the large mass loss rates inferred from the associated outows. How to achieve
the physical conditions for such high values of M., is still not at all clear, although
centrally condensed turbulent cores may serve the purpose (McKee & Tan 2003).
Perhaps, the early suggestions of an entirely different mode of formation based
on growth by coalescence of dense molecular cores (e.g. Stahler et al. 2000), or
by accretion induced collisions and subsequent merging of protostars in the dense
central regions of star clusters (c.g., Bonnell et el. 1998) still represent viable
alternatives.

In addition, progress in this field has been limited in part by the greater
observational difficulties of studying massive protostars that are typically more
distant, embedded, crowded and quickly evolving than their lower-mass counter-
parts. Orion is the closest star-forming region where voung, massive (M/ 81 )
stars are present, and as such is an ideal test case to study observationally and to
understand theoretically. In the following, we will consider the interesting possi-
bility offered by the special geometry around the KL object.

3.3.1 A case study: The massive source T in the Kleinmann-low nebula

Source I in the Orion-KIL nebula is believed to be the nearest example of a massive
star still in the main accretion phase. It is thus one of the best cases to study
the properties of massive protostars to constrain high-mass star formation the-
ories. Near-infrared radiation from source I escapes through the cavity opened
by the OMC1 outflow and is scattered by dust towards our line of sight. Owing
to the extremely high extinction along the line of sight, the direct observation of
the source {photosphere or inner accretion disk) responsible for the high infrared
luminosity of the Orion BN/KL nebula is precluded. However, the source can
be indirectly seen through the scattered light of the surrounding bipolar nebula
{(Morino ef ol. 1998). Morino et al. obtained a 2 pm spectrum of the reection
nebula tracing the radiation that escaped the dust surrounding the massive pro-
tostar possibly along the polar axis of a circumstellar disk. The spectrum shows
absorption features due to CO ro-vibration bands formed at T~4500K, while
the inferred luminosity was estimated to be ~10° L. These features could be
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interpreted as due to either a very large, cool massive protostar {radius =300 Ry,
or the “photosphere” of a very active accretion disk (;Wdisk/?jél X 1073 Moy
e.g., Nakano et al. 2000; Hosokawa & Omukai 2009).

In an attempt to resolve this issue and shed light on this interesting object,
Testi et al. (2010) carried out intermediate resolutions (R~8900) near-infrared ob-
servations of the reflected spectrum from source I from Orion KI.. They confirm
that the absorption spectrum is generated close to the position of source I and scat-
tered to our line of sight in the outflow cavity. However, it was not possible to find
a good match for all the observed absorption features with a single photospheric
template. It is likely that the Orion spectrum is produced by the combination
of a wide range of photospheric temperatures, as in a very active accretion disk.
The velocity dispersions implied by the absorption spectra, c~30kms~!, can be
explained by the emission from a disk around a massive, Myo10~10 My, protostar
that is accreting at a high, M3 x 1073 Me yr— !, rate. The question, then, is
whether such accretion disks are present around such massive protostars. A direct
indication of their existence has been provided by the recent discovery of a com-
pact disk around a ~20 M, young stellar object with a molecular outflow and two
bow shock perpendicular to the disk plane (Kraus et al. 2010).

3.3.2 Massive eclipsing binary systems

A distinguishing character of massive stars is their unusually high multiplicity,
much higher than that of lower mass stars. While the binary frequency of solar-
type stars is about 50% (e.¢., Duquennoy & Mayor 1991), and that of later spectral
types is ~10-15% (e.g., Burgasser et al. 2003), for the more massive O- and B-
type stars it exceeds ~T0% with a strong preponderance of very close systems (e.g.,
Mason et al. 1998; Garcia & Mermilliod 2001). The high multiplicity bears di-
rectly on the formation mechanism in which the peculiar physical conditions (high
densities, both gas and stars) should be responsible for the observed ehnancement.
Below, we will take advantage of this property to attack one of the remaining ques-
tions outlined at the beginning of the section: namely, whether massive stars form
in a cluster at the same time as the lower mass siblings, or if there is evidence for
a late birth. Ultimately, this question can be answered by assigning accurate ages,
but since stars more massive than ~8 M, are born on the main sequence, their
ages cannot be determined by the usual methods of isochronal dating. However,
well resolved, massive and young eclipsing binary systems with low-mass secon-
daries still in the PMS phase could in principle offer a unique way to circumvent
this problem.

Indeed, eclipsing binaries provide very accurate stellar parameters through
photometry and spectroscopy. For double-lined spectroscopy binaries, their light
curves allow to obtain ratios of stellar radii which, combined with spectroscopy, can
vield the physical radii and effective temperatures. On the other hand, velocity am-
plitudes determine mass ratios and the sum of the masses, so that individual masses
can be obtained. Moreover, from the spectra one can derive elfective tempera-
tures, surface gravities, and luminosities. Finally, the reddening and distance can
be obtained from the comparison of the luminosity and the cbserved brightness.
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Thus, a complete characterization of the system can be performed with much
higher accuracy than in the case of single massive objects. For example, the prob-
lem of the discrepancy between the mass derived from parameters determined from
fitting atmospheric models to spectra and from evolutionary tracks does not exist
in the case of eclipsing binary systems (see discussion in, e.g., Bonanos 2009).

A very interesting case of multiplicity is provided by the Trapezium stars,
the most massive objects of the Orion Nebula star forming cluster. Two of the
four brightest Trapezium stars are eclipsing systems. The brightest star, ©' Ori C
is known to be a close visual binary system with a companion at a separation
of 33mas (corresponding to about 15 AU; Weigelt et al. 1999). By tracing the
orbital motion of the system components over a period of a decade, Kraus
et al. (2008) were able to determine a high eccentricity of the orbit (e~0.6}, a period
of ~11.3yr, and total system mass of 447 M, (with a mass ratio My/A; = 0.23)
at a dynamical distance of 410+ 20 pc. More recently, Lehmann et ol. (2010) have
reported evidence for the presence of a third companion in a close eccentric orbit
with a period of ~62 days. By combining astrometric and spectroscopic infor-
mation, they derive the absolute masses of the primary (31 &+ 3 M), secondary
(12 £ 3 M), and of the close third companion (1.01 £ 0.16 M, ). If this initial
discovery is confirmed by future observations, the solar mass companion should
be located well above the main sequence, in a position to allow an estimate of its
isochronal age. However, determining the stellar properties of such a faint star is
an observational challenge, since the light contribution of a one solar mass star is
negligible compared to that of the more massive primary. Nevertheless, it is pos-
sible that in the future the weaker spectral lines will be detected, thus providing
the desired information on the properties of the low-mass companion.

Returning to the eclipsing systerms, BM Ori (= ©! Ori B) and V1016 Ori (= !
Ori A}, their properties have been studied in detail by several authors (e.g., Schertl
et al. 2003; Vitrichenko et al. 2006). Of particular interest is BM Ori, the least
massive of the Trapezium stars, whose components (each a binary system) have a
dynamical mass of M, = 6.3 My and M, = 2.3 My, respectively. When placed in
the HR diagram, the secondary falls very close to the birthline and the two stars
align on the same isochrone for t~1 x 10° yr, within the observational uncertainties
(Palla & Stahler 2001). Thus, this somewhat massive system is very young, much
vounger than the average age of the cluster (~2-3 Myr; see below). Such a young
age could help explaining the so-called “proplyd conundrum” (e.g., O'Dell 2001)
related to the large number of proto-planetary disks (proplyds) observed in the
Orion Nebula cluster and their short lifetimes. Since the UV radiation of the
massive stars is responsible for their excitation, a young age would alleviate the
problem and would lend further support to suggestions that massive stars tend to
form relatively late in a cluster (for a different view on the simultaneous formation
of massive stars and clusters, see Smith et al. 2009).

4 Clustered vs. isolated massive stars

The large majority of high-mass stars are part of stellar groups: voung star clusters
or OB-associations. This observation led to the idea that the formation of a
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high-mass star is intrinsically connected to the formation of a star cluster. The
two competing scenarios for the formation of massive stars, dynamical interactions
and collapse from massive turbulent cores (e.g., Bonnell ¢f ol 1998; McKee &
Tan 2003), make the common assumption that massive stars form inside a star
cluster. However, a population of (apparently) isolated O-tvpe stars is known
to exist in the Galaxy. Some 70% of the O-type stars in the Galaxy are found
in clusters or OB-associations, ~10% are OB-runaway stars, and ~20% are field
O stars (Mason et al. 1998; Maiz-Apelldniz et ol 2004). Then, the question is
whether this non-negligible fraction of isolated stars is truly the result of formation
in peculiar conditions or not.

In an attempt to elucidate the origins of isolated stars, de Wit et al. (2004, 2005)
surveyved some 43 field O stars in the solar neighborhood with V' < 8™ classified
as isolated in the catalogue by Mason et al. (1998) to search for undetected stellar
clusters centered on the sample stars. The study revealed the presence of a well
defined stellar density enhancement near the field O star in five cases (four of them
previously unknown). Thus, the imaging survey revealed that ~85% of the field
O-type stars are in fact isolated. The low detection rate of star clusters leads one
to consider the runaway star hypothesis as a possible mechanism for the origin of
the field O stars.

Within a 2kpe radius from the Sun, the percentage of confirmed O-type run-
away stars is ~10%. They are characterized by high spatial velocities (presently
or in the past) acquired from dynamical interactions in the centres of voung
dense stellar clusters or due to a binary supernova explosion (e.g., Blaauw 1961;
Hoogerwerf et ol. 2001). In order to evaluate the runaway nature for the eld O
stars, de Wit ef al. (2005) re-examined their spatial velocity distribution using
Hipparcos data, their spatial distribution with respect to the Galactic plane, and
their proximity to known voung clusters. The study resulted in the identification
of 22 new candidate runaways, reflecting the importance of dynamical interaction
in young clusters. On the other hand, the fraction of the O-type stars not associ-
ated with a cluster/OB association was found to be 4 4 2% (12 O stars). Among
these stars, only one is a confirmed spectroscopic binary and two are suspected
visual binaries. Thus, unlike the majority of O-type stars that are part of bi-
nary/multiple systems (as discussed before), the presence of a small fraction of
genuine isolated stars indicated a further peculiarity in their formation process.

However, a Monte-Carlo simulation aimed at estimating the probability of
forming massive stars in isolation, assuming that all massive stars are formed in
clusters that are distributed in size according to a power law (e.g., Oey
et al. 2004) down to “clusters” of a single star, shows an interesting result. In-
deed, the observed fraction of isclated stars is expected if the slope of the cluster
mass function (CMF) is 8 = —1.7, largely independent of the shape of the stel-
lar IMF. Interestingly, a similar slope of the CMF is also required to explain the
cluster richness of Herbig Ae/Be clusters due to IMF and CMF sampling (Testi et
al. 1999; Bonnell & Clarke 1999). On the contrary, the commonly adopted value of
3 = —2 observed in the solar neighborhood (Lada & Lada 2003) would predict too
many single O-type stars and too many clusters with only one O-type star. The
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Fig. 5. The cumulative distribution for the total number of stars per cluster (lower full
curves} and the number of O-type stars per cluster {(upper full curves). The dashed curves
correspond to observed mumber fraction for Galactic OB-associations. The observed
number of Galactic eld O-type stars is indicated by the point with errorbar. The left
panel is for a CMF with slope 8 = 2.0 and the right panel for § = 1.7. The latter fits
the observations. (From de Wit et al. 2005.)

resulting distributions are shown in Figure 5. However, Parker & Goodwin (2007)
reanalyzed this issue and found that, by assuming an isolated O star as being an
O star without B-type star companions and allowing for the presence of a cluster
of low-mass stars with a mass <100 My, they could reproduce the small fraciton
of isolated stars with a CMF slope of —2.

In conclusion, although in rare occasions, it appears that the Galaxy is able
to form a single massive star without the requirement of a stellar cluster. More
recently, Plamm-Altenburg & Kroupa (2010) have proposed that the small frac-
tion of isolated stars can be the result of a two-step ejection process in which a mas-
sive binary is dynamically ejected from a star cluster as a result of close encounters
between binaries and single stars or binaries and binaries with subsequent super-
nova explosion of one binary component with recoil of the other binary compo-
nent. In this way, even the apparently isclated field stars may owe their origin to
a crowded environment.

5 The initial mass function

Any attemnpt to understand the origin of stellar groups must address the issue
of their mass distribution. It is not obvious that any single function should
adequately describe all existing systems. In principle, the natural variation in
such environmental factors as the ambient magnetic field, the level of turbulence,
or the molecular cloud temperature prior to cluster formation could vield a wide
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variety of distributions. However, the empirical information from detailed studies
of galactic star forming regions is that massive stars are intrinsically rarer than
their low-mass counterparts. In fact, this property appears to hold in galaxies of
the local universe observed at sufficient resolution to resolve the low-mass popula-
tion, and the general consensus is that it has a universal significance. We present
here some recent developments in the determination of the initial mass function
(IMF), starting from some historical notes.

5.1 A bit of background

It is instructive to briefly revisit the approach followed by E.E. Salpeter in his
derivation of the IMF (see Salpeter 2002 for a vivid account). First, the motiva-
tion to look into this fundamental issue came from the need to prepare a table
containing all the properties of main-sequence stars as a function of mass for a book
on Fnergy production in stars that however was never published. Such data were
not fully available at the time (1954) and in order to obtain them, some extrap-
olations and guesses were necessary. The astrophysical question behind the table
was the lack of knowledge about the amount of enrichment of the interstellar gas
due to the explosion of massive stars, considering that such objects are very rare
at present times. This question was important since just a year earlier Burbidge,
Burbidge, Fowler and Hoyle had shown that the heavy elements are synthesized
in the interior of massive and very massive stars and subsequently released into
the interstellar medium after supernova explosions (Burbidge et al. 1957) . In ad-
dition, the concept of two stellar populations had been introduced by Baade with
the assumption that stars had been forming continuously over the lifetime of the
Galaxy (estimated then at ~6 Gyr).

Then, the relevant question was how many massive stars were born and had
died over the lifetime of the Galaxy. In order to answer it, a calculation of the
initial mass function, or birthrate function was necessary. In order to do that,
several assumptions had to be made that required the knowledge of: the lifetime
of a star as a function of mass, the mass-luminosity relation, and the luminosity
distribution of Population I stars. It is interesting to note that Salpeter, unlike
other prominent scientists of his time (in particular, G. Gamow), did not believe
that the birthrate of massive stars (the heavy element producers) was negligibly
small over the last ~6 Gyr of the life of the Galaxy.

For the calculation, Salpeter made three important assumptions (chuzpah, or
wild guesses): ignore the mass dependence of the star distribution perpendicular
to the galactic disk, assume that the absoclute rate of star formation is constant
over 6 Gyr (Ty), and, most importantly, assume that for brighter Population 1
stars the total Initial Luminosity Function (ILF) is larger than the observed LT
by the factor Ty /mms, where the latter term is the {by then) hypothetical lifetime
of a star of mass M after leaving the main sequence. Salpeter estimated that
s = 0.12 X tg(MS), where the 7q(MS) is the hydrogen burning time on the
main sequence, a known quantity. The result was a simple expression for the IMF
as a power-law with exponent —2.35, if defined per unit mass (Salpeter 1955). In
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Fig. 6. Luminosity function for stars in the solar neighborhood. (From Stahler &
Palla 2004.)

addition, Salpeter was able to calculate that the mass of all stars that have formed
almost equals (~80%) the mass in existing stars, thus implying that massive stars
are indeed very important, and that the number of stars that have died is ~12%
of the number of existing stars. Since the notion of neutron stars or black holes
was still lacking, the dead stars were identified as white dwarfs, whose fraction is
indeed about 10%.

5.2 Current parametrizations for the IMF

Here, we first present a derivation of the IMF for field stars in the solar neighbor-
hood. Then, we will cornpare it with mass functions derived in SFRs and voung
clusters and show that the two mass distributions resemble each other, at least
approximately. The first point to underline is that, even for an uncbscured field
star at a known distance, its mass is not a quantity directly observable (apart
from members of the rare eclipsing binary systems), but rather it is the humi-
nosity within a certain wavelength range. A fundamental statistical property of
field stars is the luminosity function, © (M ). This function is defined so that
® (My ) AMy is the mumber of stars per cubic parsec in the solar neighborhood
with absolute visual magnitude between My — AMy /2 and My + AMy /2. Its
current representation is displayed in Figure 6.
The main properties of the luminosity function can be summarised as:

e The LF rises with increasing My up to My &~ +12, indicating that there are
more faint than bright stars in any fixed magnitude interval.

e The LF levels ofl at about M, = +35: this transition corresponds to stars
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e The origin of the change in slope is due to the fact that low-mass stars with
My Z M have been accunmulating steadily over the lifetime of the Galaxy,
while only a fraction of the brighter, short-lived stars with My <MY, have

~

survived.

e The turnover above My ~2 +12 reflects the decrease in the occurrence of very
low-mass stars and BDs, although its reality is still affected by uncertainty
in the correction due to binary systems.

In order to transform the LF given above into the true initial LF, one must correct
for the relative production of stars of different magnitude. Let 7h..(¢) be the total
Galactic star formation rate per square parsec near the solar position. Then, the
ILF, ¥(AMy ) represents the relative frequency with which stars of a given My
first appear and is normalized to unity: [ W(My)dMy = 1. If we set M| to that
magnitude for which fug = fga, the luminosity function can be written as an
integral over time, where the integration limits depend on My and where one has
ignored the possible time-dependence in W{Ay-) or in the scale height H {3y ):
el b, (8) W(My) 2 H(My)] i My < My

Slga1—tng :

¢ ( My ) =
[y dtm, (8) W (My) [2 H(My)

| if My > M.
Since the MS lifetimes fyg(My ) are known, one can invert Equation (5.1) and
obtain V(M5 ), provided the star formation rate i, (f) is also known. For example,
one can assume a constant value of 1, (¢}, since the final result is rather insensitive
to the adopted functional form.

Ounce W(My ) has been derived, the last step is to obtain the IMF, & (M.}, i.c.
the relative number of stars produced per unit mass interval. Normalizing this
function to unity, the IMF is:

o _dMy
€(M.) = W(My)— ; .

(5.2)

The derivative on the righthand side represents the mass-luminosity relation on
the main-sequence, whose functional form is empirically well known (L~M®, with
a>3). Since My ~log M, it is My ~log M. Then, the IMF is defined per unit
logarithmic mass interval as M.E(M,): ¢ (log M) ~M~135 or ¢ (M) ~M—23
per unit mass. The latter is the original derivation of the Salpeter IMF.

Of course, this simple derivation of the IMF must be replaced by a more
accurate treatment of the various simplification made so far. One of the most
frequently used parametrisations is that proposed by Kroupa et al. (1993) where
for convenience the IMF is approximated by a three-segment power-law:

k (M, /M) 0.1 < M, /M, < 1.0
(M) = k(M. /M) 27 1.0 < M. /M, < 10 (5.3)
0.40k (M. /My) %% 10 < M./M,,
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Fig. 7. The IMF for stars in the solar neighborhood. The dashed line has the slope
—2.35, as in Salpeter. (From Stahler & Palla 2004.)

where k is a normalization constant. Figure 7 depicts Kroupa’s IMF, showing a
distribution flatter than Salpeter’s below ~1 M. and approaching it for masses
>5 Mz, However, the important message of the IMF is that half of all stars are
the fraction drops to 0.3 percent for stars above 10 My . Conversely, 70 percent of
stars have M, > 0.1 M. Thus, the main conclusion is that the star formation
process yields objects with a characteristic mass of a few tenths of M.

More recently, Weidner et al. (2010) have proposed a multicomponent power-
law IMF with exponents that differ from the previous ones as they have been
corrected for unresolved multiple systems. The exponents of the IMF are: —0.3
for 0.01 < M, /Mq < 0.08; —1.3 for 0.08 < M,./M. < 0.5, and -2.35 for 1 <
M, /M. Accordingly, the IMF has a two-part power-law in the stellar regime,
while matching Salpeter IMF for stars greater than ~solar. As a result, BDs
contribute only about 4% by mass. A log-normal form of the IMF below ~1 M,
and a power-law extension to high masses has been suggested by Chabrier (2003):
its shape is remarkably similar to the prescription by Kroupa and collaborators.
Finally, a further parametrization of the IMF has been suggested by De Marchi
et al. (2005) with a tapered power-law form

1Ly a
FAM = g};\[ xm”e [] — e<""'m"/'m”)#l (5.4)
where m,. is the characteristic (or peak) mass, o is the exponent of the power-
law for the upper end of the IMF, and 5 is the tapering exponent that describes
the lower end of the distribution. As we will see below, this functional form
reproduces well the IMF for clusters in SFRs, young open clusters and Galactic
globular custers.
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5.3  The IMF of young clusters and associations

Many recent reviews deal with this topic and there is no need to cover the large
literature available on the empirical determination of the IMF in young clusters and
associations. Useful references include the reviews by Zinnecker & Yorke (2007)
and Bastian et al. (2010), as well as the monograph on the 50th anniversary of the
publication of the IMF paper by Corbelli et al. (2005).

There are several advantages in measuring the IMF in star forming regions.
In the first place, the accuracy is expected to be higher since once can apply ob-
servational tests to the models and there is no need to convert from present-day
mass function to the initial MF. Also, all members of a complex have the same
age and distance (although in some cases, significant spreads in both quantities
are observed) and the completeness of the sample population is larger due to
the fact that (a) both very low-mass stars and BDs are bright when young and
{(b) dynamical evolution and mass segregation are minimized. Finally, an im-
portant bonus is that the initial conditions are directly observable, rather than
guessed.

On the other hand, a number of complications affect in a significant manner
the determination of the fundamental stellar parameters (effective temperature
and luminosity) that allow an estimate of mass and age through comparison with
theoretical models. Among them: excess emission both in the UV and IR due to
accretion and circumstellar disks that produce veiling in the spectra and that must
be carefully accounted for in order to derive the stellar bolometric luminosity; the
presence of significant amount of variable extinction; surface gravity effects that
complicate the conversion from spectral type to temperature. In addition, the
uncertainty in the theoretical models that we have discussed at the beginning

level (e.g., Hillenbrand & White 2004). Finally, true membership is obviously
needed and that requires good spectra for each individual object.

In spite of the difficulties, the most important SFRs in the solar neighborhood
have been extensively surveved, mainly to probe the low-mass end of the IMF, and
some cornmon results have emerged. Obviously, one of the best studied case is the
Orion Nebula Cluster, but we defer to Section 7 for a derivation of the IMF. Other
studies include Taurus-Auriga, Chamaeleon T and 11, IC 348, NGC 1333, ¢ Ori,
p Ophiuchi, and » Cha (e.g., Alcald et al. 2008; Burgess et ol. 2009; Luhman 2007;
Luhman et ol 2009; Lodieu et al. 2009; Marsh et al. 2010; Scholz et al. 2009). The
main results can be broadly summarised as follows:

e The IMF is populated by objects which continuously span a range of mass,

from the most massive stars to substellar objects near the deuterium burning
limit (DBL = 0.012 M,).
e The IMF is characterized by a broad peak near 0.2 M, suggesting a char-

acteristic mass for star formation near 0.2-0.3 solar masses.

& Substellar objects account for only 20-25% of all sources produced by the
IMF. The IMF declines from the HBL to the DBL. BDs are found down to
~5 Myup. Freely floating objects of planetary mass are very rare.
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e The IMF appears universal in form, at least within the uncertainties inherent
in the measurements.

The only significant variation in the IMF is found in Taurus that shows a
remarkable surplus of stars with spectral type K7-M1. All the other SFRs have
distributions that peak around a spectral type M5. As to the properties of the
substellar IMF, theoretical models weakly dependent on the Jeans mass through
dynamical interactions {e.g., Bonnell et al. 2007) predict results consistent with
the observed distributions. Remarkably, the lack of strong variations of stars to
BD ratio is a problem for gravoturbulent models of cloud fragmentation and col-
lapse, as they predict strong variations in the IMF as function of the Mach number
and density and a shift of the IMF peak at higher masses in regions of low tur-
bulence (e.g., Padoan et al. 2007). On the other hand, recent models based on
gravothermal and gravoturbulent collapse appear to reproduce well the shape of
the IMF (e.g., Hennebelle & Chabrier 2008, 2009).

5.4  Final considerations

Extending the discussion to slightly older, but still young (in galactic evolution
terms) open clusters, the IMF has been determined in a number of systems of
increasing age down to the substellar regime. These systems include NGC 2547
(~30 Myr; Jeffries et al. 2004); IC 4665 (~30Myr; de Wit et al. 2006); «Persel
(90 Myr; Barrado y Navascués ef al. 2002); Blanco I (120 Myr; Moraux ef al. 2007);
and the Pleiades (125 Myr; Lodieu et ol 2007). Taking the IMF of the Pleiades
as a benchmark, thanks to the depth and accuracy of its derivation, most clusters
show similar properties characterized by log-normal distributions with character-
istic mass of ~0.2-0.3 M, and modest evidence for mass segregation. The latter
becomes more prominent in older systems as a result of significant dynamical
evolution. This is the case for the Hyades (625 Myr; Bouvier ¢f ol 2008) and
the similarly aged Praesepe (590 Myr; Kraus & Hillenbrand 2007: Boudreault
et f. 2010).

Evidence for a variation of the field stars (Kroupa/Chabrier) IME in older
open and globular clusters mainly ascribable to their dvnamical evolution is clearly
shown in the comparative analysis of De Marchi ef ol. (2010) shown in Figure &.
These authors find that the present-day stellar mass function of large sample of
clusters can be well represented by a tapered power-law with an average value of
the index oo = =2, 8 = 2.5 (consistent with Salpeter), and a characteristic mass
m, in the range 0.1-0.8 M. Quite remarkably, the mass distribution does not
appear to depend on the total cluster mass and central condensation, whereas, as
expected, a definite correlation with the dynamical age is found.

In conclusion, the canonical IMF is understood as an invariant Salpeter power-
law slope above ~0.53 M., independent of the cluster density and metallicities
for metallicities Z >0.002 (e.g., Massey & Hunter 199&; Pflamm-Altenburg &
Kroupa 2006). This remarkable result on the apparent universality of the IMF
lends much credit to the original derivation by Salpeter. However, it is useful
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Fig. 8. The present day mass function for star forming regions, young and evolved open
clusters, and globular clusters. The dashed lines are the fit using the tapered IMF with
the characteristic mass m,. indicated by the arrows. The dashed regions display the
standard deviation of m.. Note the expected shift in the value of m,. for older systems.
{From Bastian et al. 2010.)

to remind a remark made by Salpeter in his 2002 review “Developments (or lack
thereof ) in the 45 years since have been good for me personally, but bad for science:
I had hoped that my IMF was only an average for today and that the actual function
would vary strongly from quiescent to active regions and would also vary from the
young galaxy to the galazy today.”

6 Ages and age spreads in SFRs and young clusters

6.1 The physical motivation: Duration of star formation

The problem of the origin of stars is obviously directly linked to the question of
what supports a massive cloud against its self-gravity before the production of
an interior stellar group: how do individual dense cores, each capable of forming
single and binary stars, arise within the magnetized and turbulent medium that
characterizes molecular clouds? Answering the above questions requires a broader
understanding that is currently at hand, one that connects the birth of individual
stars to the growth and evolution of clouds on a multiparsec scale. A big effort in
this respect is represented by a variety of numerical simulations of cloud evolution
and star formation based on gravoturbulent (e.g., Ballesteros-Paredes et al. 2007)
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or MHD turbulent {e.g., Kritsuk et af. 2009) models. In simple terms, the picture
that emerges from these models is one in which molecular clouds are formed in
large-scale turbulent HI flows and that the intersection of these flows compresses
the gas to the point that it collapses, fragmenting simultaneously into stars over
a broad front (e.g., Hartmann et al. 2008). Star formation is thus considered as
a process that occurs promptly in localized regions where turbulence is dissipated
in a dynamical timescale (Elmegreen 2000). Then, molecular clouds can sustain
star birth only for few million vears.

This dynamic picture contrasts sharply with that suggested by, e.g., Palla &
Stahler (2002) in which the formation of dense cores is not seen as a random event
in the cloud medium, but is supposed to occur in response to some global change
in that medium. One such change would be large-scale, gravitational contraction
of the parent cloud. This contraction presumably occurs through gradual loss of
the mechanical support driven by ambipolar diffusion, i.e. the clouds evolve in a
quasi-static fashion (Mouschovias et al. 2006). The time scale for this process is of
order of ~10 Myt and exceeds that predicted by the dynamic models (Krumholz &
Tan 2007). Empirical evidence in favour of the slow mode of star formation comes
from the reconstruction of the star formation history in clusters and associations
using the classical method of placing stars in the HR diagram to infer isochronal
ages. The application of this method to the most conspicuous regions in the
solar vicinity with a statistically signicant population of young stars has led to
the following conclusions (Palla & Stahler 2000). In general, it is found star
formation began at modest levels roughly 107 yr in the past and increased rapidly
toward the present epoch with an acceleration pattern. This trend is similar in
different systems, although the time scale of the acceleration varies from region to
region, typically 1-3 x 10°% yr. The fast acceleration must be followed by a prompt
deceleration to limit the global star formation efliciency of each unit to the observed
low values (few percent). Evidence for such a steep decline is seen in regions such
as Upper Scorpius and ¢ Ori where the activity reached a peak ~3 x 10°% yr ago
and then dropped essentially to zero owing to the efficient removal of the dense gas
by the radiative and mechanical effects of while additional discussion is provided
by Palla (2004).

It is important to note that the two models of fast and slow star formation
share the same property of a pattern of star birth accelerating with time, but they
depart in an essential respect: in the dynamic mode there is no past activity and
star formation occurs in a single major burst, while in the quasi-static mode there
is a long history that can be traced back to its beginnings.

6.2 Age dating: Methods

How can then one hope to measure ages in clusters and associations at a level
of distinguishing between the two views on the duration of the star formation
process? There are various theoretical methods that provide an answer, includ-
ing the location in the HR diagram or in extinction-corrected color-magnitude
diagrams in comparison to isochrones; depletion of light elements {e.g., lithium)
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during PMS contraction; stellar pulsation. On the other hand, empirical diagnos-
tics for age-dating stars rely on stellar rotation, chromospheric (Ho, Ca 11 H&K)
and coronal (X-rays) activity, Li-depletion trend, age-metallicity and age-velocity
dispersion relations. Most of themn depend not only on age, but also on mass and
that introduces an extra complication in the analysis. None of them is particularly
sensitive to young ages, so that obtaining absolute ages is very difficult and highly
uncertain in any case.

The presence of a relatively old population in young clusters and associations
seems to indicate that molecular clouds can produce stars over extended periods
ot time. Whether the inferred age spread is real or not is the central question to
be answered. Although much information is available from the study of regions of
ongoing star formation, a definite answer cannot come from them since they are
still actively turning dense gas into stars and we cannot infer how long this process
will continue in the future. Thus, active SFRs can only provide a lower limit to
the true age spread.

In contrast, the ideal laboratories to derive reliable age spreads are represented
by two other classes of cobjects: fully exposed, young clusters and associations
(t < 10Myr), and intermediate-age (t~10-30Myr) open clusters. In both cases,
the key to determine their age and age spread is the use of the lithium depletion
history and boundary tests (LDB) as a powerful clock (e.g., Basri et al. 1996). This
method is well known to the stellar community for its successful application to a
number of older open clusters, such as o Per, IC 2391, NGC 2547, and the Pleiades,
with significant revisions of their ages (e.g., Jeffries 2004). In the remaining part
of the section, we will discuss the potential of its application to younger systems.

6.2.1 The lithium test

Empirically, the presence of a strong Li I line at 6707.8 A is an indication of youth
in late-type stars. The observed regularity of the pattern of lithium depletion
in open clusters of different ages indicates that this diagnostic can be used as a
mass-dependent clock (Jeffries & Naylor 2001). Therefore, the combination of
the measurement of the lithium equivalent width in high resolution spectra and
the estimate of the abundance through the use of accurate model atmospheres
and theoretical evolutionary models offers a powerful way to obtain reliable stellar

The lithium test rests on the ability of young stars and brown dwarfs to
deplete their initial lithium content during the early phases of (PMS) contrac-
tion. Young, low-mass stars (M, < 1Ms) begin their PMS phase with the full
interstellar supply of lithium since the central regions are too cold to ignite nuclear
burning during the protostellar phase. As contraction proceeds, the critical tem-
perature for lithium reactions (~2.5 x 10° K) is reached, and the initial content is
readily depleted in fully convective, sub-solar stars (M, < 0.5 M). Even brown
dwarfs with mass >0.065 M can attain central temperatures high enough for
Li-burning (e.g., Basri 2000). It has been shown that the physics required to
study the depletion history as a function of age has little uncertainty, since it
depends only on the stellar mass and radius (e.g. Bildsten et al. 1997). These
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authors also derived simple and accurate (better than ~20%) relations for the
time variation of the luminosity (their Eq. (4)) and for the amount of Li depletion
at a given age (their Eq. (11)) for fully convective objects undergoing gravita-
tional contraction at approximately constant effective temperature and assuming
fast and complete mixing. From the observed luminosity and effective temper-
ature, one can then construct a plot of the mass depletion time relation that is
bounded by the determination of the i abundance.

According to models, fully convective stars in the range 0.2-0.5 M, start to
deplete lithium after about 2 Myr, and completely destroy it in approximately
10Myr (e.g., Baraffe et ol. 1998). Lower mass stars take much longer to burn
lithium, and there is a sharp transition (i.e., the boundary) between fully depleted
objects and those with the initial lithium content. The mass at which the boundary
occurs reveals the age of the cluster. Stars more massive than ~0.8 My only burn
a small fraction of the interstellar value; on the other hand, fully convective objects
(M, < 0.5 M) readily consume lithium while contracting toward the ZAMS.

Returning to the criteria for selecting suitable astronomical objects, the choice
of open clusters with ages between 10 and 30 Myt is dictated by at least three rea-
sons. First, by this time the star formation activity is certainly completed. Second,
the age spread can be better estimated than for older systems since isochrones at
this age do not suffer from crowding. Third, the LDB falls in the stellar regime
(between 0.2 and 0.4 M, for typical distances) and thus can provide strong con-
straints on their internal structure. So far, the LDB test has been determined in
older systems where it falls in the substellar regime. The identification of the best
systems to study is not easy, due to an intrinsic paucity of open clusters of the
appropriate age in the solar vicinity.

The other class of fully exposed, young clusters and associations may be con-
sidered at first sight a surprising choice since one would not expect to see any
feature related to lithium burning and depletion. However, several studies have
shown that this is not true in general, as in the case of the Orion Nebula Cluster,
o Ori, and Taurus-Auriga, as we shall see below.

6.2.2  Li-depletion in young clusters/associations

The first evidence for lithium depletion in a young star was presented by Song
et al. (2002) for the binary system HIP 112312, a likely member of the g Pic
moving group. Interestingly, while the primary star (spectral type M4) showed
no lithium feature, the strong Li 6708 Aabsorption line was seen in the secondary
(~M4.5), a clear sign for the Li-depletion boundary (LDB). Using theoretical
models, Song et al. derived a nuclear age 220 Myr, higher than the isochronal age
of ~12Myr (Zuckerman ef ol. 2001). An even stronger inconsistency between the
two ages was found by White & Hillenbrand (2005) in the case of the star St 34
in Taurus-Auriga whose position in the HR diagram indicated an age of 8 £ 3 myr
vs. a nuclear age of 235 Myr.

Recently, Yee & Jensen (2010) have presented an extended analysis of the
lithium abundance of several low-mass members of the 3 Pic moving group (spec-
tral type K5 to M4.4) finding several fully Li-depleted stars, but no evidence for the
LDB even in the latest-type members (M5), an indication that Li-depletion occurs



F. Palla: PMS Evolution of SFRs and Young Clusters 271

at a faster rate than predicted by the stellar models. The authors also found the
same inconsistency between the nuclear and isochronal ages with models predict-
ing less lithium depletion than observed. As a possible solution to the discrepancy,
Yee & Jensen suggest that the actual radii of the M-type stars are larger than those
predicted by the models (see also Torres et al. 2006). Macdonald & Mullan (2010)
have suggested that the inclusion of a specific treatment of magneto-convection in
low-mass models can change both the isochrones and the rate of Li-depletion in a
significant manner, depending on the extent of the convection region and on the
ionization state of the plasma. However, in order to reconcile the two estimates,
the stars of the & Pic group should have an age of ~40 Myr, a factor of two older
than previous values (21 £ 9 Myr, Mentuch et al. 2008).

Lithium abundances have been obtained in several well known young clusters,
including Taurus, o Ori and the ONC. The main result is that, despite their
young average ages (~1-3Myr), several Li-depleted stars have been discovered in
all of them (Palla et ol. 2005, 2007; Sacco et ol. 2007; Sestito et al. 2008). The
case for the ONC is particulary interesting owing to the presence of several bona-
fide members (membership probability higher than 90%) with Li abundances well
below the interstellar value (factors of ~5 to >100), although the vast majority of
the other ONC members do not show any evidence for Li-depletion consistent with
their young average age. The comparison of the Li-depleted stars with the analytic
prescriptions of Bildsten et al. (1997) are shown in Figure 9. The nuclear age and
mass can be read off by the intersection of the two curves (and the shaded region
gives the theoretical uncertainty), while the mass and age estimates from the HR
diagram are given by the points. As one can see, in four cases the agreement
between the two estimates is excellent (at the level of a few percent), whereas in
two cases the nuclear age is much larger than the other (similar to the case for the
5 Pic group). It is important to stress that the derived ages of about 10-20 Myr
indicate that the ONC does contain objects much older than the average age of the
dominant population. Thus, the star formation history of the ONC extends long
in the past, although at a reduced rate, in accordance with the empirical evidence
found in the majority of nearby clusters and associations (Palla & Stahler 2000)
and, as we shall see below, with the results of a recent analysis of the population
of the ONC that confirms the large spread in luminosity (hence, age) originally
found by Hillenbrand (1997). This empirical finding is supported by theoretical
considerations on the formation of clusters via quasi-equilibrium configurations
over several (3-5) dynamical times (Tan et ol. 2006; Huff & Stahler 2007). For
a different view in which the apparently older population of star clusters can be
due to capture during the formation phase of the underlying older population,
thus saving the idea of a short-lived, highly dynamical process, see, e.g., Plamm-
Altenburg & Kroupa (2007).

6.2.3 LDB in young open clusters

A large effort has been done in the past on open clusters, comparing the cluster
age derived from the LDB in the lowest-mass stars to the isochronal age from a
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Fig. 9. Mass vs. age plot for the six stars of the ONC with evidence of Li depletion.
For each star, the plot gives the luminosity curve (positive slope) and the Li abundance
curve {negative slope} computed for the observed Li abundance. The dashed curves give
the uncertainty range in the observed luminosity {+0.2 dex, long-dashed line} and in the
measured A{Li} (short-dashed line}. The hatched region bounds the values of mass and
age consistent with the observations. In each panel, the solid points with error bars give
the mass and age from theoretical PMS tracks and isochrones (filled: P899; open: Siess
et al. 2000). (From Palla et al. 2007.)

fit of the upper main-sequence (e.g., Barrado y Navascués et al. 1999; Jeflries &
Oliveira 2005; Manzi et ol. 2008). The general result is that the LDB ages tend
to be higher than those estimated from the upper main sequence fitting, although
the difference is reduced for the youngest clusters. This difference is attributed
to the neglect of convective-core overshoot that allows to mix more hydrogen into
the stellar core, thus increasing the main sequence lifetime (by a factor of ~1.5).

Although the LDB technique is model dependent, the difference in the age ob-
tained using a variety of evolutionary models is modest (+10%; Burke et al. 2004)
which explains why the method is still largely used. However, because of the in-
trinsic faintness of the low-mass stars that show the boundary, typically mid- to
late-M dwarfs, and the need of high resolution spectra, the number of open clusters
with reliable LDB measurements is quite limited. The current census includes six
clusters: Pleiades (126 £ 1 Myr; Stauffer ef al. 1998; Burke et ol. 2004), o Persei
(90 - 10 Myr; Staufler et al. 1999), IC 2391 (50 & 5 Myr; Barrado y Navascués
et al. 1999, 2004), NGC 2547 (35 & 4Myr; Jeffries & Oliveira 2005), IC 4665
(27 4+ 5 Myr; Manzi et ol. 2008), Blanco 1 (132 + 24 Myr; Cargile et al. 2010), and
IC 2602 (46 4 6 Myr; Dobbie et ol. 2010).

The young cluster IC 4665 stands out as the youngest open cluster with an
LDB with an age of ~27 4+ 5Myr. The model-dependent mass of the boundary
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Fig. 10. The distribution of confirmed members of the three youngest open clusters:
IC 4665, NGC 2547, and IC 2391 in the K, vs. [Io—K,] diagram. Filled and empty
symbols represent stars of each cluster with and without lithium, respectively. The
hatched squares are the loci of the predicted LD at different ages according to Baraffe
et al. (2002). Also shown are several isochrones from the same models, along with the
ZAMS (solid line}. The light diagonal curves mark the position of the LDB in each
cluster, as labeled. (From Manzi et al. 2008.)

corresponds to M, = 0.24 4 0.04 M. Comparison of the LDB age with the stan-
dard turn-off age (Mermilliod 1981) and that inferred from isochrone fitting of the
cluster low-mass sequence shows an excellent agreement, similar to what found in
NGC 2547 (Jeflries & Oliveira 2005). Thus, the difference between the LDB and
the isochronal value appears to show itself as a function of age, not unexpectedly
if the physical reason for the discrepancy is attributed to convective core over-
shoot. However, the inconsistency can also reside in the approximations of the
PMS models. In particular, the theoretical and empirical bolometric corrections
needed to derive the absolute magnitudes in the Iy or K, band are still affected
by systematic uncertainties due to missing physical processes (such as, opacities,
magnetic activity, etc.) that are not taken into account in current models. The
LDBs for three young clusters are displayed in Figure 10.

7 Revisiting the Orion Nebula Cluster

The ONC is the nearest site of recent massive star formation and serves as a
calibrator and prototype for young stellar clusters. It is also the closest system
where the entire IMT from ~30 M, down to 10 My, can be studied with mini-
mal foreground and background contamination. The cluster has been repeatedly
studied with increasing field coverage both in the visible (e.g., Hillenbrand 1997;
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Robberto et ol 2004) and in the near-IR (e.g., Luhman et ol 2000; Slesnick
et al. 2004; Robberto et . 2010). Thus, it has been possible to identify a popu-
lation of young, nearly coeval, and uncontaminated of about 1-3 x 10* stars aged

Until recently, the most complete work on the characterization of the stel-
lar population remained that of Hillenbrand (1997) who performed a spectro-
photometric analysis, derived the extinction of ~1000 members and used the
dereddened phothometry to place the stars in the HR diagram. The stellar masses
and ages were then derived through comparison with PMS evolutionary models.
However, despite the advantages of such an approach, other factors limited the
accuracy of the estimate of the fundamental stellar parameters. For example, the
nebulosity that surrounds the cluster and the presence of circumstellar material
(disks and envelopes) cause highly non-uniform extinction which must be corrected
for each star. Also, uncertainties in the conversions between colors and magnitudes
to temperatures and luminosities make the construction of an accurate HR dia-
gram based on photometry alone misleading. Even when spectra are available and
estimate of the accretion excess can be directly derived, the uncertainty in the
spectral type-T. sy relation and the difficulty of obtaining spectra in crowded field
with bright, variable background emission limits the accuracy in the determination
of the stellar parameters.

In order to overcome, or to better assess, the impact of such factors, a new
set of ground-based, simultaneous, boradband observations of the ONC has been
presented by Da Rio et al. (2009), based on observations carried out with the WFI
imager at the ESO/MPI 2.2 telescope over a field of about 34 x 34 arcmin. The
sample consists of more than 1000 stars with known spectral type and accurate
estimates of the individual extinction and accretion luminosity. Using a more
appropriate spectral type-temperature transformation and adopting the revised
lower distance to Orion of 414 pc (e.g., Menten et al. 2007 from trigonometric
parallax), instead of the previously adopted value of 475 pe