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Abstract

OB stars, with masses larger than 10M⊙, have a short lifetime amounting only to a
few Myears. In those star forming regions which host massivestars, they end their
evolution when close low-mass stars are still in the Pre-Main Sequence phase (which,
for instance, for the Sun was∼ 40 Myears long). Despite of this rapid evolution, OB
stars play a fundamental role in the star formation process inside their parental cloud.
In fact, OB stars (with masses larger than 10M⊙) interact with the parental cloud, often
inducing or halting the formation of new stars; they influence the evolution of nearby
circumstellar disks and protostellar cores and they inject, at the end of their life, the
heavy elements which have been synthesized in their nuclei.

The observations of such regions in our Galaxy provided several clues about the
influence of massive stars in star formation and disks evolution. For instance, as-
tronomers have observed star forming regions where the cloud structure is modeled by
the radiation from OB stars, forming elongated dense structures, which often are nurs-
ery for new young stars, or entire stellar groups whose formation has been induced by
the compression of the parental cloud by nearby OB stars. In other cases, the cloud is
dispersed before the formation of new stars could start, halting the formation process,
or the mass accretion on the protostellar cores has finished,influencing the final star of
the protostar.

Recently, the observations with the Hubble Space Telescopeof the nearby (∼ 400
parsec) star forming region Orion Nebula Cluster (ONC) provided a dramatic view
of the effects of the incident UV radiation emitted by OB stars on the evolution of
the circumstellar disks. In this region several disks have been directly observed. In
disks close (d ≤ 1parsec) to O stars, the gas is heated by the incident UV radiation
up to several thousands degrees, and it flows away from the disk itself (this process
is the externally induced photoevaporation process). Thisis a very efficient process,
which leads to the destruction of the disk in timescales smaller than the normal disks
evolution by 1-2 order of magnitudes. The effects of inducedphotoevaporation on the
planetary formation, which takes place in circumstellar disks, are still debated.

It is still unclear, then, if the presence of OB stars in a star-forming region promotes
or contrasts star and planets formation. This topic is also important to understand the
origins of our Solar System, since several clues suggest that also the Sun and the Solar
Nebula formed and evolved in proximity of at least one OB star.
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Among the massive star forming regions in our Galaxy, the Eagle Nebula (M16)
and the NGC 6611 cluster in its center are suitable targets toinvestigate how OB stars
affect the early evolution of stars. The cluster contains a rich population of young
stars and more than 50 OB stars packed in a small region, whoseinfluence on small
scale (few parsecs) of the cloud morphology is proved by several detailed images of
the nebula. The scope of this thesis is to study this region tounderstand if, and to what
extent, such a large population of massive stars can affect both the star formation in the
nebula and the evolution of the circumstellar disks in the whole cluster, and not only
in small regions close to O stars.

To achieve these goals, in this thesis I have analyzed multiwalength data, including
optical and infrared data, in a region of 33′ × 34′ centered on NGC 6611, and X-ray
data in a smaller region also including the cluster. These data are used to compile
multiband catalogs of this region, to derive the physical parameters (distance, average
extinction, etc...) of both M16 and NGC6611 and to select andstudy the young stars
associated with this star forming region.

The main results of this thesis are:� a large population of disk-bearing and disk-less young stars have been selected,
associated both to NGC 6611 and to the outer regions of the Eagle Nebula, sug-
gesting that the star formation took place in all the nebula;� physical parameters (such as distance, average extinction, etc...) and the mor-
phology of this star forming region have been studied;� in NGC 6611, the spatial distribution of both disk-bearing and disk-less stars
suggests that circumstellar disks close (within less than 1parsec) to OB stars
experience externally induced photoevaporation;� the star formation history in M16 does not provide evidence that OB stars in
NGC 6611 have triggered the star formation in the whole nebula;� there are indications that star formation in M16 was inducedby an incident giant
molecular shell, which encountered the nebula about 3 Myears ago;� I have selected a conspicuous population of stars with circumstellar disks ob-
served mainly in scattered optical light; their propertiesare studied in detail.
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Chapter 1

Introduction

1.1 Star formation process

1.1.1 From clouds to star clusters

In the last decades several studies have been devoted to understand the star forma-
tion process. Advances in infrared and X-ray astronomy havegiven to astronomers
an unprecedented view of sites in our Galaxy where star formation is ongoing. These
star-forming regions are often associated with dense molecular clouds, indicating that
a significant fraction of the stellar population are born in groups and clusters embed-
ded inside the densest regions of giant molecular clouds (GMCs). These clouds form
usually in 1− 10 Myears, as a result of a poorly understood interaction between inter-
stellar medium, spiral density waves, supernova explosions and gas instabilities (e.g.,
Elmegreen 1991). Once formed, GMCs have a clumpy structure,likely as a conse-
quence of collisions in supersonic turbulent gas flows (e.g., Klessen et al. 2000). This
non uniform structures usually contain cores with masses ranging from a few to some
thousands solar masses, which are the sites of future star formation.

Once these massive cores (M > 50M⊙) are formed, subsequent fragmentation oc-
curs mainly as a consequence of Jeans instability. This process results in gravitationally
unstable substructures whose subsequent inside-out collapse leads to the formation of
protostars (e.g., Shu 1977; Shu et al. 1987; Fatuzzo et al. 2004). Even if we know this
general picture of how molecular clouds turn into stellar clusters and the large number
of observed star-forming regions at different evolutive stages, we lack yet a full under-
standing of this complex process, in which young embedded groups/clusters appear to
be basic units of star formation.

One of the unclear crucial features in star formation process concerns the initial
trigger of cloud collapse. Active sites of star formation may be associated with giant
molecular loops, as the Barnard loop and the Eridanus loop inthe Orion complex
(Reynolds & Ogden 1979). Such structures can be formed by theintense stellar winds
from a large amount of massive stars in their center, or as a consequence of supernovae
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1. Introduction

explosions (Cho & Kang 2007). When the shocks in the interstellar medium created by
these violent phenomena reach interstellar nebulae they can provide the initial trigger
impulse for starting clouds to collapse, triggering a new star formation episode.

A significant fraction (perhaps as high as 90%) of the stars that populate our galac-
tic disk is expected to have formed in clusters. In the scenario proposed by Weidner &
Kroupa (2006) clusters form in an ordered fashion: the low-mass stars form first and, as
molecular cloud contraction proceeds, the formation of more massive stars occurs as a
consequence of larger amplitude density fluctuations. Thisordering may be enhanced
by the build up of massive stars through competitive accretion or mergers (Bonnell
& Bate 2005, 2006), which are the mechanisms which may lead tothe formation of
massive star (Sect. 1.2). This sequence of stars formation has also been proposed to
explain some observative evidence, as the fact that low-mass stars with evolved inner
discs are observed in some star forming regions hosting alsovery massive stars (Clarke
2007).

Stellar clusters undergo a dynamical evolution: stars withlarger masses concentrate
in the cluster core, while those with lower masses in the cluster halo, as a consequence
of the energy equipartition due to the gravitational interactions between cluster mem-
bers. Stellar clusters disperse when low mass stars gain thekinetic energy necessary
to escape from the potential well produced by the cluster itself, mostly after that the
cloud is dispersed and massive stars end their evolution, flattening the potential well.

The fact that young stars are often observed in clusters still embedded in their natal
cloud has important observative consequences. For instance, young stars associated
with a star forming region share the same distance and relatively small age spread, and
in some cases the cloud is dense enough to obscure backgroundsources, which can be
confused with the cluster members.

1.1.2 Pre-main sequence stars and circumstellar disks

Low mass stars in young clusters are typically in the Pre-Main Sequence (PMS) phase
of their evolution. In this phase, the stellar nuclei have not yet reached the physical
conditions necessary to initiate the nuclear reactions, and stars irradiate the gravita-
tional energy released during the collapse. From an observative point of view, low
mass PMS stars are classified as classical T-Tauri (CTTS) stars or weak-lines T-Tauri
(WTTS) stars, depending on the spectroscopic features of stars: in CTTS the Hα line
(656.3 nm) is very intense and broadened by the accretion onto the stellar surface of
gas orbiting around the star in the circumstellar disk; WTTSusually have fainter cro-
mospheric Hα lines.

From the models of the evolution of PMS stars, Young Stellar Objects (YSOs) are
also classified depending on their inferred morphology1 (see Fig. 1.1): protostellar

1The structures which characterize these young stars can be directly observed only in few star form-
ing regions close to the Sun.
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1.1 Star formation process

cores surrounded by a dense accreting envelope are classified as Class 0 objects; in
Class I stars the envelope is still dense, but also a circumstellar disk of dust and gas
(usually in a mass ratio of 1:100) has formed around the central stars; in Class II
objects the central star and the circumstellar disk is not surrounded any more by the
envelope, which has been dispersed by the accretions of gas onto the disk and the
radiation from the central star; in Class III stars also the disk has been evacuated and
the star continues to contract until the nuclear reactions start and the Main Sequence
(MS) phase is reached. Eventually a planetary system forms around the star.

Figure 1.1 Scheme of the evolutive phases of a PMS star, with the different morpholo-
gies and the typical timescales of these phases, along with some details on X-ray and
radio emission. From Feigelson & Montmerle (1999).

Circumstellar disks form as a consequence of the conservation of the angular mo-
mentum of the gas accreting from the envelope to the protostellar core. Since the
centripetal force depends onr−1, wherer is the distance from the central stars, it grows
faster than the gravitational attraction, so the accretioncan proceed up to a given dis-
tance from the protostar, which depends on the initial angular momentum of the accret-
ing material. Gas at high latitudes, i.e. close to the rotational axis, has small angular
momentum and reaches smaller distances from the central star with respect to the gas
close to the equatorial plane, which instead has a larger angular momentum. Accret-
ing gas, then, orbits around the star crossing the equatorial plane at various distances
from the central star, and the disk form since the accreting material loses its vertical
component of the velocity when it hits the equatorial plane.

The morphology-based distinction of PMS stars has a direct correspondence in
the spectrum observed from these objects, allowing a directclassification of young
stars through the observed emission (see Fig. 1.2). Class 0 and Class I sources are
observed only in mid- and far-infrared bands since only the emission from the accreting
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1. Introduction

envelope can be detected. Sometimes, also the central star can be observed through
polar cavities in the envelope. Class II objects are more complex, since the emission
from the central star dominates the optical bands, the emission from the disk in near-
and mid-infrared bands and the emission from the residual envelope in mid- and far-
infrared. In Class III objects only the emission from the stellar photosphere can be
observed (possibly also that from a cold residual debris disk in far-infrared bands), and
these stars can be distinguished from more evolved MS stars thanks to their intense
X-ray emission, which can exceed the solar X-ray emission byfactors of 100 and 1000
(Montmerle 1996).

Figure 1.2 Spectral Energy Distributions of YSOs at variousevolutive phases. From
Lada (1987).

The typical timescale of these evolutive phases strongly depends on the mass of
the central objects, but they are also affected by the environment in which stars form
(mostly by nearby massive stars, see Sect. 1.2.2). In low mass YSOs, the dispersion
of the infalling envelopes (from Class 0-I to Class II objects) occurs in∼ 105 years.
The circumstellar disk are destroyed in∼ 106− ≤ 108 years (from Class II to Class III
objects), even if their Near-Infrared (NIR) emission from disks decrease in timescales
smaller than 10 Myears (Haisch et al. 2001). Once most of the disk is dispersed, low
mass Class III YSOs contract to the Main-Sequence in∼ 107 − 108 years.

The evolution of the structures which characterize the YSOsis also reflected in
the evolution of their Spectral Energy Distributions (SEDs, i.e. the emitted flux as a
function of the wavelength (or frequency) (see Fig. 1.2).
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1.1 Star formation process

1.1.3 Structure and evolution of circumstellar disks

Figure 1.3 Morphology and typical emission of a Class II Young Stellar Objects. From
Feigelson & Montmerle (1999).

Circumstellar disks form during the Class 0-I phases and they are the dominant
structures in Class II objects. Disks are crucial features of the star formation process
since they regulate the angular momentum evolution of starsand they can evolve in
planetary systems. Disks are composed of gas (mainly hydrogen) and dusts (mainly
crystalline water ice and both crystalline and amorphous silicates), in a mass ratio
∼ 100 : 1. Gas dominates disks mass and dynamics, while dusts dominate disks
emission.

Disks can be approximated by a geometrically thin structurearound the star, since
the radial dimensionR is usually larger than the disk scale heightH (H/R << 1),
except in the outer regions. Balancing the gravity attraction from the central star and
pressure force acting on disk, it is possible to see that the conditionH/R << 1 leads
to supersonic orbital velocities. These velocities are in asub-keplerian regime for gas
and small dust grains, of micron and millimeter sizes, whichare dragged by the gas.
Larger solid bodies are dynamically decoupled from the gas.However also they do not
orbit in stable keplerian orbits since their relative motion with respect to the gas causes
a radial drift.

Viscosity plays an important role in various features of disks, for instance the heat-
ing in the equatorial plane and the radial transfer of angular momentum. At present
days there does not exist a complete theory of viscosity in disks, even though the cou-
pling between the ionized gas and the magnetic field is considered to be the mainly
responsible phenomenon for viscosity (Balbus & Hawley 1991). The simplest way to
take into account viscosity effects is theα-prescription (Shakura & Sunyaev 1973),
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1. Introduction

where the viscosity coefficientν is given by a viscosity parameter (α), the disk scale
height (H) and the local speed of sound (cs): ν = αHcs. Viscosity leads to a re-
distribution of angular momentum across the disk, with material which loses angular
momentum drifting toward the central star and material which gains angular momen-
tum and moves far away from the central star itself (Pringle 1981). The spreading both
inward and outward of a gaseous ring due to viscosity is shownin Fig. 1.4.

Figure 1.4 Viscous evolution of a ring with a mass equal tom. Σ is the surface density,
x = R/R0, whereR0 is the initial radius of the ring.τ is a dimensionless time. From
Pringle (1981).

As a consequence, disks both spread up to the typical observed outer radii (∼ 100−
200AU) and they reach the stellar surface, where eventually accretion phenomena,
driven by the stellar magnetic field, can occur. Accreting gas, upon the impact onto
the star, reaches high temperature (up to 105 − 106K) heating the stellar surface and
emitting intense Ultraviolet (UV) and soft X-ray emission (Stelzer & Schmitt 2004).

Several processes lead to the dispersion of circumstellar disks. The inner gaseous
disk is cleared by accretion and stellar radiation pressure, leading to an increase of the
inner disk radius with the time and to a decrease of the temperature of the inner disks.
From an observative point of view, this amounts to a decreaseof the flux emitted in the
NIR bands, approaching with time typical photospheric values. In the outer disk, gas
is dispersed mainly by the radial drift toward the inner disk, driven by viscosity, and
the photoevaporation induced by the radiation from centralstar (Hollenbach 1994).

Photoevaporation occurs when UV photons, both in theExtreme Ultravioletregime
(EUV), with energies ranging in 13.6 eV-100 eV, and inFar-Ultraviolet regime (FUV),
6 eV-13.6 eV, heat the surface of the disk up to high temperatures. If the disk surface
is reached by EUV photons, they ionize the hydrogen atoms heating the gas up to
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1.1 Star formation process

T ∼ 104 K. FUV photons also dissociate the hydrogen molecules, heating the neutral
gas to temperatures typically in the range 100 K< T < 3000 K. The thermal pressure
in heated regions create a photoevaporative flow of gas away from the disk. Fig. 1.5
shows a representation of the photoevaporating flux inducedby the UV radiation from
the central star.

Figure 1.5 Schematic representation of the wind produced byphotoevaporation in-
duced by the central star (Φ). Ionizing radiation from the star creates an ionized layer
on the disk surface. The ionized gas flows away from the disk atapproximately the
sound speed.Rg is the gravitational radius (see text) of the disk. From Alexander et al.
(2006).

Photoevaporation process disperses the disk from outside inward, mostly since the
disk surface density decreases with the distance from the central star (Pringle 1981),
down to the distance (Rg) where the gas is gravitationally bound to the star (i.e., where
the sound speed of the gas, mostly hydrogen atoms, equals theescape speed of the
system):

Rg =
GMstar〈µ〉

kT
≈ 100AU

( T
1000K

)−1 Mstar

1M⊙
(1.1)

whereMstar is the mass of the central star,T is the temperature of the gas in the
disk andµ is the average mass of the gas particles. InsideRg the disk should to be
stable, with a corona of warm gas. It was shown, however, thatsignificant loss of mass
can take place also for smaller radii,r ≤ 0.2Rg (Woods et al. 1996; Adams et al. 2004).
Clarke et al. (2001) have treated the UV photoevaporation bythe central star coupled
with viscous accretion, explaining the observed dispersion times of circumstellar disks.

The thermal NIR emission from the dusts in disks is more intense when the disks
external layer, which is directly illuminated by stellar radiation, is populated byµ−meter
dusty grains. The amount of small grains in the outer layer ofthe disks decreases with
the time since the aggregation mechanisms and settling fromthe disks external layer
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1. Introduction

Figure 1.6 Schematic view of the motion of dusts in a circumstellar disk. From a talk
by C. Dominik (Winter School: “The Early Phase of Planet Formation”, Bad Honneff,
Germany, 2008).

to the midplane (see Fig. 1.6). Typical timescales for settling are not well determined:
some authors (as Dullemond & Dominik 2004) predict times shorter than 1 Myear,
which do not match with the intense NIR emission observed from older T-Tauri stars.
This disagreement could to be explained with an incomplete understanding of the effi-
ciency of turbulent flows inside the disks in shuffling vertically the small grains (Fig.
1.6). Collisional aggregation of micron-size grains (mostly due to electrostatic interac-
tions) occur in the midplane and can be promoted by the entrapment of grains inside the
gaseous turbulent eddies. This can easily lead to the formation of cm-, dm-size porous
aggregates. It is not well understood how this solid bodies can continue to grow up
to Km-size planetesimals, since the collisions between cm-, dm-sized aggregates are
too energetic to allow an electrostatic sticking. Probably, the high porosity of these
primordial aggregates allows a more easily compenetrationof the targets without the
need of the electrostatic forces. Moreover, small micron-size grains can be entrained
in the photoevaporative flux, and dragged away from the disk.All these processes,
briefly described here, lead to the dispersion both of gas (Zuckerman et al. 1995) and
of micron-size grains, in timescales which agree with the observed decline of NIR
emission from circumstellar disks (Haisch et al. 2001; Hillenbrand 2005).

1.2 Massive stars in star-forming regions

In our Galaxy most O and B stars are observed in OB associations (Blaauw 1964)
and star-forming regions (as the ONC; the giant galactic HIIregion NGC 3603 or the
30 Dor region in the Large Magellanic Cloud) together with low- and intermediate-
mass stellar groups (Briceño et al. 2007). These regions are intensively studied to as-
sess important features of star formation; for instance, the different evolution of high-
and low- mass stars in their initial phases, the connection between the star formation
process of different type of stars, the effects of massive stars in the surrounding cloud
and stellar population, and, more specifically, if their intense wind and energetic radi-
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1.2 Massive stars in star-forming regions

ation halt or promote the formation of low mass stars, etc. Several studies have been
devoted to these topics, for instance, Herbig (1962) suggests that the first products of
star formation in OB associations are low- and intermediate-mass stars, followed soon
by massive O stars, which disperse the cloud and stop the starformation. Alterna-
tively, Elmegreen & Lada (1977) and Lada (1987) proposed that low-mass stars form
first from the fragmentation of the cloud across its entire volume. Once the O stars
form, their expanding ionization fronts trigger star formation in neighboring molecular
clouds by radiative compression.

High-mass star form in a different way from low-mass stars, probably not simply
with a scaled-up version of star formation by disk and envelope accretion with higher
accretion rates. Many complex and different physical processes enter the scene for
high-mass stars. First, massive stars emit a significant amount of energetic flux which
ionize and dissociate the surrounding envelope and photoevaporate their own circum-
stellar disks (whose lifetime is smaller than 1 Myear); besides, their radiation pressure
drags away the matter in dense wind-blown outflows. All theseprocesses reduce the
efficiency of gravitational accretion. Second, while low-mass stars have long pre-main
sequence phases (about 30 Myears for a solar type star), highmass stars are usually
already in the main sequence phase when they emerge from the collapsing core. This
happens since an accreted mass of 9-13M⊙ (typical of B stars) is sufficient to initiate
the hydrogen burning in the core, requiring a time shorter than 105 years (Zinnecker
& Yorke 2007). Three different formation mechanisms for high mass stars have been
proposed.

High mass stars can form by accreting material from a massivecircumstellar disk
(monolithic collapse and disk accretion). Yorke & Sonnhalter (2002) modeled the
collapse of isolated, rotating, nonmagnetic, massive molecular cores with masses of
30, 60, and 120 M⊙. They found that a significant amount of mass accretes onto the
protostar before the disk is destroyed. As an example, 33.6 M⊙ accrete from the core
with 60 M⊙ and 43 M⊙ from the core with 120 M⊙. The competition between the
infall of matter and the mass loss rate due to the intense radiation pressure and in-
duced photoevaporation decides the final mass of the star. Some effects increase the
stellar luminosity at which the radiation pressure stops accretion (e.g. theEddington
limit), allowing the star to accrete more mass. For instance, compressivemagnetohy-
drodynamicwaves propagating into the disk could generate discontinuities of its inner
density (photon bubbles), in which large radiation fluxes can pass over decreasing the
radiation pressure acting on the disk Turner et al. 2007).

Alternatively, high mass cores can also accrete large amount of material at large
accretion rates simply thanks to their large mass and since they form in the densest
cores of clouds, which produce deeper gravitational well (competitive accretion and
runaway growth), following the idea that “the richer gets richer” (Bonnellet al. 1997,
2001). Despite of the monolithic collapse model, in this case massive stars form in the
center of a stellar cluster which produces the gravitational well, and no disk is required.
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1. Introduction

Figure 1.7 Schematic diagram of the gas accretion and cluster gravitational potential
in a stellar cluster subject to a competitive accretion. From Bonnel & Dobbs (2007).

This model has the consent of some authors and it is supportedby some observational
evidence, but it has also been criticized on the basis of the ignored effect of turbulence
in the accreting clouds and the radiative feedback (Krumholz et al. 2005). Fig. 1.7
shows a scheme of star formation with a competitive accretion, where the cluster forms
a large scale potential well which funnels gas toward the core of the cluster. The star
closer to the core are able to accrete more gas, becoming a massive star which has a
deeper potential well, with respect to the other stars, thenaccreting even much more
gas.

Finally, since massive stars are found in very dense cores ofclusters, it is possible
that high masses occur as a consequence ofstellar collisions and merging. These
interactions seems to be unavoidable in most of the highly populated massive star
forming regions, and they can overcome the upper limit of stellar mass imposed by
radiation pressure.

1.2.1 Feedback of massive stars on star formation

It is a debated question whether the stellar population produced by the collapse of a
molecular cloud depends or not on the environment in which star forms. This ques-
tion is related, for example, to the universality of the Initial Mass Function (IMF, see
Elmegreen et al. 2008, and the calculations of Bate 2009)2. In particular, the role of
massive OB stars in young clusters is not clear; they disperse the cloud halting the
star formation process with their energetic radiation, which ionizes the HI clouds into
HII, and their intense winds. Moreover, their intense UV radiation may contribute to

2The IMF is a function which describes the mass distribution of stars produced in a given event of
star formation.
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1.2 Massive stars in star-forming regions

dissipate the protostellar cores, emerged from the evaporating parental clouds (Hester
et al. 1996), and the circumstellar disks around nearby YSOsby photoevaporation (i.e.
Störzer & Hollenbach 1999), altering also the evolution ofnearby circumstellar disks.
The dissipation of disks induced by the environment in a given cluster usually is stud-
ied comparing its percentage of members still having a disk with cluster with different
stellar content but similar age (Haisch et al. 2001). On the other hand, the radiation
and stellar wind from OB stars may induce the compression of the parental cloud and
then the formation of subsequent generation of stars (McKee& Ostriker 2007).

The formation of new stars triggered by massive stars can be observed with sev-
eral methods. For instance, in young, not yet relaxed, clusters the age of members at
different distances from massive stars can show the importance of induced cloud com-
pression for the formation of new stars. This method has beenapplied with success in
several cases, such as the HII regions RCW 79 (Zavagno et al. 2006), Sh 217, Sh 219
(Deharveng et al. 2003) and in the star-forming regions 30 Doradus (Walborn & Blades
1997) and NGC 1893 (Negueruela et al. 2007).

Depending on their number, triggering of star formation by massive stars appears
to take place not only close to them, but also on large length scales (Elmegreen et al.
2008). The Sco OB2 association is one example of large scale triggered star formation.
Following (de Geus et al. 1989), the first star formation events occurred in the center
of the molecular cloud (the Upper Centaurus Lupus subgroup); star formation, then,
have been triggered on both sides of the cloud, leading to theUpper Scorpius and
Lower Centaurus Crux associations. Instead of this sequence of events, Preibisch &
Zinnecker (1999, 2007) proposed the large scale triggeringof star formation by a series
of supernova explosions in Sco OB2. Both studies derive the observed spatial trend of
stellar age inside the nebula, which is confirmed to be one of the main tool to study
triggered stars formation.

There are two kinds of triggering mechanisms (e.g., Karr & Martin 2003): the
“collect-and-collapse” process and the radiation-drivenimplosion (RDI). In first mech-
anism (Elmegreen & Lada 1977), the expanding ionization fronts of an H II region
accumulate a shell of dense gas and dust, which fragments andcollapses forming the
next generation of stars. In the RDI mechanism (Kessel-Deynet & Burkert 2003),
first the molecular cloud is photoionized by massive stars radiation; then, this creates
a shock front from the surface of the cloud inward, which compress the cloud itself
which reaches the critical density to start the gravitational collapse. The scheme in
Fig. 1.8 shows how massive stars formed in a HII region can destroy the cloud itself
and trigger the formation of new stars.

1.2.2 Influence of massive stars on nearby circumstellar disks

Sect. 1.1.3 describes how the photoevaporation induced by the central star is an impor-
tant mechanism which leads to the dispersion of gas in the outer disk (and in the whole

11
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Figure 1.8 Schematic evolution of a HII region where massivestars have swept the
cloud and triggered the star formation. From Hester & Desch (2005).

disk if coupled to viscosity). OB stars emit a large amount ofenergetic radiation which
can induce photoevaporation also in nearby circumstellar disks. In this case, the exter-
nally induced photoevaporation is much more violent than that induced by the central
star, with the typical timescale for disk destruction lowerby one order of magnitude.

Externally induced disks photoevaporation have been directly observed in the Orion
Nebula Cluster by optical observations performed with the Hubble Space Telescope.
Johnstone et al. (1998), Störzer & Hollenbach (1999) and Adams et al. (2004) have
studied the photoevaporating disks in the Trapezium in the ONC (which hosts one O
star and three B stars), around the massive starΘ

1 Ori (spectral class O6, with a pro-
duction rate of∼ 2.6× 1049 s−1 ionizing photons; Panagia 1973). These studies found
that induced photoevaporation in FUV regime (with the disk heated up to∼1000K) de-
stroys in∼ 106 years, down to 1 AU, a disk of a 0.2M⊙ central star, located 1017-1018

cm away fromΘ1 Ori. For distances smaller than 1017 cm fromΘ1 Ori, the EUV pho-
tons penetrate the evaporating shell around circumstellardisks and heat the disks up to
∼ 10000K. This increases significantly the mass-loss rate in the photoevaporating flux,
decreasing the timescale necessary for disks destruction by one order of magnitude.
The effects of photoevaporation are clearly evident in Fig.1.9, which shows some
stars with circumstellar disk that have been directly observed in the ONC (inside and
outside the Trapezium) by the Hubble Space Telescope. The disks in the left panels
are not affected by induced photoevaporation, and are simply observed as dark and
approximately circular silhouettes against the bright nebula. On the contrary, those in
the right panels are close toΘ1 Ori and then affected by induced photoevaporation.

12



1.2 Massive stars in star-forming regions

Each of these disks are surrounded by the gas in photoevaporation, shaped as a comet
by wind and radiation pressure fromΘ1 Ori. These disk are often called “proplyds”

Figure 1.9 Circumstellar disks directly observed with the Hubble Space Telescope in
the Orion Nebula Cluster. Each field has the side of 1800 AU. Inthe left panels the
disks are seen as dark silhouettes against the bright background (O’dell & Wong 1996).
In the right panels the circumstellar disk are surrounded bythe gas in photoevaporation
(Bally et al. 2000).

The effectiveness of induced photoevaporation should alsodepend on the mass of
the central star (i.e. on its gravitational attraction). Asan example, in a disk around
a M dwarf (0.25M⊙) the mass loss rate in the photoevaporative flux is one order of
magnitude larger than from a disk around a 1M⊙ star (Adams et al. 2004)

One of the most important feature of induced photoevaporation is its effects on
the grain population inside the disks. There is evidence that this process leads to an in-
crease of the average dimension of grains population. First, micron-sized grains, which
are dynamically coupled with the gas, are dragged away from the disk in the evaporat-
ing flux, leaving only the larger grains in the disk. This process has been invoked to
explain the observation at 24µm, in the young cluster NGC 2244, of proplyds close to
the only O star of the cluster (see Fig. 1.10). In fact, the radiation in 24µm observed
from the proplyds in of NGC 2244 is thermal emission from a population of small
grains dragged in the photoevaporative flux (Balog et al. 2006), while the proplyds in
the ONC shown in Fig. 1.9 have been observed in narrow opticalbands sensible to
the emission of heated gas of both the cometary envelope and disk. Second, since the
depletion of gas in the disk, and the decrease of the gas-to-dust ratio, the disk could
more easily meet the criteria for gravitational instability, leading a more rapid grain
growth.

It is debated if also the Solar Nebula formed close to some massive star. The
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Figure 1.10 Candidate photoevaporating circumstellar disk observed in NGC 2244 at
24µm by Balog et al. (2006).

paucity of gas in Neptune and Uranus with respect to Jupiter and Saturn could to be
explained if the outer region of the solar nebula lost a largeamount of gas by externally
induced photoevaporation. There is further evidence that the solar system was born at
∼ 0.2 pc from a massive star. For instance, radioactive26Al, typically present in the
wind of massive stars in the end of their evolution, should tobe present at the birth of
solar system (Lee et al. 1976); moreover, the formation of chondrules inside meteorites
require the impact of energetic supernovae ejecta on the Solar Nebula (Hewins 1997).

However, some authors (for example Eisner & Carpenter 2006)have claimed that
the externally induced photoevaporation is not an efficientmechanism for the trunca-
tion of circumstellar disks around low-mass PMS stars. In their N-body simulations of
the evolution of clusters with a population between 100-1000 members, Adams et al.
(2006) claimed that the destruction of the circumstellar disks and young planetary sys-
tems are rare events. The debate about this topic, then, is still open, and we still lack
evidence about the evolution of disks in clusters hosting large amounts of massive
stars.

Fig. 1.11 shows a possible sequence of events in a HII region,where the radia-
tion from a massive star compresses the cloud inducing the formation of stars inside;
then the Evaporating Gaseous Globules (EGGs)3, with an YSO inside, emerge from
the cloud. When the EGG is dissipated, the disk is directly illuminated by the ener-
getic radiation from the massive star and experiences photoevaporation, which forms
the cometary envelope similar to those shown in Fig. 1.9. Finally, the massive star
explodes in a supernova, whose ejecta hit and enrich the nearby circumstellar disks of
synthesized elements.

3Globules of gas emerged from the photoevaporating front of the cloud, and which can contain YSOs
in the mass accretion phase (Hester et al. 1996)
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Figure 1.11 Scheme of the evolution of an HII region where a massive star triggers the
star formation and influences the evolution of nearby circumstellar disks. From Hester
& Desch (2005).

1.3 The Eagle Nebula and NGC6611

The Eagle Nebula (M16), in the constellation Serpens Cauda,is one of the most active
star-forming sites in the Sagittarius arm. Both the nebula and the young open cluster
NGC 6611 in its center, are perfect targets to study the star formation in the presence
of massive stars, since the large number of such stars associated with the cluster (54
OB stars, among which thirteen of O spectral type, Hillenbrand et al. 1993) and the
evidence provided by several authors that star-formation activity is still in act in various
regions of the nebula (see the review of Oliveira 2008). Fig.1.12 is an image of M16 in
a broad band centered on 8.0µm (Indebetouw et al. 2007), a band at which the thermal
emission from the dusts associated with the nebula dominates that from stars. In this
image it is possible to see all the most prominent structuresof the Eagle Nebula. The
central cavity, wide about 5.5′, has been created by the winds and radiation from the
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massive stars in NGC 6611. The ionized gas inside this HII region has been studied by
several authors, who derived a complex velocity field, related to the interaction of the
ionized flow with the surrounding material.

Figure 1.12 22′×30′ image of the Eagle Nebula at 8.0µm, obtained with Spitzer/IRAC.
At the distance of the nebula (see Sect 3.1.2), the size of this sky region corresponds
to 10.5× 14.3 parsecs. NGC 6611, some peculiar nebular structures and two massive
stars discussed in the text are also indicated.

Belikov et al. (1999) obtained a map of visual extinctionAV
4 of the nebula. They

found that the central cavity corresponds to one of the less dense region of the nebula,
with the visual extinction that increases from South to North, where the molecular
cloud is still dense.

The distance of the Eagle Nebula has been estimated by several authors with differ-
ent methods. Its determination is complicated by the fact that the interstellar extinction
does not follow the canonical law

AV

EB−V
= 3.1 (1.2)

4AV gives the amount of stellar radiation scattered or absorbedby interstellar medium, and it is
related to its density and the distance of the source.
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1.3 The Eagle Nebula and NGC6611

in the direction of M16, likely because the grain populationin the interstellar
medium in this direction is on the average larger than the usual galactic population.
In the Eq. 1.2EB−V is thecolor excess, equal toAB− AV; V andB are two broad bands
centered respectively on∼ 0.55µmand∼ 0.45µm. Several authors derived the value of
the ratio in the Eq. 1.2 in the direction of the Eagle Nebula, with results in the range
3.5− 4.8 (a typical value is 3.75, derived by Hillenbrand et al. 1993). The distance of
the cloud was derived with spectroscopic parallax by Hillenbrand et al. 1993 (2.0±0.1
Kpc) and Dufton et al. 2006 (1.8± 0.1 Kpc); with infrared photometry by Kharchenko
et al. 2005 (1.7 Kpc) and Bonatto et al. 2006 (1.8± 0.5 Kpc); with optical photometry
by Belikov et al. 1999 (2.1± 0.1 Kpc).

Since the work of Walker (1961), several studies have been devoted to the rich
population of OB stars associated with the Eagle Nebula. These massive stars are con-
centrated mostly in the central cavity inside the molecularcloud. Such an amount of
massive stars is responsible for an intense UV field in the cluster center; for instance,
just the three most massive stars in NGC 6611 emit about 5 times the ionizing flux of
the O stars in the center of the Trapezium in the Orion Nebula Cluster (ONC), where
disks photoevaporation has been directly observed (Störzer & Hollenbach 1999). This
is the main reason why NGC 6611 is among the most suitable targets to study the
influence of massive stars on star formation. Hillenbrand etal. (1993) found that the
massive population of NGC 6611 has an average age of 2 Myears,with a typical spread
of 1 Myear, even if one of the massive members (with a mass of 30M⊙) is about 6
Myear old. The non-coeval formation of massive stars in NGC 6611 was also con-
firmed by the spectroscopic study of Dufton et al. (2006). Concerning the formation
process of the massive stars in the cluster, Duchêne et al. (2001) performed an adaptive
optics survey of NGC 6611, finding a high frequency of massivebinaries (18%± 6%).
This percentage of binaries is consistent with the canonical accretion scenario for the
formation of the massive stars in the cluster. The most massive star in NGC 6611 is
W205 (see Fig. 1.12) with a mass equal to 75-80M⊙ and a spectral class O3-O5 V
(Hillenbrand et al. 1993; Evans et al. 2005). W205 is the mainsource of ionizing flux
in the nebula, accounting for half of the total UV flux (Hesteret al. 1996).

Only few OB stars are far away from the cluster center. Among them, the most
noticeable is W584, a O9V star (see Fig. 1.12), about 6.5′ far from the approximate
cluster center in the North-West direction. As suggested bythe [8.0] IRAC image of
the Eagle Nebula, this star should have created a cavity in the nebula with a radius of
about 1.5′ (0.7 parsec).

The most debated studies about the Eagle Nebula concern the triggering of star
formation by the massive members and their influence on circumstellar disks evolution
and YSOs first evolutionary stages. Hillenbrand et al. (1993) made the first detailed
study on the intermediate-mass (3< M/M⊙ < 8) cluster members. They selected a
rich population of Pre-Main Sequence (PMS) stars, with age ranging from 0.25 Myear
to 1 Myear, finding no convincing evidence that the formationof these stars has been
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triggered by the older massive stars in the cluster. The origin of the observed age
spread is not yet understood, but Gvaramadze & Bomans (2008)hypothesized that the
age spread could be understood if the oldest massive stars are blue straggler5, while
the younger PMS stars formed in a successive generation. This hypothesis agrees
with a scenario in which massive stars formed with the mergermechanism (Bonnell
et al. 1998), rather than the canonical accretion scenario,as suggested by the high
binary fraction. More recently, Indebetouw et al. (2007) studied the PMS population
of NGC 6611 and the whole Eagle Nebula, using data in four broad bands centered on
3.6µm, 4.5µm, 5.8µm, 8.0µm, obtained with the IRAC detector on board the Spitzer
satellite. Also these authors found an age spread of about 3 Myears, without evidence
of a sequential star formation.

Other authors studied the PMS population of NGC 6611 in orderto derive the
Initial Mass Function (IMF) of the cluster and its dynamics.In their study based on
Near-Infrared (NIR) data inJ, H andK band (respectively centered on 1.2µm, 1.6µm
and 2.2µm), Bonatto et al. (2006) estimated a cluster core radius of 0.70±0.08 parsecs
and a core relaxation time6 of 0.73 Myear. They also found that the IMF in the core
is practically flat, with an excess of high-mass stars with respect to the standard IMF
(Salpeter 1955; Kroupa et al. 2001). Instead, in the whole cluster, the IMF is similar
to that in other star forming regions of our Galaxy. This result was interpreted as a
consequence of a partial mass segregation inside the core, and not as an influence of
the radiation from the massive stars on the mass accretion innearby protostellar cores.
A similar result has been obtained in the optical-infrared study (in four bands from 0.9
µm to 1.6µm) of Oliveira et al. (2009), based on data collected with instruments on
board of the Hubble Space Telescope (HST). In their work, theIMF of a central region
of NGC 6611 has been obtained, down to the brown dwarf regime (i.e. from 1.5 to
0.05M⊙), without evidence of effects due to the presence of massivestars.

To test if the UV radiation from the massive stars of NGC 6611 has dissipated the
nearby circumstellar disks by induced photoevaporation, Oliveira et al. (2005) evalu-
ated a disk frequency7 equal to 58%± 5% in the central region of the cluster with a
study based on photometric data from 0.9µm to 3.8µm. This frequency is similar to that
observed in other clusters with similar age, but with a smaller amount of massive stars
(Haisch et al. 2001). These studies on the disk frequency andthe IMF in NGC 6611
suggest, then, that massive stars have not influenced the evolution of the YSOs in the
cluster and that they have not triggered the star formation in the nebula.

No evidence of sequential star formation has been found in NGC 6611 even if var-

5Massive stars that are hotter, and then their spectra are shifted to higher frequencies, than stars with
similar mass. The main hypothesis about their nature is thatblue stragglers formed from the merging of
close binary systems.

6The time necessary for an equipartition of the energy (potential and kinetic) among the cluster
members

7Ratio between the number of the disk-bearing cluster members on the total number of members.

18



1.3 The Eagle Nebula and NGC6611

ious active star-forming sites in the nebula are known. The most famous are certainly
the “Pillars of Creation”: elongated gaseous structures, 1.5′ long, shaped by the radia-
tion from massive stars. The gas in the heads of these structures is exposed directly to
the ionizing UV radiation from the massive members, and is warm and dense (T ∼ 40K
andn ∼ 105cm−3, Andersen et al. 2004). Direct evidence of ongoing star formation
in the pillars was found by Healy et al. (2004), who detected eight water masers8 in
these structures, and McCaughrean & Andersen (2002) who detected infrared excesses
from 15% of the EGGs emerging from the pillars. With an observation obtained with
the ACIS-I detector on board of CHANDRA satellite, Linsky etal. (2007) studied the
X-ray sources (0.5-8 keV) in the pillars, finding no X-ray source associated with the
EGGs. This could mean that the EGGs do not contain protostars, or that they are so
young that they are not X-ray active yet or they are deeply embedded in the cloud.

Other active sites are present in the Eagle Nebula. The Bright Rimmed Cloud
SFO30 is a bright region in IRAC bands∼ 6′ far from the cluster center northward,
where water maser and NIR-excess sources have been found (Hillenbrand et al. 1993;
Healy et al. 2004; Indebetouw et al. 2007). An embedded massive star in formation
has been found 8′ far from the cluster center in the West direction (Indebetouw et al.
2007). In the opposite direction (∼ 7′ eastward from the cluster center) there is another
elongated structure called ColumnV, probably modeled by the radiation from the mas-
sive stars of the cluster, where star formation activity is proved by water masers (Healy
et al. 2004) and candidate Herbig-Haro objects9 (Meaburn & Walsh 1986). Finally,
Indebetouw et al. (2007) found a new cluster of embedded objects inside the denser
region of the Eagle Nebula, 16′ distant from the cluster center in North-East direction.

8Emission fromH2O molecules exited by maser action. They are typical of star-forming regions.
9Nebulosities formed by the collision with the surrounding media of high-velocity gas ejected by

disk-bearing YSOs.
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Chapter 2

The multiband catalog and data
analysis

In order to determinate the main parameters (as distance andage) of the Eagle Neb-
ula and NGC 6611, to select the stars associated with them andto study the effects
of massive stars on the star formation and the evolution of YSOs and circumstellar
disks, I analyzed photometric data at optical, infrared andX-ray wavelengths of this
region. In general, a multiwavelentgh approach is useful tostudy stars associated with
star-forming regions since the complex morphology of YSOs.Optical data are nec-
essary to assess the stellar properties of stars, as mass, age and extinction. Moreover,
gas accretion from the circumstellar disk onto the central star can result in an excess
of emission in optical/UV bands with respect to the photospheric values. Infrared
data are necessary to select disk-bearing stars, since the thermal emission of dusts in
the disks, with temperature from some tens of kelvins to about 1000K, is typically in
infrared bands. X-ray data are crucial to select disk-less stars associated with star-
forming regions, since their intense X-rays emission (e.g.: Montmerle 1996). The first
part of this chapter describes the various set of data used inthe study of M16 and
NGC 6611. These data have been used to produce two multibandscatalogs of the
sky region falling in a 33′ × 34′ region and corresponding to the Eagle Nebula: one
joining the WFI (optical), 2MASS/PSC (NIR), IRAC/GLIMPSE (NIR and MIR) and
ACIS (X-rays) catalogs; the latter with WFI, UKIDSS/GPS (NIR), IRAC/GLIMPSE
and ACIS catalogs. The compilation of these two catalogs wasnecessary since the dif-
ferent features of UKIDSS/GPS and 2MASS/PSC. For instance,the former is deeper
of about 3 magnitudes, reaching stars at smaller masses thanthe latter. On the other
hand, WFCAM images, used in the UKIDSS survey, saturated forless bright stars than
2MASS images, so the derived magnitudes are useless for these stars.

Fig. 2.1 shows the 33′×34′ image in I band of the Eagle Nebula obtained with WFI,
with overplotted the Fields of Views (FoVs) of WFCAM (dashedboxes) and ACIS-I
(inclined boxes). These data and the respective FoVs are described in the following
sections.
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Figure 2.1 WFI-I image of the Eagle Nebula with the fields of UKIRT/WFCAM
(dashed boxes) and ACIS-I (inclined boxes), described in the text. NGC 6611 is in
the center of the ACIS-IC − f ield. North is up, East is on the left.

2.1 Optical data from observations with WFI@ESO

Optical data inBVI (from 0.4µm to 0.9µm) bands have been obtained on 29 July 2000
with theWield Field Camera(WFI), mounted on the 2.2 meter telescope of theEuro-
pean Southern Observatory(ESO) in La Silla (Chile), as a part of the ESO Imaging
Survey (EIS, Momany et al. 2001). WFI is a mosaic of 4×2 CCDs each of 2048×4096
pixels, separated by gaps of 23′′.8 in right ascension and 14′′.3 in declination, for a fill-
ing factor of 95.5%. The FoV of each CCD is then 8′.12× 16′.25, and the total WFI
FoV is 33′ × 34′.

A WFI image in I band of the Eagle Nebula, with NGC 6611 in the center, is
shown in Fig. 2.1. Table 2.1 shows the details of the 10 WFI images of NGC 6611: the
seeing conditions were good during all the night, which was of photometric quality. In
addition 19 images of 3 standard fields were used for the photometric calibration (see
Sect. 2.1.1).

In order to derive accurate stellar photometry, raw images should to be processed
using suitable tasks, in order to use them to derive accuratestellar photometry. Instru-
mental calibration (Bias, OverscanandFlat-Field corrections1) was performed with
IRAF (Images Reduction and Analysis Facilities) using theMSCRED package. It was
also necessary to remove theFringe Pattern2 from the images inI band. I used the

1These corrections are necessary respectively to: remove a constant electronic noise; remove
columns of the CCDs not exposed to the light; correct for the different pixels sensitivity

2This pattern is created by multiple reflections of the light inside the detector, and it is more evident
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Table 2.1 WFI observations of the Eagle Nebula, obtained on 29 July 2000.

Image Exposure time(sec) Starting Time Filter Seeing(arcsec)
NGC6611− 1 30 00:17:02.136 Ic/lwp 1.17
NGC6611− 2 240 00:19:18.375 Ic/lwp 1.31
NGC6611− 3 240 00:25:00.508 Ic/lwp 1.07
NGC6611− 4 30 00:31:28.294 V/89 1.43
NGC6611− 5 240 00:33:43.779 V/89 1.31
NGC6611− 6 240 00:39:21.946 V/89 1.43
NGC6611− 7 30 00:46:09.205 B/99 1.43
NGC6611− 8 30 01:00:40.413 B/99 1.07
NGC6611− 9 240 01:02:21.695 B/99 1.07
NGC6611− 10 240 01:07:40.906 B/99 1.17

IRAF taskRMVFRINGE and the WFI fringe pattern3 which reproduces the interfer-
ence figure.

I used theDAOPHOT II/ALLSTAR/ALLFRAMEprocedures (Stetson 1987, 1994)
to detect the point sources in the WFI images and to obtain their BVI magnitudes and
their positions from the PSF4 fitting. For all exposures, I also obtained an aperture
correction5 to the magnitudes with the routineDAOGROW (Stetson 1990) which uses
thegrowth-curvemethod.

2.1.1 Photometric calibration

At this stage, stars magnitudes were not in the standard photometric system (the Johnson-
Kron-Cousin system). The transformation of magnitudes from the instrumental to the
standard system (photometric calibration) is performed using observations, performed
the same night, of stars whose standard magnitudes are known(Landolt 1992; Stet-
son 2000). For the calibration of the WFI images of M16, the standard fields SA107,
SA92 and SA112 have been observed. The instrumental magnitudes of standard stars
in these fields have been obtained usingDAOPHOT II/ALLSTAR.

The photometric calibration were computed for each CCD using the routineCCD-
STD; the transformations were applied to the standard stars by the routineCCDAVE
and finally to all the stars by the routineTRIAL (Stetson 2005).

in I andR bands.
3available at:http://www.ls.eso.org/lasilla/sciops/2p2/E2p2M/WFI/CalPlan/fringing
4ThePoint Spread Function(PSF) gives the distribution of the photon emitted by a pointsource in

the surface of a detector
5This correction is necessary since the wings of the stellar profile can fall outside the region in which

the aperture photometry is performed or the PSF model is applied.
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Usually, the typical transformations for the photometric calibration are in the form:

O = M + Z + K × Q+ A1 ×C (2.1)

whereO are the instrumental stars magnitudes;M are standard magnitudes in the
Johnson-Kron-Cousin system,Z is the magnitude zero-point,Q is the airmass of the
observations,C is a suitable color;Z, A1 and the extinction coefficientK are the coef-
ficients to be determined.

For the WFI observations of M16, it was necessary to include aposition-dependent
polynomial in the transformations, to allow for the dependence of the observed mag-
nitudes on star position in the WFI mosaic, due to the not uniform illumination of the
detector (Manfroid & Selman 2001; Koch et al. 2003; Corsi et al. 2003). Moreover,
since the standard fields were not observed in a sufficiently wide interval of airmasses
(from 1.148 to 1.22), I assumed the extinction term’s coefficients typical for La Silla6:
0.14, 0.28 and 0.09 for theV, B and I band respectively. I also included a time-
dependent term in the transformations to take into account the time variability of the
extinction. Therefore, the general form of the used transformations is:

O = M + Z + K × Q+ Pcolor + At × T + Px + Py (2.2)

wherePcolor is a polynomial of first and possibly of second order which takes into
account color terms;T is the time of the observations;Px and Py are polynomials,
with order≤ 3, of the position of the stars in the CCD (thex axis is in the West-East
direction, they axis in the North-South direction).

Figure 2.2 Difference between catalogedV magnitudes of the standard stars and those
determined with the transformation (2.2).

Since both the standard and instrumental magnitudes of standard stars are known,
they have been used to calculate with a fit all the coefficientsof the transformation
(2.2). Fig. 2.2 shows the differences between the V magnitudes of the standard stars
from literature and those computed with the transformation(2.2) with the obtained

6available at:http://www.ls.eso.org/lasilla/sciops/2p2/E2p2M/WFI/zeropoints
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2.1 Optical data from observations with WFI@ESO

Figure 2.3 Residuals of the fit performed to calculate the transformations forV mag-
nitudes vs. the spatial coordinates in two WFI CCDs of WFI mosaic. In the upper
panels two transformations without a coordinate polynomial were used, while in the
lower panels the transformations included a coordinate polynomial (Eq. 2.2).

coefficients. The standard deviation of the distribution ofthe residuals of the fit is
0.031, smaller than the standard deviation (0.067) obtained using the transformation
(2.1). In the other bands the results are analogous: the standard deviations obtained
with the transformation (2.2) were 0.036 inB and 0.029 inI , systematically smaller
than those derived with transformation (2.1).

As an example of the need to use the transformation in Eq. 2.2 of positions poly-
nomials, Fig. 2.3 shows the residuals of the fit vs. thex andy positions assuming no
position dependence (upper panels) and with the position correction (lower panels).

2.1.2 The optical catalog

The optical catalog, obtained with the procedure describedin the previous sections
comprised 28827 stars. To calculate the celestial coordinates of the stars from their po-
sition on the CCDs, I used the All-Sky Point Source Catalog from the Two-Micron All
Sky Survey (2MASS) as a reference catalog. The 2MASS catalogwas chosen for its
good astrometric precision (70-80 mas; Cutri et al. 2003). Iused the IRAF taskCCXY-
MATCH to find a list of common sources between the reference catalogand our optical
one, with a matching tolerance of 0′′.5. In this procedure the celestial coordinates were
projected in a plane with thetanxprojection (a combination of tangent plane projection
and polynomials). The plate solutions were computed fittingthe celestial and pixel co-
ordinates of the common stars with the taskCCMAP. The transformations were then
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2. The multiband catalog and data analysis

applied with the taskSKYPIX to obtain celestial coordinates of the stars.

2.2 Infrared data from 2MASS/PSC survey

ThePoint Source Catalog(PSC) of theTwo Micron Sky Survey(2MASS, Cutri et al.
2003) provides data in the NIRJHK bands (respectively centered on 1.24µm, 1.66µm,
and 2.16µm,) of 99.998% of the sky, including the Eagle Nebula. The observations
have been performed with the northern 2MASS facility at Mt. Hopkins, AZ, and the
southern 2MASS facility at Cerro Tololo, Chile. Both telescopes have a diameter of
1.3 meters, and they are equipped with three detectors of 256× 256 pixels (spatial
resolution of 2′′) in order to perform simultaneous observations in the threebands.
Images have been taken with 1.3 seconds of exposure time, to reach a signal-to-noise
ratio greater than 10 at the limit magnitudes (J = 15.8m, H = 15.1m andK = 14.3m) at
which the PSC is complete.

As explained in the explanatory manual7, in the automatic pipeline sources pho-
tometry has been performed with two methods:� photometry inside apertures of 4′′ with an annulus for the estimation of sky

brightness between 14′′ − 20′′ and an aperture correction;� interpolation with a model of PSF inside an aperture of 1′′.3, with an aperture
correction.

Photometric precision for non saturated sources is∼ 1−2%. For magnitudes in the
9m−14m range, sources positions are known with an accuracy of 70-80milliarcseconds.

A total of 30703 2MASS point sources fall in the 33′×34′ WFI FoV. Among them,
I excluded the following groups of sources with unreliable photometry:� sources with bad fitting with the PSF model, as indicated by anhighχ2 value;� sources not detected in all the expositions of the sky regionin which they fall;� sources whose magnitude errors have not been evaluated;� sources with possible contamination by persistent images or diffraction spikes

created by very bright sources;� sources with electronic contamination.

This selection was performed using the quality flags provided by the PSC8. With
these criteria, I selected 25920 2MASS sources with good photometric flags.

7http://www.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html
8I rejected those stars withCC-flagequal toP, D, S andB; PH-qualequal toE, F andX or PH-qual

equal toU only if the rdflagwas equal to 6.
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2.3 Infrared data from UKIDSS/GPS survey

Figure 2.4 Spatial distribution of all the 2MASS sources with good photometric flags
(left panel) and those with also thecc f lag , C, i.e. without any suspected confusion
in band-merging (right panel). North is up, East is on the left.

I have not removed from the catalog the sources with high probability of confu-
sion with nearby sources in the process of merging the detections at different bands
(cc f lag = C). This choice was necessary since this problem affects a large number
of selected sources (10037), mostly in the sky region coincident with the cluster. This
is shown in Fig. 2.4, where the points mark the selected 2MASSsources with good
photometric flags (left panel) and those also without suspected confusion (right panel).
While in the left panel there is a higher sources density in the center of the image,
in correspondence of NGC 6611, in the right panel sources have an almost uniform
distribution, without any evident concentration and with aless populated region in the
center. The main caveats in this choice is that confusion in the band-merging process
between nearby sources can give a single source with non photospheric colors.

2.3 Infrared data from UKIDSS/GPS survey

Infrared data inJHK bands have been also taken from theGalactic Plane Survey(GPS,
Lucas et al. 2008) of theUnited Kingdom Infrared Deep Sky Survey(UKIDSS), based
on observations with theWide Field Camera(WFCAM, Casali et al. 2007) on the
United Kingdom InfraRed Telescope(UKIRT). The UKIDSS near-infrared sky survey,
which began in May 2005 and will survey 7500 square degrees ofthe Northern sky,
extending over both high and low Galactic latitudes, is the successor to 2MASS. In
fact, UKIDSS is three magnitudes deeper than 2MASS (JHK downto K = 18.3m).

The survey instrument is WFCAM, which is the UKIRT near-IR wide field camera.
WFCAM is a 2× 2 array of Rockwell Hawaii-II CCDs, each with 2048× 2048 pixels,
with a spatial scale of 0.4′′ per pixel, much smaller than the scale of telescopes used
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2. The multiband catalog and data analysis

Figure 2.5 Spatial distribution of good UKIDSS/GPS sources(points) in the WFI FoV.
North is up, East is on the left.

for 2MASS observations (2′′ per pixel). The CCDs FoVs are partially overlapped,
such that 4 separately pointed observations can be tiled together to completely cover
a square of sky of 0.75 square degrees. Typical FWHM is 0.8′′. Infrared observations
with such high spatial resolution are crucial in studies of crowded clusters as the core
of NGC 6611. In fact, spurious matches in the merging processbetween different
bands are not a crucial problem with UKIDSS, thank to its large spatial resolution.

GPS survey covers the entire northern and equatorial Galactic plane plus the Taurus-
Auriga-Perseus molecular complex (Lucas et al. 2008), covering 1800 sq. degs inJHK
to a depthK = 19m, including also the Eagle Nebula. The observations consistof short
exposures for a total integration time of 80sec. (J andH bands) and 40sec. (K band).
Zero-point calibration of the GPS catalog is performed using 2MASS standard sources
(Lucas et al. 2008). The WFCAM FoVs in the Eagle Nebula are shown in Fig. 2.1
(dashed boxes). All the fields are adjacent with a small overlapping.

In the WFI FoV fall 207964 UKIDSS/GPS sources. Following theon-line explana-
tory manual9, I selected those sources with:priorsec=0 (sources not duplicated in
close observations),mergedclass=-1(stars-shaped sources),JHKerrbit<256(sources
with moderate quality warnings), for a total of 159999 sources down toJ = 19m.
This is a restrictive sources selection necessary in order to produce a reliable list of
cluster members, since, for instance, 10% of sources with high possibility to be noise
(mergedclass=0) could be stars, and sources classified as galaxies and probable galax-
ies (mergedclass=+1,-3) could be unresolved pairs of point sources.

9http://surveys.roe.ac.uk/wsa/index.html
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2.4 Mid-Infrared data from GLIMPSE survey

Figure 2.6J versusσJ for all the stars in 2MASS (left panel) and UKIDSS (right
panel) catalogs. The dotted horizontal line indicates the 0.02m error, considered to be
the minimum reliable value.

Fig. 2.5 shows the spatial distribution of good UKIDSS/GPS sources falling in
the WFI FoV. Their distribution have not an evident clustering in correspondence of
NGC 6611, since WFCAM observations, thank to their depth, mostly include back-
ground giant stars associated with the Galactic plane. Instead, the bidimensional den-
sity of UKIDSS/GPS sources follows the variation of cloud density, as it will be shown
later (see Sect. 3.2). The evident gaps between the WFCAM FoVs are due to the
JHKerrbit selection of good sources, which excludes most of the spurious detections,
which are mainly concentrated in the border of the FoVs.

Fig. 2.6 shows the magnitude errors in J band for the stars in 2MASS (left panel)
and UKIDSS (right panel) catalog. It is evident that UKIDSS/GPS contains stars with
good photometry at much fainter magnitudes with respect to 2MASS/PSC. However,
Lucas et al. (2008) claim that millimagnitude errors quotedin UKIDSS/GPS catalog
are not reliable, and they should to be replaced with a lower limit of 0.02m. This
minimum photometric error has been assumed in this thesis, to avoid to underestimate
systematic errors. On the other hand, 2MASS catalog is necessary to study bright stars
(saturated in the WFCAM images) and those falling in the gapsbetween WFCAM
FoVs.

2.4 Mid-Infrared data from GLIMPSE survey

Photometry at wavelengths longer thanK band (2.2µm) is very useful to study young
PMS stars, since in these bands the emission from stellar photosphere is usually small
compared to the emission from disk and envelope, and the effects of extinction due
to the interstellar medium are less important. Such data have been taken from the
public catalogGalactic Legacy Infrared Mid-Plane Survey Extraordinaire(GLIMPSE;
Benjamin et al. 2003) created with theInfrared Array Camera(IRAC), mounted on the
Spitzer Space Telescope (Fazio et al. 2004).
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2. The multiband catalog and data analysis

The Spitzer Space Telescopewas launched on 2003 August 25 by a Delta rocket
from Cape Canaveral, Florida. This satellite is the final mission in NASA’s Great Ob-
servatories Program: a family of four orbiting observatories, each observing the Uni-
verse in different bands (visible, gamma rays, X-rays, and infrared). This program also
includes the Hubble Space Telescope (HST), the Compton Gamma-Ray Observatory
(CGRO), and the Chandra X-Ray Observatory (CXO). Spitzer incorporates a telescope
with a primary mirror of 85 cm of diameter, cooled down to 5.5 K, and three scientific
instruments: IRAC and MIPS, for imaging at wavelengths from3.6 to 160 microns,
and IRS, which provides spectroscopy from 5 to 38 microns. With these instruments,
Spitzer obtained images and spectra by detecting the infrared emission which is largely
blocked by the Earth’s atmosphere and cannot be observed from the ground.

IRAC is a four-channel camera which provides simultaneous 5.12′×5.12′images
at 3.6µm, 4.5µm, 5.8µm, and 8.0µm. Two adjacent fields of view are imaged in pairs
(3.6µm and 5.8µm; 4.5µm and 8.0µm) using dichroic beamsplitters. All four detector
arrays in the camera are 256× 256 pixels in size, with∼ 1.2′′×1.2′′for pixel. The
two short-wavelength channels are imaged by composite detectors made from indium
and antimony. The long-wavelength channels use silicon detectors which have been
specially treated with arsenic. IRAC is a powerful survey instrument because of its
high sensitivity, large field of view, mapping capabilities, and simultaneous four-colors
imaging.

The IRAC data of the Eagle Nebula are part of GLIMPSE10 survey (a total of
444000 images created in 111000 different sky positions), which actually encompasses
a large fraction of the Galactic plane. The GLIMPSE survey, in fact, spans 130 de-
grees in longitude (65 degrees on either side of the center ofthe Galaxy), and 2-4
degrees in latitude, including also M16. GLIMPSE observations in the field contain-
ing NGC 6611 cover the entire 33′ × 34′ WFI FoV, with the exception of a region
towards the North-West of about 7′ × 10′. In the observed sky region a total of 41985
sources have good photometry.

2.5 X-ray data from Chandra observations

X-ray observations of the Eagle Nebula have been obtained with theAdvanced CCD
Imaging Spectrometer(ACIS-I) detector on board theChandra X-ray Observatory.

Chandra is the X-ray telescope launched by NASA in July 1999,as part of the
NASA’s Great Observatories Program, with on board a high resolution mirror, two
imaging detectors, and two sets of transmission gratings. These instruments allow
observations at high spatial resolution, with a wide passband, from 0.1keV to 10keV,
and the capability of performing high resolution spectroscopy. Two detectors can be
placed on the telescope focus: theHigh Resolution Camera(HRC) and ACIS.

10Manual available at http://www.astro.wisc.edu/sirtf/docs.html

30



2.5 X-ray data from Chandra observations

ACIS can be used with two configurations: ACIS-I, for imagingand ACIS-S, used
in conjunction with theHigh Energy Transmission Grating(HETG) for high resolution
spectroscopy. ACIS-I is a 2×2 array of CCDs, each of 1024×1024 pixels correspond-
ing to a pixel size∼ 0.492′′, accounting for a good spatial resolution and, at the same
time, medium spectral resolution (∆E/E ∼ 50 if the HETG is not used, otherwise
∆E/E ∼ 500) . The field of view is of about 17′ × 17′. In the standard operating
mode, the time resolution is 3.2 seconds, corresponding to the time interval at which
the detector is read.

X-ray data were obtained from three Chandra/ACIS-I observations of the Eagle
Nebula (see Table 2.2 and Fig. 2.1 for the corresponding FoVs): one pointed to
NGC 6611, in the center of the nebula (Linsky et al. 2007); theother two at East
and North-West (PI: Guarcello). The centers of the latter two pointing have been cho-
sen in order to have the ColumnV and the embedded cluster (seeSect. 1.3) near the
centers of the ACIS FoVs, where the PSF is narrow and sensitivity is better. These
two pointings have been obtained to explore in X-rays also the outer regions of M16.
Thereafter, I will call these fieldsC-field, E-field and NE-fieldrespectively.

Table 2.2 CHANDRA/ACIS-I observations of the Eagle Nebula.The E − f ield has
been observed in four different days.

Obs. ID Field name RA DEC Exposure time Date
(J2000) (J2000) Ksec

978 C − f ield 18 : 18 : 44.7 −13 : 47 : 56.5 78Ksec 2001− 07− 30
8931 NE− f ield 18 : 19 : 12.0 −13 : 33 : 00.0 80Ksec 2008− 05− 28
8932 E − f ield 18 : 19 : 36.0 −13 : 47 : 24.0 31Ksec 2008− 06− 02
9864 E − f ield 18 : 19 : 36.0 −13 : 47 : 24.0 23Ksec 2008− 06− 07
9865 E − f ield 18 : 19 : 36.0 −13 : 47 : 24.0 17Ksec 2008− 06− 04
9872 E − f ield 18 : 19 : 36.0 −13 : 47 : 24.0 9Ksec 2008− 06− 09

Data reduction was performed with CIAO 4.011 and the CALDB 4.1.1 calibration
files. I analyzed the observations of the outer fields and, to perform a consistent study,
also that in theC − f ield, which was already analyzed in Linsky et al. (2007). For
each observation, starting from aLevel 1event file, which contains the positions, time
arrivals and energy of each photon, aLevel 2event file has been produced using the
ACIS PROCESSEVENTCIAO tool. In the Level 2 files were retained only events
which produced in the detector a charge distribution not compatible with cosmic rays
(grades=0,2,3,4,6andstatus=0). The 0.5′′ event position randomization added in the
Chandra X-ray standard data processing has been removed, since it could affect the

11http://cxc/harvard.edu/ciao
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source position determination.

For sources detection process it is mandatory to produce a 1 keV exposure map us-
ing theMERGEALL task. This map is essentially an image of the effective area of the
telescope at each sky position, accounting for the effects of the satellite dither motion
during the observation, which are especially important near the edges of the detector.
Point sources detection was performed withPWDetect12, a wavelet-based detection
algorithm developed at INAF-Osservatorio Astronomico di Palermo (Damiani et al.
1997). PWDetect found 1158 sources in theC− f ield, 363 in theE− f ield and 315 in
theNE− f ield with a threshold limit of 4.6σ, corresponding to 10 expected spurious
detections, and considering only photons in the 0.5-8 keV energy band. After a careful
visual inspection of the detected sources, I removed 11 double detections of the same
source found at different scales. Using PIMMS13 and the relationLX vs. stellar mass
found by Preibisch et al. (2005), I verified the homogeneous completeness of the three
ACIS-I observations of M16.

Photons extraction was performed with the IDL packageACIS Extract14 (AE, Broos
et al. 2002), which uses software as CIAO and FTOOLS. The procedure adopted for
photons extraction takes into account that the PSF stronglydepends on the sources
off-axis distance (θ): PSF is narrow and approximately circular in the inner partof the
field of view (θ . 5′), while it has a non-Gaussian shape at large off-axis, becom-
ing broader and more asymmetric. Moreover the fraction of PSF used for the photon
extraction depends on the crowding. Extraction from a largefraction (e.g. 99%) of
the PSF would allow to collect almost all source photons, butwith high risk of con-
tamination from nearby sources and a decreasing source significance for the inclusions
of regions where source counts are less than background counts. On the other hand,
extraction from regions that are too small may reduce the photon statistics for further
spectral and timing analysis. In this case, I decided to define an extraction region equal
to the 95% of the PSF where sources crowding is not severe. Theprocedure of AE
comprises the following steps:� the calculation of the model of PSF at each source positions,using theMARX

observations simulator for ACIS;� redefinition of initial source positions (previously estimated by PWDetect as-
suming a symmetric PSF) correlating the source images with the model of local
PSFs. This procedure is extremely useful for those sources lying at off-axis
larger than 5′;� photon extraction in a region containing the 95% of the individual PSF;

12http://www.astropa.unipa.it/progettiricerca/PWDetect
13http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
14http://www.astro.psu.edu/xray/docs/TARA/aeusersguide.html
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2.5 X-ray data from Chandra observations

Figure 2.7 Spatial distribution of UKIDSS/GPS sources (points) and X-ray sources
(black dots) in the WFI FoV. The three ACIS-I FoVs are also shown (dotted boxes).
North is up, East is on the left.� the estimate of the local background, which vary across the field since the ex-

tended PSF wings of bright sources and their readout trails;� calculation of theProb no sourceparameter, which gives the reliability of each
source.

In order to compile the joined catalog of X-ray sources, it must be noted that the
overlap region betweenE − f ield andNE− f ield is very small (Figg. 2.1, 2.7), with
only few sources found in both observations. Because of the larger overlapping region,
to find sources in common betweenC− f ield andE− f ield I matched the two individual
lists of sources with a matching radius15 equal to 1′′ for sources with the off-axis (the
largest among the two values) smaller than 7′ and 2′′ for larger off-axis. These cross-
correlation radii have been chosen after visual inspectionof the matched sources. A
total of 76 sources were found in both fields, with no multiplematches. After the
cross-correlations, our catalog consist of 1755 X-ray sources. Fig. 2.7 shows the
spatial distribution of X-ray sources, which are evidentlyclustered in correspondence
of NGC 6611. However, also the external fields are significantly populated.

15See Sect. 2.6 for a description of the matching procedure.
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2.6 Cross-correlation procedure

The multiband catalogs of M16 have been produced matching the lists of sources de-
tected with the instruments described in the first part of this chapter. The matching
procedure consists of the identification of different counterparts, in two or more cat-
alogs, of the same stars. This procedure uses a cross-correlation radius, which is the
largest distance at which two different detections are identified as counterparts of a
single star. In optical and infrared catalogs, the precision at which sources positions
are known does not vary across the field, so the cross-correlation radius is the same for
all stars. As explained in Sect. 2.5, the PSF in the ACIS-I observations degrades for
larger off-axis. For this reason, the cross-correlation radius in the matches with ACIS-I
catalog depends on the sources off-axis.

In a general match between two catalogs ofN1 andN2 stars, the cross-correlation
radius can be estimated studying how the number of casual (spurious) matches growths
with increasing the matching radii. If the catalogs are physically uncorrelated and
objects are uniformly distributed across the fields, the differential growth of spurious
matches is given by:

Nsp(r)∆r = N1 × N2 ×
π × r × ∆r

A
(2.3)

whereNsp is the expected amount spurious matches in an annulus of radius∆r,
A is the total area where the cross-correlation is performed,r is the cross-correlation
radius.

Eq. 2.3 is not directly applicable if the catalogs are correlated. In this case, there
is a number of real matches, which has a maximum at a given cross-correlation radius
which depends on the precision at which star’s positions areknown. It is possible to
modify the Eq. 2.3 in order to evaluate the numbers of spurious matches in this case.

In the Eq. 2.3 (and in the equivalent cumulative equation which gives the number
of spurious matches in circles instead of in annuli)N1 andN2 are now the number of
non-correlated sourcesN1,nc andN2,nc. The quantityN1 andN2 are both given by the
sum of the non-correlated sources (N1,nc andN2,nc) and the correlated sources (Ncorr).
The latter quantity is equal in both catalogs. Moreover, at agiven cross-correlation
radius, the total number of matches (Nmatches) is given by the sum ofNcorr with the
spurious matchesNsp. These relations lead to the following system of two equations,
which can be resolved to obtainNsp andNcorr:

Nsp = (N1 − Ncorr) × (N2 − Ncorr) × ∆A (2.4)

Nmatches= Ncorr + Nsp

34



2.6 Cross-correlation procedure

Figure 2.8 Differential distributions of the total, spurious and correlated matches of the
stars in common between WFI and 2MASS/PSC catalogs.

where∆A is the ratio between the area of the annulus (or that of the circle) and
the total area. In the various matches, I used the largest cross-correlation radius at
which the distribution of spurious matches are negligible with respect to that of the
real matches. This is a good choice in order to minimize the number of objects with
anomalous colors due to source mismatches (for the reasons explained in Chapter 4).
As an example, Fig. 2.8 shows the differential distributions of total, spurious and
real cross-correlations between WFI and 2MASS/PSC catalogs, at increasing matching
radii. In this figure it is evident as for radii> 1′′ almost all the identifications are
spurious, while within a radius of 0′′.6 the∼95.4% of true matches are found.

Since in the ACIS-I field the PSF degrades at large off-axis, to match optical+infrared
and X-ray catalogs the matching radius has to depend on the sources off-axis. I defined
the matching radius (in arcseconds) for each X-rays source as:

rmatch= A× (−0.7+ 0.005× θ) (2.5)

whereθ is the off-axis and the expression inside the brackets is an interpolated
relation from the sources off-axis and the position error derived by PWDetect (see
Sect. 2.5). Eq. 2.5 holds forθ ≥ 5′, since for smaller off-axis the position errors do
not vary and the cross-correlation radius is set equal to a constant (evaluated in Sects.
2.7.1 and 2.7.2).

The value forA in Eq. 2.5 is evaluated again comparing the distributions ofspu-
rious and real matches. I adopted the procedure described above to fix the matching
radius (in this case to fixA), with the difference that the X-ray sources are not evenly
distributed in the whole ACIS-I fields, so it is not possible to use the Eq. 2.4 to evalu-
ate the distribution of expected spurious matches. In orderto obtain this distribution, I
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Table 2.3 Results of the cross-identification.

Number of stars WFI detection 2MASS detection IRAC detection
20063 no no yes
2732 no yes no
14636 no yes yes
18334 yes no no
1936 yes no yes
3122 yes yes no
5438 yes yes yes

produced 40 casual X-ray lists of sources from the X-ray catalog, using 40 rigid trans-
lations of the X-ray source coordinates (from 1′ to 4′ in each direction). The expected
distribution of spurious matches at different radii (each radius correspond to a value
of A) has been obtained matching the “false” X-ray lists of coordinates with the opti-
cal+infrared catalog and averaging out the number of coincidences found with each of
the 40 “false” catalogs.A is set as the higher value at which the distributions of the
expected spurious matches is negligible with respect to that of real matches.

2.7 Final multiband catalogs

2.7.1 WFI+2MASS/PSC+IRAC/GLIMPSE+X-ray catalog

The match between WFI, 2MASS/PSC and IRAC/GLIMPSE catalogshave been per-
formed with a matching radius of 0.3′′. This value has been chosen with the criteria de-
scribed in Sect. 2.6, and it is also equal to the astrometric precision of IRAC/GLIMPSE
catalog with respect to 2MASS/PSC (see Sect. 2.1.2). The cross-correlation between
the combined optical+infrared and the X-ray catalogs have been performed withA = 1.
Table 2.3 summarizes the results of the cross-identification process.

5438 stars have counterparts both in WFI, 2MASS/PSC and IRAC/GLIMPSE cata-
logs. This sample exhibits a significant spatial clumping incorrespondence to NGC 6611
and it includes 480 X-ray sources, suggesting that cluster members are mainly included
in this sample. The catalog also contains 575 X-ray sources without optical or infrared
counterpart.

Fig. 2.9 shows theV vs.V− I diagram for the stars in the WFI FoV (gray points)16.
In the left panel squares mark the optical sources with also X-ray emission. They
identify a well defined locus in the diagram, delimited by twodashed lines. Since

16In all the color-magnitude and color-color diagrams of thisthesis are plotted only stars with errors
in magnitudes smaller than 0.1m and than 0.15m in colors
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Figure 2.9V vs.V − I diagram for the stars in the WFI FoV (gray points). The squares
mark the optical sources detected in: X-rays (left panel), 3.6µm (central panel), 8.0µm
(right panel). The dashed lines are isochrones of 0.1 and 5 Myears at the cluster dis-
tance (see Sect. 3.1.2).

X-rays emission is more intense in PMS than MS stars, this region defines the cluster
locus, i.e. the region of the diagram populated by stars associated with the Eagle
Nebula. The large majority of optical sources are in the locus of the diagram on the left
of the cluster locus, and they are mainly field Main-Sequencestars up to the distance
of the nebula (i.e. not associated with the Eagle Nebula).

In the central and right panels of Fig. 2.9 squares mark the optical sources detected
respectively also at 3.6µmand 8.0µm. In the diagram in the central panel, optical+[3.6]
sources show a bimodal distribution: 71% of these objects are in the bright field stars
locus, withV ≤ 19m, thus being mostly foreground stars not associated with theEagle
Nebula; the remaining 29% withV > 19m, are in the cluster locus. This bimodal distri-
bution is shared also by the optical+[8.0] sources (right panel), with a clear separation
between bright field stars and faint young stars which could to be associated with the
Eagle Nebula. Furthermore, the spatial distributions of optical+[3.6] stars fainter than
V = 19m and optical+[8.0] stars fainter thanV = 18m clump in correspondence of the
cluster, as expected for young stars associated with M16 andNGC6611.

2.7.2 WFI+UKIDSS/GPS+IRAC/GLIMPSE+X-ray catalog

The multiband catalog compiled with UKIDSS/GPS is the main catalog of this study,
thank to the depth and the high spatial resolution of GPS catalog compared to 2MASS/
PSC. It has been used for the determination of the parametersof NGC 6611 and for the
main selection of stars associated with the Eagle Nebula. Inthe matches between the
optical and the infrared catalogs I used a cross-correlation radius of 0.3′′ (that is also
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Table 2.4 Results of the cross-identification.

Number of stars WFI detection UKIDSS detection IRAC detection
9468 no no yes

126286 no yes no
25510 no yes yes
11378 yes no no
787 yes no yes

10100 yes yes no
6650 yes yes yes

the astrometric precision of UKIDSS/GPS with respect to 2MASS/PSC). In the match
between the optical+infrared catalog with that of X-ray sourcesA (Eq. 2.5) has been
set equal to 1.

Table 2.4 shows the results of the cross-identification (190684 sources with at least
one detection). The number of multiple matches in the catalog is reasonable low (860,
including 88 produced in the match with X-ray catalog).

The number of X-ray sources without any counterpart inside the ACIS-I fields in
the WFI FoV is 504. Considering the spatial distribution of the X-ray sources, they are
in percentage more numerous in the outer fields. One possiblehypothesis is that these
are mostly extragalactic sources, but I will return to this point in Sect. 4.4.

Fig. 2.10 shows theJ versusJ − K diagrams for all the stars in WFI FoV. The
arrows in the diagrams are thereddening vectors, which indicate howJ and J − K
vary due to interstellar extinction. As in the diagram in Fig. 2.9, the X-ray sources (in
the upper left panel) define the cluster locus, even if some ofthese stars haveJ − K
slightly larger than the red limit of the cluster locus (J−K ∼ 1.5m). This can be due to
an higher local extinction or excess inK band due to the presence of a disk. Note also
that inJ band X-rays sensitivity is shallower than UKIDSS one of about 2 magnitudes.
The regions on the left and on the right of the cluster locus are respectively the field
stars and the background giants loci, since they are less andmore reddened than the
cluster locus.

In the upper-right panel the UKIDSS sources with optical counterpart are overplot-
ted: these stars are luminous, with with small reddening andbluer thanJ − K = 4m

(brighter sources) orJ−K = 2m (fainter sources). UKIDSS sources with optical emis-
sion, then, are dominated by stars in the foreground (those on the left of the cluster
locus) or associated with the nebula.

In the diagrams shown in the lower panels, sources with counterparts in IRAC
[3.6] and [8.0] bands are overplotted, and they show very different characteristics with
respect to the optical population. [3.6] sources fill the field stars region in its bright part
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2.7 Final multiband catalogs

Figure 2.10J versusJ − K diagrams for all the stars in WFI FoV (gray points). The
dashed lines are the 0.1 and 10 Myears isochrones (see Sect. 3.1.3) at the cluster dis-
tance and reddening. The reddening vector was obtained fromthe reddening law of
Rieke & Lebofsky (1985). Squares mark the X-ray sources (upper left panel), opti-
cal sources (upper right panel), [3.6] sources (lower left panel), [8.0] sources (lower
right panel). In each panel the labels on the right mark the expected masses of cluster
members at givenJ magnitude.
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2. The multiband catalog and data analysis

Figure 2.11 Histograms of the median photon energy for four different groups of stars
in the ACIS FoVs: all the X-ray sources (upper left panel); X-ray sources withonly
the UKIDSS/GPS counterpart (lower left panel); X-ray sources without other detection
(upper right panel); X-ray sources with optical detection (lower left panel). Also the
median energy for each distribution are shown (vertical dashed lines). The upper left
histogram is replied in the other three diagrams by the horizontal dotted lines.

(down toJ ≤ 15m), and the cluster locus in the region betweenJ ≤ 16.5m andJ − K ∼
2m. For higher reddening, these sources reach the photometriclimit of UKIDSS/GPS
catalog, suggesting that they are dominated by background giant stars in the Galactic
disk. Also the [8.0] sources are mostly background stars: practically none of these stars
is compatible with being unreddened foreground stars and they lie in the cluster locus
only if their J−K is redder than 1.2m. This implies that, in our catalog, UKIDSS+[8.0]
stars can probably be associated with the cluster only if they are candidate to have a
disk, responsible forK excesses.

In order to derive some information on the detected X-ray sources, I studied their
median energy. Fig. 2.11 shows the histograms of the median energy of photons
of sources belonging to four groups of stars falling in the ACIS-I FoVs. In the up-
per left panel the median photons energy distribution for all X-ray sources is shown.
This distribution peaks at 1.95 keV, which is a typical valuefor young stars, whose
X-ray thermal emission comes from coronal plasma heated up to 1-2 MK by vio-
lent reconnection events (Feigelson & Montmerle 1999). X-ray sources withonly the
UKIDSS/GPS counterpart (lower left panel) have a harder energy distributions. This is
likely due to a larger reddening with respect to the total of X-ray sample (in agree with
the lack of optical detection), since the extinction cross section for X-ray photons of
energyEX depends onE−2.5

X (Ryter 1996). X-ray sources without other detections (up-
per right panel) have the hardest energy distribution, as signature of a visual extinction
of several tens of magnitude or of an extragalactic nature. Practically no hard X-ray
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2.8 Comparison between 2MASS/PSC and UKIDSS/GPS catalogs

sources are found among the X-ray sources with optical detection (lower right panel).

2.8 Comparison between 2MASS/PSC and UKIDSS/GPS
catalogs

I matched UKIDSS/GPS and 2MASS/PSC catalogs of the Eagle Nebula, with a 0.3′′

cross-correlation radius, finding 17396 sources in common between the two catalogs;
8522 sources only in 2MASS catalog; 142603 sources only in UKIDSS catalog (mostly
very faint sources) with very few multiple matches. The large number of stars detected
only in UKIDSS is compatible with the fact that it is 3 magnitudes deeper than 2MASS,
detecting, in our case, a very large population of reddened background giant stars. Fig
2.12 shows theJ vs. J−K andJ−H vs. H−K diagrams for 2MASS/PSC sources (upper
panels) and UKIDSS/GPS sources (lower panels). X-ray sources (squares) define the
cluster locus, that in theJ − H vs. H − K diagrams lie approximately in 0.7m ≤

J − H ≤ 1.3m. With the masses listed on the right of the diagrams in the left panels
of Fig. 2.12, which should to be valid for cluster members as shown in Sect 3.1.3,
it is possible to see how UKIDSS/GPS data reach approximately the brown dwarf
regime in correspondence to the cluster, and very reddened objects (up to several tenths
of visual extinctions), likely a large population of giant stars of our Galactic plane.
On the contrary, the 2MASS/PSC comprises very bright sources without saturation
problems, and it includes larger mass stars compatible withthe cluster. Besides, in the
left panels it is evident that the X-ray sources reach the faintest 2MASS/PSC observed
magnitudes, while the UKIDSS/PSC catalog is 2 magnitudes deeper than list of sources
with detections in X-rays and NIR. These are the reasons why the multiband catalog
with UKIDSS/GPS is the main catalog of this thesis, while that with 2MASS/PSC is
mostly used to study bright stars.

Zero-point calibration of the GPS catalog is performed using 2MASS standard
sources (Lucas et al. 2008). Nevertheless, using stars withgood photometry in com-
mon between 2MASS and UKIDSS catalogs, I found small offsetsbetween 2MASS
and UKIDSS photometry:+0.06m (J),−0.04m (H), −0.02m (K). Since magnitudes of
UKIDSS/GPS have been calibrated in 2MASS photometric system, I corrected for
these offsets the magnitudes of our UKIDSS sources. I also evaluated the saturation
limits of our UKIDSS catalog, as the magnitude from which thedifference between
UKIDSS and 2MASS magnitudes starts to deviate systematically from the median
value. These limits areJ = 12m, H = 12.5m, K = 11m. The photometry of stars
brighter than these saturation limits have been taken from 2MASS/PSC instead of
UKIDSS/PSC.
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2. The multiband catalog and data analysis

Figure 2.12J vs. J−K andJ−H vs. H −K diagrams for 2MASS/PSC sources (upper
panels) and UKIDSS/GPS sources (lower panels). Squares mark the X-ray sources.
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Chapter 3

Physical properties of M16 and
NGC 6611

In this chapter I use the multiband catalogs described in Chapter 2 in order to derive
some relevant physical properties of the Eagle Nebula and NGC 6611: the spatial vari-
ation of visual extinction, the distance of the nebula, the reddening law in its direction
and the age spread and average visual extinction of cluster members. Other important
characteristics, as the individual age of stars associatedwith the cluster, the cluster core
radius and its relaxation time, require the complete list ofstars associated with M16
and NGC 6611, so they will be evaluated in Sect. 4.5 using the final list of candidate
cluster members.

3.1 Parameters of M16 and NGC 6611

The distance of M16 and the age spread of stars associated with the nebula and NGC 6611
have been determined using theV vs. V − I diagram of stars in the WFI FoV and both
theZero Age Main Sequence(ZAMS) and isochrones of Siess et al. (2000). The ZAMS
is the sequence of intrinsic magnitudes, in optical and infrared broad bands, of stars
with different masses which have just reached the main sequence; the isochrones are
the stellar magnitudes of stars at different masses and fixedage. These magnitudes
are obtained from transformations into observable quantities, such as the photospheric
colors, of the physical quantities, such as luminosity and effective temperature. These
transformations, as those of Kenyon & Hartmann (1995), are derived from models of
stellar structure. The cluster parameters have been derived comparing the observed
colors and magnitudes with those predicted by stellar models in optical and infrared
diagrams, i.e. adapting ZAMS and isochrones to the distributions of sources.

I took advantage for the fact that the sample of X-ray sources, detected also in op-
tical or infrared, is dominated by young stars associated with the Eagle Nebula. These
stars occupy well defined loci in the color-magnitude diagrams, which are thecluster
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3. Physical properties of M16 and NGC 6611

loci (see Chapter 2). To compare predicted and observed colors and magnitudes, it is
necessary to fix the reddening law in direction of NGC 6611, i.e. the ratio of visual
extinction on theB− V color excess:

RV =
AV

EB−V
(3.1)

which in general depends on the gas to dust mass ratio and on the average dusty
grains dimension in the observed direction.

3.1.1 Reddening law toward NGC 6611

Previous works on M16 suggest that the reddening law toward NGC 6611 is slightly
different from the canonical law (RV = 3.1, see Sect. 1.3) observed on average toward
other directions. This suggests that a sparse cloud of grains on average larger than the
usual Interstellar Medium (IS M, where grains usually have dimensions of fewµm)
is present in the direction of M16. Hillenbrand et al. (1993)found that for NGC6611
RV = 3.75, and this value was used in most later works. To determine RV, those authors
calculated the JohnsonQ index:

Q = (U − B) − 0.72× (B− V) (3.2)

for all the stars in their catalog with emission in K. Then they used the following
relations (Johnson 1966):

(B− V)0 = 0.332× Q (V − K)0 = 1.05× Q (3.3)

where the subscript “0” indicates intrinsic colors1. Eq. 3.3 hold for main-sequence
stars with negative Q (spectral class A0 or earlier). Then, they obtained the value of
RV from the empirical equation from Steenman & The (1991):

RV = 1.1× EV−K/EB−V (3.4)

whereEV−K = (V − K)observed− (V − K)0 andEB−V = (B− V)observed− (B− V)0,
finding a bimodal distribution of RV: one peak at the canonical value (RV = 3.1, field
stars) and the other atRV = 3.75 (cluster members).

However, theV magnitudes of stars in the WFI catalog (Sect. 2.1) are not fully
consistent with those of Hillenbrand et al. (1993). In fact,matching their catalog (a
total of 1026 stars withBVJHKphotometry limited to V≤ 17m, based on observations

1corrected by extinction and distance.
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3.1 Parameters of M16 and NGC 6611

Figure 3.1 Histograms of RV. The left panel shows the distribution of the stars not
detected in the X-rays, while the right panel that of the stars detected in X-rays.

of the Kitt Peak National Observatory, KPNO) with WFI catalog, I found a median
offset ofV magnitudes equal to−0.065m. This difference is larger than the acceptable
systematic differences ofV magnitudes in different catalogs of the same sample of
stars (taking into account anomalous atmospheric extinction, flat-fielding errors, etc..),
which is equal to∼ 0.02m (Stetson 2005). This systematic difference is shared also by
NIR magnitudes of 2MASS/PSC. For these reasons, I decided torepeat the calculation
of RV using the multiband catalog described in Appendix B.

To repeat the procedure adopted in Hillenbrand et al. (1993), U magnitudes, not
provided in WFI observations, are mandatory. Then, I used theU magnitudes provided
by Hillenbrand et al. (1993) and only the stars with negativeQ which are in common
between the two catalogs. Since they are all bright stars, saturated in UKIDSS/GPS
catalog, I used theK magnitudes from 2MASS/PSC. Fig. 3.1 shows the histograms
of RV obtained for those stars, in common between WFI and Hillenbrand et al. (1993)
catalogs, which are not detected in X-rays and then are dominated by field stars (left
panel), and those with X-rays emission which are dominated by cluster members (right
panel). The left panel of Fig. 3.1 clearly shows that the peakof the distribution of no
X-ray sources is at RV ∼ 3, while for the X-ray emitting stars the peak is atRV ∼ 3.5,
with a median value ofRV = 3.27. My data, then, confirm the anomalous reddening
law toward NGC 6611, likely caused by an anomalous grains population associated
with the Eagle Nebula. In the following I will adoptRV = 3.27.

3.1.2 Distance of M16

In Sect. 1.3 I listed the distance of M16 derived by several authors, ranging from 1.7
to 2.3 Kpc. In this study, I obtained the distance of the EagleNebula from theV vs.
V − I diagram, taking advantage of the presence of the dense nebulosity associated
with M16 just beyond the cluster.

The left panel of Fig. 2.9 shows theV vs. V− I diagrams of optical and optical+X-
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3. Physical properties of M16 and NGC 6611

rays sources in the WFI FoV. Assuming that the X-ray sources mark the locus of this
diagram populated by the cluster members, the region of the diagram on the left of
the X-ray sources locus is populated mainly by main-sequence stars closer than M16
to the Sun (field stars). The radiation from these stars is extincted by the usual inter-
stellar medium, with an average extinction ofAV ∼ 0.7m every Kpc, accounting for an
increasingV and a more redV − I at increasing distances, following the equations:

V = V0 + 5log(d) − 5+ AV (V − I ) = (V − I )0 + EV−I (3.5)

whered is the distance. In correspondence of M16, interstellar extinction rises
suddenly because of the presence of the nebula. As a consequence, the emission from
background stars, which are obscured by the cloud, is largely absorbed, and they can be
rarely detected in optical bands. Therefore, in the diagramin Fig. 2.9, background stars
do not appear or they are shifted to even faint magnitudes andred colors, following the
reddening vector. For these reasons, the region of the color-magnitude diagram in Fig.
2.9 populated by field stars is limited downward by an envelope formed by MS stars
at the distance of the cloud. The distance of M16, and therefore of NGC 6611, and
the average extinction for foreground stars have been estimated adapting the ZAMS of
Siess et al. (2000) to this envelope, assumingRV = 3.1.

With this method, I found that the distance of M16 and NGC 6611is about 1750 pc
with a maximum extinction of field starsAV = 1.45m. This distance of NGC 6611 is
slightly smaller than the values found by Hillenbrand et al.1993 (2 Kpc, obtained
from the distance modulus of 36 OB stars) and Belikov et al. 1999 (2.1 Kpc, obtained
with 72 probable cluster members, using a membership criterion based on the proper
motions), while it is in good agreement with the value of Bonatto et al. (2006), obtained
with 2MASS data, and with that reported in the Catalog of Galactic Open Clusters of
Kharchenko et al. (2005). The difference between the distance values found in this
work and in Hillenbrand et al. (1993) is compatible with the systematic difference in
theV magnitude between the two catalogs.

3.1.3 Average extinction and age spread

Sect. 1.3 provides a review of the previous estimation of ageof stars associated with
NGC 6611. Once having derived the reddening law for the cluster members and fixed
the distance of M16, it was possible to draw the theoretical isochrones in the optical
Color-Magnitude diagrams in order to modeling them to the locus of X-ray sources,
which are candidate cluster members (Sect. 4.4), to estimate both their age and average
extinction. With this method, these two parameters are evaluated simultaneously, as
for the cloud distance and the average extinction for foreground sources found in the
previous section. If the cluster is not affected by a severe spatial variations of extinc-
tion, it is unlikely that isochrones could to well adapt to the cluster locus for different
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3.2 Extinction map of the Eagle Nebula

values of extinction. In the case of NGC6611, the cluster locus is well defined since in
the central region, where most of the X-ray sources are, the extinction is slightly vari-
able and the contamination by background objects is small. These properties would
allow an accurate estimation of age spread and average extinction for cluster members.

The left panel of Fig. 3.2 shows theV vs. V − I diagram for the stars in the
WFI FoV (gray points) and the X-ray sources (squares). The black line is the ZAMS
adapted to the main sequence lower envelope (distance: 1750parsecs;AV = 1.45m;
RV = 3.1). The dotted lines are the isochrones adapted to the X-ray sources locus, with
the average extinction of X-ray sources (AV = 2.6m), and the anomalous reddening law
(RV = 3.75). X-ray sources are in the region enclosed by the 0.1-3 Myears isochrones,
therefore they support an age spread of 0.1-3 Myears for the low- and intermediate-
mass members of NGC 6611. This spread is consistent with other derivations described
in Sect. 1.3. The estimated cluster parameters (distance, extinction and range of age)
are consistent among the various optical Color-Magnitude diagrams, as theJ vs. J−K
diagram shown in the right panel of Fig. 3.2. In NIR diagrams,however, excesses in
NIR bands due to circumstellar disks do not allow a precise definition of the lower age
limit, as theJ vs. J − K diagram in Fig. 3.2 .

In Chapter 5, individual ages of candidate cluster members will be obtained from
the dereddenedV0, J0, (V − I )0 and (J − K)0, where the suffix “0′′ mark the intrinsic
magnitudes, with an interpolation from the isochrones of Siess et al. (2000). The set of
parameters that I found allow me to adapt both the isochronesand ZAMS also in the
dereddened color-magnitude and color-color diagrams.

3.2 Extinction map of the Eagle Nebula

In order to obtain a map of the visual extinctionAV of the Eagle Nebula, it is necessary
to define a sample of stars for which it is possible to set an average value of intrinsic
colors. In this way, the interstellar reddening can be evaluated from the difference
between their observed and intrinsic colors.

One sample of stars suitable for this scope are the UKIDSS/GPS sources which
are not detected in optical, since they are dominated by background stars in the giant
phase (see Sect. 2.8). The intrinsic (H −K)0 of these giants stars should to be between
0.07− 0.31, with a median value of 0.2 (Bessell & Brett 1988). These values have
been obtained by models of the structure of KM giants stars, which have been used
to synthesize the emission in broadJHK bands, taking into account detailed models
for molecular opacity and synthetic spectra. I excluded from this sample of stars those
with indication of membership to M16, selected with the criteria described in Chapter
4.

To obtain the extinction map, the WFI FOV has been divided in 400 cells. In the
cells fall 37 to 652 sources, with a median value of 332, accounting for a good statistic.
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3. Physical properties of M16 and NGC 6611

Figure 3.2V vs.V − I andJ versusJ − K diagrams for all the stars in WFI FOV (gray
points). The dashed lines are the 0.1, 0.25, 1, 3, 5, 10 Myearsisochrones, the black
line is the ZAMS (Siess et al. 2000). The reddening vector wasobtained from the
reddening laws of Munari & Carraro (1996), in optical, and Rieke & Lebofsky (1985),
in infrared. The masses listed on the right of the diagram in the right panel correspond
to stars along the 1 Myear isochrone. Squares mark the X-ray sources.

In each cell, then, I evaluated a characteristic (H − K) as the median of the observed
values. The difference between these median value and (H − K)0 = 0.2m is a measure
of the average reddening in the cell:EH−K = (H − K) − (H − K)0. I obtainedAV from
EH−K using the interstellar extinction law obtained by (Rieke & Lebofsky 1985):

EH−K = AH − AK = (0.175− 0.112)AV = 0.063AV (3.6)

The main caveats of this approach is that it measures the total extinction of these
background sources, which is composed by the extinction dueto the interstellar medium
in front of the nebula (Af oreground), that due to gas and dust associated with M16 (AM16)
and that due to the background interstellar medium (Abackground). Since I averaged the
observedH −K colors in each cell,Abackgroundis an average of the extinction due to the
unknown distribution of interstellar medium in our Galaxy from M16 up to large dis-
tances (∼ 10Kpc, as suggested by Lucas et al. 2008 and by theJ−H vs. H−K diagram
for stars in the WFI FoV). The effectiveness of this averaging will be verified compar-
ing the extinction map of M16 with the spatial distribution of optical sources, which
marks the spatial variation of the density of nebular medium, and from the dereddened
V0 vs. (V − I )0 diagrams. Moreover, in order to obtain these diagrams of M16, which
is mandatory for my scientific goals, it must be used onlyAf oreground+ AM16, and then
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3.2 Extinction map of the Eagle Nebula

Figure 3.3AV map in the WFI FOV obtained from background giant stars. The dotted
boxes are the ACIS-I FoVs analyzed in this work. The white boxes correspond to the
WFCAM fields with large errors inK. North is up, East is on the left.

I should to subtractAbackgroundfrom the total derivedAV.
Several authors used similar approaches to derive the extinction map of various

regions of our Galaxy (e.g. Rowles & Froebrich 2009). In manycases the background
contribution to the extinction has been estimated using candidate background giants
stars selected in close fields without nebulosity. In this thesis this was not possible,
since the nebulosity associated with the Eagle Nebula is wide and with a complex
structure, and it was not possible to find a “bona fide” background-dominated region. I
decided to solve this problem taking advantage of theAf oregroundandAM16 which have
been estimated independently through color-color and color-magnitude diagrams in
Sect. 3.1.2 and 3.1.3. However, the averageAV = 2.6m has been evaluated only in
the central region of the nebula, where there is the largest population of X-ray sources
and where the visual extinction is spatially homogeneous. In conclusion, I used the
background giants stars to find how the extinction varies across the nebulawith respect
to the value in the central region, i.e. finding a factorAbackground that should to be
subtracted, with the hypothesis that its spatial variationis negligible with respect to
the variation of extinction due to the nebula. Then I evaluatedAV in each bin from the
value in the central region:Abin

V = Atotal
V −Abackground

V , whereAbackground
V = Atotal

V,center− 2.6m

and the apextotal indicates the total extinction in the direction of the bin. With this
procedure, I obtained the visual extinction map shown in Fig. 3.3.

In Fig. 3.3 the two empty boxes at South-East and South-West correspond to the
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WFCAM fields where all the stars have the error inK larger than 0.1m, which is the
largest acceptable limit I chose. The extinction map shows an evident increase of visual
extinction from the central cavity, corresponding to NGC 6611, northward. Likely,
most of gas and dusts in correspondence of NGC 6611 have been swept by the radiation
and winds from cluster stars in the last million of years, so now the visual extinction
in the center is on average smaller than the regions at North,East and West, where
the cloud is still dense. A comparison between the extinction map and the spatial
distribution of UKIDSS/GPS sources (Fig. 2.5) reveals thatthe regions with the higher
AV values correspond to those with a lack of NIR sources. This indicates the reliability
of the hypothesis on the spatial variation ofAbackgroundwith respect toAM16.

On the contrary, an unacceptable result arises using the mapin Fig. 3.3 to ob-
tain theV0 vs. (V − I )0 intrinsic diagram for X-ray sources, which are mostly cluster
members. In this diagram, the isochrones are plotted with the intrinsic colors and mag-
nitudes, and, if the extinction map is correct, stars associated with the cluster should
to lie between them. Fig. 3.4 shows thisV0 vs. (V − I )0 diagram for candidate stars
associated with M16 (crosses). The dashed lines are isochrones with age between 0.1
and 5 Myears. A significant number of sources lie outside the locus delimited by the
isochrones, and their positions suggest that they moved from this locus along the direc-
tion of the extinction vector (see Fig. 3.2). It is evident that their extinction has been
overestimated by the extinction map in Fig. 3.3.

An accurate estimation of the visual extinction across the Eagle Nebula should to
be obtained by the X-ray sources with NIR emission, which aremostly PMS stars asso-
ciated with the nebula, so their extinction is not related toAbackground. Typically, T-Tauri
stars with an age of 1 Myear are of K-M spectral type (Meyer et al. 1997). The intrinsic
(J − H)0 of these stars range from 0.5m to 0.7m, with a median value of 0.66m (Siess
et al. 2000). With an approach similar to that used for giant stars, individualAV have
been derived from stellar reddeningEJ−H = (J − H)observed− (J − H)0. In this calcula-
tion it is mandatory to exclude stars candidate to have a circumstellar disks, for which
infrared colors are not photospheric. The selection of disk-bearing stars is explained
in details in Chapter 4. The extinction map is obtained dividing the WFI FoV in 225
cells, and taking the median value of theAV values of stars falling in each cell. The
main caveats of this approach, with respect to the use of giant stars, is the small number
of stars which can be involved in the calculation:∼ 520 disk-less candidate members,
with respect to several thousand of background infrared sources. Furthermore, this
approach may be applied only to the region covered by ACIS observations.

Fig. 3.5 shows the extinction map obtained from candidate disk-less stars asso-
ciated with M16. Comparing this map with that shown in Fig.3.3, it is evident that
the predicted extinction in the latter map is smaller than that predicted in the former,
mostly in the outer regions of the nebula. The increase ofAV in the nebula from
NGC 6611 outward is confirmed. Furthermore, using the map in Fig. 3.5 to obtain the
V0 vs.(V − I )0 diagram, stars with intrinsic colors lie mostly in the locusdelimited by
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3.2 Extinction map of the Eagle Nebula

Figure 3.4V0 vs. (V − I )0 diagram for candidate stars associated with M16 (i.e. X-ray
sources). The dashed lines are isochrones with age between 0.1 and 5 Myears at the
cluster distance. The values listed on the right are the masses of stars with 1 Myear.

the isochrones, proving the reliability of this map. The dereddened diagrams are shown
in Chapter 5, where they are used to derive individual ages and masses for candidates
stars associated with M16 (Fig. 5.4).

Using the standardhydrogen column(NH = 1.79× 1021AV) vs. visual extinction
relation (Predehl & Schmitt 1995), the difference of average extinction between the
central and the outer regions of the nebula means an average hydrogen column density
which ranges from 4.7 × 1021 atoms/cm2 in the center to 3.2× 1022 atoms/cm2 in the
even dense regions. As expected,AV peaks in correspondence of some structures of
the nebula described in the Sect. 1.3, as the cluster at North-East and the ColumnV.
Qualitatively, this map agrees with that obtained by Belikov et al. (1999).
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Figure 3.5AV map in the WFI FOV obtained from candidate disk-less membersof
M16. The dotted boxes are the ACIS-I FoVs analyzed in this work. The white boxes
are without disk-less members with goodJ andH photometry. North is up, East is on
the left.
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Chapter 4

Stars associated with M16 and
NGC 6611

Members of NGC 6611 and stars associated with the outer regions of the Eagle Neb-
ula have been selected by taking advantage of the propertiesof young stars. Candidate
stars with disk have been identified by detecting the infrared excesses due to disk emis-
sion with two diagnostics: suitable optical-infrared color indices, defined in order to be
independent from extinction, and the IRAC color-color diagram. To be conservative,
I performed the selection only for stars with errors, in the considered colors, smaller
than 0.15m. Candidate disk-less cluster members have been selected with the detection
in X-rays. In the following sections I will describe in details the criteria adopted to
select the YSOs associated with the Eagle Nebula.

4.1 Stars with disk from reddening free color indices

In general, stars with infrared excesses can be selected with the use of color-color
infrared diagrams, as theJ − H vs. H − K shown in the right panels in Fig. 2.12. In
this diagram, stars with excesses inH andK should to be distinguishable to reddened
photospheres which move along the extinction vector. However, this is not always true.
Excesses in both bands can be easily confused with an effect of reddening, and only
intense excesses can be easily recognized. A more effectiveselection of stars with
infrared excesses can be performed with diagnostics which separate the effects due to
reddening from those due to the presence of a circumstellar disk, as the criteria used in
this thesis and described in the following sections.

4.1.1 General properties of Q indices

To select stars with infrared excesses, I used a set of color indices (Q indices) which
are defined in order to be independent from reddening (Damiani et al. 2006). The
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Figure 4.1QVIJ[3.6] vs. J − [3.6] diagram. The loci of normal stars, stars with excesses
in [3.6] and that of stars for which the effects of reddening and excesses can not be
discerned are shown. The reddening vector is also shown.

set is composed of nineQ reddening free color indices, defined with the bands used
in this work. Eight indices compare the infrared colors withV − I , assumed to be
representative of photospheric colors:

QVIAB = (V − I ) − (A− B) × EV−I/EA−B (4.1)

and one comparesJ − H with H − K.

QJHHK = (J − H) − (H − K) × EJ−H/EH−K (4.2)

In these equations,A − B is an infrared color (respectively:I − J, J − H, J − K,
H −K, J− [3.6], J− [4.5], J− [5.8] andJ− [8.0]); EV−I , EJ−H, EH−K andEA−B are the
reddening in the corresponding colors, which have been calculated by the reddening
laws of Munari & Carraro (1996); Rieke & Lebofsky (1985); Mathis (1990). Hereafter,
I will refer to the whole list of indices withQ or QABCD; I will call Q2MAS S, QUKIDS S

the indices defined only withJHK photometry (respectively from 2MASS/PSC ad
UKIDSS/GPS) andQIRAC or QVIJ[sp] those defined with IRAC bands.

Fig. 4.1 illustrates the case of theQVIJ[3.6] vs. J − [3.6] diagram used to select
stars with excesses in [3.6]. The reddening vector is horizontal since theQ index
is independent from extinction. In theQABCD diagrams, as that shown in Fig. 4.1,
reddening shifts the star’s positions along thex direction rightward, from the locus of
“normal stars” to the locus of non-classifiable stars (reddened stars and/or stars with
excesses). In Fig. 4.1, ifJ−[3.6] is redder than the photospheric values for an excess in
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4.1 Stars with disk from reddening free color indices

[3.6], the index becomes more negative, with a shift downward to the locus of stars with
excesses. In this way, stars with excesses and reddened photospheres can be separated,
even if a number of stars remain unclassified since they have small excesses and they
fall in the locus where it is not possible to distinguish between reddening or excesses.
It will be shown that the use of 9Q indices, in order to detect excesses in every single
infrared band, reduces the number of unclassifiable stars. For Q2MAS SandQUKIDS S, the
locus of normal stars have been defined using the photospheric colors obtained from
the isochrones of Siess et al. (2000), with age ranging from 0.25 Myears to 109 years,
in order to consider all the possible observed disk-less stars. The isochrones of Siess
et al. (2000) do not provide IRAC colors, so forQIRAC the locus of normal stars have
been defined using the sources with photospheric IRAC colorsin the IRAC color-color
plane (see Fig. 4.11).

It is important to note, however, that the indices become more negative also ifV− I
decreases. This is very important since it can induces the selection also of stars having
this color bluer than the photospheric values (as e.g. for the presence of intense optical
veiling, see Sect. 1.1.2). I was interested also in selecting such stars which can be
young stars members of the cluster.

For eachQABCD the stars with excess inD are defined as those with the index
significantly (i.e. by more than 3 times the error in theQ index) smaller than the lower
limit of photosphericQ values (the horizontal dotted-dashed line in Fig. 4.1). These
limits have been defined as the low boundaries of the loci, in these diagrams, of the
sources with normal colors.

One of the limitations of theQ diagnostic is that, in normal stars, the indices vary
significantly with masses and age, so that the completeness of the selection depends on
these stellar parameters. To study how the indices vary as a function of stellar proper-
ties, I computed theminimum excesseswhich are necessary in NIR bands so that stars
with disks with different ages and masses could to be selected with Q indices. This
calculation was performed for stars with masses equal to 0.5, 1, 1.5, 2, 2.5, 3, 4, and 5
solar masses and with ages of 0.1, 0.5, 1, 2.5, 3.5, and 5 Myears. Theirphotospheric
indices have been computed using the colors predicted from the evolutionary tracks
of Siess et al. (2000), using the color transformations of Kenyon & Hartmann (1995).
The minimum excesses are then the excesses with respect to photospheric emission,
which are necessary to have theQ indices equal to the lower limit of photospheric col-
ors minus 3σ. In order to have an estimate of theσ, I used the mean error of theQ for
all the sources in the WFI FoV.

Figure 4.2 shows the variation of the minimum excesses forQVIJK andQVIJ[3.6].
It is evident that for each mass and for eachQ index, the minimum excesses have
irregular paths with increasing age. This is due to the irregular behavior of the indices
when both involved colors become more red (or more blue), as it happens comparing
normal stars with same masses and different effective temperatures. This analysis,
however, shows the relevance of the use of severalQ indices, since each of them has
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4. Stars associated with M16 and NGC 6611

Figure 4.2 Minimum excess necessary to identify stars with excesses inK (on the left)
and [3.6] (on the right) for the studied masses and ages values. Labels on the right
indicate the masses.

different capabilities to detect excesses in stars with different mass and age.

According to Fig. 4.2,QVIJK is more efficient in detecting excesses in low mass
stars with respect toQVIJ[3.6]. This behavior depends on the shape of the isochrones
in the Q diagrams. For example, the minimumQVIJ[3.6] computed with the 5Myears
isochrone occurs at∼B9 spectral type, corresponding to 2.5M⊙. This implies that
stars of lower mass with small excesses easily fall within the locus of non-classifiable
stars, where it is not possible to distinguish between smallexcesses and reddening,
and therefore stronger excesses are required to unambiguously ascertain the presence
of disks. The corresponding minimum in theQVIJK diagram occurs at∼K4 spectral
type (using the 5 Myears isochrone), implying that this index is much more efficient in
detecting excesses in low-mass stars.

In conclusion,Q indices are peerless tools to discern the effects of reddening from
intrinsic red colors of the sources, allowing a more sensitive selection of stars with
excesses with respect to usual color-color diagrams. However, since in some cases
reddening and excesses could not to be distinguished and since the completeness of
the selection depends on stellar masses and ages, it is necessary to use more than one
Q index.

4.1.2 Candidate stars with disk from 2MASS/PSC indices

Fig. 4.3 shows the diagrams used for the selection of the stars with excesses inJHK
bands from 2MASS/PSC.

Q2MAS S indices select a total of 345 stars with excesses in the WFI FoV (270 inside
the ACIS FoVs). There are very few stars with excessonly in J or H bands (17 stars),
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4.1 Stars with disk from reddening free color indices

Figure 4.3 Diagrams of theQ2MAS S indices for the stars in the WFI FoV. The circles
identify those stars with indices significantly smaller than the limit for the photospheric
emission (shown by dashed lines). The solid curves are the locus of normal stars
derived from stellar models. The long-dashed lines divide the loci of normal stars and
reddened photospheres.
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4. Stars associated with M16 and NGC 6611

Figure 4.4 Spatial distribution of stars in the WFI FoV (graypoints) and stars of
2MASS/PSC with excesses inJHK bands (triangles). The dotted boxes delimit the
ACIS-I FoVs. North is up, East is on the left.

and none with excess only in both bands (i.e. inJ andH but not inK). The excess in
K band is much more common and it is a better signature of the presence of an inner
disk.

Fig. 4.4 shows the spatial distribution of the stars in WFI FoVs and those with
excesses inJHK selected by the diagrams in Fig. 4.3. NGC 6611 (in the center of the
C − f ield) is the region richest of stars withJHK excesses, with other concentrations
at East, North-East and South-East. In the dense regions of M16, as those in the
NE − f ield, there are not many stars with excesses. This should to be expected since
stars associated with these regions are hard to be observed in optical bands (used to
define theQ indices) since they should to be affected by a large extinction on average.

4.1.3 Candidate stars with disk from UKIDSS/GPS indices

Stars with excesses inJHK bands have been selected also using UKIDSS/GPS catalog.
This list of selected stars is the main list of stars with excesses inJHK, which will be
completed (mainly for bright stars) using the list obtainedwith 2MASS/PSC. Fig. 4.5
shows theQ diagrams similar to those in Fig. 4.3, but used to select stars with excesses
in JHK bands from UKIDSS/GPS. Comparing the Figg. 4.3 and 4.5 it is evident the
very large number of candidate stars with excesses selectedfrom UKIDSS/GPS with
respect to 2MASS/PSC. In fact,QUKIDS S select 1243 stars with excesses inJHK bands
in the WFI FoV (941 inside the ACIS FoVs), with respect to the 345 selected with
2MASS, with a difference that cannot to be explained simply with the depth of the
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4.1 Stars with disk from reddening free color indices

Figure 4.5 Diagrams of theQUKIDS S indices, for the stars in the WFI FoV. The circles
identify those stars with indices significantly smaller than the limit for the photospheric
emission (dashed lines). The solid curves are the locus of normal stars derived from
stellar models. The long-dashed lines divide the loci of normal stars and reddened
photospheres.
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4. Stars associated with M16 and NGC 6611

Figure 4.6V vs. V − I and J vs. J − K diagrams for all the stars in the WFI FoV
(gray points) and all the stars with excesses in UKIDSS bandsselected withQ indices
(squares).

UKIDSS/GPS catalog.
Fig. 4.6 shows theV vs. V− I andJ vs. J−K diagrams for all the stars in the WFI

FoV (gray points) and the stars with excesses selected usingQUKIDS S indices. In the
right panel a significant number of these stars are faint and highly reddened. In the left
panel it is evident that a great number ofQUKIDS S− excessesstars lie in the locus of
field stars instead of in the cluster locus. It is possible that some physical mechanisms,
such as gas accretion from disk to the central star or scattering of stellar light into the
line of sight by disk’s grains, can produce such blueopticalcolors in young stars, which
fall in the field stars loci in the various optical color-magnitude diagrams (Hartmann
& Kenyon 1990; Hillenbrand 1997). These effects, however, affect only the optical
colors, while most of these stars fall in the field loci also indiagrams defined with NIR
photometry. I decided to consider these stars as young starsassociated with M16 only
if their membership is confirmed by the criteria described inthe following.

I selected the stars with reliable excesses inJHK bands as theQUKIDS S− excesses
stars which:

1. are compatible with PMS stars in the IRAC color-magnitudediagrams (defined
using two or three IRAC bands), in theV vs. V − I , I vs. I − J or J vs. J − K
diagrams or have excesses inQ2MAS S (424 stars).

2. are alsoQIRAC − excessesstars (102 stars).

3. are in the ClassII locus in the IRAC color-color diagram (49 stars).
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4.1 Stars with disk from reddening free color indices

Figure 4.7J vs. J − K diagrams and spatial distribution for all the stars in the WFI
FoV (gray points) and the probable members (stars with excess in K band which can
not be verified by other diagnostics), marked with squares.

for a total of 575 candidate disk-bearing stars, down to 0.2M⊙. I discarded the follow-
ing QUKIDS S− excessesstars from the list of candidate members:

1. 389 stars which lie in the field-stars loci in both optical and infrared color-
magnitude diagrams;

2. 10 stars which have normal colors in theQVIJ[sp] vs. J − [sp] diagrams;

for a total of 399 stars. The remaining 290 stars are classified as “probable members”,
since I could not assess their nature. I retained these starsin the final catalog, with a
flag indicating their members status. Most of them are faintQJHHK − excessessources
which have not other counterpart. Even if most of the new detections provided by
UKIDSS/GPS catalog belong to this group, I can not check the reliability of their
membership without any information provided by optical, X-ray or IRAC data. Fig.
4.7 shows theJ vs. J − K and the spatial distribution for these stars. In the left panel
it is evident that they are mostly faint stars. The right panel shows that a small number
of these stars are evident artifacts (as the line atα ∼ 274.5;δ ∼ −13.63); while most of
them can be associated with dense regions of the nebula (where the lack of counterpart
is not surprising) or to NGC 6611. It must be considered that these stars do not affect
the study of photoevaporation (since I used only stars brighter thanJ = 17m) and that
of the chronology of star formation (since I used only disk-less X-ray sources). Other
55 QJHHK − excessesstars belong to this group since they have been detected in other
bands, but with large photometric errors.
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4. Stars associated with M16 and NGC 6611

There is not yet a reliable explanation of these 399 wrongQ determinations. One
possible explanation is that theJHK filters used in WFCAM observations differ slightly
with respect to those of 2MASS. UKIDSS/GPS data have been calibrated on 2MASS
photometric system, but this correction is not completely reliable, even if mostly for
very reddened objects (Lucas et al. 2008). Moreover, the used extinction laws are
defined for the usual interstellarRV = 3.1, while in the direction of NGC6611 the
reddening law is anomalous (in this work the valueRV = 3.27 is adopted). Different
values ofRV change both the slope of the reddening vectors in the color-magnitude di-
agrams and the relations between the reddening in various colors, resulting in different
determination of theQ indices (since it changes the ratio between color excesses in
Eqq. 4.1 and 4.2). The used reddening laws do not give the exact relations between the
reddening at different bands ifRV differs from the usual 3.1. These problems are actu-
ally under investigation. Furthermore, the expected amount of spurious identifications
between UKIDSS/GPS and WFI catalogs is 107. These sources should have photo-
spheric optical colors and “spurious”Q excesses in optical+infrared indices. However,
the total of wrongQUKIDS S selections is 3.5 times larger than this expected number
of spurious matches. These “false”Q identification can not be explained only with
the hypothesis that they are spurious identifications between these two catalogs. The
uncertainty on the reddening law is the main cause of these spuriousQ detections, as
some systematic residuals in UKIDSS-2MASS calibration.

Figure 4.8 Spatial distribution of stars in the WFI FoV (graypoints) and stars of
UKIDSS/GPS with reliable excesses inJHK bands (black dots). The dotted boxes
delimit the ACIS-I FoVs. North is up, East is on the left.

Fig. 4.8 shows the spatial distribution of the stars in WFI FoVs and those from
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4.1 Stars with disk from reddening free color indices

Figure 4.9 Diagrams of theQVIJ[sp] indices vs.J − [sp], for the stars in the WFI FoV.
The circles identify the stars with excess; the horizontal dashed line is the limit for the
photospheric emission; triangles mark optical sources with normal colors in the IRAC
color-color plane. The long dashed lines separate the loci of normal stars and reddened
photospheres.

UKIDSS/GPS with reliable excesses inJHK, which reinforces the results obtained
with 2MASS/PSC (Fig 4.4). A large number of stars with excesses are concentrated in
NGC 6611, with also some peripheral regions populated as fortheQ2MAS S− excesses
stars. It must be noted that, thanks to the depth of UKIDSS/GPS, several groups of
stars with excesses are found in the regions where the cloud is very dense (Sect. 3.2)
as in the center ofE − f ield andNE− f ield or in the West side of the central field.
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4. Stars associated with M16 and NGC 6611

4.1.4 Candidate stars with disk from IRAC/GLIMPSE indices

Fig. 4.9 shows theQIRAC diagrams, with the selected stars with excesses. In these
diagrams, triangles mark the sources with IRAC colors compatible with normal photo-
spheres in the [3.6] − [4.5] vs. [5.8] − [8.0] diagram, whose indices are evaluated with
2MASSJ magnitude (Fig. 4.11), which are used to define the locus of normal stars in
QIRAC diagrams. One of the effectiveness of the approach based onQIRAC indices, with
respect to the IRAC color-color diagram (see Sect. 4.2) is that they may be computed
also for stars for which only one IRAC magnitude can be used, if V, I , andJ magni-
tudes are known. This is very useful since the sensitivity ofIRAC channels decreases
for longer wavelength.

QIRAC indices selected a total of 343 stars with excesses in at least one IRAC band
in the WFI FoV. Almost all these sources fall inside the ACIS FoVs (291), among
which 114 are detected in X-rays. Taking into account the number of stars for which
it was possible to compute theQIRAC indices with the UKIDSSJ band (i.e.: with
σV−I andσJ−[sp] smaller than 0.15m), the percentage of stars with excesses increases
at longer wavelength: 18.7%, 25.7%, 97.6%, 100.0% for [3.6], [4.5], [5.8] and [8.0]
respectively. In Section 2.7.2 it was shown that the opticalsources with emission in
[5.8] and [8.0] are foreground bright sources or cluster members, likely with disk.
Among these stars, those with the detection at UKIDSS-J band are only candidate
disk-bearing cluster members, since UKIDSS photometry is saturated for bright stars,
as proved by the fact that the percentage of stars with good optical, J and IRAC ([5.8]
or [8.0]) photometry which also have infrared excesses is approximately 100%.

In all these stars with the magnitudes in the three short IRACwavelength bands
which are well measured (but 2 stars), if there is an excess inone of the IRAC bands,
then theQ indices detect the excesses also in the other IRAC bands. This suggests
that their excesses are related to the same physical region of the disk. The only region
of disks where dusts should to be hot enough to emit in these bands is the inner rim
at which disk dusts sublimate. As proposed by several authors (i.e. D’Alessio et al.
1998, 1999, 2001), this region is optically thick and emits like a blackbody at the dust
sublimation temperature (between 1500K and 2000K). This argument does not hold
for 4 stars with excesses only in [8.0], since the emission inthis band can be affected
by a broad 10µm silicate emission feature, independently from the physical status of
the inner disk. Then, a ClassII YSO can exhibit excess in [8.0] even if the inner disk is
mostly evacuated, if the emission 10µm band is sufficiently broad.

Fig. 4.10 shows the spatial distribution of the stars in WFI FoVs and those with
excesses selected byQIRAC indices. The outer regions of M16 are less populated with
respect to the stars with excesses inJHK bands. This is likely due to the shallowness
of the WFI+IRAC sample of stars, which do not allow always thedetection of faint
stars with excesses that are in the outer regions of the nebula, where they are affected
by a large visual extinction on average.
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4.2 T-Tauri stars from the IRAC color-color diagram

Figure 4.10 Spatial distribution of stars in the WFI FoV (gray points) and stars with
excesses in IRAC bands selected byQIRAC indices. The dotted boxes delimit the ACIS-
I FoVs. North is up, East is on the left.

4.2 T-Tauri stars from the IRAC color-color diagram

The [3.6]-[4.5] versus [5.8]-[8.0] diagram is an excellenttool for identifying stars with
circumstellar disks (see, for example, Allen et al. 2004), even with the limitation that
stars has to be detected in all the four IRAC bands. In this diagram, stars with photo-
spheric colors are clustered around the origin, while starswith disks exhibit colors sig-
nificantly different from zero. Unlike other possible infrared diagrams, the loci of both
reddened photospheres and sources with intrinsic red colors in the IRAC color-color
plane are not blended, even for high extinctions. This is possible since the reddening
vector is almost vertical (due to small effects of reddeningin [5.8]-[8.0]) or it is di-
rect toward blue [5.8]-[8.0] colors (due to the partial overlap of the IRAC 8.0µm band
with the interstellar silicate feature), depending on the adopted extinction law (see, for
example, Megeath et al. 2004 and Flaherty et al. 2007).

With this diagram, it is also possible to distinguish roughly embedded ClassI and
ClassII T-Tauri YSOs: the former have both colors redder than the latter since the
presence of the collapsing envelope surrounding star and disk; see, for example, Allen
et al. (2004), who used the models developed by D’Alessio et al. (1998, 1999, 2001)
for ClassII stars and by Kenyon et al. (1993) and Calvet et al.(1994) for embedded
ClassI stars.
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Figure 4.11 Color-color diagram for IRAC sources in WFI FoV (dots). The box delim-
its the approximate locus of ClassII YSOs (crosses, Allen etal. 2004). The dashed lines
roughly separate reddened photospheres (left), reddened ClassII YSOs (center), and
ClassI YSOs (in the upper right part of the diagram, marked with triangles). Squares
mark stars either classifiable as ClassII or ClassI YSOs. Thereddening vectors with
AV=30m and AK=5m are from Megeath et al. (2004) and Flaherty et al. (2007), respec-
tively.

4.2.1 Classification of selected YSOs

Figure 4.11 shows the color-color diagram for the IRAC sources in WFI FoV used
to classify the YSOs associated with the Eagle Nebula. Starswith colors typical of
photospheres are clustered around the origin, with a spreadconsistent with photometric
uncertainties and reddening, and they are clearly separated from sources with intrinsic
red colors.

To select and classify stars with a disk, I used the reddeningvector obtained by
Megeath et al. (2004) from the reddening law of Mathis (1990), shown as the inclined
vector in Fig. 4.11. The question of which extinction law is correct to use in IRAC
bands remains unanswered. For this reason, in Fig. 4.11 I also show the extinction
vector (theAK = 5m arrow) obtained from the mean reddening law estimated by Fla-
herty et al. (2007) in the direction of five nearby star-forming regions. However, it is
evident that the difference between the two extinction lawsis relevant only for high
extinction.

Using this diagram, I selected 147 ClassII YSOs as the stars within the box in Fig.
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4.2 T-Tauri stars from the IRAC color-color diagram

4.11 (crosses), taking into account photometric uncertainties and extinction. This box
was obtained from the models of stars with circumstellar disk developed by D’Alessio
et al. (1998, 1999, 2001). In addition, 13 stars are unambiguously classified as ClassI
YSOs (triangles in Fig. 4.11).

Twenty-two stars (marked with squares in Fig. 4.11) are sources with only one
IRAC color redder than the ClassII locus. Those with [3.6] − [4.5] ≥ 0.8m can be
either ClassI sources or very embedded ClassII YSOs; those with [5.8] − [8.0] ≥ 1.2m

are usually interpreted as ClassII YSOs, with no emission detected from the inner
region of the disk, due to a larger inner hole or to the disk inclination with respect to
the line of sight. However, as suggested by Kenyon et al. (1993), ClassI YSOs with
large centrifugal radii1 and optically thin envelopes, which exhibit a silicate bandin
emission, may also have a spectral energy distribution thatis consistent with the latter
colors. For these reasons, these 22 stars can not be clearly classified.

The IRAC color-color diagram allowed me to select a total of 178 members with
excesses, which includes 124 new identifications with respect to the diagnostic based
on Q indices. This does not mean that the two diagnostics are in disagreement, but
instead that they are complementary, since these 124 stars can not be selected with
Q indices. Among these stars, in fact, only 48 have good measurements inK, 25
in both V and I and just 9 in all these three bands simultaneously (they fallin the
locus ofQ diagrams where disk-bearing stars and reddened photospheres can not be
distinguished). Among the total of selected stars (178), 154 fall inside the ACIS FoVs,
with 74 X-ray sources. Moreover, in theV− I andV diagram the subsample with good
WFI photometry have a position consistent with being cluster members.

Figure 4.12 shows the IRAC colors of 101 X-ray sources with good photometry in
the four IRAC bands. A large number of these sources (69, corresponding to the 48%
of the total of ClassII objects) are classified as ClassII YSOs, 4 (18%) as embedded
ClassII/ClassI, and only one ClassI object have been observed in X-rays. The different
percentages of X-ray sources among these YSOs is likely due to lower luminosity in
X-rays of ClassI objects with respect to more evolved YSOs, in agreement with the
results of previous studies of star-forming regions with X-ray observations deeper than
those I analyzed (i.e. Prisinzano et al. 2008). More informations on this ClassI object
observed in X-rays are provided in Appendix A

Extragalactic sources may have IRAC colors similar to thoseof YSOs. Even if
the GLIMPSE survey is too shallow to suspect a significant contamination of the sam-
ple of candidate stars with disks by extragalactic sources (also since the line of sight
lies in the Galactic Plane), I evaluated the contamination due to extragalactic sources
(both AGNs,Active Galactic Nuclei, and galaxies dominated by PAH,Polycyclic Aro-
matic Hydrocarbonsemission) and shock emission sources using the criteria defined
in Gutermuth et al. (2008):

1The distance from the central star at which the infalling material from the envelope with most
angular momentum, i.e. close to the equatorial plane, collides with the circumstellar disk.
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Figure 4.12 IRAC color-color diagram of the X-ray sources (squares). The ClassII
locus and the reddening vectors are analogous to those in Fig. 4.11.

Shock emission sources in [3.6]-[4.5] vs. [4.5]-[5.8] diagram:
[3.6] − [4.5] > 1.2×([4.5]−[5.8]−0.3)

0.55 + 0.8 &
[4.5] − [5.8] < 0.85 &
[3.6] − [4.5] > 1.05

PAH dominated galaxies in [4.5]-[5.8] vs. [5.8]-[8.0] diagram:
[4.5] − [5.8] < 1.05×([5.8]−[8.0]−1.0)

1.2 &
[4.5] − [5.8] < 1.05 &
[5.8] − [8.0] > 1.0

PAH dominated galaxies in [3.6]-[5.8] vs. [4.5]-[8.0] diagram:
[3.6] − [5.8] < 1.5×([4.5]−[8.0]−1.0)

2.0 &
[3.6] − [5.8] < 1.5 &
[4.5] − [8.0] > 1.0

AGN in [4.5] vs. [4.5]-[8.0] diagram:
[4.5] > 13.5+ [4.5]−[8.0]−2.3

0.4 &
[4.5] − [8.0] > 0.5 &
[4.5] > 13.5

These criteria are based on the observed Spectral Energy Distributions of these type
of sources, from which their typical loci in the used color-color and color-magnitude
IRAC diagrams have been obtained. Using these criteria, I identified only 4 stars that
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can be extragalactic sources, but theirAV values predicted by the optical colors are too
small (between 2.5m and 5m) to confirm this classification.

More candidate extragalactic sources can be selected in theIRAC color-color plane,
where PAH-rich star-forming galaxies can be found in the locus at−0.1m < [3.6] −
[4.5] < 0.6m and [5.8] − [8.0] > 1m (in the part of the diagram redder than the ClassII
locus). I selected 25 candidate disk-bearing members in this region of the diagram.
The nature of these objects as stars with disks has been assessed by SED analysis (see
Sect. 6.2).

4.2.2 Spatial distribution of ClassII and ClassI YSOs

Figure 4.13 Left panel: IRAC image of the Eagle Nebula at 8.0µm, centered on the
cluster and covering approximately a region of 22′ × 32′ (left panel). Circles mark
ClassII YSOs, while crosses mark ClassI YSOs and very embedded ClassII YSOs.
The red boxes mark the massive stars. The large box delimits the structures known
as “elephant trunks”. Right panel: spatial distribution ofstars in the WFI FoV (gray
points) and stars with excesses in IRAC bands selected by theIRAC color-color plane,
marked with circles (ClassII objects) and pluses (ClassI and embedded ClassII objects).
The dotted boxes delimit the ACIS-I FoVs. The two images are not in scale. North is
up, East is to the left.

Figure 4.13 shows the IRAC image of the Eagle Nebula at 8.0µm with the ClassII
objects (circles) and sources identified to be either ClassIor reddened ClassII YSOs
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(crosses) superimposed. In the center of the cluster (approximately in the center of the
image) there is a lack of sources of the latter group with respect to the outer regions.
The lack of ClassI objects in the center of M16 is likely caused by an observational bias
due to the intense diffuse emission from the dense cloud structures, like the elephant
trunks inside the box in Fig. 4.13. These structures are heated directly by the radiation
from the massive members of NGC 6611, and they are extremely bright in the IRAC
bands at longer wavelengths. In presence of diffuse emission the IRAC sensitivity
is lower than in the other regions. Moreover, these structures are also very dense,
accounting for a high extinction inside them. However, as explained in Sect. 1.3, there
is evidence supporting that star formation activity is still ongoing in the central region
of NGC 6611. For instance, numerous EGGS, emerging from the photodissociation
regions which delimit the trunks, have an YSO inside (McCaughrean & Andersen
2002). Due to the intense diffuse emission of the nebula, I identified only one ClassI
YSO emerging from the trunks, atα =18:18:52 andδ=-13:49:38 (the cross inside the
box in Fig. 4.13).

The spatial distribution of YSOs selected by the IRAC color-color diagram and
that of all the stars in the WFI FoVs is also shown in the right panel of Fig. 4.13.
This diagram allows a correlation between the YSOs distribution and the density of
the cloud. As shown in both panels of Fig. 4.13, 12 sources classified either as ClassI
or reddened ClassII YSOs are clustered in a region at North-West. Only one of the
few ClassII stars present in this region has an optical counterpart (which is faint, with
V = 23.34m). The right panel of Fig. 4.13 shows a lack of sources in correspondence
of this region, suggesting an high average visual extinction, in agreement with the
extinction maps in Sect. 3.2. Therefore, this small clustercan be associated with
a denser intracluster medium and/or to more recent star-formation events, compared
with the center of NGC 6611. The presence of this rich star-formation site, suggested
also by Indebetouw et al. (2007), shows that the star-formation activity is still ongoing
in the entire nebula, and not only in the central region.

4.2.3 Comparison between UKIDSS-based and 2MASS-based disk
diagnostics

Comparing the list of candidate stars with excesses inJHK bands selected withQ2MAS S

and the list of stars with reliable excesses selected withQUKIDS S, I found:� 139 sources selected only withQ2MAS S;� 391 sources selected only withQUKIDS S, among which only 307 are in the
2MASS Point Source Catalog;� 184 sources in both lists.
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4.3 Candidate stars with disks

Among the first group of stars, 52 have good UKIDSS photometrybut they do
not show excesses inQUKIDS S diagrams. I have verified that the excesses found in
2MASS bands in this group of stars are not due to a disk, but to one or more close
stars resolved in UKIDSS images but not in 2MASS, as a consequence of the different
spatial resolutions and sensitivity of UKIRT/WFCAM with respect to the instruments
used in the 2MASS survey (see Sect. 2.3). Fig. 4.14 shows one star which belongs to
this group. Note that theconfusion flagsof this star in 2MASS catalog do not indicate
in this star any suspected confusion with nearby sources. These 52 stars can not be
anymore considered disk-bearing stars and therefore cluster members.

Figure 4.14 Images of one disk-less star of the catalog compiled with UKIDSS/GPS
which correspond to a 2MASS source with excess inK band. The right panel the
UKIDSS-K image; the left panel the 2MASS-K image.

The 307 stars in the second group have errors larger in 2MASS than in UKIDSS,
so their excesses have not been detected withQ2MAS S.

I decided, then, to compile the list of stars with excesses inJHK using all the stars
selected withQUKIDS S with reliable excesses (see Sect.4.1.3), plus stars with 2MASS
excesses saturated in UKIDSS images and those with bad UKIDSS photometry.

4.3 Candidate stars with disks

The final list of candidate stars with disk has been compiled joining the selections
of stars with excesses made with the diagnostics based onQUKIDS S, QIRAC and the
IRAC color-color diagram. The selection based onQ2MAS S has been used to pick
the bright candidate stars with disk, with saturated UKIDSSphotometry, and some
otherQ2MAS S− excessstars without good UKIDSS photometry. To compile the list of
candidate disk-bearing stars, it is necessary to compare the results of the various disks
diagnostics used in this thesis.

Using theQVIJ[sp] indices, I select 74 new stars with excesses not identified with
QUKIDS S, so most of the stars with excesses in IRAC band selected byQ indices have
also excesses inJHK.

Among the stars with excesses in UKIDSS bands, 274 are not classified as stars
with excesses by theQVIJ[sp] indices. This number of stars may appear large, since
usually a higher number of stars with excesses are observed at longer wavelengths.
However, it must be noted that 239 of these stars have poor IRAC photometry, as
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4. Stars associated with M16 and NGC 6611

reflected in the different completeness limits in the UKIDSS/GPS and GLIMPSE cat-
alogs, and therefore they are not included in the IRAC sample. All the other 35 objects
are within the loci of the diagrams in Fig. 4.9 where excessesand reddening can not
be distinguished.

I conclude that the set of indices defined is self-consistentand complementary. This
means that ifQ indices detect excesses in some particular UKIDSS or IRAC band, the
lack of excesses in the other bands is almost always due to poor photometry or the
ambiguity between excesses and reddening, as explained above. This is compatible
with a scenario in which excesses inK (andH) are due to the same physical region
of the disk as the excesses in the first three IRAC bands, i.e. the inner disk at the dust
sublimation radius.

In order to compareQ criterion with the IRAC color-color diagram, Figg. 4.15 and
4.16 show how the excesses detected with the IRAC color-color diagram translate into
those detected withQ indices, and vice versa. In Fig. 4.15, squares mark the candidate
stars with disks selected withQUKIDS S indices having good photometry in all IRAC
bands. Only one source with excesses detected withQUKIDS S are close to the origin of
the diagram (in the locus of the normal stars), while the others have red IRAC colors.
Moreover, almost all theQUKIDS S−excessesstars are compatible with ClassII objects,
with only few candidate ClassI YSOs, selected also withQJHHK.

Figure 4.16 shows theQVIJ[3.6] index of candidate cluster members with disks se-
lected with the IRAC color-color diagram (marked with crosses). As expected, none
of these stars fall within the locus of normal stars and few stars fall in the ambiguous
region.

At the end, I have selected 834 candidate cluster members with disk:� 279 stars with excesses in both IRAC and UKIDSS bands;� 200 stars with excesses only in IRAC bands (74 selected withQIRAC, 126 with
the IRAC color-color diagram);� 274 stars with excesses only in UKIDSS bands.� 81 stars with excesses inJHK detected with 2MASS

These stars with infrared excesses can be divided in three groups:� candidate ClassII objects from which have been observed both the emission from
the photosphere and that from the inner region of the disk. Since none among
these stars fall in thenormal starslocus of anyQ diagrams (they fall in the loci of
stars with excesses or in those where excess and reddening can not be discerned),
the excesses in the studied NIR bands should to come from the same region of
the disk (i.e. the inner rim at the dusts sublimation radius).
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4.3 Candidate stars with disks

Figure 4.15 IRAC color-color diagrams of the stars in WFI FoVs and stars with ex-
cesses selected withQ indices (squares). The ClassII locus and the reddening vectors
are analogous to those in Fig. 4.11.

Figure 4.16 DiagramQVIJ[3.6] vs. J−[3.6] for the stars in the WFI FoV, with overplotted
the stars with excesses selected with the IRAC color-color diagram (crosses).� Candidate ClassII objects selected only withQVIJ[8.0] (4 stars), which likely have

dissipated their inner disks but their Spectral Energy Distributions (SEDs) have
a prominent silicate band in emission, responsible for the excess in [8.0].
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4. Stars associated with M16 and NGC 6611� Candidate YSOs selected only with the IRAC color-color diagram, since the lack
of detection in optical orJ bands. These likely are largely embedded ClassII and
ClassI YSOs.Q indices are useless to select these stars, while the IRAC color-
color diagram is a peerless tool for this scope.

Fig. 4.17 shows theV vs. V − I andJ vs. J − K diagrams with the selected candidate
stars with disk. All these stars lie in the cluster locus in both diagrams, except some
candidate PMS objects which are bluer than the 5Myears isochrone. The nature of
these stars is discussed in the Chapter 6.

Figure 4.17V vs. V− I andJ vs. J−K diagrams for all the stars in the WFI FoV (gray
points) and all the candidate stars with disk (squares).

4.4 Candidate disk-less members

The total of X-rays sources is 1924. Among these sources: 504are detected only in
X-rays (i.e.: without counterpart in optical or infrared);72 have a stellar counterpart
not compatible with the cluster in theV vs. V − I andJ vs. J − K diagrams; 245 are
candidate to have a disk. The remaining 1103 stars detected in X-rays are candidate to
be disk-less YSOs associated with the Eagle Nebula.

The group of 72 non-cluster stars likely contains field starsdetected in the ACIS
observations, as suggested by their position in all the color-color, color-magnitude and
Q diagrams (see Fig. 3.2).

Although it is known that young stars are strong X-rays emitters, among the 680
stars candidate to have a disk which fall in the ACIS FoVs, only 241 have been detected
in X-rays (35.4%). However, the lack of X-ray emission in a substantial fraction of
stars with disk is consistent with the limited X-rays sensitivity of ACIS observations
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4.5 Cluster radial density profile

and with the higher LX of WTTS than CTTS observed in other star forming regions,
such as in Orion (Preibisch et al. 2005; Flaccomio et al. 2003).

The 504 X-ray sources without any counterparts can be dominated by extragalactic
sources (Sect. 2.7.2). One other possibility, however, is that some of these sources
can be highly embedded stars associated with the Eagle Nebula. Both hypotheses are
supported by the fact that these sources have on average hardX-ray spectra, as shown
in Table 4.1. This table shows that the distribution of photons median energy and the
upper quartile (see Sect. 2.5) is shifted for higher energies for these 504 X-ray sources
with respect to the entire sample of X-ray sources.

Table 4.1 Photon’s quartiles energy for all X-ray sources and for those without coun-
terpart

Quartile All X-ray X-ray without counterpart
25% 1.6keV 1.6keV
50% 1.9keV 2.4keV
75% 2.5keV 3.6keV

As said in Sect. 2.7.2, the X-ray sources without stellar counterpart are in per-
centage more frequent in the outer ACIS-I fields. In theC − f ield most of them lie
in correspondence of the central cavity. In the outer fields most of these sources lie
to the denser regions of the nebula, as in correspondence of the embedded cluster at
North-East, where there are high visual extinctions (Fig. 3.3) and the lack of optical
and NIR counterparts is not surprising. It is not possible, then, to discern the nature of
these sources.

4.5 Cluster radial density profile

The list of the stars associated with the Eagle Nebula comprises: 1103 disk-less stars
and 834 disk-bearing stars. In theC − f ield, which contains NGC 6611, lie 896 disk-
less stars and 510 disk-bearing stars. Therefore, it remains a significant amount of
candidate YSOs associated with the outer regions of M16, demonstrating that stars
formation events involved all the Eagle Nebula.

The radial density profile of the cluster allows to obtain information on the mor-
phology of NGC 6611. To model the spatial distribution of thecluster, I used the
simple 2-parameter density profile of King (1966):

σ(r) =
σ0

1+ (r/rcore)
2

(4.3)
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Figure 4.18 Radial density profile found for the cluster members. The points are the
observed density in circles with the radii shown in abscissa; the dotted line is the
best-fit 2-parameters King’s profile (equation 4.3). The best-fit parameters are also
indicated. The error bars are poissonian uncertainties.

whereσ0 is the central cluster density,r is the distance of stars from the cluster
center andrcore the core radius. This model is successfully applied in relaxed clus-
ters which reached a high degree of energy equipartition, and it is calculated with the
hypothesis of an high cut-off for stellar velocities given by the stellar escape velocity
from the cluster.

I defined a rough cluster center, counting the cluster members in squares with sides
of 0.3 parsec (36′′) and taking the most populated square as the center. The coordinates
of this center areα=18:18:41.6 andδ=-13:47:23.8. Then, I calculated the projected
cluster member density (number of members per parsec−2) in concentric circles with
increasing radius. To find the central density (σ0) and core radius (rcore), I performed
a non-linear fit between members spatial distribution and the King’s radial density
profile. I found a central density (σ0) of 220± 10 stars/parsec2 and a core radius (rcore)
equal to 1.30± 0.06 parsec (see Fig. 4.18). I repeated this procedure for the stars with
a circumstellar disk and the disk-less members separately.I obtained a core radius of
1.03± 0.08 parsec for the stars with a circumstellar disk and 1.48± 0.09 parsec for the
disk-less members, with a difference of∼ 0.5 parsecs.

The radial density profile and the dynamical state of the cluster has been studied by
Bonatto et al. (2006), but using only 2MASS data and a membership criterion based
on the NIR colors (not effective for disk-less stars). The good agreement between
the observed and the King’s density profile suggested to Bonatto et al. (2006) that the
internal region of NGC 6611 has reached some level of energy equipartition. Using
the number of stars that they found in the core (120), the coreradius (0.7 pc) and the
definition of relaxation time:
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4.5 Cluster radial density profile

trelax =
N

8lnN
×

rcore

σv
(4.4)

where N in total number of cluster members andσv the velocity dispersion, with
the typical value of 3 Km s−1, (Binney & Merrifield 1998), Bonatto et al. (2006) found
the relaxation time equal to 0.7 Myr. This value oftrelax is about half the age of the
cluster that they estimated (1.3 Myr), and they concluded that the energy equipartition
was reached in the cluster’s inner region.

Using the value ofrcore that I found, and the value ofN for the core, estimated to be
equal to 623.7 by the number of cluster members inside the core (567, down to 0.2M⊙)
and the IMF found in the study on the Orion cluster of Muench etal. (2002), necessary
to estimate the number of members with masses smaller than the detection limit of the
observations, I found atrelax of ∼ 5.2 Myr, greater than the upper limit of the age of
the X-ray sources (about 3 Myr, see Sect. 3.1.3). The hypothesis that the core of the
cluster has reached some level of energy equipartition is therefore not supported by
the data used in this thesis. This is also confirmed by the significant asymmetry of the
spatial distribution of cluster members. In fact, the density of cluster members is lower
at South-West with respect to the other direction, as shown in Fig. 4.19, supporting the
evidence that the cluster core is not symmetric and then it has not reached a significant
energy equipartition.

Figure 4.19 Gray-scale map of the density of candidate cluster members in the central
ACIS FoV (delimited by the dotted line).
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4. Stars associated with M16 and NGC 6611

Moreover, dividing the central ACIS field in four quadrants,it is possible to see
that the core radius evaluated from the King’s density profile in the quadrant as South-
West is significantly smaller than those evaluated in the other three quadrants (see Fig.
4.20).

Figure 4.20 Radial density profile, similar to that shown in Fig. 4.18, found for the
cluster members falling inside four quadrants of the central ACIS field.
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Chapter 5

Disk frequency and sequential star
formation

This section is devoted to the analysis of the effects of the intense UV field, which char-
acterizes the central region of NGC 6611 where numerous massive stars are present,
on the evolution of circumstellar disks and on star formation process. These effects
are analyzed studying the spatial variation of disk frequency, i.e. how the ratio of disk-
bearing members on the the total number of stars associated with the cluster, varies
across the cluster itself. The study of spatial variation ofdisk frequency, instead just
that of the population of stars with disk, allows to take intoaccount the inhomoge-
neous spatial distribution of the cluster. Moreover, a chronology of star formation in
the whole nebula is found. This analysis is mandatory for tworeasons. First, it will
allow me to inquire about a large-scale feedback on star formation in the Eagle Nebula
by massive stars in NGC 6611. Second, a possible age sequencein the field may affect
the interpretation of the observed spatial variation of disk frequency.

5.1 Influence of the massive stars radiation on disks
evolution

5.1.1 Spatial variation of disk frequency

Disk frequency could vary across the Eagle Nebula both for a sequential star forma-
tion across the cluster (see Sect. 3.1.3) and for the not uniform spatial distribution
of massive stars, which are mostly concentrated in the central cavity corresponding
to NGC 6611 and can affect disks evolution by induced photoevaporation (see Sect.
1.2.2).

TheC− f ield is the most populated region, where fall almost all the massive stars,
896 candidate PMS members without disk and 510 candidate cluster members with
disk, for an average disk frequency equal to 36%± 1%. In previous studies on other
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clusters, several authors used the average disk frequency to find a relation with the
cluster age and to inquire about the effects of environment on disks evolution (Haisch
et al. 2001). However, since in theC − f ield massive stars are spatially inhomoge-
neously distributed, more than the absolute value of disk frequency, I am interested
in its spatial variation with respect to the position of massive members, which would
allow to understand whether their UV radiation can alter thedisk lifetimes of nearby
T-Tauri YSOs.

In theC − f ield, which contains NGC 6611, I calculated the flux emitted by all
the massive cluster members with spectral class earlier than B5 and incident on the
positions corresponding to the candidate members. Of course, my computation is ap-
proximated because I can compute only the projected distance between stars, and not
the real ones; I will return to this approximation later. I have binned the values of
incident fluxes in four bins, each defined in order to have the same number of disk-less
members. Then, I determined the average disk frequency for each bin of incident flux,
as the ratio in the bin between the disk-bearing stars on the total number of members.
The resulting histogram is shown in Fig. 5.1, where it is evident that disk frequency
is significantly lower in the last bin (i.e. at high values of incident flux) than in the
other bins. The dotted lines in Fig. 5.1 show the disk frequencies in each bin ob-
tained using only the candidate disk-bearing stars selected with 2MASS/PSC instead of
UKIDSS/GPS. The disk frequencies I found with UKIDSS/GPS are larger than those
found with 2MASS/PSC. This reflects the larger number of candidate stars with disks
that it is possible to select with UKIDSS/GPS with respect to2MASS/PSC. However,
the spatial variation of disk frequency with respect to the positions of massive stars
holds with bothJHK catalogs.

In this calculation I have not considered the absorption of the UV radiation due
to the intracluster medium. However, since the difference in the average extinction
between the foreground stars and the X-ray sources is aboutAV = 1.3m (see Sect.
3.1.2), and the UV radiation penetrates to a depthAV ∼ 1m, this effect is probably
important only for the cluster members far away from the center of NGC 6611, where
most of the OB stars are. I also used the projected distances instead of the real ones.
Both effects decrease the incident flux which reaches the cluster members. The flux I
computed, then, are overestimated, so that also the population of the high-flux bin is
overestimated. This would reinforce the result. The analysis is therefore conservative
in this respect.

To obtain the histogram in Fig. 5.1, I have used only the current position of the stars
to calculate the flux from the massive stars incident on the circumstellar disks, and I
have not considered the orbit of the stars during the evolution of the cluster. Since
NGC 6611 is not relaxed yet (see Sect. 4.5), this can be relevant only for stars in the
core, while stars in the outer region had not enough time to pass near the center where
more OB stars are clustered. However, the exact computationof the incident UV radi-
ation, integrated in the orbit during the lifetime of the stars with a circumstellar disk, is
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5.1 Influence of the massive stars radiation on disks evolution

Figure 5.1 Histogram of the disk frequency vs. the flux emitted by massive stars and
incident on cluster members.

beyond the scope of this thesis. Similar computation have been made by other authors,
as Adams et al. (2006), which used N-body simulations of the evolution of clusters
with a population between 100-1000 members. They claimed that the destruction of
the circumstellar disks and young planetary systems are rare events. However, since
its larger population, this result is not applicable in the case of NGC 6611.

Fig. 5.2 shows the spatial variation of the disk frequency across all the regions of
M16 covered by ACIS-I fields. Even if in the outer regions the number of members
is not sufficiently large to obtain significant results, the map suggests a larger disk
frequency in specific outer regions of the nebula with respect to NGC 6611. This
could to be due to a younger population of members or to the lack of OB stars. The
map in Fig. 5.2 does not allow to compare, with a good statistic, the spatial variation
of disk frequency in the outer regions of M16 with the morphology of the nebula, the
average age of cluster members, and the positions of OB stars. To do this, I defined 20
regions across the Eagle Nebula. Each region is named with the name of the ACIS-I
field in which it is contained (the first letter), and the orientation with respect to the
center of this ACIS-I field (for instance, the region NES is the region at South of the
NE − f ield). These regions are listed in table 5.1, which also shows themedian age
of their population of disk-less candidate cluster members(3th column, see Sect. 5.2)
and their average disk frequency (2th column). The disk frequency in these regions
vary from 52%± 13% (C SE region) to 17%± 8% (E SE region); all the values will
be listed and compared with the average cluster members age in the following section.
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Figure 5.2 Gray-scale map of the spatial variation of disk frequency in M16. Dots
and stars mark the positions of OB stars. The dotted boxes arethe ACIS-I fields. The
circles delimit the regions defined in Table 5.1.

5.1.2 Externally induced disks photoevaporation

In the previous section I found an average disk frequency in the C − f ield equal to
36%± 1%. In the same sky region, using 2MASS/PSC instead of UKIDSS/GPS, I
evaluated an average disk frequency of 24%± 2%. This discrepancy is not surprising,
since the list of members compiled with UKIDSS/GPS is deeper(of about 1.5m in J)
than that produced with 2MASS/PSC, and a dependence of the disk frequency with the
mass of the central star is hypothesized by several authors (see Sect. 5.1.3). Moreover,
both the larger sensibilities and spatial resolution in UKIDSS/GPS, with respect to
2MASS/PSC, allow a more complete selection of disk-bearingstars. The obtained
disk frequency in NGC 6611 is lower than the value estimated by Oliveira et al. 2005
(∼ 58%), which used deep NIR data of a small region inside theC − f ield. The lower
value I obtained can be justified by the use of the detection inX-rays as a membership
criterion for disk-less stars, which is much more efficient than that used by Oliveira
et al. 2005 (i.e. position in color-magnitude diagrams).

I also found that disk frequency drops for small distances from massive stars, where
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Table 5.1 Median age, average disk frequency and number of massive stars in the
regions defined in Fig.. 5.2

Region Disk frequency Age (Myears) OB stars
C SE 52%± 13% 3.4 3
NE O 42%± 20% 3.8 0
E N 38%± 11% 3.8 1
E SE 17%± 8% 3.6 0
C P 46%± 11% 2.0 1
C O 44%± 12% 1.6 1
C S 37%± 7% 1.7 3

C NE 42%± 6% 1.4 4
C SO 19%± 10% 2.4 0
E E 37%± 13% 1.6 0
E C 35%± 8% 1.5 0
C C 30%± 3% 0.8 29

Trunks 23%± 5% 1.0 4
C NO 25%± 8% 0.3 3
NE S 19%± 8% 0.03 0

stars with disk are irradiated by intense EUV radiation. Stars with disks have been se-
lected by the excesses in NIR bands, which are related to the presence of an inner
disks and that of a population of small grains in the disks. The spatial variation of
disk frequency suggests that both components are dissipated in disks close to OB stars.
Disks are destroyed from outside (where the disk surface density is lower) inward,
down to the gravitational radius (Rg) where the escape velocity is equal to the sound
speed (see Hollenbach 1994, and Sect. 1.2.2). For example, in a star with a mass of
0.2 M⊙ bearing a circumstellar disk heated up to 1000 K by the incident UV radiation
(FUV regime), the gravitational radius is at 20 AU from the central stars; in the EUV
regime, close to OB stars, when the circumstellar disk can beheated up to 104 K by
the incident UV radiation, the gravitational radius is at 2 AU. For distances from the
central star smaller than the gravitational radius, the photoevaporated gas produces a
stable atmosphere around the star. However, Woods et al. (1996) have shown that if the
evaporating gas reaches supersonic velocities inside the gravitational radius, the photo-
evaporation occurs even closer to the central stars (down toabout 0.2×Rg). However, if
the outer regions of the circumstellar disk are photoevaporated, accretion cannot drain
material in the inner region replenishing the gas dissipated by the stellar radiation or
accreted on the star’s surface. Photoevaporation, then, may also cause the destruction
of the inner region, responsible for the emission in NIR bands.
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The main heating mechanism in disks is the absorption of the radiation from the
central star by theµ-size disk grains. NIR emission from disks is due both to the
thermal emission from the grains population (D’Alessio et al. 2006) and from hot gas
in the inner disk if the accretion rate is sufficiently intense (for instance, 10−6M⊙year−1

for a star with 3M⊙, Muzerolle et al. 2004). Externally induced photoevaporation
affects directly the gas in the disks, instead of grains. Thus, there should not to be
an apparent connection between the effect of induced photoevaporation in a disk and
its thermal emission in NIR bands from dusts. However, Baloget al. (2006) observed
some cometary bubbles around photoevaporating circumstellar disks in the young open
cluster NGC 2244, analogous to the structures observed in the Orion Nebula Cluster
(ONC) by the Hubble Space Telescope (see Sect. 1.2.2). The cometary envelopes in
the ONC have been observed in narrow optical bands, where theemission is related
to the photoevaporating gas, while the envelope in NGC 2244 have been observed in
24µm. This emission was interpreted as thermal emission ofµ-size grains entrained
and dragged in the photoevaporative flux by the gas. Numerical simulations of disks
photoevaporation agree with this hypothesis. For instance, Throop & Bally (2005)
studied the grains evolution in a circumstellar disks with amass of 0.06M⊙, a radius
of 100AU around a central stars of 1M⊙, which is irradiated by the same UV flux
incident on the photoevaporating diskHS T10, observed in the ONC by Hubble. They
found that after 1.25× 105 years the gas-disk is destructed down to 5AU and theµ-
size grains are dragged away from the disk in the evaporatingflux. A total of about
4 Earth masses of grains are still in the disk, but only the 3% conserved its original
dimensions. In fact, when most of the gas has been lost, solidparticles meet criteria
for gravitational instability (Youdin & Shu 2002) growing spontaneously up to Km-
size. Photoevaporation process, then, affects also the dusts evolution in disks, which
quickly lost theirµ-size grains population and then their contribution to the emission
in NIR bands.

Following Störzer & Hollenbach (1999), disks in low-mass stars can be dispersed
down to few AU by EUV radiation in less than 1 Myear only for a distance on aver-
age smaller than 1 parsec from O stars. For larger distances,incident FUV radiation
dissipates the circumstellar disks down to 0.15,0.2×Rg, affecting the NIR emission of
disks, in timescales of few Myears (Adams et al. 2004). This is crucial in this study,
since, as explained, the disk diagnostic based on NIR bands is sensible to the emission
from the inner disk and the average age of stars associated with NGC 6611 is∼ 1
Myear. The bin with the highest UV flux in Fig. 5.1, in fact, corresponds to a similar
average distances from massive stars. For larger distances, disk frequency does not de-
pend on the intensity of the incident UV flux. This means that in NGC 6611 only the
photoevaporation induced by EUV radiation (close to massive stars) have completely
dissipated the disks, while the FUV radiation, which dominates in the outer regions of
the cluster, has not affected yet the evolution of circumstellar disks. The histogram in
Fig. 5.1 agrees with the result of Balog et al. (2007), who found that in NGC 2244
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(a young cluster hosting a O star) disk frequency drops for a distance smaller than
0.5 parsec from this O star, and with the HST observations in the Trapezium in ONC,
where photoevaporating disks have been observed at distance from the O stars smaller
than 1 parsec.

5.1.3 Disks photoevaporation at different stellar masses

The extinction map shown in Fig. 3.3 allowed me to obtain the intrinsic optical and
NIR magnitudes and colors, from which it is possible to derive the masses of the clus-
ter members from the transformations of Kenyon & Hartmann (1995) and evolutionary
stellar models of Siess et al. (2000). In this way, I could to study the disk frequency
for different mass ranges at different distances from OB stars. This analysis is per-
formed to study two different mechanisms for disks dissipation which can take place
in NGC 6611. First, in the case of a not perturbed evolution, the timescales for disks
dissipation strongly depends on the mass of the central star(Sect. 1.1.3). Even if it
does not exist yet an universal scaling law which gives the time of dissipation of the
inner disk versus the mass of the central star, high-mass stars emit a more energetic
flux and more intense stellar winds than low-mass stars, thusthey erode faster their
inner disks. In fact, several authors evaluated the disk frequency for high-mass stars
in clusters older than few Myears, finding frequencies of some percents. The disk fre-
quencies for high-mass stars, then, decline faster than those evaluated on the entire
cluster populations (which declines in∼ 10Myears, Haisch et al. 2001). On the other
hand, in those cases when disks are photoevaporated by closemassive stars, specific
simulations predicts a faster dissipation of disks with a low-mass central star. For in-
stance, Adams et al. (2004) have shown that the intensity of the photoevaporating wind
from disks with a central star of 1M⊙ is less intense than those with a star of 0.25M⊙.
This is interpreted as due to the lower gravitational field produced by the stars, which
results in a lower attraction and a smaller gravitational radius1.

Table 5.2 shows the average disk frequency in theC − f ield (which contains
NGC 6611) for two different mass ranges. There is not a large dependence of the
disk frequency with the stellar mass, even if a slightly (1.5 × σ f req) larger frequency
is found for masses≤ 1M⊙. It must be noted that disk frequencies in Table 5.2 differ
slightly from the average frequency in NGC 6611 (36%±1%), since it was not possible
to evaluate the masses of all the candidate cluster members falling in theC − f ield.

The larger frequency found for stars with mass≤ 1M⊙, although not highly sig-
nificant, is in agreement with a faster dissipation of disks around high-mass stars, as
it was obtained in other star-forming regions, asη Cha (Megeath et al. 2005), Upper
Sco (Carpenter et al. 2006), Trumpler 37 (Sicilia-Aguilar et al. 2006) and IC348 (Lada
et al. 2006). However, for the population of stars more massive than 1M⊙, these studies
evaluated disk frequencies of some percent, much lower thanour 32%. The origin of

1The radius at which the photoionized gas remains gravitationally bound to the central star

85



5. Disk frequency and sequential star formation

Table 5.2 Disk frequency in theC − f ield for two different mass ranges

Mass range Disk-less Disk-bearing Disk frequency
> 1M⊙ 119 56 32%± 4%
≤ 1M⊙ 394 300 43%± 3%

this discrepancy is the different age of the clusters. In fact, all the cited clusters are
older than the members of NGC 6611 (whose median age is lower than 1 Myear): 2-3
Myears (IC348), 4 Myears (Trumpler 37), 5 Myears (Upper Sco)and 5-9 Myears (η
Cha). The disk frequency found in this thesis, then, refers to younger pre-main se-
quence population, with a larger number of high-mass stars that have not dissipated
their disks yet.

Fig. 5.3 shows the disk frequency for two different ranges ofcentral star masses
(larger and smaller than 1M⊙), as a function of the flux emitted by OB stars and in-
cident on the cluster members. The difference between the frequencies for high- and
low-mass stars does not depend on the intensity of the incident flux, i.e. this differ-
ence in the bin corresponding to the highest incident flux is equal to those in the other
bins. This suggests that in NGC 6611 the disks dissipation timescales due to the pho-
toevaporation induced by OB stars do not depend strongly on the mass of the central
stars. The more reliable hypothesis is that more time, with respect to the average age
of NGC 6611 (which is≤ 1 Myear old), should to be necessary for photoevaporation
to produce observable effects at different masses of the disk-bearing stars. In fact, fol-
lowing the simulations of Adams et al. (2004) and using the typical mass-loss rates
which they evaluated, in 1 Myear the mass lost in the outer regions of disks with a
central star of 1M⊙ and 0.5M⊙, respectively, differs for less than∼ 0.01M⊙. From the
models of ClassII objects developed by Robitaille et al. (2006), this is not in general
sufficient to produce observable differences in NIR excesses, which arise mostly from
the inner disk.

5.2 Chronology of stars formation in the Eagle Nebula

In order to shed some light on the star formation history in the Eagle Nebula, I evalu-
ated the age of each disk-less source from the isochrones of Siess et al. (2000), using
theV0 vs(V − I )0 andJ0 vs(J − K)0 diagrams. I excluded from this computation disk-
bearing members, since their optical colors should to be notphotospheric (see Chapter
6). A total of 333 stars can be plotted in both diagrams, obtaining for these stars two
age estimations. On average, the ages estimated of these stars from V0 vs. (V − I )0

agree with those fromJ0 vs. (J− K)0, with a median of the differences∼ 0.02 Myears
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5.2 Chronology of stars formation in the Eagle Nebula

Figure 5.3 Histogram of disk frequency vs. the flux emitted bymassive stars and inci-
dent on cluster members for two different ranges of stellar masses:> 1M⊙ (unbroken
line) and 1M⊙ ≥ Mstars< 0.2M⊙ (dotted line).

but with a large spread. The age of these stars, then, have been set equal to the mean
value of the two estimates.

Fig. 5.4 shows the dereddenedV0 vs. (V − I )0 diagrams for the stars falling only in
theC − f ield (upper left panel); in the sky region in common betweenC − f ield and
E − f ield (upper right panel); only in theE − f ield (lower left panel); and, finally, for
the sources falling in theNE− f ield. The sequence upper-left, upper-right, lower-left
panels, then, goes through the nebula from NGC 6611 eastward. In all these diagrams,
crosses mark both the candidate disk-less cluster members and the candidate X-ray
sources not associated with M16. The disk-less members in the upper right panel
(region in common between the two ACIS-I fields) are on average older than those
in theC − f ield, and younger than those in theE − f ield. The median age for these
three groups of stars, in fact, increases in the East direction: 1.0 Myear for the stars in
theC − f ield; 1.4 for the stars in the common region; 2.0 Myers for the stars in the
E − f ield. This trend does not agree with the hypothesis of a large-scale triggering of
star formation in M16 by the massive stars in its center, since in this case oldest stars
should to be found in theC − f ield. Stars in theNE − f ield are more sparse in the
diagram, with a fraction apparently younger than 1Myear. TheJ0 vs. (J−K)0 diagrams
of the same regions, not shown here, share the same properties of diagrams in Fig. 5.4.

To understand how the age of disk-less cluster members vary across all the the
nebula, I also used the grid shown in the upper panel of Fig. 5.5, obtained dividing
the WFI FoV in cells of 1.7 × 1.4 parsecs. The representative age of each cell is the
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Figure 5.4 IntrinsicV0 vs. (V − I )0 diagrams for the optical sources (points) and the
optical+X-ray sources (crosses) that fall in four different sky regions: only in theC −
f ield (upper left panel), in the region in common betweenC− f ield andE− f ield (upper
right panel), only in theE− f ield (lower left panel) and falling in theNE− f ield (lower
right panel). The isochrones are from Siess et al. (2000).

median age of all the disk-less members falling inside it. The central cell (0.8 Myear),
where NGC 6611 falls, is younger than all the surrounding cells, in every direction
but northward. Among the cells with a significant numbers of stars, the oldest cells
(2-3 Myears old) are in the East and South directions; the youngest (0.1 Myear) is
northward from the center of NGC 6611.

Despite of an in-outward sequential star formation, that should to be observed in the
case of a large-scale triggering of star formation in M16 by the massive stars associated
with NGC 6611, the grid shown in the upper panel of Fig. 5.5 suggests a trend from
South-East to North-West. The map in the lower panel shows this trend, with the oldest
disk-less cluster members in the South-East region (3.1 Myear) and the youngest in the
North-West region (0.3 Myears). The region of M16 which corresponds to NGC 6611
is 1.2-0.7 Myears old. This trend does not involve only the median ages, but the whole

88



5.2 Chronology of stars formation in the Eagle Nebula

Figure 5.5 Spatial variation of the age of disk-less clustermembers, shown with a 5×5
grid (upper panel) and a diagonal map (lower panel). The positions of ClassI/NNID
YSOs are also shown. In the right panel, the lower numbers in each region are the
corresponding median age, the upper number are the number ofstars involved in the
calculation. North is up; East is on the left
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distributions of the age of the disk-less members, that are shifted for younger ages
going from South-West to North-East. Fig. 5.5 also shows thespatial distribution of
ClassI/embedded ClassII objects. The position of the embedded NE cluster agrees with
the hypothesis that this is a young star-formation site in M16.

5.2.1 Triggered or externally induced stars formation in M16

I tested the hypothesis of a possible large-scale triggering of star formation in the
whole M16 by the massive stars in NGC 6611, searching evidence that YSOs in the
outer regions of the Eagle Nebula are younger than those in the central cluster. This is
a crucial point also since the observed spatial variation ofdisk frequency observed in
NGC 6611 could to be explained if members close to the massivestars are older than
those in the outer regions of the cluster (so most of them havedissipated their disks by
their self). The age grid shown in the upper panel in Fig. 5.5 negates this hypothesis:
only in northward direction disk-less stars associated with the nebula are younger than
those in the central region, while in the other directions older objects have been found.
Instead, I found a trend of the age in the SE-NW direction, with a difference of 3
Myears between the two extremes (see the lower panel in Fig. 5.5). The picture which
arises from this finding is that the star formation events in the South-East region of
M16 are older (of 1-2 Myears) than those in NGC 6611 (central region). Only the star
formation in the North and West directions (i.e.: the regionaround the massive star in
formation and the SFO30 cloud) may have been triggered by theradiation of massive
stars in the last period (more recently than 1 Myear), as expected by a small-scale
triggering. The star formation in the embedded cluster at North-East occurred in the
last 0.5 Myears.

If this sequence of star formation is correct, something hasgiven the initial im-
pulse for the star formation in the South-East direction about 3 million of years ago.
Moriguchi et al. (2002) discovered a giant molecular shell wide about 170× 250 par-
secs, created about 6 Myears ago likely by violent supernovaexplosions. Following
these authors, this shell reached the Eagle Nebula in the southern direction approxi-
mately 3 Myears ago.

Fig. 5.6 shows a DSS-I 4◦ × 3◦ image of the region of the galactic plane with
the Eagle Nebula (M16) and the Omega Nebula (M17). The limitsof the molecular
super-shell discovered by Moriguchi et al. 2002 (the black lines) and the limits of the
diagonal regions in the right panel of Fig. 5.5 (the white lines) are also shown, with
the oldest region of Fig. 5.5 closer to the shell. Both the direction and the time at
which the molecular shell encountered the Eagle Nebula agree with the sequence of
star formation suggested by this thesis. Moreover, both thestar formation events in
the South-East region of M16 and the oldest events in the Omega Nebula can be dated
approximately 3 million years ago (see Povich et al. 2009), supporting the existence of
a connection between the stars formation events in the two star-forming regions. This
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5.2 Chronology of stars formation in the Eagle Nebula

Figure 5.6 DSS-I image of about 4◦×3◦ of the sky region between M16 and M17. The
axis of the galactic coordinates, the limit of the molecularshell (black lines) and the
limits of the regions in the right panel in Fig. 5.5 (white lines) are shown.

thesis, then, does not support the hypothesis of a large-scale triggering of star formation
by the OB members of NGC 6611 involving the entire nebula, whose gravitational
collapse has been instead triggered by the incidence of a giant molecular shell.

I also searched a relation between the observed disk frequency and the median age
of cluster members in some particular regions of the Eagle Nebula, defined in Table 5.1
(see also Fig. 5.2). To this aim, I compared the observed diskfrequencies with those
expected from the age of the clusters analyzed in Haisch et al. (2001). These clusters
are suitable for my scope since they do not have an important population of massive
stars and they are≤ 1-10 Myears old. I defined a relation between disk frequencies
and clusters age interpolating the data obtained by Haisch et al. (2001), and I used
this relation to derive the “expected” disk frequency of theregions of M16 defined in
Table 5.1 from the average age of their population. Fig. 5.7 shows how the differences
between the observed and the “expected” disk frequencies vary, almost in a linear
fashion, with the average ages of these regions. A large difference means that the
disk frequencies found in the regions of M16 are lower than those “predicted” by the
interpolated relation. A connection between the amount of massive stars in the fields
and the difference between expected and observed disk frequencies differences can be
hypothesized, since three of the four regions with the difference greater than 60% are
among those with more OB stars (in Fig. 5.7 the size of the circles are related to the
amount of massive stars inside the fields). It must be noted, however, that the regions
with the highest differences are also the youngest ones. There is only one cluster with
an age∼ 1 Myear among those studied by Haisch et al. (2001), NGC 2024,with a
disk frequency∼ 85%, slightly smaller than that predicted by the interpolated relation
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5. Disk frequency and sequential star formation

Figure 5.7 In this diagram, the y-axis shows the differencesbetween the observed and
expected (see the text) disk frequencies in the regions defined in Table 5.1; the x-axis
shows the average age of disk-less cluster members falling in each region. The size of
the circles is related to the number of OB stars in each region. The name of the regions
are also indicated.

disk frequency vs. cluster age(90%). It also possible, then, that in these regions most
of the associated YSOs with disk are very embedded in the cluster medium, making
hard their detection. The only field in which this hypothesiscan not be applied is the
C C f ield, that corresponds to the cavity cleared by the stars of NGC 6611 (and with
the region with smaller extinction, see Fig. 3.3). InC C f ield the difference is more
likely due to the high amount of massive stars. In conclusion, Fig. 5.7 shows a larger
difference between the observed and the “expected” disk frequency for the regions
which are younger on average and for those with more massive stars.

92



Chapter 6

Peculiar stars with disk

In this section I analyze two groups of peculiar candidate stars with disk: 90 stars
with V − I bluer than the other candidate cluster members and 66 with photospheric
[3.6]-[4.5] color. This analysis is performed with the SED (Spectral Energy Distribu-
tions) models of Young Stellar Objects of Robitaille et al. (2006, 2007)1. The models
database contains 20 000 YSO models, each at 10 different inclinations, for a total
of 200 000 distinct resulting SEDs. This set of models coversan extensive param-
eter space, including stellar radiation and thermal emission from disk and envelope.
Moreover, stellar radiation that is directly observed is distinguished from the optical
radiation scattered along the line of sight.

The analysis of these stars gave me the opportunity to inquire on the influence of
incident UV flux on the evolution of the grains population of the disks in NGC 6611.

6.1 Blue stars with excesses

The left panel of Fig. 6.1 shows theV vs. V − I diagram for stars in the WFI FOV
(points, while crosses mark the optical+X-rays sources), and 90 stars (marked with
squares) with NIR excesses, detected with different diagnostics, whoseV − I is bluer
than the cluster locus, i.e. with positions typically occupied by foreground main se-
quence stars. Among them, 4 are also X-ray sources.

Before discussing in detail the characteristics of these stars (hereafter called“Blue
stars With Excesses”, or with the acronymBWEstars), it is important to stress that the
selection of candidate stars with disk have been very conservative, in order to avoid as
much as possible a contamination of the members list. I also want to stress that the
following characteristics of BWE stars allow to be confidentabout the classification as
disk-bearing YSOs for almost all them:� In the IRAC color-color diagram, the 4 BWE stars which can be plotted exhibit

colors compatible with ClassII YSOs.
1The grid of models is available at http://caravan.astro.wisc.edu/protostars/index.php
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6. Peculiar stars with disk

Figure 6.1 Left panel:V vs. V − I diagram of the stars in the WFI FOV (gray points),
X-ray sources (crosses) and BWE stars (boxes). Right panel:spatial distribution of
stars in the WFI FOV (gray points), BWE stars (boxes) and candidate disk-bearing
stars (black dots). North is up, East is on the left.
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6.1 Blue stars with excesses� In the NIR color-magnitude and color-color diagrams all theBWE stars are con-
sistent with being cluster members, with the exception of 9 stars which have
NIR colors of foreground sources and that will be excluded from the following
analysis (since I assume that they are likely field stars).� In the 45 BWE stars with smallJHK errors, the excesses have been detected only
in Qoptical+in f rared indices. This do not exclude that these stars are mismatches
between optical and NIR catalog. However, in 30 cases theK band shows a
weak excess also withQJHHK, although it is not significant, which is detected
independently from optical photometry. In fact, the mean value of theQJHHK

index for the entire sample of BWE stars is equal to -0.23, lower than the mean
QJHHK of all stars in the WFI FOV (equal to 0.30).� 2/3 of BWE stars have infrared excesses inJHK with both UKIDSS/GPS and
2MASS/PSC photometry.

An other hint about the nature of BWE stars as disk-bearing YSOs can arise from
spectroscopy. I obtained observations (with a total exposure time of 6 hours) of can-
didate stars associated with the Eagle Nebula with the high resolution spectrometers
GIRAFFE/FLAMES@ESO. These observations have been performed with theHR15N
(R=17000) setup, which covers the 5200-7600Å spectral range, comprising both the
Hα 6707.8Å and Lithium 6562.8Å lines. The former line is usually used as diagnostic
of inflow/outflow of gas with respect to the central stars, as those due to gas accretion or
wind from both the star and the disk. Classical T-Tauri stars(CTTS) are usually char-
acterized by a broad and asymmetricHα line in emission with eventually blueshifted
absorption features. Lithium line is one of the best indicator of stellar age in young
low-mass stars, since Lithium is quickly (∼ 10Myears) consumed in convective stars.
The most important caveat about the use of theEquivalent Width(EW)2 of Lithium
line as age estimator is that the time evolution of Li abundances strongly depends on
stellar mass.

Among the 20 BWE stars observed with FLAMES, 6 have an evidentLi line in
absorption and 13 broad and not symmetricHα line, thus showing spectroscopic ev-
idence of their nature of PMS stars (4 among these stars have both the spectroscopic
features). About theHα line, eight stars have a blueshifted absorption feature (with
respect to the center of the line), which is a signature of occurring inflow of gas onto
the stellar surface; two stars have an asymmetric profile in the red part of the line; three
stars have both the absorption feature and the asymmetric profile. Following Kurosawa
et al. (2006), these observed line profiles indicate both gasaccretion onto the star and
gas wind from the disk surface with different values of accretion rate, mass-loss rate
and disks inclination.

2The EW is defined as the area of the line profile between the continuum with intensity level one and
the reference at level zero.
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Figure 6.2 Lithium 6562.8Å lines (upper panels) andHα 6707.8Å (lower panels) of 4
BWE stars: in the upper panels 6611-1125 and 6611-731; in thelower panels 6611-
19702 and 6611-4534.

Fig 6.2 shows the spectra of 4 among these stars. In the lower panels the narrow
peaks in theHα lines are due to the emission of the nebula, which it is not possible
to subtract since the sky contribution varies largely across the field. These spectra
show both the absorption feature and the asymmetric line profile due to gas flow with
respect to the star, proving the presence of a disk. In the upper panels are shown the
spectra of two BWE stars which show a prominent Li line in absorption with respect
to the continuum, which is a clue about their nature of PMS stars. The PMS nature of
6611-731 and 6611-1125 (Li line in the upper panels of Fig. 6.2) is also suggested by
their detection in X-ray. The intense accretion of 6611-4534 is also suggested by SED
analysis, which predicts an accretion rateṀ = 8× 10−7M⊙years−1.

The spatial distribution of BWE stars does not show any evident concentrations
(right panel of Fig. 6.1). Only 27 of these 90 stars (about 25%) lie inside theC− f ield,
centered on NGC 6611. Therefore the spatial distribution ofBWE stars seems to be
uncorrelated with the cluster. Inside theC − f ield, BWE stars are more frequent at
large distances from OB members, that are concentrated in the center of the cluster. It
is possible to suppose, then, that the physical mechanisms responsible for the optical
colors of BWE stars are more efficient at large distances fromthe center of the cluster.
This can be due to a lower incident UV radiation or to the dynamical evolution of the
cluster. Moreover, the study of the outer regions of the Eagle Nebula revealed a large
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number of candidate young stars associated with M16 but not to NGC6611. Most of
BWE stars, then, could be part of this population of M16.

6.1.1 Hypotheses on the nature of BWE stars

One possible explanation about the nature of BWE stars is that they are strong ac-
cretors, characterized by an intense veiling which alters their optical colors (see Sect.
1.1.2). The possibility that the position in the H-R diagramof accreting T-Tauri stars
can be affected by veiling has been discussed by several authors. For example, Hart-
mann & Kenyon (1990) studied 37 K7-M1 T-Tauri stars in the Taurus-Auriga complex,
and they found that strong accretion (Ṁ ≥ 10−7M⊙yr−1) affects the positions in the H-
R diagrams of young stars, for which it is not possible to haveaccurate age estimation
from stellar luminosities and colors. Stars with properties similar to the BWE stars
have been observed in other star forming regions. For example, Hillenbrand (1997)
obtained theV vs. V − I diagram, down toV ∼ 22m, of the Orion Nebula Cluster,
where few tens of K-M cluster members are even bluer than the ZAMS at the distance
of the nebula. This author hypothesized that these stars canbe heavily veiled, or their
photometry might be contaminated by the nebula.

Another possible explanation for the observed colors of BWEstars is that they are
cluster members surrounded by a dusty reflection nebula. In this case the extinction at
I and infrared bands is different from that atV, because of the optical light reflected
by the nebula, and the optical colors are very different fromwhat is expected from
a reddened photosphere. This hypothesis was proposed by Damiani et al. (2006) for
the young open cluster NGC 6530, to explain the stars with excess detected withQVIIJ ,
which in the optical color-magnitude diagram are apparently older than the X-ray emit-
ting members of the cluster (i.e. like our BWE stars). To support this hypothesis,
Damiani et al. (2006) note that two among the stars of Taurus-Auriga complex, with
excess detected withQVIIJ, are Class I sources surrounded by an envelope, with faint
optical counterpart. In some near star-forming regions, stars surrounded by a reflection
nebula have been observed at high spatial resolution, as in the HST observation of the
Taurus-Auriga cluster (Padgett et al. 1999).

It is also possible that a significant fraction of stellar radiation is scattered along
the line of sight by the dusty grains in the disk atmosphere. For example, in Fig. 1.3,
along the direction inclined∼ 40◦ with respect to the rotation axis, there is both di-
rect and scattered photospheric flux. If the light emitted bythe star is scatteredfrom
the line of sight, as while passing through the isotropic interstellar medium (ISM), the
source is affected by the normal interstellar extinction. Stars with disk, however, are
not isotropic systems. The amount of light scatteredalong the line of sight by the cir-
cumstellar material can be larger than the extincted amountof radiation. Since small
dusty grains, with sizes≤ 1µm, scatter optical light more efficiently than infrared radia-
tion (Throop et al. 2001, and references therein), if the disk surface is mostly populated
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by small dusty grains, scattering affects the optical radiation at short wavelengths. If
a large amount of such radiation is scattered along the line of sight, the observed flux
emitted by the (reddened) photosphere at shorter wavelengths increases, obtaining blue
V − I color. The efficiency of this mechanism depends on the distribution of the grains
size in the disk atmosphere (which changes during the disk evolution) and on other
disk properties such as the disk inclination and its scale height.

I can not a priory reject the hypothesis that these stars are older than the other PMS
members. There are known examples of classical T-Tauri stars much older than the
disk survival times that are usually observed or predicted by the YSOs evolutionary
scenario. For example, Palla et al. (2005, 2007) studied lithium depleted members of
Orion Nebula Cluster, among which a Classical T-Tauri star with large NIR excesses
even if with an age (estimated by Li abundances) equal to∼ 20Myr; or MP Muscae,
a T-Tauri star with disk, low accretion (∼ 10−11M⊙/yr) and an age∼ 17Myr (see
Argiroffi et al. 2007, and references therein).

Finally, it is also possible that BWE stars are due to mismatches between optical
and infrared catalogs. A random coincidence between a foreground MS optical star
and an infrared source, in fact, can produce a source with allthe indices negative and
“blue” optical colors. This is certainly a reasonable hypothesis for the 9 BWE stars
with alsoH − K compatible with field stars. However, the mean value ofQJHHK for
BWE stars (-0.23) implies that this sample is not dominated by mismatches.

6.1.2 SEDs analysis of BWE stars

The stars analyzed in this section are studied using the gridof YSOs models described
in Robitaille et al. (2007). This analysis consists in the determination of the SEDs
models which better reproduce the observed data, using the compatibility criterion
defined in Robitaille et al. 2007 (they defined as compatible models those for which
the reduced chi-squares satisfy the relationχ2 − χ2

best ≤ 3, whereχ2
best is that of the

best-fit model).
The models consist of Pre Main-Sequence stars with circumstellar material in a

rotationally-flattened infalling envelope (Terebey et al.1984), with bipolar cavities,
and a flared axysimmetric circumstellar disk (i.e. Dullemond et al. 2001 and references
therein). The main luminosity source is the central star, with a smaller contribution
from the accreting gas. Central star, circumstellar disk and collapsing envelope are
described by the following set of parameters: stellar mass,radius and temperature
(central star); mass, accretion rate, outer and inner radii, flaring coefficient and typical
scale-height (circumstellar disk); accretion rate, outerand inner radii, cavity opening
angle and average density (collapsing envelope). The values of these parameters have
been chosen in order to fit both observations and previous theoretic studies.

Stellar photospheric models have been obtained by Brott & Hauschildt (2005),
for effective temperatures higher than 10000K, and Kurucz (1993) for stars with lower
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temperatures. Stellar masses range from 0.1M⊙ to 50M⊙, while the ages from 0.01Myears
to 10Myears.

The structure of circumstellar disks is described with a flared and axysimmetric
geometry and a density which decreases with the distance from the central star. The
typical scale-height is evaluated from the hydrostatic equilibrium, with a multiplica-
tive factor at the dust sublimation radius which depends on the opacity of the gas in
the inner disk. Disk masses are in the range∼ 0.0001− 0.1M⊙, sampling different
evolutionary stages. The accretion rate is evaluated from stellar mass and radius, disk
density, scale-height and viscosity (Pringle 1981). The disk is included between an in-
ner and an outer radius. In most cases, the former is evaluated as the dust sublimation
radius, where dusts temperature is 1600K. Following Terebey et al. (1984), the disk
outer radius corresponds to the envelope centrifugal radius (see Sect. 4.2.1). Disks
are composed by gas and dust in a mass ratio 100:1. The averagedimensions of dusty
grains are evaluated differently for the inner and outer disk.

The density structure of the rotating, collapsing envelopes is evaluated according to
Terebey et al. (1984). The accretion rate of gas from the envelope to the disk is constant
for very young YSOs models (younger than 104 years), and then it decreases becoming
zero in some Myears (Hartmann 2001). The envelope inner radius is fixed equal to the
centrifugal radius, while the outer radius from the condition that the temperature of the
optically thin envelope fall to 30K.

Among the 81 analyzed BWE stars, only 42 are compatible with at least one SED
model with goodχ2 value. These stars, mostly thank to the small photometric errors
in UKIDSS bands, are compatible with at most 3 models.

As explained previously, large accretion rates, and the resulting intense veiling,
could account for the blue optical colors observed in the BWEstars. However, only 5
BWE stars have the SEDs compatible with at least one model showing, in the optical
bands, excesses with respect to the predicted photosphericflux, due to gas accretion
(hereafter, I will call these stars “E− stars”). The analysis of their SEDs suggests that
Ṁ is on the average higher in the E-stars sample with respect tothe other candidate
members with disk, and that the observability of the excess in optical bands requires
not only high accretion rates, but also low stellar temperatures, likely for contrast rea-
sons (in stars with low effective temperatures photospheric SEDs are shifted for longer
wavelengths, making more evident the excesses inV band due to accretion). Since the
SEDs of all but one E-stars are also compatible with models without these optical ex-
cesses, I conclude that the optical veiling is rarely the only explanation for the optical
colors of BWE stars.

The optical colors of BWE stars might be alternatively explained with the interac-
tion between stellar radiation and circumstellar disk. Themodels of Robitaille et al.
(2006) allow to separate the stellar radiation which is directly observed from that scat-
tered along the line of sight by disk’s dusty grains. The amount of light scattered along
the line of sight could significantly alter the stellar SED (namely, a reddened photo-
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6. Peculiar stars with disk

Figure 6.3 The left panel shows the SED models (solid lines) which reproduce the
observed SED (black points) of a BWE star (6611-27750); the dashed line is the pho-
tospheric flux expected for the predicted temperature of thecentral star. The right panel
shows the different components of the SED model, marked withdifferent kind of lines,
as explained in the top of the panel. Black points mark the observed fluxes, which are
corrected by interstellar extinction using theAV predicted by the SED model (2.3m).
Both models are normalized at the distance of 1 Kpc.

sphere at the effective stellar temperature), increasing the observed optical flux mostly
at short wavelengths.

Moreover, disks seen at large inclinations can partially obscure the stellar photo-
sphere, so part of stellar radiation is totally absorbed by circumstellar material. As a
consequence, a reduced photospheric flux with unchanged colors (since they are re-
lated to the stellar temperature) is observed. In the following I discuss the results
obtained from the SEDs analysis of the 23 BWE stars, for whichthe SED fitting pro-
cedure predicts a large fraction of optical emission composed by scattered light.

As an example, the left panel in Fig. 6.3 shows the SED model compatible to the
observed SED of 6611-17750 (a BWE star), while the right panel shows the individual
components of the model. Comparing, in the right panel, the optical scattered flux (1
dash-3 dots line) with the directly observed photospheric flux (dashed line), it is evi-
dent that the light scattered by the disk along the line of sight dominates the SED at
optical wavelengths. Then, the optical SED is not simply consistent with a reddened
photosphere (which is directly observed). The scattering significantly increases the op-
tical flux (with respect to the expected photospheric values), accounting for the optical
blue colors observed in this star.

The optical part of the SED, in the right panel of Fig. 6.3, is dominated by scattered
light. It is possible to calculate, in a particular band, thefraction of observed flux that
is scattered along the line of sight with respect to the totalemitted flux, as:
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6.1 Blue stars with excesses

Fracscat =
Fscat

Fdir + Fscat
(6.1)

I find that for almost all the BWE stars with SEDs compatible with significant
scattered optical light, more than 90% of the observed flux isscattered by circumstellar
material: without this component these stars could have notbeen observed in optical
bands.

The models of Robitaille et al. (2006) do not provide information on the grain
population in the disks (for example the average grains size), so I could not verify
that disks in BWE stars with a large amount of scattered lightare mostly populated
by small grains, as expected (see Sect. 6.1.1). However, collisional aggregation and
settling in the disk midplane is expected to occur during theevolution of the disks.
Thanks to these phenomena, the amount of small grains in the upper layers of the disk
decreases during the evolution of the disk itself, thus decreasing also the amount of
scattered optical light. The typical timescales for settling and aggregation are not well
determined: some models (as that developed by Dullemond & Dominik 2004) predict a
short timescale of about 1 Myear for settling to occur; in disagreement with the fact that
some older Herbig stars with edge-on disk have been observedthanks to the scattered
light, as AB Aur (∼ 2Myears) and HD100546 (∼ 10Myears). I could estimate the age
of the BWE stars with significant amount of scattered flux using the SEDs models, as
shown in Table 6.1. This table clearly shows that the SEDs of almost all these stars
are compatible with an age smaller than 1 Myear, younger thanthat of about half of
X-ray emitting members (see Sect. 5.2). This suggests that,on average, a large amount
of scattered light is present among the youngest cluster members, probably thanks to
a large fraction of small grains in the disk upper layers, still present at young ages.
However, it is very difficult to assess if this is a real result, or it is induced by some
assumption of the models. Dullemond & Dominik (2004) listedsome physical effects,
ignored by the present-day disk models, which can explain the presence of grains with
ISM sizes in the upper layers of disks older than 1 Myear. I just focus the attention on
the large difference between the age of the BWE stars predicted by the models (smaller
than 1 Myear and compatible with the cluster age) and the age that can be deduced from
theV vs. V − I diagram (several tens of million of years), possibly influenced by the
effects of the scattered optical light.

16 BWE stars are compatible with an obscured photosphere without evident scat-
tering effects. SED analysis predicts that these stars are on average older that those
with a large amount of optical light scattered into the line of sight (compare Tables 6.2
with 6.1).

The SEDs of all these BWE stars (both with an obscured photosphere and scattering
effects), but 4, are compatible with highly inclined disks (with an inclination with
respect to the line of sight larger than 80◦). This indicates, as expected, that scattering
effects are more important for disks observed at high inclination. Fig. 6.4 shows theV
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6. Peculiar stars with disk

Table 6.1 Age predicted by SED fitting of the 23 BWE stars with significant amount
of scattered flux.

Age(years) Nstars

≤ 9.9× 104 1
105 ÷ 9.9× 105 20
106 ÷ 9.9× 106 2

Table 6.2 Age predicted by SED fitting of the 16 BWE with an obscured photosphere.

Age(years) Nstars

≤ 9.9× 104 1
105 ÷ 9.9× 105 2
106 ÷ 9.9× 106 13

vs. V− I diagrams obtained from the magnitudes predicted by the models of Robitaille
et al. (2006) for ClassII objects. In the left panel all the available models are plotted.
They populate mostly the PMS locus, on the right of the 10 Myears isochrone (marked
with the line), but a number of them lie also in the locus of older stars. In the right
panel are plotted only the models for ClassII objects seen atlow inclination (θ ≤ 80◦).
In this diagram the models lie only on the right of the 10 Myears isochrone, proving
that scattering effects are more evident in disk seen at highinclination.

6.2 Candidate stars with NIR excesses and photospheric
IRAC colors

Fig. 6.5 shows the [3.6] vs [3.6]-[4.5] diagram for all the stars in the WFI FOV. A large
number of stars with excesses (marked with boxes) lie in the region of this diagram
with [3.6] − [4.5] > 0.2m. In Fig. 6.5 it is evident, however, that a large number (66)
of stars with excesses, have [3.6] − [4.5] ≤ 0.2m. There are several reasons, described
in the following, why a star with disk could have such [3.6]-[4.5] colors, while having
Q-excesses.

It is possible that the disks have an evacuated inner region,resulting in a weak
emission at the NIR bands. However, such disks can be selected at [8.0], which can
be affected by a prominent silicate band in emission (see Sect. 4.1.4). Also a high
disks inclination can self mask the NIR emission from the inner part of the disk. An
other possibility is that disks have a small mass, producingmoderate NIR excesses
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6.2 Candidate stars with NIR excesses and photospheric IRACcolors

Figure 6.4V vs. V − I diagrams obtained from the magnitudes of ClassII YSOs pre-
dicted by the models of Robitaille et al. (2006). The line is a10 Myears isochrone. In
the left panel all the ClassII models are plotted; in the right panel only those with disk
inclination smaller than 80◦.

Figure 6.5 [3.6] vs [3.6]-[4.5] diagram of the stars in WFI FOV (small points). Boxes
mark stars with NIR excesses selected withQ indices. The reddening vector with
AV=15m was obtained from Megeath et al. (2004), while that with AK=1.5m from Fla-
herty et al. (2007)
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6. Peculiar stars with disk

with respect to the photospheric emission. In this cases the[3.6]-[4.5] color is not
strongly affected by the emission of disks, butQ indices, since they compareJ − [3.6]
or J − [4.5] to V − I , can detect these moderate excesses. This depends also on the
spectral type of the central star, as shown in Fig. 4.2.

Among these 66 stars, only in 33 cases the physical disk parameters are well de-
termined with SEDs analysis. The models compatible with theSEDs of 22 among
these stars explore all the hypotheses listed above. A largefraction of these stars (10)
have the SEDs compatible with disks with masses≤ 10−4M⊙, accounting for moderate
excesses with respect to the photospheric emission at [3.6]and [4.5]. It is remarkable
that Q indices, comparing directly NIR colors withV − I , can be used to select also
these disks. Besides, the SEDs of 12 stars predict an almost evacuated inner disk with
a prominent silicate emission band.

To show thatQ indices can detect small excesses produced by low-mass disks, with
the models of Robitaille et al. (2006) it is possible to obtain the intrinsic NIR photom-
etry, in the 2MASS photometric system, and, then, to obtain the expectedQJHHK for
these models. I evaluated this index for models of ClassII YSOs with thin and evolved
disk, i.e. for whichMdisk/Mstar ≤ 10−6. Fig. 6.6 shows the diagrams of theirQJHHK

vs. the mass of the central star (left panel) and the mass of the disk (right panel). In
both panels it is evident that several models have theQJHHK below the limit of pho-
tospheric emission (the dotted line), and then they would beselected with this index.
The right panel shows that most of these stars have disks withvery low masses (from
10−5 to 10−8 M⊙). For even lower masses the disk emission becomes too faint to give
a negativeQJHHK. In the left panel it is shown that negative indices are obtained for
stars with masses larger than∼ 3M⊙, likely since less massive stars can not heat suffi-
ciently the material in the disk, whose emission is still weak. These diagrams confirm
the efficiency ofQ indices in detecting thin disks around intermediate- and high-mass
stars.

The SEDs of 11 stars do not match any of the considered hypotheses. For these
stars, SEDs analysis suggests that the excesses detected with variousQ indices are due
to a large amount of scattered light, which alters the optical SED, as for the BWE stars.
In the following, I use as example the source 6611-20515 (seeFig. 6.7) to illustrate
this effect. As in the case of 6611-27750 (Fig. 6.3), the optical flux of this star is
dominated by scattered light and not by the directly observed photospheric emission.

The parameters of 6611-20515 obtained from SED analysis aresummarized in
Table 6.3. The excesses of 6611-20515 are detected byQ2MAS S, QUKIDS S and, despite
of the normal [3.6]-[4.5] color (equal to 0.08), byQVIJ[3.6] andQVIJ[4.5] indices. The left
panel of Fig. 6.7 shows the observed SED of this star, with overplotted the 5 compatible
model SEDs, while the right panel shows the components (i.e.the emission from star
and disk) of the best compatible model. This model predicts alarge inner disk radius
equal to 26 AU, so the disk emission becomes significant only for λ ≥ 10µm, not
accessible with my data, and that of the envelope at even longer wavelengths. The
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6.2 Candidate stars with NIR excesses and photospheric IRACcolors

Figure 6.6 Diagrams ofQJHHK, evaluated from the model of Robitaille et al. (2006) of
ClassII stars with thin disk, vs. the mass of the central star(left panel) and the disk
mass (right panel). The dotted line is the limit of photospheric emission forQJHHK.

Figure 6.7 Both panels shows the observed SED (points) of thestar 6611-20515. In the
left panel the 5 compatible models (lines) and the predictedphotospheric flux (dashed
line) are also shown. The right panel shows the components ofthe best-fit model. As
in Fig. 6.3, all the SEDs are normalized at the distance of 1 Kpc and the observed
SED in the right panel has been dereddened using the visual extinction estimated by
the SED model (AV = 2.24m).
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6. Peculiar stars with disk

Table 6.3 Stellar and disk parameters of the source 6611-20515 obtained by the SED
analysis.

Parameter Value

Age (Myrs) ≤ 0.2
M⋆ (M⊙) ≤ 1

Mdisk (M⊙) 1× 10−5 ÷ 1× 10−2

Rin (AU) ≥ 10
Inclination (degree) 30÷ 60

Ṁ (M⊙/yr) 10−7 ÷ 10−9

flux at shorter wavelengths (comprising all the bands in which the excesses have been
detected) is emitted only by the photosphere, accordingly to the observed value of
[3.6]-[4.5]. However, in the right panel of Fig. 6.7 it is evident that the observed stellar
flux is composed by both direct and scattered fluxes, as it has been discussed for the
BWE stars. In particular, the optical/NIR emission is dominated by scattered light (for
more than 90%) forλ < 1µm and from direct emission for longer wavelengths. The
boundary between the regions of the spectrum dominated respectively by direct and
scattered flux is, then, at about 1µm, between WFI I band (0.8µm) and J band (1.2µm).
As a consequence, the non photosphericQVIJ[3.6] andQVIJ[4.5] indices are produced by
the different path of the photospheric flux at these wavelengths. The excesses detected
in this star, then, are not related to the emission from the inner disk (that is evacuated)
but they are due to the scatter of a significant amount of stellar light along the line of
sight by disk and envelope, altering the energy distribution of photospheric emission.
Moreover, in the left panel of Fig. 6.7 it is evident that the expected photospheric flux
is larger than the observed, since the disk is so inclined to partially obscure the central
star. A further confirmation of the fact that the emission in JHK bands of 6611-20515
does not come from the disk, is that itsQJHHK index, that is defined without any optical
band, is compatible with a reddened photosphere.
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Appendix A

YSOs population in selected regions of
M16

In this appendix I briefly describe the candidate members of M16 associated with the
ColumnV, the embedded cluster at North-East and the cavity at North-West. In the
images of these regions, Figg. A.1, A.2 and A.3, the candidate members are marked
with different symbols, which are described in Table A.1.

Fig. A.1 shows a 10sec image inR band of the ColumnV, obtained with VI-
MOS@ESO on 2009-03-24 (obs. ID: 083.C-0837, PI: Guarcello). This observation is
part of the VIMOSpre− imagingof the Eagle Nebula, which preceded the spectro-
scopic observations and which are necessary to place the slits on chosen targets. The
sky region in this image is 7.8′×3.6′ wide (corresponding to 3.7×1.7 parsec), and it is
far away 7′ (3.3 parsec) eastward from NGC 6611. In this region fall 97 X-ray sources
(among which 23 have also infrared excesses, 22 do not have any stellar counterpart
and 52 are candidate disk-less YSOs) and 52 candidate stars with a circumstellar disk
(31 with only UKIDSS excesses; 18 with IRAC excesses; 3 addedfrom the 2MASS
list of members), for a total of 104 stars candidate to be associated with the Eagle
Nebula and an average disk frequency equal to 50%± 8%. In Fig. A.1, the letter
“A” marks the position of 4 water masers identified by Healy etal. (2004), which are

Table A.1 Symbols used to mark the stars in the Figg. A.1, A.2 and A.3

Type of star Symbol
X-ray sources with a stellar counterpart X
X-ray sources without any counterpart pluses

Stars with disk added from 2MASS member list circles
Stars with excesses only in UKIDSS bands squares

Stars with excesses in IRAC bands diamonds
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A. YSOs population in selected regions of M16

Figure A.1 VIMOS@ESO image of the ColumnV in R band. Symbols are described
in Table A.1.

usually associated to ongoing star formation process. One embedded candidate ClassI
YSO, with very red [3.6]−[4.5] color, can be associated to these water masers (see also
Indebetouw et al. 2007). I also identified an X-ray source without stellar counterpart,
far 1.6′′ − 2′′ away the water masers. This source could correspond to a veryembed-
ded YSO associated to the water masers, also since its hard spectrum (with a median
energy equal to 3.5 keV). The region in front of the pillar is richly populated: 7 disk-
less X-ray sources and 14 candidate stars with disk (among which 8 X-ray sources).
The point “B” in Fig. A.1 marks an ionized knot candidate to bea Herbig-Haro object
(Meaburn & Walsh 1986). A soft (median energy equal to 1.9 keV) X-rays source with
28 net counts and a faint stellar counterpart is 1′′ northward the knot. In the various
color-color and color-magnitude diagrams, the positions of all the sources in Fig. A.1
indicate that they are on average affected by the typical visual extinction of the optical
sources associated with the nebula (AV ∼ 2.5m − 3m), and that they have an average
age of 1-2 Myears. Following the star formation chronology across the whole Eagle
Nebula shown in Fig. 5.5, it can be hypothesized that the ColumnV and the Elephant
Trunks have been formed almost simultaneously in the last 1-2 million of years. In
fact, the few sources younger than 1 Myears with good opticalor UKIDSS photometry
are those in front of the cap of the pillars. The massive starsclosest to the ColumnV
are W541 (α =18:19:19.123,δ =-13:43:52.32), a binary (Martayan et al. 2008) B2.5
star (Hillenbrand et al. 1993) far away 1.3′ northward, and W472 (α =18:19:04.709,
δ =-13:44:44.52), a B3 star (Hillenbrand et al. 1993), in correspondence of the cap of
the pillar. W541 may be responsible of the erosion of the center of the pillars, while
W472 may be the ionizing source which heats the cap of the pillar and which have
induced the more recent star-formation events.

Fig. A.2 shows the IRAC [8.0] image of the sky region corresponding to the em-
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Figure A.2 IRAC [8.0] image of the embedded cluster at North-East. Symbols are
described in Table A.1.

bedded cluster at North-East (wide 7.3′ × 5.3′, corresponding to 3.4× 2.5 parsec). In
this region fall 59 X-ray sources (among which 24 have not stellar counterpart, 9 have
infrared excesses and 26 are disk-less members), and 25 candidate stars with disk (21
with excesses in IRAC bands, 4 only in UKIDSS bands). Both theextinction map, the
color-magnitude diagrams and the age trend (Figg. 3.3 and 5.5) show that this region
is populated by very young (age≤ 1 Myear) and embedded sources (4m ≤ AV ≤ 20m).
Disk-bearing stars in this region are heavily extincted, sothey lack optical counter-
part (except one star with faintI emission) and they are very red in UKIDSS bands
(J − K ≥ 3m). In the IRAC color-color plane, objects in this region are mostly very
embedded ClassII/ClassI sources (14 stars), with also 4 ClassII sources with moderate
reddening and 1 ClassI YSOs. A very hard X-ray source is associated with this ClassI
YSO, with 31 net counts and a median energy of 5.5 keV. Accordingly to the high
extinction, in this region, the X-ray sources with infraredcounterpart have very red
colors and on average hard spectra (with typical median energies of 3 keV).

Fig. A.3 shows the sky region at North-West of the Eagle Nebula with the side
of approximately 10′ (4.8 parsecs) which has not been observed in X-ray (the boxes
in Fig. A.3 delimit the ACIS-I FoVs). In this region, M16 has acavity-like structure,
with the O9V W584 star which is in the approximate center of this cavity, distant∼ 0.7
parsec from the well defined NW border of the cavity. This kindof structure could
have been created by the intense wind emitted from a such massive star. As it is shown
in Fig. A.3, no stars with disk fall close to W584, while 20 candidate disk-bearing
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A. YSOs population in selected regions of M16

Figure A.3 IRAC [8.0] image of the region at North-West of theEagle Nebula. Sym-
bols are described in Table A.1. Dotted boxes are the ACIS-I FoVs, while the dashed
line mark the sky region inside the cavity, close to W584, where no disk-bearing stars
have been selected.

members are selected in every direction along the border of the cavity. The formation
of these stars could have been induced by the compression of the nebula due the wind
and radiation from W584. Since it is more likely that the nebula has been swept away
continuously from the position of W584 outward, formation of new stars should to be
induced also inside the cavity, and not only in its actual borders. In this case, then, it is
possible to suppose that W584 has not only created the cavity, but it also induced a fast
dissipation of the circumstellar disks in these young stars. An X-ray follow up, useful
to select eventual disk-less YSOs inside the cavity, shouldto be necessary to achieve
this point.
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Appendix B

The catalog of the stars associated to
M16

Combining all the diagnostics used to select candidate disk-bearing stars (Q indices
and the IRAC color-color diagrams) and the criterion adopted to select disk-less stars
(X-ray sources, with at least one stellar counterpart, whose optical and NIR colors
are compatible with the nature of PMS stars), I select a totalof 2191 candidate stars
associated to the Eagle Nebula, in the 33′ × 34′ FoV (see Chapter 4).

The catalog of the members, available in electronic format at the CDS, comprises:� stars IDs and coordinates;� the magnitudes and the errors in BVIJHK and IRAC bands; if some value is
unavailable it is set to be equal to “NAN”;� a tag (tagx) that is equal to 1 if the star is also an X-ray source, otherwise the tag
is equal to 0;� a tag (tagM) that is equal to:A if the star is a candidate disk-bearing YSO;B
if the star is a candidate disk-less YSO;C if the star was added from the list of
2MASSJHK-excesses sources since the UKIDSS photometry is not reliable; D
if the star has “probable” excesses inJHK, i.e. if its excesses have been selected
by UKIDSSQJHHK and this star is fainter than the sensitivity limits for WFI and
IRAC observations.

Table B.1 shows a portion of the multiband catalog: the first column reports the
ID of the stars; the second and third their celestial coordinates; the columns from 4th

to 23th report the optical and infrared magnitudes with their uncertainties; the 24th the
tagx; the 25th the tagM. In Table B.1 the columns with theK and IRAC photometry
have been omitted to fit the width of the page.
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Table B.1 Part of the electronic multiband catalog.

ID RA(J2000) DEC(J2000) B σB V σV I σI J σJ H σH tagX tagM

M16-20 274.555847 -13.794491 22.61 0.07 20.05 0.02 17.18 0.06 14.60 0.02 13.61 0.02 1 A
M16-43 274.576508 -13.739378 23.68 0.08 20.66 0.05 17.10 0.01 14.32 0.02 13.15 0.02 1 A
M16-65 274.596710 -13.797166 17.16 0.01 15.68 0.01 13.80 0.01 NAN NAN NAN NAN 1 A
M16-89 274.608521 -13.793289 21.24 0.01 18.86 0.01 16.09 0.01 13.91 0.02 13.00 0.02 1 A
M16-123 274.624695 -13.699595 23.82 0.09 20.90 0.03 16.99 0.01 14.03 0.02 12.74 0.02 1 A
M16-131 274.627259 -13.912769 NAN NAN NAN NAN NAN NAN NAN NAN NAN NAN 1 A
M16-135 274.628204 -13.729624 21.51 0.03 19.35 0.01 16.38 0.01 14.18 0.02 13.27 0.02 1 A
M16-138 274.628326 -13.735725 22.13 0.05 20.33 0.01 17.30 0.01 14.96 0.02 13.92 0.02 1 A
M16-147 274.630585 -13.808950 22.72 0.06 20.48 0.03 17.39 0.02 14.93 0.02 13.95 0.02 1 A
M16-154 274.632233 -13.759859 21.78 0.03 19.43 0.01 16.52 0.01 14.09 0.02 13.03 0.02 1 A
M16-169 274.635712 -13.803905 22.85 0.05 20.35 0.01 17.25 0.01 14.75 0.02 13.55 0.02 1 A
M16-189 274.638763 -13.824561 17.23 0.01 15.41 0.01 13.36 0.01 NAN NAN NAN NAN 1 A
M16-204 274.639771 -13.828945 22.83 0.08 20.57 0.02 17.70 0.01 15.51 0.02 14.64 0.02 1 A
M16-209 274.640442 -13.758276 22.18 0.16 21.48 0.07 18.47 0.08 15.95 0.02 14.92 0.02 1 A
M16-217 274.641327 -13.777383 20.92 0.02 18.99 0.00 16.36 0.01 14.24 0.02 13.34 0.02 1 A
M16-221 274.641571 -13.764088 24.76 0.41 21.05 0.07 17.46 0.02 14.98 0.02 13.82 0.02 1 A
M16-226 274.642273 -13.738166 22.87 0.04 20.29 0.01 16.91 0.01 14.41 0.02 13.20 0.02 1 A
M16-233 274.642181 -13.714718 24.10 0.26 22.31 0.13 18.60 0.05 15.85 0.02 14.49 0.02 1 A
M16-236 274.642883 -13.785704 22.65 0.06 20.25 0.01 17.22 0.01 14.84 0.02 13.87 0.02 1 A
M16-238 274.643250 -13.765241 22.59 0.06 20.10 0.02 17.11 0.02 14.72 0.02 13.67 0.02 1 A
M16-242 274.643768 -13.743013 24.19 0.25 21.24 0.06 17.45 0.01 14.94 0.02 13.72 0.02 1 A
M16-246 274.644073 -13.773742 NAN NAN 22.20 0.09 19.04 0.0616.56 0.02 15.42 0.02 1 A
M16-251 274.644653 -13.729221 22.90 0.13 20.77 0.02 17.56 0.02 15.10 0.02 14.09 0.02 1 A
M16-255 274.644745 -13.742927 23.89 0.21 22.34 0.13 18.59 0.02 15.77 0.02 14.50 0.02 1 A
M16-259 274.645508 -13.788537 21.59 0.02 19.23 0.01 16.62 0.01 14.58 0.02 13.70 0.02 1 A
M16-266 274.646210 -13.721809 23.46 0.14 22.76 0.12 19.43 0.03 16.97 0.02 15.78 0.02 1 A
M16-272 274.647339 -13.763326 20.66 0.02 18.38 0.01 15.47 0.01 NAN NAN NAN NAN 1 A
M16-273 274.647552 -13.808392 22.42 0.05 20.03 0.01 17.23 0.01 14.69 0.02 13.75 0.02 1 A
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Appendix C

Acronyms used in the thesis

2MASS: 2 Micron All Sky Survey
A&A: Astronomy and Astrophysics
ACIS: Advanced CCD Imaging Spectrometer
AE: ACIS Extract
AGN: Active Galactic Nuclei
ApJ: Astrophysical Journal
AU: Astronomical Unit
BRC: Bright Rimmed Cloud
BWE: Blue With Excesses
CCD: Charged Coupled Device
CGRO: Compton Gamma-Ray Observatory
CTTS: Classical T-Tauri Stars
CXO: Chandra X-ray Observatory
DSS: Digitized Sky Survey
EGG: Evaporating Gaseous Globules
EIS: ESO Imaging Survey
ESO: European Southern Observatory
EUV: Extreme UltraViolet
eV: Electron-Volt
EW: Equivalent Width
FLAMES: Fibre Large Array Multi Element Spectrograph
FoV: Field of View
FUV: Far UltraViolet
FWHM: Full Width at Half Maximum
GIRAFFE: Grating Instrument for Radiation Analysis with a Fiber-FedÉchelle
GLIMPSE: Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
GMC: Giant Molecular Cloud
GPS: Galactic Plane Survey
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C. Acronyms used in the thesis

HETG: High Energy Transmission Grating
HR: High Resolution
H-R: HertzsprungRussell
HRC: High Resolution Camera
HST: Hubble Space Telescope
IDL: Interactive Data Language
INAF: Istituto Nazionale di Astrofisica
IMF: Initial Mass Function
IRAC: InfraRed Array Camera
IRAF: Images Reduction and Analysis Facilities
IRS: Infrared Spectrograph
ISM: InterStellar Medium
KPNO: Kitt Peak National Observatory
MARX: Model of AXAF Response to X-rays
MIPS: Multiband Imaging Photometer for Spitzer
MNRAS: Monthly Notices of the Royal Astronomical Society
MS: Main Sequence
NGC: New General Catalog
NIR: Near InfraRed
ONC: Orion Nebula Cluster
PAH: Polycyclic Aromatic Hydrocarbons
PASP: Publications of the Astronomical Society of the Pacific
PIMMS: Portable Interactive Multi-Mission Simulator
PMS: Pre Main Sequence
PSC: Point Sources Catalog
PSF: Point Spread Function
RDI: Radiative Driven Implosion
SED: Spectral Energy Distribution
YSO: Young Stellar Object
UKIDSS: United Kingdom Infrared Deep Sky Survey
UKIRT: United Kingdom Infrared Telescope
UV: UltraViolet
VIMOS: VIsible MultiObject Spectrograph
WFCAM: Wield Field Camera
WFI: Wield Field Camera
WTTS: Weak-line T-Tauri Stars
ZAMS: Zero Age Main Sequence
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