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Chapter 1

Introduction

Mankind has always been fascinated by the celestial sources in the night sky such as stars
seen in patterns called constellations, planets and comets. Due to their own light stars are
not only one of the most conspicuous objects in the sky but also the building blocks of the
Universe. Hence our curiosity to know about their birth and evolution. The study of star
formation is one of the most interesting and fundamental topics in astrophysics.

In this chapter, we give an overview of star formation processes with a particular em-
phasis on massive stars. Towards the end of the chapter, the motivation and objectives of
the present study are given along with an outline of the ensuing chapters of the thesis.

1.1 Star Formation: an overview

It is well known that stars form out of dust and gas from dense and cool regions of the
molecular clouds throughout the Galaxy (Evans 1999). Star formation is generally be-
lieved to be the result of gravitational contraction and subsequent accretion of matter from
the parent molecular cloud (Shu et al. 1987; Palla and Stahler 1993). The physical pro-
cesses involved in star formation are mostly derived from the study of nearby star forming
sites including Taurus-Auriga{140 pc), Perseus{315 pc) and Orion{ 450 pc) molec-

ular clouds. Star formation has been divided into two modes, viz. isolated and clustered
modes based on the observational studies of many star forming regions situated at nearby
and farther distances from us. Observational studies show that the low-mass stars (M

3 M) are known to form via both isolated and clustered modes of star formation (Ward-
Thompson 2002), while massive stars gv8 M) form explicitly only in clustered mode
together with low and intermediate mass<{(M < 8 M,,) stars.
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This section has been divided into four sub-sections dealing with birth sites of star for-
mation, instability conditions for the collapse, low-mass star formation and massive star
formation.

1.1.1 Nucleation sites for star formation

Observational studies in various wavelengths (such as optical, infrared, sub-mm/mm) show
that the space between the stars in our Galaxy is not empty. The diffuse matter in the form
of gas and dust which exists between stars is known as Interstellar Medium (ISM). Studies
indicate that the ISM is present in three distinct phases: a cold phase in the form of molec-
ular and atomic hydrogen gas co-existing with dust grains, a warm phase with partially
ionised hydrogen gas, and a hot phase with shocked and fully ionised gas. These different
phases and their physical properties are summarised in Table 1.1.

Most of the mass of the molecular ISM is in the form of giant molecular clouds (GMCs).
Molecular clouds are observed by various molecular emission lines (in mm- and cm-
wavelengths), which occur due to transitions in the rotational and vibrational levels. Hy-
drogen molecules (§) are the most abundant molecules in molecular clouds. However,
direct detection of K is very difficult as it is symmetric and homonuclear in nature and
does not have a permanent electric-dipole moment, thereby forbidding the vibrational-
rotational transitions. Shull and Beckwith (1982) have described in detail the molecular
physics of the H molecule in the interstellar medium. ;Htan be identified through its
electric quadrupole forbidden transitions in vibrational-rotational modes in the near- and
mid-infrared. The carbon-monoxide (CO) molecule is the next most abundant tracer after
H, and its observations in dense clouds at infrared, sub-mm and millimeter suggest that
the abundance ratio CO$Hs about 16* (about 30% of carbon in CO). CO column den-

sity is estimated using low- J (& 0, 2 — 1) observations in emission?CO molecules

are optically thick (optical depth: 100), therefore they trace only outer tenuous regions
but not the inner denser regions. Denser regions of molecular clouds are traced by other
molecules like NH, CS, rare isotopes of CO like'®D (see Table 1.2 for different tracers

for different regions).
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Table 1.1: Phases of ISM (adopted from Mathis (1990)).

Medium Phase H n T Heating Comments
state (cm?®)  (K) signature

Molecular Cold H  >1000 10-50 Cosmicrays Icy dust

clouds,

cores

Hlclouds Cold H 30 100 Dust Diffuse ISM

Warm H | Warm H 0.1 8000 Dust Diffuse ISM

WarmH Il Warm H" 0.03 10 Photo- Faint

ionization
Hllregions Warm H > 100 10 Photo- Transient,

ionization expanding

Hot ISM Hot H- 1073 1065 SNe shocks Low mass

SNRs Hot H  Variable 10 Shocks Dynamic

1.1.2 GMCs and Gravitational Instability

GMCs are not homogeneous but have a complex structure and are clumpy in nature. GMCs
can be fragmented into sub-structures by gravity and turbulent motions. Physical proper-
ties of the GMCs, clumps and cores are shown in Table 1.2.

Gravitational collapse of molecular clouds is a result of gravitational instability. Gravi-
tational instability is defined by a condition in which self-gravity of a gaseous object over-
comes the resisting forces due to thermal, magnetic, centrifugal and turbulent pressures
leading to a collapse. Jeans (1902) derived a relation between the oscillation frequency
and the wave numbeérfor a small perturbation; assuming a non-magnetic, isothermal, infi-
nite, homogeneous and self-gravitating medium without turbulent motions. The dispersion
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Table 1.2: Physical properties of clouds, clumps and cores (from Smith (2004)).

Physical parameters GMCs Clumps/ Globules Cores
Mass (in M) 101 —10% 102 1—10
Size (in pc) 20 — 100 0.2—4 0.1-04
Density (in cnT?) 100 — 300  10% — 10* 10* —10°
Temperature (in K) 15— 40 7—15 10
Magnetic Field (inuG) 1 — 10 3—30 10 — 50
Line width (km s!) 6 — 15 0.5—4 0.2 0.4
Molecular tracers 12CO,BCO '2C0,'3CcOo NH;, CS

relation is given below with the assumption of non-vanishing wave number
w? = k*? — 4nGoy (1.1)

or

or

wherek? = 47Go,/v?, G is the gravitational constant,(= /kT/umy;) is the isother-
mal sound speedy the initial mass density, ppthe mass of the hydrogen atom, T is the
temperature ang the mean molecular weight (= 2.4 for a fully molecular cloud with 25
% He mass fraction).

Eq. 1.1 gives the propagation of sound waves with effect of the perturbation by self-gravity.
It is clear from Eq. 1.1 that the equilibrium is stable with respect to large 27 /). In

such perturbations (with shorter wavelengths), the right-hand side of Eq. 1.1 is positive,
i.e.,wisreal. Ifk? < k2 thenw is imaginary and perturbations grow exponentially with
time, leading to unstable equilibriunk, is known as the characteristic wave number and
the corresponding characteristic wavelength, called Jeans lexgtls defined by

27 i

=,/=—v (1.2)

AJ=E = s
’ ko Goo

Assuming the perturbation is spherical with diametgr one gets the minimum mass,
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called Jeans masg(;) as,

41 A
My =—00 (?1)

s T 3/2 —1/2
G <5> Q0 / "Ug (1.3)

The conditions for gravitational instability, > \; andM > M, , are called the/eans
criteria. Using Eq. 1.2 and 1.3 respectively, Jeans length and Jeans mass can be written
as below:

Jeans length:

_ 782 [1K)

2 nyg

M (M) = 12274\/ Tn(j) (1.5)

When the force of gravitational self-attraction well exceeds the internal gas pressure, then

Ly(pc)

Jeans mass:

free-fall time (i.e., time required for the collapse) of clumps and cores is given by

3 3.4 x 107
trr(yr) = 26, g (1.6)

where,p (= mgng p) is the mass density (gms cif) and ny, the number density (cmi).

Eq. 1.6 shows that the free-fall time is independent of radius and depends only on the den-
sity of the GMCs (i.e., homologous collapse). For the typical mean densify0¢ cm~3)

of a cloud core the free-fall time is about 3x410° years.

Table 1.3 illustrates the value of Jeans masg)(Mength (L;) and free-fall time scale

(tyr) for clumps and cores. These values are derived using Egs. 1.4, 1.5 and 1.6 with their
typical values of temperature and density from Table 1.2. Free-fall time for core is smaller
than clump for gravitational collapse. The Jeans mass is calculated by EImegreen (1999)
and Larson (1998) taking turbulence and magnetic field.
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Jeans mass with turbulence is given by,

My oc vt P12 (1.7)

rrms

where P is gas pressure.
Jeans mass including magnetic field is given as,

M; o< B*p~* (1.8)

where B is magnetic field strength.

Another important timescale for understanding the star formation is the Kelvin-Helmholtz

Table 1.3: Jeans mass, size and free-fall time for clumps and cores

Physical properties n(cm) T(K) M;(My) Lj(pc) t(years)
Clumps 10 10 2.0 0.3 1.1x 10°
Cores 10 10 0.2 0.3 1.1x 10°

contraction timescale (ty). It tells us the time required to start nuclear reactions in the
core and reach the zero-age main-sequence (ZAMS) phase. Gravitational potential energy
is converted to heat when the cloud core continues to contract due to gravity. The Kelvin-
Helmholtz timescale is the ratio of gravitational enef@\/?/R.) to the luminosity and

GM? MN? (RN Lo\
tkH R.L. 3 x 10 (1]\/[@) (1R@) <1L®) yr (1.9)

where M, is the stellar mass, ,Rhe stellar radius and,Lthe stellar luminosity. Thexty
value for Sun (M =1 M) is 3 x 10" yr and for a O type star (M= 50 M,) it is of the
order of 10 yr.

given by

1.1.3 Low-mass star formation

The formation process of low-mass stars is reasonably well understood both observation-
ally as well as theoretically. The star formation process starts with the formation or devel-
opment of a dense prestellar core due to the gravitational contraction of dense regions of
GMCs (Andg et al. 2000). As further gravitational contraction continues in such a dense
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prestellar core, a system thus emerges with a central protostar, surrounded by an infalling
envelope and a protostellar disk. In the starting phase, the central source is completely
obscured by the dense envelope that provides a source of material for the accretion on the
central source. With time, the envelope is destroyed or loses mass as a result of infall onto
the central source/disk and an outflow into the surrounding ISM. Finally, the central young
star and prostellar disk emerge when the envelope is completely consumed through both
outflow and accretion.

Observational evidences, like the existence of bipolar outflows (Wu et al. 2004) and ac-
cretion disks (Burrows et al. 1996; Simon et al. 2000) associated with low-mass stars
(see Fig. 1.1), support the theoretical model about their formation (van Dishoeck et al.
1995; Hogerheijde 1999; McKee and Ostriker 2007; van Kempen et al. 2008; Evans et al.
2009). In case of low-mass stars, the Kelvin-Helmholtz timescale is larger than the free-fall
timescale (i.e.,4y > t;;). This implies that the pre-main-sequence (PMS) evolutionary
phases of low mass stars are sufficiently long making it possible to identify and observe
these phases during the evolution of low mass stars (Shu et al. 1987).

The advent of modern technology, specially in infrared and sub-mm wavelength regions,
brought about a revolution in the study of star formation in the earliest phases with good
spatial resolution and high sensitivity. Such facilities provide an opportunity to study the
earliest stages of star formation, which are always deeply embedded in their natal material
and accessible only in longer wavelengths (i.e., infrared, sub-mm ) due to lower extinction
in these wavelengths.

Lada and Wilking (1984) and Lada (1987) classified the PMS stages of low mass stars
into three evolutionary classes, Class I, Il and Ill, based on the slopes (i.e., spectral in-
dex) of their Spectral Energy Distributions (SEDS) in the infrared region. Lateré\edr

al. (1993) included in the classification scheme, another very early phase of the evolution
called Class 0. SEDs of young stellar objects (YSOs) consist of emission not only from
photospheres but also from disks and envelopes around them; the latter contributing mainly
at wavelengths longer thani2n.

The slope of a SED is defined by

_ dlog(\Fy)

N = ~Zl0s0) (1.10)
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for wavelengths longer than;2n. Schematic SEDs of different classes of low-mass stars
are shown in Figure 1.2. A brief description of each of the four evolutionary stages is given
below:

Class0) sources (young protostars) are deeply embedded, having pasijtivath ratio

L supmm/Lpor > 5 x 1073, where Lmn iS the luminosity measured at wavelengths longer
than 350xm and L, is the bolometric luminosity. They have a cold single-temperature
blackbody SED peaking at sub-mm wavelength region with bolometric temperaiyne (T
< 100 K and an age of 10' yr. One of the main characteristics of such sources is the
presence of powerful and collimated molecular CO outflows from the central source.

ClassI sources (evolved protostars) have SEDs much broader than those for a single tem-
perature in Class 0. They too have a positiyewith T,,; ~ 70 - 650 K and contain smaller
envelope masses than Class 0 sources with an agel6f yr. Molecular outflows are also
present in Class | sources but are less collimated than in Class 0.

ClassII sources have negative, with T,, ~ 650 - 2880 K and their SEDs peak around

2 um. These sources are also known as Classical T-Tauri Stars (CTTS) with anage of
10 - 107 yr. In this stage, sources have thick accretion disks and CO outflows are mostly
absent.

ClassIII sources have negativg with T,,; > 2880 K and having SEDs for a single stellar
blackbody (photosphere), peaking at optical or infrared wavelengths. These sources have
no or very little evidences of IR-excess and may still have thin or anemic accretion disks.
These are also known as Weak-Lined T-Tauri Stars (WTTS) with ageldf - 107 yr.

It is obvious that there is a significant improvement in the understanding of low-mass star
formation and their different evolutionary stages. But, the model described above for the
low mass stars does not entirely work for massive stars due to many reasons discussed in
the next sub-section.
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(b)

Fig. 1.1: a: Infrared view of the bipolar jet HH 212 (M.McCaughrean, ESO/VLT). b: Hubble
Space Telescope infrared images of a dense circumstellar disk surrounding the young
source IRAS 04302+2247 (left side) and the source HH30 (right side) with powerful jets
from the central proto-star (from D.Padgett/STSclI/NASA).



Chapter 1. Introduction 10

CLASS 0:
Main

4 accretion

- phase ?

& 4
“ Age s 10%yr
Mcx 2 05Mg

CLASS I:
Late
accretion

phase ?

A {mm) 0.01 0.1
R AL e

Log (AF))

[Class 117

™\ Black+

Log {AF)
T
=

\\Body < Age ~ 10%yr
d © ] Mens 0aMg
12 10 100
X {pm)
L CLASS 1I:
— N Optically
L N b thick
ok K | disk
=3 AN
o L Y i
X Age ~10%yr I
L . . <Myg> ~0.01Mg
12 1 100 ok
X {um)
T : CLASS III:
~F [Ciass 11i]q g
[T} Y ass 111 Optically
=r A 1 thin
ol JDisk? | disk?
S Stellar —_———
L Black Body 4 Age < 107yr I
A . <Mgge> <0.003M,
12 1 100 dal?

X (um)

Fig. 1.2: Classification of low-mass stars in their early phases based on the slope of their Spectral
Energy Distributions. (taken from C. Lada, P. AedM. Barsony, D.Ward-Thompson.)

1.1.4 High-mass star formation

Massive stars (M2 8 M) have a major impact on the evolution of the Galaxy. They are
responsible for heating molecular clouds and enriching the interstellar medium with heavy
elements. Massive stars are capable of changing the structure of their parent cloud and
influence the star formation process via intense winds, UV radiation, massive outflows,
expanding HIl regions and supernovae explosions. At sufficiently farther distances, they
may trigger fresh star formation.

The formation processes of high-mass stars are much less understood compared to these of
low-mass stars. High-mass stars are born deeply enshrouded in the dense optically thick
cores of molecular clouds present throughout the Galaxy and form mostly in cluster envi-
ronment. In sharp contrast with low-mass stars, the high-mass stars have Kelvin-Helmholtz
timescale shorter than the free-fall timescale (iey K t;;). This indicates that massive

stars begin their hydrogen burning (ZAMS) phase while still in their natal dense cores and
accreting matter.
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The smaller values ofgty (compared to t;) for massive stars reflect that their PMS evo-
lution is very rapid compared to their low-mass counterparts, making it very difficult to
observe the critical earliest phases of their evolution. Going by the Salpter initial mass
function (Salpeter 1955), massive stars are rare (i.e., small in number), usually situated
at large distances 1 kpc), suffer high extinction (A= 100) and have relatively short
formation/evolution timescales compared to low-mass stars. Also they are able to produce
large luminosity (16 — 10° L) due to their large temperature, intense flux of ionising
photons and a tremendous radiation pressrg; (~ L. /4wr?c, where L, is the stellar lu-
minosity and c is the speed of light), which rapidly clears the material around it, hampering
the process of accretion. The radiation pressure can also be defined as below:

Po.=10"° Ly ( 4 )2 (1.11)
5% 104L, ) \1500A0

The radiation pressure becomes an impediment for the accretion process to continue and
sets a limit on the mass of a star beyond which the accretion may not contribute to star
formation. This limit on stellar mass, about 10.Ms set by the balance between radiation
force and gravitational force. Thus, the radiation pressure can halt the accretion process
and set the upper limit of stellar mass function (Larson and Starrfield 1971; Wolfire and
Cassinelli 1987; Jijina and Adams 1996).

All these factors inhibit the study of massive star formation, particularly the earliest phases
of their evolution. A massive star emits UV photons with enexg$3.6 eV, sufficient to
ionise hydrogen and generate an ionised region called an HIl region. Unlike in the high
mass stars, the Lyman continuum fluxes from low-mass stars are not sufficient enough
to create an HIl region. The radius over which ionizing photons are effective, called the
Stromgren radius (Franco et al. 1990), can be calculated from the equilibrium between the
ionisation and recombination rates and is given by

3 \1/3
RS:<R) N} B3n 23 (1.12)

Ny being the rate of ionising UV photons, the electron density and recombination co-
efficientafcm?® s'] ~ 2.6 x 10~ (T[K]) ~%/%, which is temperature dependent. For a O
type star with T = 40,000 Kz, = 10 cnm?, oo = 2.6 x 10719 x (40000)3/* and Ny =5
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x 10" photons/s; Ris found to be nearly 4 pc (from Eq. 1.12).

However, it must be noted that the &imgren sphere does not represent the true observed
HII regions but provides a model for physical conditions around a hot star with uniform
density. Observationally, it is known that the HIl regions show different sizes and shapes.
Dyson and Williams (1980) proposed a model of expansion of an HII region with time
given by,

cs Xt 47
R(t) = R; (1 +7 IF, ) (1.13)
where, ¢ is the sound velocity in the ionised gas &15 km s'!) and R is defined in Eq.
1.12.

Models for massive star formation

Recent reviews by Beuther et al. (2007); Zinnecker and Yorke (2007); McKee and Ostriker
(2007) cover the details of various theoretical studies on formation processes of massive
stars. A brief account of different important theoretical models is presented here:

e Monolithic collapse model
Low-mass star formation is explained by accretion process (with a typical accretion
rate~ 105 M, yr—1) and which cannot be directly applied to the massive stars due to
their strong radiation pressure, which can directly halt the accretion of material onto
the central object. McKee and Tan (2003) proposed what is called a turbulent core
model to overcome the radiation pressure for the formation of massive stars through
accretion process. In this model, massive stars form in the supersonic turbulent cloud
cores with high accretion rates 102 M, yr—!. These authors justify their model
with the observed high pressure and turbulent motions associated with many dense
massive cores. The high value of accretion rate is sufficient to overcome the radiation
pressure of the central source. Through this process a massive star takes about 10
yr to form.

e Competitive accretion in a proto-cluster environment
In the competitive accretion model, massive protostars in the dense cluster environ-
ment gain mass from unbound material through nearby clouds of gas with different
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and higher accretion rates in a competing manner with other protostars of low- and
intermediate-masses (Bonnell et al. 1997, 2001).

e Stellar collisions and mergers in very dense systems
This model is very different from the low-mass star formation. Bonnell et al. (1998)
proposed a model for formation of massive stars based on the cluster environment of
massive stars. In this model, massive stars form through the physical collision and
merging of low- and intermediate- mass stars. This process can occur only in regions
of very high stellar densities of about®1€tars pc? for low mass stars and such high
densities have not been observed so far. A stellar density of uftetats pc? is
reported in the densest regions of W3 IRS5 (Megeath et al. 2005).

Current observational scenario for high-mass star formation was summarised by Church-
well (2002); van der Tak and Menten (2005); Zinnecker and Yorke (2007); Beuther et
al. (2007); McKee and Ostriker (2007). These authors have divided the evolution of in-
dividual massive stars into the following evolutionary stages based on observations from
infrared through radio wavelengths that are very useful in tracing the cool dust regions,
dense molecular gas and ionised emission regions, where these stages are manifested.

1. Infrared Dark Clouds (IRDCSs) as birth places for high mass stars

2. High-mass protostellar objects (HMPOSs) representing very early stages
3. Hypercompact (HCHII) and ultracompact HIl (UCHII) regions

4. Compact classical Hll regions

IRDCs were first identified as long dark filamentary features through infrared images from
the Infrared Space Observatory (ISO; Perault et al. (1996)) and the Midcourse Space Exper-
iment (MSX; Egan et al. (1998)) space missions. IRDCs are believed to be the precursors
of clustered, massive star formation. IRDCs are known as the densest parts of the giant
molecular clouds and are characterized by low temperatureX (K), high column den-

sities ¢~ 10%® — 10%® cm~2) and high volume densities-(10° cm~3) (Bergin and Tafalla
(2007); Rathborne et al. (2010) for more details).

HMPOs represent the second observable evolutionary stage in the high-mass star formation
process. The phase in which the molecular cloud core starts to undergo free-fall collapse
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and form massive protostar, is known as HMPO. Hot molecular core is observationally
identified with its lack of radio continuum emission. These are small (0.1 pc) and dense
(n ~ 10° - 10° cm~?) cores of the molecular gas with temperatures~(T.00 - 200 K)
associated with massive star forming regions (Keto 2002; Kurtz et al. 2000). HMPOs are
younger than the hot molecular core (HMC) sub-phase that is traced by methanol maser
emission (Hill et al. (2005) and references therein).

It has been suggested that HMPOs represent the early phase in the development of Hyper-
compact (HCHII) and Ultra-compact HIl (UCHII) stages. HMPOs have very strong dust
continuum emission and lack free-free emission, while HCHII (sifZe01 pc ) and UCHII

(size < 0.1 pc ) regions are traced by strong free-free emission. HCHII regions repre-
sent individual photoevaporating disks (Keto 2007) and UCHII regions represent the disk-
less stars photoionising their envelopes and cocoons. A HCHII region is known to show
broad radio recombination line profiles, with typical velocity dispersions of 40 - 50km s
(Gaume et al. 1995; Johnson et al. 1998) and a UCHII region has recombination line widths
of about 30 - 40 kms! (Keto et al. 1995). Classical HIl regions expand hydrodynamically
and disrupt the parent molecular cloud.

Bipolar molecular outflows are commonly associated with young high-mass stars (Shep-
herd and Churchwell 1996; Zhang et al. 2001; Beuther et al. 2002a; Anandarao et. al.
2004; Zhang et al. 2005). These molecular outflows are much more massive and energetic
with higher outflow entrainment rates than those associated with low-mass stars (Bachiller
1996). High accretion rates were noticed in the study of several massive star forming
regions (which harbours HMPOs, Hyper- and Ultra compact HIl regions) from molec-
ular line observations (Fuller et al. 2005; Keto and Wood 2006). Recently Takashi and
Kazuyuki (2009) numerically solved the detailed structure of the accreting protostar and
reported the evolution of massive protostars with high accretion rat&8(> Moyr—1).

Interferometric observations in the sub-mm and mm bands provided evidence for the pres-
ence of accretion disk-like structures (also toroidal/ring like shapes) around young massive
stars (Mundy et al. 1996; Shepherd and Kurtz 1999; Trinidad et al. 2003; Beltran et al.
2004; Patel et al. 2005; Curiel et al. 2006; Furuya et al. 2008). Cesaroni et al. (1997) and
Zhang et al. (1998) observed a disk {0,000 AU) in Keplerian rotation around one lumi-
nous young source, IRAS 20126+4104, which is also associated with an outflow (Cesaroni
et al. 1997, 2005) (see Fig. 1.3).



Chapter 1. Introduction 15

In recent years, th8pitzerSpace TelescopgWerner 2004) has produced a wealth of use-

ful data in mid- and far- infrared regions with better sensitivity and improved spatial resolu-
tion. SpitzerIRAC images have been used to trace many signatures associated with young
massive stars such as toroidal/ring structures (see Fig. 1.4), outflow lobes (see Fig. 3.9 of
Chapter 3) and jets (see Fig. A.3 of Appendix A), which are similar to the observed fea-
tures associated with low mass stars in their early formation phase. These observational
evidences show that massive stars are formed in a similar manner to the low mass star but
with higher accretion rates in clusters rather than in isolation.

Therefore, it is still not clear whether massive star formation is a scaled up version of

low-mass star formation or is a result of a fundamentally different process. Crucial to this

question is the study of the early stages of high-mass stars such as HMPOs and UCHII
regions, to look for similar signatures (as found in disks and outflows in low-mass stars)

associated with these stages.

Spectral Energy Distribution Modeling

Modeling of Spectral Energy Distributions (SEDs) of massive young protostars provide
important inputs on various physical parameters of the sources, which can not otherwise
be possible through direct observation. Therefore, in recent years, several workers have
given much needed attention to the SED modeling of young stellar objects (YSOs) (Whit-
ney et al. 2003a,b, 2004). The understanding of the physics of low-mass star formation has
significantly progressed and the same physics has been incorporated in radiative transfer
calculations to analyse SEDs of individual sources in massive star forming regions.

The SED modeling tool developed by Robitaille et al. (2006) was successfully tested on
low-mass YSOs in nearby star forming regions. These models assume an accretion sce-
nario with a central source associated with rotationally flattened infalling envelope, bipolar
cavities, and a flared accretion disk, all under radiative equilibrium (Bjorkman and Wood
2001). The model provides a set of physical parameters associated with a particular source
instead of analysing the shape of a single SED (see Robitaille et al. (2007)). The model
grid consists of 20,000 models of two-dimensional Monte Carlo simulations of radiation
transfer with 10 inclination angles, resulting in a total of 200,000 SED models. The model

Isee http://ssc.spitzer.caltech.edu/
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output gives 14 physical parameters of the individual source which can be divided into
3 categories: the central source parameters (stellar mass, radius, luminosity and temper-
ature), the infalling envelope parameters (the envelope mass, accretion rate, outer radius,
inner radius, cavity opening angle and cavity density), and the disk parameters (disk mass,
accretion rate, outer radius, inner radius, flaring power, scale height and inclination). The
current version of the SED fitting tool covers the mass range from 9.6dV60M,,. The

tool fits the best fit model along with a group of models that is interpolated to different
apertures at different wavelengths depending upon the beam sizes. This group of models
is selected on the basis of the criterion given as below:

X2 - X2best <3 (114)

Recently, Grave and Kumar (2009) applied these SED models for samples of HMPOs and
derived their disk and envelope accretion rates to b& 1002 M, yr—!. However, there

are limitations in these SED models because they do not account for accretion luminosity
from envelopes and multiplicity of sources which are very important for the study of the
massive young objects (see Robitaille (2008) for justification).

1.2 Motivation for the present work

Massive stars heat their natal dust cocoons, where they are born and emit predominantly
mid-infrared radiation. Hence, to understand the processes involved in the formation of
massive stars and their relation to their surroundings, we need to study them at longer
wavelengths which suffer lower extinction. These sites are accessible to mid- and far-
infrared observations that can probe very deeply embedded objects. High spatial resolu-
tion is very important at these longer wavelengths to observationally identify individual
sources from their cluster environment, where they are born.Spitzerinfra-Red Array
Camera (IRAC) (Fazio et al. 2004) provides an opportunity, with an unprecedented high
spatial resolution in thermal infrared wavelength regime, that is very useful in identifying
embedded sources in massive star forming regions. IRAC has four wavelength bands cov-
ering the region 3.6 - 8.@m, i.e., Chl (3.55/0.75), Ch2 (4.49/1.0, Ch3 (5.73/1.43) and
Ch4 (7.87/2.91um). Thus, with theSpitzerSpace Telescope, it is now possible to identify
deeply embedded massive stars in their early phases of formation and model them. This
provides the motivation for the present work, viz. to look into regions in which HMPOs
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Fig. 1.3: The molecular hydrogen @) image of IRAS 20126+4104 overlaid with contours of
12C0O(2-1) (thick solid and dashed lines) and HE@-0) (thin solid and dashed lines)
outflow lobes (from Lelon et al. (2006)).

and the driving engines of UCHIIs regions are associated and to identify their counterparts
in the infrared using IRAC images and characterise their physical parameters (like mass,
age, temperature, luminosity and accretion rates etc.) by modeling their SEDs.

Stars of all masses show outflows during their PMS stages. While in the case of low
mass YSOs, itis fairly well-established that the outflows and disks are phenomenologically
related, observations have just begun to show that massive PMS stars too have disk/disk-
like structure of accretion. As far as the intermediate and high-mass PMS sources are
concerned, there have been catalogues prepared from CO line survey observations (Lada
(1985) for low to high luminosity objects; Shepherd and Churchwell (1996), Shepherd et
al. (2000) and Zhang et al. (2007) for high luminosity objects). These studies indicated
that the intermediate-/high-mass sources too follow the basic relationship between outflow
parameters and those of the driving source in a way similar to the well-established case of
low mass sources. However, the statistics are poor for young massive stars. Recently, there
have been systematic studies of outflow phenomenon associated with HMPOs and these
studies have provided improved statistics for the range of masses covering early B stars.
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Fig. 1.4: The RGB colour-composite image of IRAS 20293+3952 from Kumar et al. (2009) ob-
tained by coding th&pitzerIRAC hi-res deconvolved IRAC Ch4, Ch3 images, and near-
infrared (normal) 2.2:m image as red, green and blue respectively. White contours (15
o and 60c levels above the mean background) display continuum subtractedtow
band emission at 2.12m. Figure exhibits the ring structure around the IRS1 source.
Location of UCHII regions is represented by 2 cm Radio contours with black solid lines.
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But the possible relation between outflow parameters and physical parameters of the driv-
ing engines has not been well established. Therefore, this is one of the main motivations
of the present work. IRAC provides very high sensitivity and arc-sec spatial resolution
to detect embedded YSOs allowing for first time to estimate the surface density of YSOs
in massive star forming regions. The surface density of YSOs provides an important in-
put/clue for the formation of stars in embedded clusters. In addition to, IRAC photometry,
ratio maps of IRAC images are very helpful to study the atomic/molecular emission re-
gions created by massive stars due to their interaction with the immediate surroundings.
The energy released (i.e., the amount of UV photons) from O and early B type stars (Pana-
gia 1973) is different, therefore their interaction with their surrounding will be different
and complex. Hence, it is very interesting to look for such regions, where O and early B
type stars are present. Also, it is important to look for sites of fresh star formation triggered
by winds, UV radiation and expanding HIl regions associated with young massive stars.

1.3 Objectives of the Thesis

To summarise, the objectives of the present work are:

1. ldentification of mid-IR counterparts of HMPOs, which represent the pre-UCHII
phase. In some of the HMPOs, known to be outflow sources, it is important to
identify their driving engines and derive their physical parameters such as, mass,
luminosity and accretion rate through SED modeling using observed imaging data.
Therefore, one of the important aims of this work is to compare the physical param-
eters of HMPOs against the observed outflow parameters.

2. The central ionising sources of UCHII regions are known to be O and early B stars
because of their ability to ionise the regions surrounding them. Nevertheless, many
of them are still deeply embedded not to be optically visible. Therefore, one of the
objectives of this study is to identify the mid-IR counterparts of the driving engines
of the UCHII regions and to derive their physical parameters through SED modeling
using observed imaging data.

3. To carry out mid-infrared photometric study of a few massive star-forming regions,
taking into advantage of arcsec spatial resolutiorSpftzefrIRAC data, through
which it is possible to identify embedded YSOs, especially young massive proto-
stars. Determination of cluster sizes of YSOs and their spatial density which give
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important clues to understanding the star formation. Finally to derive the physical

properties of selected YSOs through their SED modeling. The thesis also includes
the study of the interaction and feedback of massive stars to their immediate envi-
ronments.

1.4 Outline of the thesis

The afore-mentioned work will be described in the ensuing chapters, the outline of which
is as follows:

Chapter 2: In this chapter, we describe the driving engine-outflow relationships for the
HMPOs known as the driving sources of the outflows. We will present the results of SED
modeling of mid-IR counterparts of HMPOs identified througpitzerGLIMPSE images

and report their relation with physical parameters like mass, age and accretion rates with
observed outflow properties like outflow mass, momentum, velocity and entrainment rates.
We will also present the work on the identification of the mid-IR counterparts of the driving
engines of UCHII regions and characterise their physical properties through SED model-

ing.

Chapter 3: We report detailed studies on the massive star forming region AFGL 437
usingSpitzerIRAC archival images. In this work, we have identified many new YSOs us-
ing IRAC colour-colour diagram and have investigated one young high-mass protostellar
source with its outflow lobes using IRAC ratio image, which indicates that the source is in
its accretion phase. Also, we will highlight the results on its environment, which tells us
about the interaction of massive stars with its surroundings.

Chapter 4. We present the detailed study on another massive star forming region M8
(Lagoon Nebula) usingpitzerIRAC archival images. In this work, we have identified
many new YSOs using IRAC colour-colour diagram and have investigated the PAH cavity
structure nearby a high-mass star. Also, we will highlight the results of the interaction of
massive stars with immediate and far distant environment in causing triggered star forma-
tion.

Chapter 5: In this chapter, we present ground-based near-infrared JHK photometric ob-
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servations of one massive star forming region, namely, IRAS 05375+3540 from the Mt.
Abu IR observatory. In addition, space-basgpitzerIRAC images on this massive star
forming region will be presented. We focus on and examine the photometric results ob-
tained on this source and their surroundings using the infrared images.

Chapter 6: This chapter summarises the results produced in the thesis and outlines fu-
ture directions for further study.



Chapter 2

SpitzerIRAC GLIMPSE study of
driving engines of HMPOs and UCHII
regions

In this chapter, we present the physical properties of the driving engines of high mass pro-
tostellar objects (HMPOs) and Ultra-Compact HIl (UCHII) regions derived from radiative
transfer modeling of SED. HMPOs are known precursors to UCHII regions, some of which
are associated with outflows. We have divided this chapter into two parts. In the first part,
we present the identification of the outflow driving engines and their outflow relationships
with SED model-derived physical parameters of HMPOs. The identification of driving
engines of UCHII and their physical properties through SED modeling will be described
in second part of this chapter. Towards the end of the chapter, a comparison of physical
parameters of the two stages will be highlighted.

2.1 The outflow and driving source relationships

Outflows are ubiquitous sign-posts of star formation; in particular, of the accretion pro-
cess (Lada 1985; Bachiller 1996; Bontemps et al. 1996). Their detailed properties, driving
mechanisms and their relation with driving source properties were studied in the context
of low-mass stars and a few intermediate-mass stars (Arce et al. ( 2007) and references
therein). One of the earliest reviews on this subject by Lada (1985) addressed outflows
from both low and high luminosity sources. However, many of the specific results obtained
were based on the observations of low luminosity sources (Bontemps et al. 1996; Bachiller
1996). From the studies of bipolar outflows from low-mass stars, it has been established

22
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that the outflow momentum flux: (i) increases with the luminosity of the driving source,
and (ii) decays as the driving source evolves, owing to reduced accretion activity. Our un-
certain knowledge about the formation of massive stars coupled with the poor statistics of
outflows from high luminosity sources has kept the topic of massive outflows distinct, even
though Lada (1985) included outflows from low to high luminosity objects in his outflow
catalog. Shepherd and Churchwell (1996) observed a sample of high luminosity sources,
which cover the outflow parameters for intermediate- and high-mass sources and showed
that the relations between molecular outflows and their driving sources were valid even
for massive stars, probably up to O type stars. Indeed, it is the observations of massive
bipolar molecular outflows from luminous infrared sources (Shepherd et al. 2000; Zhang
et al. 2007) that reinforced the idea of the formation of massive stars through the accretion
process, without much need to invoke alternative scenarios (i.e., coalescence scenario for
details, Zinnecker and Yorke (2007)).

Massive star formation studies have become more systematic in the last decade with the
availability of higher sensitivity and high spatial resolution observing facilities in the in-
frared (IR) and millimeter (mm) bands. Well-defined samples of HMPOs have been the
targets of investigation both in millimeter (Beuther et al. 2002; Williams et al. 2004) and in-
frared bands (Kumar and Grave 2007; Grave and Kumar 2009). The outflow phenomenon
has been systematically studied from such samples (Ridge and Moore 2001; Beuther et al.
2002a; Benedettini et al. 2004; Zhang et al. 2005; Kim and Kurtz 2006). These studies
have provided an improved statistics for the range of masses covering early B type stars for
which outflow-driving source relations showed similar trends as in the case of low mass
sources (Beuther et al. 2002a; Arce etal. 2007). The issue of source and outflow multiplic-
ity has also been investigated in recent years using interferometric observations (Beuther
et al. 2004, 2005; Palau et al. 2007a,b). Theoretically, outflows have been shown to be
important in massive star formation to channel out the radiation pressure (Krumholz et al.
2005). Banerjee and Pudritz (2007) simulated disk-driven outflows in collapsing massive
cores with high accretion rates. These simulations suggest magnetically driven winds from
disks as the origin of the outflows. Despite the common features between low and high
mass outflows, specific observational evidences is necessary to confirm the outflow-disk
connection in massive star formation.

In the first part of this chapter, we have identified the embedded infrared counterparts
(IRCs) of HMPO cores and estimated their physical properties by modeling their Spectral
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Energy Distributions (SEDs). The details of the SED modeling tool (Robitaille et al. 2006)
used here are given in Chapter 1. Robitaille et al. (2007) applied this tool to observational
data of a sample of low mass young stars in the Taurus region. They demonstrated that the
tool reproduces properties such as stellar mass, disk and envelope accretion rates that are
highly consistent with results obtained from other, specific and detailed methods. Although
the current version of the SED fitting tool covers the mass range up to-5@ M thought

to be highly effective only up to 20 M at which limit, the disk accretion luminosity is
computed.

This ability to model and derive source properties together with the improved sensitivity
in the infrared bands enables true identification of deeply embedded protostellar objects.
With the SpitzerSpace Telescope, it is now possible to identify the driving sources in the
infrared, model them and investigate the outflow-driving engine relationships for deeply
embedded massive stars, which is pursued in the first section of this chapter.

2.1.1 Data Selection and Analysis: The IRCs data sample

The outflow data for the present analysis are taken from the CO observations of Ridge and
Moore (2001), Beuther et al. (2002a), Benedettini et al. (2004), Zhang et al. (2005) and
Kim and Kurtz (2006). We searched for infrared counterparts coinciding with the outflow
center and also associated with a dense core. The reddest and brightest IRCs appearing
on theSpitzerIRAC image that coincide with “both” the millimeter core and the outflow
centre to better than’svas chosen as the driving source. A total of 33 outflows in the sam-
ple were found to have IRCs that could be modeled. In all targets, only one point source
was found within a radius of’5satisfying the required criteria. Data for the 33 sources
were found by searching all programs in BpitzerIRAC/Glimpse archive (see Table 2.1

for the position of the outflow driving engines). There is a distance ambiguity (near and
far distances) for 8 of the 33 sources. Photometry data for 16 sources were taken from the
Glimpse data base and data for 9 sources were extracted from the individual observing pro-
gram ID’s 3528 (PI: Q. Zhang; four sources), 6 (PI: G. Fazio, three sources), 30734 (PI: D.
Figer; one source) and 104 (PI: T. Soifer; one source). Since IRAC data are not available
for 8 sources (shown by star and dagger symbols on the Table 2.1), available ground based
observational data were taken for SED modeling (Daggesyimbol represents the single
source having 24.pm data from Linz et al. (2009) and the seven sources having 107

data from Campbell et al. (2005) are shown by stasymbol).
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Table 2.1: List of 33 driving engines of the molecular outflows and their positions. Dagger (
symbol represents the source having 24tb data from Linz et al. (2009). Sources
having 10. 47um data from Campbell et al. (2005) are shown by a stpsymbol.

Sources RA (J2000) Dec (J2000) Distance (kpc)
IRAS Near, Far
05358+3543mm1 05:39:13.07 +35:45:50.9 1.80
05373+2349s1 05:40:24.20 +23:50:54.9 1.20
05553+1631 05:58:13.82  +16:31:57.0 2.50
06584-0852 07:00:50.99  -08:56:30.2 4.50
18151-1208 18:17:58.14  -12:07:24.7 3.00
18182-1433 18:21:09.14  -14:31:48.5 4.50,11.70
18264-1152mms1 18:29:14.69  -11:50:23.6 3.50, 12.50
18345-0641mms1  18:37:16.92  -06:38:29.8 9.50
18511+0146s1 18:53:37.89  +01:50:30.7 3.90
18566+0408mms1l  18:59:09.95 +04:12:15.7 6.70
19012+0536mms1  19:03:45.30 +05:40:42.4 4.60, 8.60
19035+0641mms1l  19:06:01.63  +06:46:36.2 2.20
19217+1651mms1  19:23:58.80 +16:57:41.1 10.50
19266+1745mms1  19:28:55.66 +17:51:59.5 0.30, 10.00
19368+2239 19:38:57.22  +22:46:23.8 4.40
19374+2352 19:39:34.58  +23:59:48.6 4.30
19388+2357 19:40:59.32  +24:04:44.2 4.30

19410+2336mms1  19:43:11.23  +23:44:03.7 2.10, 6.40
19410+2336mms2  19:43:10.70  +23:44:00.0 2.10, 6.40
19411+2306mms1  19:43:17.97 +23:14:01.5 2.90, 5.80

20050+2720s2 20:07:06.60  +27:28:47.6 0.73
20216+4107 20:23:23.79  +41:17:39.0 1.7
20293+3952 20:31:12.43  +40:03:19.9 1.30, 2.00
20343+4129 20:36:07.55  +41:40:09.3 14
22134+5834 22:15:09.14  +58:49:08.2 2.6
22172+5549s2 22:19:09.50 +56:05:00.1 2.87
22305+5803 22:32:24.00 +58:19:01.9 5.40
22570+5912 22:59:06.19  +59:28:30.0 5.1
23033+5951 23:05:25.14  +60:08:15.2 35
23151+5912 23:17:21.42  +59:28:49.9 5.7
MB8ET 18:04:53.20 -24:26:41.3 15
HH80 18:19:12.09  -20:47:30.0 1.9
WK34 03:07:24.58 +58:30:52.8 2.0

A typical example of the outflow driving engine with its SED is shown in Fig.2.1. Fig-
ure A.1 of Appendix A displays the association of the identified IRCs with the outflows.
This association is shown for 13 sources (12 images) from the Beuther et al. (2002a) sam-
ple. The outflows are shown as contours (dotted: red-shifted lobe, solid: blue-shifted lobe)
on theSpitzerIRAC 8 um grey scale images. Black circles mark the identified IRCs as the
outflow driving engine. Similarly, Fig. A.2 of Appendix A shows the six outflow sources
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(from the Beuther et al. (2002a) sample that do not have IRAC images) with the outflow
data overplotted on the inverted grey scale 2MASS K-band image. Figure A.3 of Ap-
pendix A shows the 3-colour-composigpitzerIRAC image (Ch4(red), Ch2(green) and
Ch1(blue)) of other 11 sources including one common source IRAS 18182-1433 from Fig-
ure A.1 of Appendix A. The jet structure is associated with the source IRAS 18182-1433
as is clearly seen in the image (Figure A.3 of Appendix A). The jet may be due to shock-
excited molecular Klemission. Figure A.4 of Appendix A shows the 3-colour-composite
image of four sources (using IRAC images for three sources and 2MASS for one source)
along with the location of outflow driving engines.

2.1.2 The outflow data

The outflow parameters such as mass, momentum, outflow entrainment rate and velocities
were obtained from the tables of Ridge and Moore (2001), Beuther et al. (2002a), Benedet-
tini et al. (2004), Zhang et al. (2005) and Kim and Kurtz (2006). The spatial resolution and
guality of the Beuther et al. (2002a) sample of 20 outflows are better than those of the
13 outflows (1 from Ridge and Moore (2001), 1 from Benedettini et al. (2004), 10 from
Zhang et al. (2005) and 1 from Kim and Kurtz (2006)); owing to the observations with a
larger telescope (30m vs 12m ). In the analysis, we will compare the outflow mass and
momentum against the modeled properties of the driving protostar. The outflow mass and
momentum are relatively direct measurements from the CO line flux and velocity spreads,
whereas, the outflow force or mechanical luminosity involves additional measurements
such as size and dynamical time. Measuring the size brings additional uncertainties due to
the limited spatial resolution and the large distances to our targets. Therefore, we do not
use the outflow force or mechanical luminosity for comparisons, which is contrary to the
traditional choice made in studying outflows from low mass objects (Lada 1985; Cabrit and
Bertout 1992; Bontemps et al. 1996). The errors on the outflow mass and momentum are
assumed to be 50% and 10% respectively, following recommendations from the original
papers presenting the data.

2.1.3 SED modeling of the IRCs

The SEDs were constructed for the 33 driving sources by using 2ZMASS, MSX, IRAS, and
(sub)millimeter data (from literature). The resulting SEDs were fitted using the SED fit-
ting tool of (Robitaille et al. 2007) and analysed as described by Grave and Kumar (2009).
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The photometric data used for SED fitting involve different apertures for different bands
depending upon the beam sizes. The SEDs here are strongly constrained by the highest
spatial resolution data between 1z from 2MASS andSpitzerfor 25 sources. The

SEDs of the remaining 8 sources are constrained by using 2MASS with ground based mid-
infrared data points. At the longer wavelength side, it is constrained by the (sub)mm data
points which typically have beam sizes of 10215 he fitting was done separately using

both the near and far distance estimates in the case where the distance was not resolved.
However, the parameters obtained by using the far distance only were used to make the
plots. The SED plots for all the 33 sources are shown in Figure A.5 of Appendix A. The
solid line shows the best fit model which is interpolated to different apertures at different
wavelengths depending upon the beam sizes. The dotted line represents the input photo-
sphere. Filled circles and triangles show the data points and upper limits respectively. The
grey lines display the group of models that satisfy the criterion:

X2 - X2best <3 (21)

In many cases, when the quality of the longer wavelength data was thought not to be the
best, we use it as an upper limit rather than data point.

Figure A.6 from Appendix A display the best fit model (shown for a single aperture of
2.4" for 23 sources only) and its decomposition into three components, namely, envelope
(red), disk (green) and scattered (yellow) fluxes. It is evident from this figure that the disk
flux (when present) traces the shorter wavelength data and the envelope flux is better rep-
resented by the longer wavelength data. Therefore, the 2MASSpitekrdata are indeed
representative of the disk emission. In a few cases, either the disk is not present or deeply
embedded in the envelope. When there is a disk and envelope together, it can be seen that
at shorter wavelengths, there is a significant overlap between the two curves. This can
indicate that the decompositions of the disk and envelope parameters may not be efficient
unless sufficient data points in the millimeter range are present, which will strongly con-
strain the envelope emission.

The SED fitting works by using a large grid of 200,000 models to scale and match the ob-
served SED. In doing so, the most reliable parameters from the results are the luminosity
and temperature. Subsequently using evolutionary models, these parameters are translated
into the mass and age of the protostar. Also, the shape of the SED at shorter wavelengths,
particularly in theSpitzetbands constrain the disk emission. Indeed, Robitaille et al. (2007)
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demonstrated that quantities such as accretion rates obtained from the SED fitting of low
mass stars are in remarkable agreement with measurements using classical methods. Al-
though the case for intermediate- and massive stars is different from that for the low-mass
stars, we will proceed with the assumption that the physics of disks incorporated in the
SED models would be valid for the mass range dealt here.

2.1.4 Outflow properties vs driving source properties

The physical properties of the driving sources estimated from SED modeling are listed in
Table A.1 of Appendix A with corresponding outflow properties (such as outflow mass,
outflow momentum and entrainment rate) obtained from literature. Additionally, each col-
umn of physical parameters (i.e., mass, luminosity, age, envelope mass ,envelope accretion
rate, disk mass, disk accretion rate) is accompanied by another column with the corre-
sponding standard deviation. All models with criterion given in Eqg. 2.1 for each data point
are used to compute the weighted means and standard deviations. As we mentioned earlier,
the SED modeling is done separately for both the near and far distances for sources having
a distance ambiguity.

In the following, the outflow mass and momentum for 33 sources are compared with vari-

ous properties of the driving protostar. This analysis has two specific advantages: (i) The
outflow driving sources for the massive protostellar candidates are identified based on the
highest spatial resolution data available to date in the infrared and millimeter bands, thus
reducing the source confusion; and (ii) the identified sources have been modeled with an
effective SED fitting tool to derive the mass, age of the star and accretion rates, allowing

direct comparison with outflow properties. The net result is compared with the stellar mass
instead of source luminosity and also with a stellar age on a continuous scale unlike the
three or four evolutionary classes such as Class 0, |, etc.

Luminosity, Mass and Age

In this subsection, we will explore the various trends between outflow parameters and
model derived physical properties of outflow driving engines of HMPOs. For this purpose,
we made log-log plots of outflow parameters against physical parameters of sources. For
each graph that is plotted, we also show as error bars, the standard deviations in SED fitted
parameters and uncertainties from the outflow observational data. In Fig. 2.2 the outflow
mass is plotted against total luminosity and effective temperature respectively. The lumi-
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nosity and temperature are the two most reliable results from the SED modeling. Subse-
quently the model tool estimates the mass and the age of YSO using evolutionary models.
It turns out that the age is a less certain parameter compared to the mass (Robitaille et al.
2006). Fig. 2.3 plots the stellar photospheric mass with the outflow mass and momentum.
The figure shows that the net outflow mass,(NMand momentum (R;) increase with in-
creasing stellar mass, despite considerable scatter in the data points. These results are valid
up to a mass range of 25/Mmostly limited by the analysed data. The increasing tendency
for both B,,; and M,,; with stellar mass may be noticed. The outflow mass and momentum
are plotted against the stellar age in Fig. 2.4. One may notice a slight trend or tendency to
decrease. The plots indicate that the outflow mass and momentum show a declining trend
with the evolution of massive protostars. This result, however, is in good agreement with
what is known from the study of low-mass stars (Wu et al. 2004).

Disk and Envelope: Masses and Accretion Rates

Fig. 2.5 plots the outflow mass and momentum against the envelope accretion rate. Simi-
larly, Fig. 2.6 plots the outflow mass and momentum against the disk accretion rate. It can
be seen that the outflow mass and momentum tend to increase with increasing accretion
rates with the trend more clear for disk accretion. In Fig. 2.7, we display the variation of
outflow mass with mass of the envelope and mass of the disk. The outflow mass shows a
trend of increase with increasing disk and envelope masses (again, the trend is better seen
with disk mass). It can be seen from Figs. 2.3, 2.4 and 2.5 that the linear trend is better
between outflow mass and momentum with stellar mass and accretion rates, but not with
the age.

Accretion rates and Outflow Entrainment rates

The scatter plots between the measured outflow entrainment rates and the accretion rates
(disk and envelope) are shown in Fig. 2.8. One may notice a faint trend in the plots (better
in disk accretion rate than envelope accretion rate).

2.1.5 Discussion

One of the most important correlations found in the present study is between the outflow
entrainment rate with the source accretion rate, even if it is a trend in the scatter diagrams.
This is the key to understanding the connection between the outflow phenomenon and ac-
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Fig. 2.1: a: Mid-IR (IRAC 8 zm) counterpart of the outflow driving engine for IRAS 05358+3543
is shown in figure and indicated by the the black circle. Overplotted the contours are the
observed red shifted (dashed curves with maximum velocity 13.6 Kijresid blue shifted
(solid curves with maximum velocity 14.4 knT% components of moleculd?CO (J =
2 - 1 transition) outflow taken from (Beuther et al. 2002a). b: Shows the SED model for
the HMPO source.
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Fig. 2.2: a: Observed outflow mass is shown as a function of model-obtained total luminosity of
the HMPOs. b: Outflow mass vs temperature.
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Fig. 2.3: a: Observed outflow mass is shown as a function of model-obtained stellar mass of the
HMPOs. b: Outflow momentum vs stellar mass.
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Fig. 2.4: a: Observed outflow mass is shown as a function of model-obtained stellar age of the
HMPOs. b: Outflow momentum vs stellar age.
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Fig. 2.5: a: Observed outflow mass is shown as a function of model-obtained envelope accretion
rate of the HMPOs. b: Outflow momentum vs envelope accretion rate.
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Fig. 2.6: a: Observed outflow mass is shown as a function of model-obtained disk accretion rate of
the HMPOs. b: Outflow momentum vs disk accretion rate.
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Fig. 2.7: a: Observed outflow mass is shown as a function of model-obtained envelope mass of the
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Fig. 2.8: a: Observed outflow entrainment rate is shown as a function of model-obtained envelope
accretion rate of the HMPOs. b: Outflow entrainment rate vs disk accretion rate.
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cretion mechanism. Measuring disk accretion rates is observationally challenging. For
massive stars, it is obtained by combining the disk surface density from millimeter dust
continuum observations with infall velocities from line observations under the assump-
tion of a certain disk geometry and inclination angle (e.g., Beltran et al. 2004). Accretion
rates obtained by such measurements are found to be highA00~* M, yr—!) which
agrees well with thenvelope accretion ratesbtained from SED modeling. It should be
noted that the theoretical concepts of disks and envelopes (Pringle 1981; Bjorkman 1997)
assumed in the SED modeling and by observational methods such as above are quite sim-
ilar. However, the SED modeling is an independent way of estimating the accretion rates
based on computing the spectral contribution of the disk and envelope (see Robitaille et al.
(2006) for details). Our SED modeling shows that the disk accretion rate$ (100~°

M. yr—1) are approximately two order of magnitude lower than the envelope accretion
rates (102 — 1074 Mg yr).

The outflow entrainment rates (used for the study here) obtained by single dish observa-
tions by Beuther et al. (2002a) have a relatively smaller spread (1002 M, yr—!) (see
Fig.2.8) and do not depend critically on the source luminoSibese entrainment rates are
smaller than the modeletl,,,, but larger compared to the modeléd,;.. If we suppose

that the disks modeled by the SED are responsible for driving the outflow, then we would
encounter the problem of throwing out more matter than we are putting into the system
Interestingly, high spatial resolution observations of some of these massive sources, made
with the Sub-Millimeter Array (JCMT) and Plateau de Bure Interferometer, resolve the
outflows into multiple components and the entrainment rates of the individual components
are~ 10> My, yr—! (Palau et al. 2007a,b), which is in better agreement with the modeled
M, values. It was argued by Grave and Kumar (2009) that the SED modeling may not be
very sensitive to the disks for massive embedded sources, which may be the reason why the
outflow entrainment rates are consistent with,, rather than\Z,;. .. Alternatively, these

facts allow us to speculate: (i) that the massive molecular outflows are probably composed
of multiple components, or (ii) that the massive molecular outflows may be driven by larger
scale envelopes. These speculations are based on the observational evidences from mm in-
terferometric observations of massive cores that display large scale flattened structures and
circumcluster toroids (Cesaroni et al. 2006).

Given that our SED modeling largely relies upon high spatial resolution data, in particular,
the IRAC bands and NIR bands, with abottrésolution, the modeled sources represent
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relatively isolated or point sources. First, the outflow entrainment rates are consistent with
the modeled envelope accretion rates and NOT with the disk accretion rates. Second, the
observational evidences for disks around massive protostars is little. Although the disks
are thought to be present (e.g., Cesaroni et al. (2003)), the most common observational ev-
idences are flattened rotating structures which are called circumstellar toroids (Cesaroni et
al. 2006; Furuya et al. 2008). Recent outflow models by Machida et al. (2008) demonstrate
that the large scale infalling envelope which produces the first core (see the last figure in
their paper) is responsible for launching the poorly collimated component of the outflows.
The characteristic feature of this component is the lower velocity and poor collimation.
In contrast, the fast, highly collimated central jet is thought to be driven by the central
(second) core, launched closer to the protostar and from the inner disk. In this scenario,
the outflows from the HMPO candidates can be explained as the poorly collimated low
velocity wind launched in the larger infalling envelopes. It can then explain the measured
outflow entrainment rates and the apparently poor collimation factors of outflows from
HMPO sources compared to their low mass counterparts (Kumar et al. 2002; Beuther et al.
2002).

The positive connection between the outflow entrainment rates and accretion rates points
to a magneto-hydrodynamic origin (Konigl and Pudritz 2000) of the outflows even in the
massive stars. The real problem for now is the lack of clear observational data that can dis-
entangle disks and envelopes around massive stars and measure accretion rates from each
entity.

A total of 95 HMPO candidates have been observed in CO emission line (69 by Zhang
et al. (2005) and 26 by Beuther et al. (2002a)) and 86 of these objects showed spatially
confined CO emission with high velocity features attributed to outflows. The mean veloc-
ity of the line wing emission measured from these observations28-30 km s!. Even

the “jet-like” outflows from massive stars such as IRAS 20126+4104 (Cesaroni et al. 1999;
Su et al. 2007), IRAS 18566+0408 (Zhang et al. 2007) and IRAS 05358+3543 (Beuther
et al. 2002b) display velocities of only up to 40 km's Outflows from low mass stars
also have similar mean velocities (30 km'} (Bachiller 1996; Arce et al. 2007), but
several jet-like outflows show intermediate and extremely high velocity components (IHV
and EHV). L1448 IRS3 (Bachiller et al. 1990) and IRAS 04166+2706 (Santiago-Garcia et
al. 2009) have IHV components ef 50 km s!; while sources such as HH7-11 display
EHV as high as 100-140 knt (Bachiller and Cernicharo 1990). While the outflows from
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HMPO sources stand up against the low mass objects in terms of total mass and momenta,
the high mass outflows do not show either the IHV or EHV components found in the low
mass outflows. It may be noted that even the Shepherd and Churchwell (1996) sample,
which included sources with luminosity even higher than studied here, does not display the
IHV and EHV components in the CO spectra. The lack of these high velocity components
can not be entirely attributed to a lower sensitivity at the large source distances. Therefore,
we speculate that the lack of IHV and EHV components in massive protostars is possibly
related to the origin of the outflows.

2.1.6 Summary and Future Work

We have examined the relations between the properties of 33 massive molecular outflows
and of their driving protostars. Several trends were found in the scatter diagrams, which are
in accordance to previously known relations from the studies of outflows from low mass
stars.

e The mass and momentum of the outflow tend to scale directly as the mass of the star
and inversely as the age of the star.

e The outflow mass and momentum also show similar but weaker trends with the ac-
cretion rate.

e The outflow entrainment rates obtained from single dish measurements can be ex-
plained by the modeled envelope accretion rates rather than the disk accretion rates.

e The modeled disk accretion rates are in better agreement with the individual compo-
nents of the outflows, resolved by interferometric observations.

Most observational data of intermediate and massive protostars are suggestive of the wind
driven origin for the outflows. However, our results point to a scenario where the wind is
driven from envelopes rather than disks. This is because the outflow entrainment rates are
about two orders of magnitude larger than disk accretion rates. Unambiguous identification
and characterisation of disks and envelopes in isolated massive protostars with outflows are
necessary to understand the true connection between the outflow and the protostar. More
importantly, it is necessary to identify independent indicators of accretion rates, similar to
the emission lines of magnetospheric origin in low mass stars. Such results are expected
to be possible with future high resolution facilities such as the Atacama Large Millimeter
Array and the James Webb Space Telescope.
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2.2 Physical Properties of the driving engine of
Ultra-Compact HIl (UCHII) regions

The study of the embedded photospheres of the HMPOs (younger stages than UCHII re-
gions) revealed that they are associated with early B stars and not many O stars are de-
tected. The central ionising sources of the UCHII regions, in comparison, are known to
be O and early B stars (Beuther et al. 2002; Grave and Kumar 2009). In this section, we
present the identification of the driving engines of the UCHII regions and characterisa-
tion of their associated physical parameters through SED modeling. UCHII regions are
characterised by sizes 0.1 pc, large electron densities B 10 cm~3 and temperatures

T. =~ 10000 K. These regions are referred to as one of the most reliable tracers of mas-
sive star formation (stars of type earlier thanB3). The UCHII regions are known as

a little more evolved stage of massive star formation than the HMPOs (as mentioned in
Chapter 1). In this evolutionary stage, the central young massive star is hot enough to pro-
duce Lyman continuum photons that ionise the surrounding regions. Nevertheless, many of
them are still deeply embedded and are not optically visible. The driving engine of UCHII
regions can be identified in mid-IR due to lower extinction in these wavelen§izer
IRAC/GLIMPSE (mid-IR) data for a significant sample of such objects are available. The
recent sub-millimeter survey by Thompson et al. (2006) provided an opportunity to model
the SED from infrared to (sub-)millimeter in a similar way as for HMPOs, to obtain the
properties of the driving engines of the outflows.

The main goal of this work is to use the SED modeling in the framework of an accretion
scenario and analyse the derived properties of the central stars, in particular, to see if the
central stars of UCHII regions have photospheres suffering large extinction, and/or accret-
ing protostars. We discussed earlier about the advantage of SED modeling using available
high spatial resolution data on mid-infrared region compared to previous mid/far-infrared
surveys like MSX and IRAS.

2.2.1 Data selection

We looked into the catalogs of sub-mm observations of the UCHII regions (Thompson et
al. 2006) and availabl8pitzerIRAC/Glimpse archive. We followed a similar procedure to
identify the mid-IR counterpart of the driving engine of a UCHII region as described in the
first part of this chapter. Since some UCHII regions are found to have more than one coun-
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terpart we found 56 infrared counterparts (for a total of 42 UCHII regions) of the driving
engines of UCHII regions using @pitzerIRAC/Glimpse archive. This multiplicity may

have arisen because of the fact that the sub-mm observations (in 450 amch BEthomp-

son et al. 2006) have a large beam size (8rtémpared to IRAC observations (about 2
spatial resolution in all four bands). Table 2.1 gives the positions of the UCHII driving
engines and their offsets (in arcsecond) from the peak of sub-mm positions. Some of the
UCHII regions have multiple infrared counterparts which are also included in Table 2.1.
There is a distance ambiguity (near and far distances) for 6 sources. Photometry data for
43 sources (total 32 UCHII regions) were taken from Glimpse data base and 13 sources
(10 UCHII regions) were extracted from the individual observing program ID’s 3528 (PI:
Q. Zhang; one source), 6 (PIl: G. Fazio, four sources), 623 (PIl: G. Fazio, two sources),
20778 (Pl: Sean Carey; four sources), 30726 (PI: Jeroen Bouwman; one source) and 201
(PI: Giovanni Fazio; one source).

Three colour-composite IRAC images of all the 42 UCHII regions along with the identified
56 central sources (marked by orange circles) are shown in the Figure B.1 of Appendix B.
It may be noted that the source of G133.95+1.06 region has only two IRAC images (Ch4
and Ch2), therefore 2MASS K-band was used to make the 3-colour-composite image.

2.2.2 SED modeling of the driving engines of UCHII regions

The SEDs were modeled using the SED fitting tool of Robitaille et al. (2007) for all the

56 sources (separately for sources having near and far distances, i.e., six sources). The
fitted SEDs are strongly constrained by the high spatial resolution data betweepr - 8

from near-infrared (JHK) an8pitzerIRAC. In addition, we have used MSX, IRAS, sub-

mm (Thompson et al. 2006) and published data at different wavelengths (Alvarez et al.
2004; Cabrera-Lavers et al. 2006; De Buizer et al. 2003; de Wit et al. 2009; Fang and
Yao 2004; Faundez et al. 2004; Giveon et al. 2007; Hill et al. 2006; Hunter et al. 2000,
2008; Longmore and Burton 2009; Mueller et al. 2002; Pozzo et al. 2003; Qiu et al. 2008),
wherever available. Figure 2.9 shows a typical example of the driving engine of UCHII
region using IRAC colour-composite image (left side) and its fitted SED plot (right side).
Table B.1 of Appendix B gives the weighted mean values of the model-derived physical
parameters, viz. age, mass, temperature, luminosity, radius of the central driving engine,
and envelope and disk masses and accretion rates; along with the corresponding standard
deviations. Additionally, the first two columns give the name of the sourcexanuer
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Table 2.2: Driving engines of the UCHII regions with their positions and offsets(in arcsec) from

the sub-mm peaks. Sources having distance ambiguity are represented by the symbol

‘1’. The images of the sources marked withare generated by mosaicing IRAC BCD

images.

id Source RA[2000] Dec [2000] offséi

1 G5.89-0.39 18:00:30.46 -24:04:01.1 07.44
2 G6.55-0.10 18:00:50.00 -23:20:33.1 05.01
3 G8.14+0.23smmb  18:03:00.96 -21:48:07.5 08.72
4  G10.30-0.15smmal 18:08:55.60 -20:05:57.3 09.67
5 G10.30-0.15smma2 18:08:55.96 -20:06:05.5 04.84
6 G10.62-0.38al 18:10:28.68 -19:55:54.2 05.51
7 G10.62-0.38a2 18:10:28.86 -19:55:49.0 02.77
8 G10.62-0.38a3 18:10:28.49 -19:55:49.9 07.28
9 G10.84-2.59 18:19:12.11 -20:47:31.0 07.03

10 G11.94-0.62smma 18:14:01.12 -18:53:26.5 06.41
11 G18.30-0.39smma  18:25:41.95 -13:10:19.7 01.88
12 G19.07-0.27 18:26:48.91 -12:26:24.4 01.44
13 G20.08-0.14smmal 18:28:10.36 -11:28:48.5 03.35
14 G20.08-0.14smma2 18:28:10.53 -11:28:50.9 01.00
15 G20.08-0.14smmb  18:28:10.80 -11:29:28.4 01.98
16 G23.46-0.20 18:34:44.93 -08:31:07.4 07.95
17 G23.87-0.12smnia 18:35:12.77 -08:06:50.6  10.00

18 G23.87-0.12smnib 18:35:14.38 -08:06:48.9 06.82

19 G25.72+0.05smmb 18:38:03.15 -06:24:15.2 03.81
20 G26.54+0.42smnib 18:38:16.06 -05:29:32.9 06.66

21 G27.49+0.19smnha 18:40:50.00 -04:45:12.1 04.95

22 G28.20-0.05 18:42:58.10 -04:13:57.3 05.83
23 G31.28+0.06 18:48:12.38 -01:26:30.4 01.90
24 G31.40-0.26smma 18:49:33.01 -01:29:05.0 02.85
25 G32.80+0.19a 18:50:30.97 -00:01:55.3 06.22
26 G32.80+0.19b 18:50:30.68 -00:02:00.3 01.87
27 G33.13-0.09a 18:52:08.35 00:08:07.2 02.89
28 G33.13-0.09b 18:52:07.94 00:08:12.0 04.89
29 G33.13-0.09c 18:52:08.30 00:08:12.8  04.09
30 G33.13-0.09d 18:52:08.37 00:08:16.7 08.08
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Table 2.2: contd.

id Source RA[2000] Dec [2000] offséi)

31 G33.92+0.11s1 18:52:50.22 00:55:28.8 02.85
32 G33.92+0.11s2 18:52:49.66 00:55:24.5  02.97
33 G34.26+0.15smma 18:53:18.57 01:14:57.9 03.93
34 G35.02+0.35 18:54:00.55 02:01:18.0 03.11
35 G35.57+0.07 18:56:01.51 02:22:59.8 01.66
36 G35.58-0.03 18:56:22.59 02:20:27.7  02.35
37 G37.55-0.11 19:00:16.04 04:03:18.9 08.78
38 G37.77-0.20 19:01:02.01 04:12:01.5 04.58
39 G37.87-0.40 19:01:53.60 04:12:49.6 03.04
40 G41.74+0.10a 19:07:15.54 +07:52:44.0 03.84
41 G41.74+0.10b 19:07:15.34 +07:52:46.8 05.35
42  G42.42-0.27smmb  19:09:49.95 +08:19:44.0 02.23
43  (G43.18-0.52smmal 19:12:09.00 +08:52:12.9 01.93
44  G43.18-0.52smma2  19:12:09.60 08:52:07.9  09.43
45 G43.80-0.13 19:11:54.01 +09:35:49.9 01.63
46 G45.07+0.13 19:13:22.10 +10:50:53.4 03.81
47 G45.12+0.13 19:13:27.85 +10:53:35.7 04.05
48 G70.29+1.69 20:01:45.74 +33:32:42.4 02.28
49 G76.38-0.62smmb 20:27:26.62 +37:22:47.9 06.45
50 G106.80+5.31smma2 22:19:19.77 +63:18:49.6 11.03
51 G106.80+5.31smma3 22:19:18.23 +63:19:03.8 06.59
52 G110.21+2.63smmb  22:57:02.15 +62:38:25.1 05.37
53 G111.28-0.66smma 23:16:04.82 +60:01:58.9 06.66
54 G133.95+1.06 02:27:03.87 +61:52:24.8 06.13
55 G138.30+1.56 03:01:31.32 +60:29:13.1 07.79
56 G213.88-11.84 06:10:50.33 -06:11:57.8 12.12
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Fig. 2.9: An example of the location of a driving engine of the UCHII region G10.84-2.59 using
IRAC 3-colour-composite image (Ch4(red), Ch2(green) and Chl(blue)). On the right side
is the corresponding SED model plot.

data point. The SED fitted plots are also shown in Figure B.2 for all the sources. For six
sources, the SED modeling was done for both the near and far distances separately whose
results are shown in the Table B.1.

2.2.3 Results and Discussion

Figure 2.10 shows the distribution of mass, age and temperature for all the fitted sources
compared with the full model grid. These histograms are presented with the normalised
frequency in order to compare them with the grid distribution. The dotted blue line repre-
sents the results for the sources without distance ambiguity. For the sources having distance
ambiguity, the short dashed red line represents the near distance and the long dashed black
line represents the far distance. In all the subsequent plots, for the sources having distance
ambiguity (total six), we use values of parameters corresponding to the far distances. The
solid orange line represents the histograms of the full model grid (200,000 models). It can
be inferred from Figure 2.10 that the derived SED results are not biased with the inherent
trend in the model grid. We found that the masses of the sources are betweert3

M, with a median mass about 12.9.Mwhile the total luminosities are between*fGand

105 L. All the fitted sources have a median stellar age-df0*® years (in the range of

~ 10%5-%5 years) showing that many of the sources are very young. We obtained the radii
of photospheres typically large, in the range between 3 - 250TRe stellar temperatures
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Fig. 2.10: Histograms of physical parameters: a) stellar mass; b) stellar age and c) stellar temper-
ature for all the 56 sources. Figure shows the distributions of the sources without any
distance ambiguity with a dotted blue line. For the sources having distance ambiguity,
distributions corresponding to the near distances shown by short dashed red line; and
those corresponding to the far distances are shown by long dashed black line. All the
models in the grid of Robitaille et al. (2006) are shown by the solid orange line.
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are between 4300 - 40000 K.

Figure 2.11 represents the H-R diagram (luminosity vs temperature) of all 56 sources with
zero-age main sequence (ZAMS) up-to 7 flom Siess et al. (2000) and birth line above

7 M, from Bernasconi and Maeder (1996). The largest and smallest circles in Fig. 2.11
show the youngest and oldest sources respectively; the size of the circle going inversely
with age. As can be seen in the figure, old sources (small circles) are close to the ZAMS
locus and young sources are approaching the ZAMS. Geneva isochrones (dashed lines)
and mass evolutionary tracks (dotted lines) upto &fe overplotted in the H-R diagram.

Most of the sources are young massive stars (above the Tilks evolutionary tracks)
approaching ZAMS stage. These sources are identified as the infrared counterpart(s) of
the driving engine of UCHII region. The sources may be associated with powerful ionised
winds or accretion flows at a very early stage of formation.

We have plotted the total luminosity against stellar mass for all the sources (see Fig. 2.12a).
The symbols and error bars in the figure represent the weighted mean and standard devi-
ations obtained from the SED modeling. It shows a very tight correlation between stellar
mass and total luminosity of the sources. It indicates that the mass increases with luminos-
ity as follows:

L~ 100.4:|:0.1 % M3.2:|:0.1 (22)

Stellar temperature and mass are plotted against stellar radii in Figs. 2.12b and 2.13a. Our
results show that the temperature decreases with stellar radii and stellar mass increases with
stellar radii. Fig. 2.13b exhibits the decreasing trend between disk mass and age of sources
as expected. Similarly, as shown in Fig. 2.14a envelope mass also decreases with age, as
expected. We have found the median values of the digk.f) and envelope accretion

rates (/...) to be~ 10-%8 and 1036 M, yr-! respectively. Our results show that in
general the envelope accretion rates for the sources are higher than the disk accretion rates.
Disk and envelope accretion rates are plotted against the age in Figs. 2.14b and 2.15a.
These plots show that the accretion rates decrease with age. Figures 2.15b and 2.16a
exhibit an increasing trend between disk/envelope accretion rate and stellar radii. Recently,
Takashi and Kazuyuki (2009) studied using numerical simulations the evolution of massive
protostars with high accretion rates and found stellar radii are larger for the sources having
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Fig. 2.11: Exhibits the stellar luminosity vs stellar temperature (H-R diagram): solid line represents
the birth-line track (above 7 M Bernasconi and Maeder (1996)) and ZAMS (up-to 7
Mg from Siess et al. (2000)). Geneva isochrones up-to.7ave shown by dashed blue
lines with ages of 8, 7, 6, 5 and 4 in log units (years) from left to right. Dotted lines
show the mass evolutionary tracks for 0.1, 1.0, 1.5, 2, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0 and 7.0
Mg from lower to higher values of the luminosity respectively (Siess et al. 2000) (see
text for more details).
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higher accretion rates. Our results are consistent with these theoretical simulations. The
disk and envelope accretion rates are plotted against the stellar mass in Figs. 2.16b and
2.17. We have estimated the the dependence of the disk and envelope accretion rates with
stellar mass. We found that the envelope accretion rate scales with stellar mass by the
following power law relation:

Mem) — 10—66:‘:0.7 % M2‘6:i:0.6 (2?))

It is known that some of the UCHII regions are associated with ionised inward flow (Keto
2002a; Keto and Wood 2006), therefore it may possible that the ionised accretion with high
rate is important for massive star formation. However, our SED modeling results predict
very high (envelope) accretion rates, even without taking ionised accretion flows into ac-
count. Therefore, it calls for (i) improved SED modeling to take into account the ionised
flows, non-spherical accretion and envelope accretion luminosity; and (ii) observations that
unambiguously identify and characterise disks and envelopes.

2.2.4 Comparison of SED results: HMPOs and UCHII regions

It may be instructive to compare the physical parameters obtained from SED modeling for
HMPOs (33 sources) with those of the UCHII regions (48 regions). The following table
gives a few parameters for the comparison:

Physical Parameters HMPOs UCHII regions

Mass range (median mass) 3-3§Nk 10.2 M,) 5-43 M, (~ 129 M,)
Age range (median age) 3060 yr (~ 1044 yr) 10%5-65 yr (~ 105 yr)
Temperature range 4300 - 35500 K 4300 - 40000 K
Median M, and M., 10760 and 1036 M, yr~' 10758 and 1036 M, yr!

One may notice that there is no significant difference between the derived physical pa-
rameters of HMPOs and UCHII regions.

The UCHII regions are traced by the detection of free-free emission, whereas HMPOs

are characterised by the lack of free-free emission and presence of strong dust continuum
emission. The models of massive YSOs in the tool grid assume an accretion scenario and
are scaled up versions of the processes leading to low-mass star-formation (Robitaille et al.



Chapter 2.SpitzerIRAC GLIMPSE study 50

8

IS
o
I
®
1

|

A
Do

IS
o
I
A(H‘
|

Luminosity (log(Le))

(o)
T
i
AT

2'57”:\H‘\H‘\H‘\H‘\H*
0.6 0.8 1.0 1.2 1.4 1.6

Mass (log(Mg))

(a)
4.6 . B
| !;
s
e
. ‘
4.4 o | T ‘ s
= L
T 42f B -
9 | —e
=]
5 |
o
o 401 .
g 40
£ |
©
r —e—
3.8 B
| . i
3.6 | |
S N T T S S S A T SO SO S |
0.5 1.0 1.5 2.0

Radius (log(Re))

(b)

Fig. 2.12: a: Shows model-derived total luminosity as a function of mass of the driving engines of
the sample UCHII regions. The solid line is the linear fit~L1074+0-1 x M3-2£0-1,
b: The Scatter diagram shows the model-derived stellar temperature vs stellar radius for
the driving engine of the UCHII regions.
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Fig. 2.13: a: The Scatter diagram shows the model-derived stellar mass vs stellar radius for the
driving engine of the UCHII regions. b: The Scatter diagram shows the model-derived
disk mass vs stellar age for the driving engine of the UCHII regions.
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Fig. 2.14: a: The Scatter diagram shows the model-derived envelope mass vs stellar age for the
driving engine of the UCHII regions. b: The Scatter diagram shows the model-derived
disk accretion rate vs stellar age for the driving engine of the UCHII regions.
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Fig. 2.15: a: The Scatter diagram shows the model-derived envelope accretion rate vs stellar age
for the driving engine of the UCHII regions. b: The Scatter diagram shows the model-
derived disk accretion rate vs stellar radius for the driving engine of the UCHII regions.
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Fig. 2.16: a: The Scatter diagram shows the model-derived envelope accretion rate vs stellar radius
for the driving engine of the UCHII regions. b: The Scatter diagram shows the model-
derived disk accretion rate vs stellar mass for the driving engine of the UCHII regions.
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Fig. 2.17: The Scatter diagram shows the model-derived envelope accretion rate vs stellar mass for
the driving engine of the UCHII regions.

2006). The SED models give the disk accretion luminosities for all mass ranges but does
not consider the accretion luminosity from envelopes. However, it is believed that the ac-
cretion luminosity from envelopes have significant importance for sources having masses
larger than 20 M. Further, the geometries assumed in the grid of SED models may not
be appropriate for masses above 20 fRobitaille et al. 2006). These limitations in the

SED models reflect probably as over-estimations of the results on sources having masses
above 20 M,. Still, the results (trends from scatter diagrams of the model-derived physical
properties) obtained from the SED modeling for the driving engines of UCHII regions are
consistent with the results of numerical simulations of Takashi and Kazuyuki (2009) on the
evolution of massive protostars with high accretion rates.

2.2.5 Conclusions

The SED modeling of the UCHII regions gives the following physical parameters for their
driving infrared counterparts:
a) Ranges and median values of the various physical parameters:
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Mass range (median mass) ~5-43 M, (~ 129 M,)
Age range (median age) ~ 10%5765 yr (~ 102 yr)
Radii range ~3-250R,
Temperature range ~ 4300 - 40000 K

Median disk and envelope accretion rate ~ 107°% and 103¢ M, yr—*
b) Envelope and disk masses decrease with stellar age.

c) Envelope and disk accretion rates decrease with stellar age.

d) Mass and luminosity have a tight correlation~L10"4£0-1 x 32401

e) The higher the accretion rate (both disk and envelope), the larger the radii of the sources.
f) Temperature decreases with increasing radii of sources.

g) The envelope accretion rate has a power law relation with stellar mass:

Mem; - 10—6.6:|:0.7 % M2'6i0'6.

The parameters derived for UCHII regions are very similar to those obtained for HMPOs.



Chapter 3

SpitzerIRAC imaging photometric study
of the massive star forming region
AFGL 437

In this chapter, we preser@pitzerIRAC mid-infrared photometry of one massive star
forming region AFGL 437. The region harbours early B type stars and a young source
associated with powerful outflows.

3.1 Introduction

Compact clusters embedded in giant molecular clouds provide an opportunity to study re-
cent star formation over a wide range of masses in a small volume (e.g., Lada and Lada
(2003)). Due to the large visual extinction suffered by the protostars in such clusters, in-
frared, especially mid- and far-infrared, observations help in studying them. AFGL 437
(IRAS 03035+5819; G139.909+0.197) is one such compact embedded cluster of size
15" (Kleinmann et al. 1977; Lada and Lada 2003) situated at a distance af @.8 kpc
(Arquilla and Goldsmith 1984) and having a total luminosity~e x 10 L., (Weintraub

and Kastner 1996). The cluster is associated with an optical reflection nebula and contains
at least four embedded sources called AFGL 437N, S, E and W (Cohen and Kuhi 1977).
Rainer and McLean (1987) and later Weintraub and Kastner (1996) resolved a highly em-
bedded source known as WK 34,2.5’ to the South-East of AFGL 437N. The bright
sources in the cluster suffer a large extinction f-A7 mag (Cohen and Kuhi 1977). Ra-

dio observations revealed that AFGL 437W and S, identified as early B type ZAMS stars,
are associated with Ultra-Compact (UC) H Il regions (Wynn-Williams et al. 1981; Torrelles

57
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etal. 1992; Kurtz et al. 1994). Wynn-Williams et al. (1981) and Torrelles et al. (1992) have
detected water masers towards AFGL 437N and W, which indicate the youth of the region
of star formation. Gomez et al. (1992) found a compact, poorly collimated bipolar CO
outflow oriented in North-South direction. Studies of the cluster in near-IR polarimetry
(Weintraub and Kastner 1996) and diffraction-limited imaging in/2%8(Weintraub et al.

1996) have attributed the outflow to the highly-embedded, low-luminosity source WK 34;
this was later confirmed by the HST polarimetric imaging studies (Meakin et al. 2005).
HST results showed further that the reflection nebulosity is due to the source WK 34.
Dauvis et al. (1998) found fHemission ‘wisps’ towards the south-west of the compact clus-
ter, but not associated with the outflow. Recent high-resoluti®®Gtudy of the region

by Saito et al. (2006, 2007) revealed a few dense cores/clumps around the central cluster in
AFGL 437, indicating star formation activity in the region and de Wit et al. (2009) provided
spatially resolved 24.5m observation on the main sources of the cluster. Sub-mm/mm
observations of the cluster were made by Dent et al. (1998) using beam sizes df 16-19
which do not resolve the cluster members. Devine et al. (2008) determined the age of the
cluster to be 1-5 Myr. In the background of a number of these important observations and
inferences made already on this interesting massive star forming region, our motivation for
the present study has been to look into the available (space) infrared imaging observations
beyond 3um, which have not been studied so far, in order to understand the evolutionary
stages of the highly embedded cluster members as well as the regions beyond the cluster
and to compare them with the earlier results.

The Spitzerinfra-red Array Camera (IRAC) provides an opportunity to study embedded
sources in massive star forming regions with an unprecedented high spatial resolution and
very good sensitivity in the 3.6 - 8,0m wavelength regime. Th8pitzerIRAC bands in-

clude molecular emissions such as those froyrakid Polycyclic Aromatic Hydrocarbon
(PAH) molecules. The aims of the present study are to identify the embedded sources us-
ing the IRAC bands in order to classify the different stages of their evolution; to use ratio
maps of the four IRAC bands in order to identify possiblgdtnission regions (or PAH
regions) following the suggestion of Smith and Rosen (2005) and Povich et al. (2007); and
to present the nebulosity associated with the cluster in all the IRAC bands. Further, we
construct SEDs of the identified embedded sources in the cluster using not only the IRAC
channels but also observations in JHK bands (Weintraub and Kastner 1996; Meakin et al.
2005), mid-IR (de Wit et al. 2009), sub-mm/mm (Dent et al. 1998) regions; and model the
SEDs using the on-line tool developed by Robitaille et al. (2006).
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In Section 3.2, we describe the data used for the present study and the analysis tasks
utilised. Section 3.3 presents the results on3pézerIRAC photometry on 21 embed-

ded sources associated with the dense young cluster AFGL 437. In the same section, we
discuss our results in the light of what is already known about AFGL 437. Further in Sec-
tion 3.3, we present the results and discussion on the ratio maps and on the SED modeling
of the YSOs. In Section 3.4, we give the conclusions.

3.2 SpitzerIRAC Data on AFGL 437 and Data Reduction

The SpitzerSpace Telescope (SST) IRAC archival images were obtained from the Spitzer
public archive, using the ‘leopard’ software (see Fazio et al. (2004), for details on the
IRAC instrument). The observations relevant for AFGL 437 were taken in the High Dy-
namic Range (HDR) mode with 12s integration time in all filters. These observations were
a part of the project entitled, “The Role of Photo-dissociation Regions in High Mass Star
Formation” (Program id 201; PI: G. Fazio). Basic Calibrated Data (BCDs) images were
processed for ‘jailbar’ removal, saturation and ‘muxbleed’ correction before making the
final mosaic using Mopex and IDL softwares (Makovoz and Marleau 2005). A pixel ratio
(defined as the ratio of the area formed by the original pixel scale, 1.22 arcsec/px, to that of
the mosaiced pixel scale) of 2 was adopted for making the mosaic (giving a mosaic pixel
scale of 0.86 arcsec/pixel) Using these procedures, a total number of 60 BCD images
each of 5.2x 5.2 arcmii were mosaiced to make a final image of 1%4.4.2 arcmis
commonly in all the four bands. Aperture photometry was performed on the mosaic with
2.8 pixel aperture and sky annuli of 2.8 and 8.5 pixels using the APPHOT task in the IRAF
package. The zero points for these apertures (including aperture corrections) were, 17.80,
17.30, 16.70 and 15.88 mag for the 3.6, 4.5, 5.8,/8r0bands, here onwards referred to

as Chil, Ch2, Ch3 and Ch4 respectively. The photometric uncertainties vary between 0.01
to 0.22 for the four channels, with Ch3 and Ch4 on the higher side. Ratio maps were pro-
duced from the IRAC channel images by using the standard procedure, with a pixel ratio
of 8, that reveals the features prominently.

For the purpose of SED modeling, JHK photometric data were taken from Weintraub and
Kastner (1996) and Meakin et al. (2005) as well as from 2MASS archives (Skrutskie et

see http://ssc.spitzer.caltech.edu/dataanalysistools/tools/mopex/mopexusersguide
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al. 2006). The 24.5m photometric fluxes were obtained from de Wit et al. (2009) (at

a diffraction-limited resolution of 0!§, for the three main sources, WK34, S and W, in

the compact central cluster. In addition, the sub-mm/mm data from Dent et al. (1998)
were used as upper limits on the central sources, being unresolved due to the large beam
sizes. The details of the data compiled on individual sources are given in section 3.3.3. We
modeled the SEDs so constructed using the on-line SED-fitting tool due of Robitaille et
al. (2006). A criteriony? - y2.., < 3 was chosen to obtain weighted means and standard
deviations of individual physical parameters from sets of models for each object. For the
SED modeling, we followed a similar procedure as described in Chapter 2.

3.3 Results and Discussion

Fig. 3.1 shows the IRAC images of the entire extent of AFGL 437 in all four bands and
IRAC 3-colour-composite image (Chl (blue), Ch2(green) and Ch4 (red)) is presented in
Fig. 3.2. The central compact cluster is shown marked by a square box in the Ch3 image
(bottom left). As shown in Fig. 3.1, the IRAC 8/dm band image (bottom right) reveals

a diffuse bubble-/fan-like nebulous structure associated with and extended from the com-
pact cluster in the south-west to the north-east direction (with a size&0 pc). We find

that the brightness of the nebulosity gradually increases from 3.6 {@8.Lh1-Ch4), as

seen in Fig. 3.1. One can also notice in Fig. 3.1, several filamentary structures probably
due to the UCHII regions associated with AFGL 437S and W in the compact cluster. Just
below the box in the south-west in Fig. 3.1 (between the two arrows in the Ch3 image at
bottom left), one can notice a dense cross-/boxcar-shaped structure that seems to be ex-
panding into the surrounding interstellar medium (ISM). It has bright components in NE
& SW (separated by 1.70 pc) and in SE & NW (separated by1.5 pc) directions. The
corners of this boxcar-like structure are seen faintly (as ‘wisps’) in the narrow band H
image by Davis et al. (1998). We find that this feature becomes more prominent in longer
wavelengths (see Fig. 3.1). It may be possible that this was generated through interaction
of stellar wind from the sources AFGL 437W & S with the surrounding dense material.
The compact cluster (inside the box in Fig. 3.1: Ch3) is shown enlarged in Fig. 3.3 (in a
colour-composite of three images: Chl (blue), Ch2(green) and Ch4 (red)), in which we
have marked the central main sources namely AFGL 437 N, S, W and WK34 (E is not
detected in IRAC) as well as other YSOs identified in the region (see Section 3.3.1).
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The compact cluster appears very nebulous in all the four bands. As shown by the ear-
lier authors (e.g., Wynn-Williams et al. (1981)), the source AFGL 437W is associated with
a blister Hll region. It appears like a diffuse source with its brightness increasing pro-
gressively in the four IRAC channels Ch1l-4 (and is also seen in the;24.Bnage by de

Wit et al. (2009)). A dense filamentary structure, seen to the right of AFGL 437W in all
the bands, is probably associated with the source and extends to abdu{(8.pc) in
NE-SW direction (see Section 3.3.2).

3.3.1 Cluster Sources

The IRAC [3.6]-[4.5] vs [5.8]-[8.0] colour-colour diagram is shown to be a very powerful
tool in classifying proto-stellar objects into their evolutionary stages, such as Class 0/1,
Class Il and Class Il (Allen et al. 2004). However, the IRAC colour-colour diagram may
give incorrect YSO classifications due to contamination from PAH galaxies, active galactic
nuclei (AGNSs), unresolved shocked emission knots and PAH-emission aperture contami-
nations. Gutermuth et al. (2009) proposed selection criteria based on the IRAC magnitude
and the colour-colour scheme to remove these contaminations and to obtain a genuine sam-
ple of YSOs (the details of the criteria are described in Chapter 4). However, our study is
mainly focused on the region near the compact cluster and most of the sources detected
in IRAC bands were at least identified in K-band (Weintraub and Kastner 1996). Criteria
based on the IRAC spectral indexzac (dlog(AFy)/dlog())) also indicate that the clas-
sification of the sources is consistent with the Allen et al. (2004) criteria (see Section 4.3.1
of Chapter 4 for the details of criteria based@ 1). For some of the sources, our iden-
tification of YSOs matches with that of Weintraub and Kastner (1996). Using Gutermuth
et al. (2009) criteria, we find that some of the YSO candidates turn out to be contaminants
(about 20%). However, based on thg; ¢ criteria and the SED modeling (presented later

in Section 3.3.3), we consider these sources as YSOs rather than contaminants.

The IRAC [3.6]-[4.5] vs [5.8]-[8.0] colour-colour diagram for the sources is shown in
Fig. 3.4, along with divisions shown by boxes for Class 0/l, Class Il and Class Il sources.
The Class Il sources have colour criteria()3.6] - [4.5] < 0.8 & 0.4< [5.8] - [8.0] < 1.1,

and Class 0/I sources have [3.6] - [4:5]0.8 & 0.4 < [5.8] - [8.0] < 1.5. Colours repre-
sented by ([3.6]-[4.5],[5.8]-[8.0])= (0,0) are Class Ill or photosphere sources. The criteria
for Class I/11, [5.8] - [8.0]> 1.1 & [3.6] - [4.5] < 0.4, are taken from Megeath et al. (2004).
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Fig. 3.1: IRAC images of AFGL 437 (size- 17.4 x 14.2 arcmii) are shown in all four channels

(in log scale). The central compact cluster is marked by the square box (ef 4i@g’ or

1.2 pc) in Ch3 image (bottom left). The associated bubble-like extended nebulosity is of
size~ 8.0 pc in the SW-NE direction. The cross-like or boxcar-shaped dense nebula ex-
panding into the local ISM is shown marked by the two arrows in the Ch3 image (bottom
left). The open circles in Chl (top left) mark the Class Il sources identified from IRAC
photometry (All four band IRAC magnitude is shown in Table C.1 of Appendix C).
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Fig. 3.2: RGB colour-composite IRAC image (8.5 (red), 4.5 (green) and 3.6 (hlog)is shown
here. Surface density contours are over-plotted on the image representing 2, 5, 10, 25
YSOs per pc? from outer to inner side.
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Fig. 3.3: The compact cluster (see the dashed-line box in Fig. 3.1) is shown in a colour-composite
zoomed-in image (8.5 (red), 4.5 (green) and 3.6 (bjum). The identified YSOs are
shown as s1, s2, etc. along with the brighter sources AFGL 437S, W and WK34 (see
Table 3.1).
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Based on the above criteria, we identify 13-14 sources (including AFGL 437S and WK34)
as Class 0/l and 4-5 as Class I/ll (including AFGL 437W) in the vicinity (withiri)Gzf

the central compact cluster (see Fig. 3.3). Table 3.1 gives the photometric magnitudes,
of these sources, marked as sl, s2 etc. in Fig. 3.3. It may be noted that only 18 sources
were detected in all the four channels and the calculation of the slopes of their SED (i.e.,
spectral indexd;rac); see Eq. 1.10 of Chapter 1) using the four IRAC channels are listed
in Table 3.1. Criteria based aryr 4 also indicate that the classification of sources is con-
sistent with the Allen et al. (2004) criteria (see Chapter 4 for the details of criteria based
onarrac and Fig. 3.5). We applied the;z 4 criteria on sources given in Table 3.1 and
found 1 Class 0O/l (i.e., id 7), 24 Class Il, 24 Class Ill (sources with faint or anemic disks)
and 3 photospheric sources. It may noted here that the Allen et al. (2004) criteria do not
distinguish the Class Ill sources from photosphere sources. A histogram of the spectral
index is shown in Fig. 3.5 for sources from Table 3.1 and Class Il sources from Table C.1
of Appendix C.

We have included in Table 3.1 three sources (s2, s3 and AFGL 437N) that were not detected
in all the four bands, but satisfy one of the two colour criteria for Class I/l or Class Il. In
the Object column in Table 3.1, the numbers in parentheses correspond to the sources iden-
tified earlier by Weintraub and Kastner (1996) (see their Table 3.1 and Fig. 3.3). Some of
these sources are seen in the K band image of Weintraub and Kastner (1996), but are not
detected in J and H bands. From IRAC photometry, we have identified a number of new
YSOs, apart from the sources AFGL 437W, S, WK34, s2, s5-s8 and s10 that have been
classified earlier by Weintraub and Kastner (1996). A large number of these sources are
highly embedded and suffer large extinction. We have determined the visual extinction
A, for the sources that have JHK photometry (Weintraub and Kastner 1996; Meakin et al.
2005) and have found that WK34 is the most embedded of all, wjth 20-35 mag. In ad-

dition to the Class | and Class I/1l cluster sources, about 35 Class Il sources (from Fig. 3.4)
are also identified outside the cluster, spread over the nebular bubble. These are shown as
open circles in the Chl image in Fig. 3.1 (top left). Most of these sources occur within a
distance of about 1.6 pc (163)southeast of the cluster. For about 23 of these sources,
good quality (S/N> 5) 2MASS JHK photometric colours have provided confirmation of
their low mass Class Il nature. This supports our conjecture that the filamentary structures
and the expanding boxcar-like nebula are possibly driven by the central cluster sources.
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Mid-IR colour-colour diagram constructed using t8pitzerIRAC bands. The boxes
indicate possible regions of Class 0/I, Class Il, and Class Il sources based on (Allen et
al. 2004). Class I/ll sources share the properties of both Class | and Class Il sources.
The filled circles represent the sources within 64 arcsec of the centre of the cluster (see
Table 3.1 and Fig. 3.3); the asterisks are Class I/l stars and the diamonds are for Class Il
(see Fig. 3.1 for their locations). The Class Il stars are shown as plus-signs. The triangles
are Class | sources found quite far away from the central cluster. The principal sources
of the cluster, AFGL 437 S, W, and WK34 can be seen marked inside the box designated
for Class 0/l protostars. Extinction vector for K bandy A 5 is shown in the diagram,
which is calculated using averaged reddening law from Flaherty et al. (2007).
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YSO density

In order to obtain quantitatively the spatial distribution of YSOs, we adopted the nearest-
neighbour technique (Chavarria et al. 2008; Guieu et al. 2009; Evans et al. 2009) on the
Class 0O/l, I/l and 1l of AFGL 437 region. These authors used surface number density as
defined below:

pn =n/A, (3.1)

where, A, is the surface area defined by the radial distande then nearest-neighbours.
But, Casertano and Hut (1985) showed that the above formula leads to an over-estimation
of surface density by a factor of (n / (n-1)). Therefore, we have followed the suggestion
of Casertano and Hut (1985) to obtain surface density distribution, without a bias towards
over-estimation. We have used a 5 arcsec grid to compute the surface number density,
defined now as

pn = (n—1)/Ay (3.2)

where, we have used, to then (= 6) nearest-neighbours. In Fig. 3.2 the IRAC RGB
colour-composite image is overlaid by YSO spatial density contours with levels 2, 5, 10,
25 YSOs/pé going from the outer side to the inner side. We have calculated the empirical
cumulative distribution function of the nearest-neighbour distance for the identified YSOs.
The separation between the clustered and scattered YSOs is obtained by using an (arbi-
trarily chosen) inflection distancé. = 1.08 pc (0.03 degree at a distance of 2.0 kpc)(see
Fig. 3.6a). We have usef] = 1.08 pc to find the cluster members and found about 53%

of the YSOs are clustered occurring inside the surface density contours with a maximum
density of about 20-25 YSOs/p(see Fig. 3.6b).

3.3.2 IRAC Ratio Maps

As mentioned earlier, the IRAC bands contain a number of prominent molecular emissions
lines (see Table 3.2 and Fig. 3.7). Ch1 contaipwvifirational-rotational lines while Ch2-4
mostly contain pure rotational lines. Ch1l, 3 and 4 also contain the PAH features at 3.3, 6.2,
7.7 and 8.6um; but Ch2 does not include any PAH features. de Muizon et al. (1990) have
detected some of the above mentioned PAH features in AFGL 437. As mentioned earlier,
Dauvis et al. (1998) have reported some ‘wisp’-like features oehhission (in 2.12im
narrow band filter that contains the 1-0S(1) line) at a few locations in AFGL 437. Several
authors have utilised these IRAC ratio maps to identify some of the molecular diagnostics
mentioned above (e.g., Smith and Rosen (2005); Povich et al. (2007); Neufeld and Yuan
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Fig. 3.6: a: The Empirical cumulative distribution function of nearest-neighbour distance for the
all identified YSOs in the whole AFGL 437 region is shown here. An arbitrary inflection
distanced. = 1.08 pc (0.03 degree at a distance of 2.0 kpc) is chosen to find cluster mem-
bers in the region. b: IRAC Chl overlaid with surface density contours (same levels as
used in Fig. 3.2) and positions of YSOs. Sources with red circles represent the clustering
of YSOs having sizes less than or equadif{@and white ones for larger than thgwhlue.
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Table 3.1: SpitzerIRAC 4-channel photometry (in mag) of the YSOs identified in the central clus-
ter of AFGL 437; the numbers in parentheses in the Object column are Weintraub &
Kastner (1996) designations (see text)

Object RA[2000] Dec[2000] Chl Ermrr-Chl Ch2 Err-Ch2 Ch3 Em-Ch3 Ch4 Emr-Ch4rac Class

sl (22) 3:07:20.81 58:30:35.6 1265 0.03 1197 0.01 1156 0.19 1002 0.12 0.09 |
s2(23) 3:07:22.53 58:30:45.6 9.65 0.01 8.97 0.01 7.97 0.04 — — — —
s3(29) 3:07:23.04 58:30:48.9 8.86 0.04 8.16 0.03 — — — — — —
W (28) 3:07:23.88 58:30:50.2 8.34 0.05 7.77 0.05 5.50 0.05 3.52 0.05 3.03 |
N (35) 3:07:24.29 58:30:54.8 — — — — 5.23 0.04 3.34 0.04 — —
S (20) 3:07:24.53 58:30:42.9 6.72 0.01 5.46 0.01 411 0.00 2.68 0.01 1.83 |
WK34 (34) 3:07:24.55 58:30:52.8 7.24 0.03 6.05 0.01 4.98 0.03 3.51 0.05 1.42 |
s4 3:07:25.94 58:30:08.9 1236 0.02 1055 0.01 9.26 0.01 8.35 0.04 1.71 |
s5(7) 3:07:26.21 58:30:21.0 9.71 0.02 9.54 0.02 6.52 0.02 4.73 0.02 3.46 1
s6 (31) 3:07:26.45 58:30:52.6 9.47 0.01 8.89 0.02 6.63 0.01 4.53 0.01 3.16 |

s7(11) 3:07:26.50 58:30:25.4 9.60 0.02 9.40 0.02 6.63 0.02 4.85 0.05 3.13 I
s8 (36) 3:07:26.53 58:31:08.3 10.76 0.03 10.24 0.02 8.98 0.02 7.32 0.04 1.24 |
s9 3:07:27.38 58:30:12.2 1197 0.02 1116 0.01 1051 0.06 9.36 0.09 0.12 |
s10 (40) 3:07:27.40 58:31:15.8 10.05 0.02 9.66 0.02 8.36 0.06 6.46 0.06 1.43 I
s11(17) 3:07:27.76 58:30:35.3 10.66  0.02 9.69 0.01 8.87 0.04 7.66 0.05 0.57

|
s12 3:07:28.69 58:30:47.4 12,68 0.03 11.22 0.01 1081 0.08 10.30 0.22 -0.28 |
s13 3:07:30.22 58:30:58.9 1343 0.02 1265 0.02 12.06 0.09 10.81 0.12 0.12 |
sl4 3:07:30.83 58:31:37.8 15.62 0.07 14.03 0.02 1299 0.14 1149 0.16 1.81 |
s15 3:07:31.32 58:31:124 1320 0.01 1253 0.01 11.74 0.03 1035 0.03 0.44 |
s16 3:07:31.56 58:29:59.0 11.86 0.01 11.67 0.01 9.22 0.01 7.18 0.01 2.97 1

s17 3:07:32.60 58:31:23.0 1394 0.02 13.72 0.02 1270 0.13 1111 0.22 0.53 I
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(2008)). Since it is difficult to assess the contribution of different molecular transitions to
different channels, ratio maps are only indicative; until/unless supplemented by spectro-
scopic evidences.

The Ch2 channel is more sensitive t@ khes of high excitation temperatures while the
Ch4 channel represents rotational lines of low excitation temperatures (Neufeld and Yuan
2008). Likewise, the Ch2 channel does not have any PAH features while the Ch4 channel
has. Thus, in the ratio image of Ch2/Ch4, the brighter regions indicate emission regions
from higher excitations of KHland the darker regions indicate PAH emission. This trend is
reversed in the image of Ch4/Ch2 (i.e., bright regions show PAH emission and dark regions
the H, emission).

Ratio maps for the AFGL 437 are generated using residual images for each band, by re-
moving point sources from the IRAC image. The extended PSF flux calibration is very
important for making such ratio maps, because it is known to hold a fraction of the total
flux in the 5.8 and 8.(um bands (Reach et al. 2005). Therefore, residual images are cre-
ated by using an extended aperture of 12.2 arcsec and sky annulus of 12.2 - 24.4 arcsec in
IRAF/DAOPHOT software. These residual images were then subjected to median filtering
with 9 pixels and smoothed with 8 3 pixels by “box-car” algorithm in IRAF package,
before obtaining the final ratio maps (Povich et al. 2007).

Fig. 3.8 shows the ratio maps of Ch2/Ch4 (a) and Ch4/Ch2 (b) in a region surrounding
the central cluster. The bright regions in Fig. 3.8a probably correspond emtission;

and those in Fig. 3.8b correspond to PAH emission. The ratio map Ch2/Ch4 (Fig. 3.8a)
brings out clearly the cross-like features towards the south-west edge of the cluster; posi-
tions of which match well with the faint ‘wisps’ seen in Davis et al. (1998). These emission
features could be the result of the expansion of HIl regions or stellar winds interacting with
the local ISM. We have looked for PAH features by examining the ratio images of Ch4/Ch2;
Ch3/Ch2 and Ch1/Ch2 (since Ch2 does not have any PAH features).

Fig. 3.8b shows the ratio map of Ch4/Ch2. The ratio map shows bright regions around
AFGL 437W, s5, s7 and s10; as well as towards north of the NE corner of the boxcar
nebula. The ratio Ch3/Ch2 (possible indicator for the 2 PAH feature) does not show

any bright features. The ratio map shows the boxcar/cross shaped feature in dark, probably
because of a lack of PAH emission. The bright narrow linear filament seen to the right
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Table 3.2: Important H and PAH lines in IRAC bands (compiled from Smith and Rosen (2005);
Povich et al. (2007)).

Line Wavelengthgm) IRAC bands
Hy (1,0) O(5) wevvvevveieiieeeeeiiiins 3.234 Chi
Hy (2,1) O(5) cevvveveeeiiieieeeaiiin, 3.437 Chi
[ PG 0) O 1(C) I 3.500 Chi
Hy (2, 1) O(6) cooooeeeeeeeeeeeeeeeeee 3.723 Chi
Hy (0,0) S(14)..evvveeeeeieeeeiiiiis 3.724 Chi
Hy (1, 0) O(7) evveeeveiiiieeeeeeiiin, 3.807 Chi
Hy (0, 0) S(13).evvveeeeieieeeeiiiiine 3.845 Chi
Hy (0,0) S(12)..ccceeeeeeeeeeeeeeeee 3.996 Chi
Hy (0, 0) S(11).evvveveeiieeeeeiiiiis 4.180 Ch2
Hy (0,0) S(10) «ooeeeeeeeeeeee 4.408 Ch2
[ PO G I T 5 4.416 Ch2
Hy (0,0) S(9) wevvvveeeiiiiiiiiie, 4.694 Ch2
Ho (1,1) S(9) evvveieeeieeiiiie, 4.952 Ch2
Hy (0,0) S(8) wevvvveeeeeeeeeeie, 5.052 Ch3
[ P (O0) BT (4 I 5.510 Ch3
Ho (1, 1) S(7) e 5.810 Ch3
Hy (0,0) S(6) «vvvvveeeeeeeeeiiiee 6.107 Ch3
Hy (0,0) S(5) evvvveeeeeeieeiiie, 6.907 Ch4
Hy (1, 1) S(5) evvvviiiiiiieieeeeeenn. 7.279 Ch4
Hy (0,0) S(4) evvvniiiiiieeeeeeeen. 8.024 Ch4
HIEPTY o 3.30 Chi
HIE Py e, 3.70 Chi
[ | =] o 4.05 Ch2
HIPIG oo, 4.65 Ch2
HIE Pfav o 7.50 Ch3
PAH C-H stretching ................... 3.3 Chi
PAH C-C stretching ................... 6.2 Ch3
PAH C-C stretching ................... 7.7 Ch4

PAH C-H in-plane bending ........ 8.6 Ch4
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Fig. 3.7: IRAC bands encompassing several molecular hydrogen lines (see Table 3.2 and Smith
and Rosen (2005) for more details).

of AFGL 437W (between the dashed lines in Fig. 3.8b) probably indicates the ionisation
front from the massive star in the wake of which the PAH is excited (Povich et al. 2007). It
is possible that the requisite UV photon flux for exciting the PAH features comes from the
source AFGL 437W. The detection of the ‘PAH filament’ corroborates the blister model
for AFGL 437W presented by Wynn-Williams et al. (1981).

We have examined more closely the ratio map of Ch2/Ch4 to look for the infrared coun-
terpart of molecular outflow originating from the highly embedded YSO WK34. Fig. 3.9
shows a zoomed-in image of Ch2/Ch4 ratio contours over-laid on the Ch4 image. One can
notice the prominent lobe/outflow stretched northwards of WK34 and slightly bent towards
the NE, with a total extension ef 0.16 pc. The outflow direction and size are consistent
with the earlier reports. The bending itself is attributed to the presence of the nearby source
AFGL 437N (Weintraub and Kastner 1996).
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Fig. 3.8: IRAC Ch2/Ch4 (a) and Ch4/Ch2 (b) ratio images in log scale (from mosaics made with
pixel ratio of 2). The central cluster and the cross- or boxcar-like structure to its south-
west can be noticed. This structure has a size of 1.7 pc in the NE-SW and 1.5 pc in NW-SE
directions. The bright patches in the image on the top (a) show regions dominated by H
emission; while in the image on the bottom (b) the bright patches indicate regions that are
emitting PAH bands. The prominent outflow lobe, some of the YSOs, anditeeni$sion
patches in the four corners of the cross-like structure are marked (by dashed curves). The
near-horizontal tracks across the image are artifacts. The filament-like structure to the
right of AFGL 437W is marked by dashed lines in the upper half of both the figures.
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Fig. 3.9: IRAC 8 um zoomed-in image of the cluster is shown in log scale overlaid by the contours
of IRAC ratio image of (Ch2/Ch4). Contours show the outflow lobes associated with the
source WK34. Outflow lobes are stretched in north direction with a bend towards east.
The IRAC Ch 4 (8:m) image is made with a pixel ratio of 8 in a spatial extentds5 x
55 arcset; while the ratio contours are plotted with a minimum of 0.178 and maximum
of 8 MJy/Sr.
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3.3.3 SED modeling of Cluster Sources

By modeling the SEDs of the identified YSOs, we derive physical parameters of both their
photospheres and mass accreting disks/envelopes. For this purpose, we constructed the
SEDs for all the 21 sources listed in Table 3.1, from the optical to sub-mm data depending
upon the availability in the archives and published literature. The optical dagavailable

only for the sources W (B,V bands), s7 (V upper limit) and s16 (B,V,R upper limits). In
fact, the lack of optical data is indicative of the large extinction that most of the sources
suffer. The JHK fluxes for the sources s10, s16 and s17 are taken from the 2MASS survey
and for the sources s2, s3, s5-s8 and s11 from Weintraub and Kastner (1996). While the
source sl has only K band flux from Weintraub and Kastner (1996), s4, s9, and s12-s15
do not have near-infrared counterparts. The JHK photometric fluxes for WK 34 are taken
from Meakin et al. (2005). We have used sub-mm/mm data (Dent et al. 1998) as upper
limits for WK34, S, W and N (because of the large beam sizes that nearly encompass the
entire central region of the cluster), only to constrain the models. The rest of the sources
listed in Table 3.1 are outside the field of view of the sub-mm observations. The SEDs are
then modeled using an on-line 2D-radiative transfer tool due of Robitaille et al. (2006) (see
Chapter 2 for details). In our sample all the 21 sources have at least three good quality data
points, the minimum requirement of the tool. For a source that has a meager number of
data points, the tool picks out a large number of solutions that can fit the data well, within
the specified limit on* (as earlier, we have used - xZ., < 3). If the SED has larger

data, spread over the wavelength region of 0.5 to 1@d@0then the model would be better
constrained to yield results with the least standard deviations (Robitaille et al. 2007). The
distance to the source and visual extinction are to be given as input parameters, usually as
a range of values. This leads to a further degeneracy in the models. In our case, however,
the cluster distance is fairly well-determined and the extinctions were estimated from the
available JHK data on individual sources. But, in order to avoid ‘over-interpretation’ of
SEDs (Robitaille et al. 2007), we have provided a range of visual extinction values for
each object to account for the uncertainties in their determination from JHK photometry.

We show in Fig. 3.10 the SED modeling results for the sources AFGL 437W, S, N and
WK34. Table 3.3 gives the weighted mean values of the derived physical parameters for
the four sources along with their standard deviations. The table also lists the model-derived
weighted mean values of Awith standard deviations and the degeneracy of the mod-

2from http://vizier.u-strasbg.fr/viz-bin/VizieR
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Table 3.3: Physical parameters derived from SED modeling of the main sources AFGL 437 W,S,N
and WK34 (see text)

Source Age M, T, L. Meny Maisk A, Degeneracy/
Name log(yr) My log(T(K)) log(Le) logMa yr=1)  log(Mg yr—1) mag No. of models
w 5.36+0.19 8.28:1.48 4.28-0.11 3.55:0.23 -4.84-0.17 -7.011.16 4.6t0.7 16

S 4.35:0.90 7.79:1.72 3.86:0.31  3.14:0.39 -4.12+1.30 -5.84r1.12 9.2+1.8 72

N 4.82+0.46 9.36:1.62 3.99:-0.19 3.48:-0.30 -3.96:0.94 -6.02-0.84 18.6:8.0 132
WK34  3.94+0.57 7.23:1.91 3.71%0.10 3.06:0.30 -4.06:0.55 -4.69-0.39 23.6:5.6 3

els (i.e., the number of solutions that satisfy the criterion mentioned above). The model-
derived parameters listed in Table 3.3 indicate that all the four sources are likely to be mas-
sive (early B type). This is consistent (within the standard deviations) with the observations
on W and S that are associated with UCHII regions. It may be noted that observationally
very little is known about the spectral type of the source N. The modeling results of the
rest of the 21 sources (sl - s17) are shown in Appendix C (see Fig. C.1, C.2 and Table C.2).

The model parameters for WK34 suggest that the source is young and massive, with an
effective temperature still not sufficient to create an HlIl region (see Table 3.3). Its low
luminosity is suggested by earlier workers also. This is also reflected in its outflow, which
shows emission in H(as revealed by the ratio map in Fig. 3.9) but not in PAH; indicating
that WK34 is still not hot enough to produce sufficient UV flux. The modeling suggests
that the source AFGL 437W and S are also massive stars but more evolved to attain suf-
ficiently large effective temperature to excite an HlIl region. Qin et al. (2008) derived a
CO outflow entrainment rate of 740~* M./yr for the outflow source (WK34), which
agrees with that observed for massive stars (e.g., Beuther et al. (2002a)). In comparison,
the low mass stars show much less entrainment rates (Wu et al. 1996). In a study of the
molecular outflows from high mass YSOs, Ridge and Moore (2001) have concluded that
these outflows are often poorly collimated. This again points to the possibility that WK34
iSs @ massive protostellar object. From the SED modeling of the 21 sources, we infer that
the weighted mean values of the mass and ages of the YSOs in the central cluster (for the
21 sources listed in Table 3.1) are in the ranges 1 - 10avid 16-1-54 yr respectively;

while the luminosities are in the range of’t034 L.

3.4 Conclusions

The important conclusions of this work are as follows:
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Fig. 3.10: Spectral Energy Distributions for four YSOs in the central cluster: AFGL 437W, S (top

panels) N and WK34 (bottom panels). Filled circles are observed fluxes of good quality
(with filled triangles as upper limits) taken from archives or published literature (see text
for references) and the curves show the model fits. The thin black curve corresponds to
the best fit model. The dashed curves represent photospheric contributions. The model
parameters of the YSOs are listed in Table 3.3.
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1. SpitzerIRAC imaging photometry is presented on the massive star forming region
AFGL 437;

2. Several new embedded YSOs are identified within 64 arcsec of the central compact
cluster with a maximum surface density of about 25 YSGs/pc

3. The IRAC ratio maps indicate molecular outflow corresponding to WK34 which is
possibly due to kt

4. The SED modeling of the outflow driving source WK34 indicates that it is a massive
but very young protostar not yet able to drive an Hll region;

5. SED modeling of the 21 sources gives their mass, age and luminosities in the range
1-10 M., 1041-64 yr and 10-47-348 L, respectively.



Chapter 4

A study of the massive star forming
region M8 using SpitzerIRAC images

In the previous chapter, IRAC photometry was presented on a massive star forming region,
which contained only early B type stars. In this chapBgitzerIRAC images and photom-

etry of another star forming region will be discussed. This region is very complex due to
the presence of many O and early B type stars. Here we present our study on the massive
star forming region, M8 usingpitzerIRAC images.

4.1 Introduction

Messier 8 (M8), also known as the Lagoon Nebula (or NGC 6523) is a well known galactic
HIl region (comprehensively reviewed in Tothill et al. (2008), and the references therein)
situated at a distance of 1.25 kpc (Arias et al. 2006) in the Sagittarius-Carina spiral arm
of the Galaxy. The core of M8 contains a spectacular blister-type HIl region, called the
Hourglass nebula, ionised by the O7.5 V star Herschel 36 (Her 36) (Woolf 1961). The Hll
region is embedded within a giant molecular cloud that extends eastwards to the young star
cluster NGC 6530 of age 2 1Cf yrs (Lada et al. 1976). While Her 36 is responsible for
the Hourglass and the ionised bubble surrounding it, the other early type stars in the M8
complex, 9 Sgr (04 V(f)) and HD165052 (06.5V+07.5V) are believed to account for the
ionised regions east of the central core/bubble (Goudis 1976; Lada et al. 1976; Lynds and
Oneil 1982; Woodward et al. 1986). Allen et al. (1986) discovered a few near-IR sources in
the vicinity of Her 36, designated by Woodward et al. (1990) as KS 1 to KS 5. From a high
resolution near-IR study, Arias et al. (2006, 2007) found the existence of a very young star
cluster around Her 36, having an age~ofL(° yrs. Barba and Arias (2007) discovered a

80



Chapter 4.SpitzerIRAC study of M8 region 81

number of HH objects in M8, which confirms by implication, the existence of very young
stars undergoing the accretion phase of formation. Narrow-band imaging by the Hubble
Space Telescope (HST) revealed the presence of proplyds in the neighbourhood of Her 36
(Stecklum et al. 1998). The core of M8 is detected by the Mid-course Space Experiment
(MSX) in mid-infrared as a luminous extended source (Crowther and Conti 2003). Colour-
composite maps of M8 in mid-infrared (mid-IR) bandsSyitzerinfrared Array Camera
(IRAC) shows a ridge extending in east-west direction to the south-east of the Hourglass
(Tothill et al. 2008). A number of filamentary structures extending in the NE-SW direc-
tion to the east of Her 36 or the Hourglass are also seen. Among the new compact star
forming regions in the M8 complex, M8E stands out with its compact HIl region powered
by an early B type star (M8E-Radio) (Lada et al. 1976; Wright et al. 1977; Brand and
Zealey 1978; Mitchell et al. 1991; Linz et al. 2009). White et al. (1997) discovered very
intense CO line emission in mm and sub-mm wavelength regions from the central core of
M8. Later, from a larger survey in mm and sub-mm continuum and CO lines, Tothill et
al. (2002) found bright rims and dark lanes stretching in the east-west direction. White et
al. (1997) found from CO (J=3-2) line observations, a loose bipolar structure extending
NW-SE from Her 36; while Stecklum et al. (1995) found the presence of a jet-like object
very close to Her 36. These observations provide evidences for outflow activity around Her
36 region. As for the spectral diagnostics in the infrared region, Woodward et al. (1986)
detected By (2.17 um), Bra (4.05um) as well as Rf (3.03 xm) and the 3.28:m PAH
emission to the west of Her 36. Burton (2002) observed+HD S(1) line at 2.12m near

the Hourglass/Her 36 region attributed primarily to shock-excited molecular gas; but UV
excitation can not be ruled out.

The M8 region seems to be quite complex and very interesting, owing to the presence
of stellar winds and expanding HIl region bubbles from massive stars, which can trigger
fresh star formation by sweeping up and compressing the local dense interstellar matter.
The afore-mentioned near-IR surveys studied the regions around Her 36 and NGC 6530,
leaving the ridge regions far-east and south-east of Her 36 relatively under-explored in
near-IR (except for the 2MASS survey) and mid-IR regions (except for the MSX survey).
In view of this, we have examined in detail the extended region of M8 in the near-/mid-
infrared images provided b§pitzer which are so far not looked into.

The aims of the present study are to identify the embedded sources using the IRAC bands
in order to classify the different stages of their evolution; to use ratio maps of the four
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IRAC bands in order to identify possible;HPAH or H emission regions, following the
suggestions of Smith and Rosen (2005) and Povich et al. (2007).

In Section 4.2, we describe the data used for the present study and the analysis tasks
utilised. Section 4.3 presents the results and discussidBpdrerIRAC photometry of
embedded sources associated with the M8 complex. In this section, we also present the
results and discussion on the ratio maps. In Section 4.4, we give the conclusions.

4.2 SpitzerIRAC Data on Messier 8 and Data Reduction

The observation of M8 presented in this chapter were obtained witlSplitzer Space
Telescope IRAC camera [8pitzerScience Center (SSC) on 16 September 2005 and Basic
Calibrated Data (BCDs) images were processed by SSC using software version S14.0.0 for
all four bands (see Fazio et al. (2004), for details on the IRAC instrument). The observa-
tions were obtained in the High Dynamic Range (HDR) mode with 12s integration time in
all filters. These observations were a part of the project entitled, “Spitzer Follow-up of HST
Observations of Star Formation in H Il Regions” (Program id 20726; PI: Jeff Hester). The
IRAC archival images of M8 were obtained by us on 8 April 2009 fromSpézerpublic
archive, using the ‘leopard’ software. The final mosaic of the M8 region was made using
the Mopex and IDL software (Makovoz and Marleau 2005) to remove ‘jailbar’, saturation
and ‘muxbleed’ artifacts from BCD images. A single BCD image has a<522 arcmird

field of view on the sky, therefore a total number of 320 BCDs were used to make a final
mosaiced image of 42.5 30.0 arcmid commonly in all the four bands. The mosaic im-

age was generated for pixel ratio of 2. The photometric magnitude of sources in M8 were
extracted through aperture photometry on the mosaic with 2.8 pixel aperture and sky annuli
of 2.8 and 8.5 pixels using APPHOT task in the IRAF package. The zero points for these
apertures (including aperture corrections) are, 17.80, 17.30, 16.70 and 15.88 mag for the
3.6, 4.5, 5.8, 8.um bands, here onwards called as Chl, Ch2, Ch3 and Ch4 respectively
(see Reach et al. (2005)). The photometric uncertainties vary between 0.01 to 0.25 for the
four channels, with Ch3 and Ch4 on the higher side.

We have looked into the 2MASS archives (Skrutskie et al. 2006) as well as published
literature for JHK photometric data on sources identified from IRAC and have succeeded
in extracting for nearly half of them. From 2MASS archives, we have considered only the
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data with tags of A, B or C (or a signal-to-noise raticeb) in all the JHK bands.

4.3 Results and Discussion

We divide the results and discussion into two subsections: one in which we discuss the
IRAC photometry and the pre-main-sequence (PMS) sources or the young stellar objects
(YSOs) detected and their possible formation scenario; and the second in which we de-
scribe the ratio maps produced from IRAC images and discuss possible interpretations and
their implications.

4.3.1 IRAC Photometry

Fig. 4.1 shows the IRAC Ch4 (8n) image of~ 42.5x30.0 arcmifi of M8 region with

Her 36 situated near the center. Following earlier workers, M8 may be divided into a
few distinct regions for convenience (see Fig. 4.1): the Her 36 region comprising of the
bubble-like structure around Her 36 with the massive stars 9 Sgr and HD 164816 forming
the eastern/north-eastern bounds; the central ridge that includes filamentary structures seen
in the NE-SW direction; the massive star HD 164906 and the cluster NGC 6530; the east-
west ridge region consisting of the finger-like filamentary structures starting from far-east
to the south of Her 36; and the compact young cluster region M8E (see Fig. D.1 of Ap-
pendix D for IRAC 3-colour-composite image of similar field of view as shown in Fig. 4.1).

Using the [3.6]-[4.5] vs [5.8]-[8.0] colour-colour diagrams, Allen et al. (2004) and Megeath

et al. (2004) formulated division criteria for various PMS classes such as Classes 0/l, |, Il
and lll. These criteria have since been refined by several authors (e.g., Harvey et al. (2006,
2007); Gutermuth et al. (2008, 2009); Evans et al. (2009) and the references therein), in
order to account for possible contaminations from broad-line AGNs, PAH-emitting galax-
ies, unresolved shocked emission blobs/knots and PAH-emission contaminated apertures,
which may lead to wrong identifications of YSOs. We used the updated criteria given
clearly by Gutermuth et al. (2009) to delineate the PMS sources. We have applied these
criteria (see also Section D.1 of Appendix D) to the sources identified in IRAC photometry.
The total number of point sources identified, that are common to all the four IRAC bands
is 3376; of these, 235 sources are found to be contaminations (1 PAH galaxy, 6 shocked
emissions, 228 PAH aperture-contaminations), while there are 327 YSOs (see the criteria
for YSOs selection in the Section D.2 of Appendix D).
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Fig. 4.1: SpitzerIRAC Ch4 (8.0um) image of Lagoon Nebula regior (42.5x30.0 arcmii). The
locations of well known sources are shown circled: the massive O type stars Her 36 and
9 Sgr; the early B type stars HD 164906 and HD 164816; the near-infrared source KS1
just north of Her 36; and the young compact massive star-forming region M8E to the
extreme east. The Hourglass Hll region is shown by the arrow near the core of M8. The
young cluster NGC 6530 is situated just to the west of the massive star HD 164906. The
arrows at the bottom show the ridge region in the east-west direction. One can also notice
filamentary features in the central ridge running north-south near the star HD 164906.
The massive star HD 165052 is towards the east of M8E but it is not covered by the IRAC

observations.
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After removing the contaminants, we used the criteria based on the IRAC spectral in-
dex (see Eq. 1.10 of Chapter 1), to classify the YSOs (numbering 327 as shown above)
into different evolutionary classes (see e.g., Green et al. (1994); Smith (2004); Lada et al.
(2006)). We followed Billot et al. (2010) in the classification of Class 0/l as sources whose
arrac 1S > -0.3; Class Il as those having -0:83 a;rac > -1.6; and Class Il as those
having -1.6> a;rac > -2.6 (termed as sources with faint or anemic disks by Lada et al.
(2006)). In applying these classifications to M8, we have not considered the flat-spectrum
sources (e.g., Green et al. (1994)) as a separate class but included them in the Class 0/I,
the sources with in-falling envelopes (see Billot et al. (2010)). The sourceswyith- <

-2.6 are taken as stars with purely photospheric emissions (see histogram pletef

for sources in Fig. 4.2). With the; 1 classification, we have obtained 64 Class 0/1, 168
Class Il sources and 95 Class lll sources. The rest of the sources, numbering 2814, are
purely photospheric sources.

We then verified the selected sample of YSOs for possible interstellar extinction/reddening
bias (see Muench et al. (2007) and the references therein). Muench et al. (2007) showed
that only for very large values of Ado sources, withv;z4c ranges relevant here, get
misclassified as YSOs. Such large values are seen as being intrinsic for YSOs as may be
inferred from the H-K colour. Typically, we can identify the bias by comparing the ratio
(V) of number of Class Il sources to that of the Class 0/1, for different values of extinction
and see if the ratio changes substantially (Guieu et al. 2009). In the case of M8, the vi-
sual extinction and the reddening (defined as the ratio of total to selective extinctien, R
A,/E(B-V)) varies from region to region; and a value of A 3.2 was determined towards

the Hourglass region for standard reddening €R3.1) (Arias et al. 2006; Tothill et al.
2008). For the present purpose, however, we compared theafiar A, values 0.0, 3.2

and 5.0. The ratidvV remains at 2.63 with a Poisson error90.39 for A, 0.0 and 3.2. For

A, =5.0,we getV =2.73t0.42. The value ofV obtained here for M8 is comparable with

that obtained for the Serpens (Harvey et al. 2006) and North American Nebula (Guieu et
al. 2009) star forming regions, indicating the similarity of ages of these regions.

Fig. 4.3 shows the mid-infrared colour-colour diagram constructed from the IRAC pho-
tometry for [3.6]-[4.5] vs [5.8]-[8.0] colour. In this diagram, we show the photospheric
sources as black dots, and the Class 0/1, Class Il and Class Il sources as open circles, open
triangles and open squares respectively. Table D.1 in Appendix D lists the Class 0/l sources
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while Table D.2 gives the Class Il sources. Also included in Table D.1 is the source KS 4
(No. 26; classified as YSO by Arias et al. (2006)) for which IRAC has detections in Chs. 1
& 2 only. Where available, the colours [J-H] and [H-K] along with the H magnitude from
JHK surveys are also given in the Tables along with references.

Following the discovery of a companion, called Her 36 SE, about 0.25 arcsec south-east of
Her 36 by Stecklum et al. (1995), Goto et al. (2006) observed the Her 36 region using VLT
with adaptive optics. The latter authors conclude that the bulk of the mid-IR flux is infact
accounted for by Her 36SE. The IRAC fluxes therefore represent contributions from both
Her 36 and Her 36SE. Dividing the fluxes in each band following Goto et al. (2006), it may
be concluded that Her 36SE could be a Class | (of B2 spectral type). Her 36 itself could be
Class Il or pre-ZAMS star of O spectral type. This corroborates with the age estimate of 5
x 10* yr for Her 36 by Chakraborty and Anandarao (1997).

The un-biased spatial distribution of YSOs is calculated using a 5 arcsec grid (see Chap-
ter 3 for more details). The surface density is estimated using 5 and 6 nearest-neighbour
YSOs for each grid point using the formula, given by Eg. 3.2 in Chapter 3. There is no
significant difference for 5 and 6 NN density calculation; therefore we have used only 5
nearest-neighbour YSOs for the surface density calculation. Fig. 4.4 shows the YSO spa-
tial density contours with the inner and outer contours representing 10 and 5 Y%Os/pc
respectively. The maximum densities are about 20 YSGs/ptso shown in the figure

are the spatial distributions of all the 327 sources (232 YSOs and 95 Class Ill) (a) and the
contaminants (b). One can notice in Fig. 4.4 several small clusters (about 7) isolated by the
technique used as above. These clusters are mostly confined to the Hourglass, NGC 6530,
M8E and the ridge regions along with two more clumps east of H36.

In order to identify the cluster members rather than the isolated or scattered cases, we
computed the empirical cumulative distribution as a function of nearest-neighbour dis-
tance. We found that the sources were within an (arbitrarily chosen) inflection distance
(that signifies the maximum separation between the cluster members) G pc (0.03

at 1.25 kpc distance). By varying. between 0.65 and 0.85 pc, the number of cluster
members does not change significantly (see Fig. 4.5). The Class 0/ and Class Il YSOs in
clusters constitute about 60% of the total number detected and are confined mainly within
the YSO density contours (corresponding to about 7 clusters) shown in Fig. 4.4. In compar-
ison, only about 26% of the Class Il sources (having “anemic” disks) occur in the clusters.
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obtained from they; z 4 criteria.



Chapter 4.SpitzerIRAC study of M8 region 89

—24.2F .

S —24.31 1
o L J
o L 4
~N - i
2 [ ]
C r i
K] r b
T =244 =
£ [ b
= F b
j3 r 4
o L ]
-245F ]
-24.6 ]

: L ‘ L L ‘ L L ‘ L L ‘ :

271.2 271.0 270.8 270.6
Right Ascension (J2000)

o e P .

—24.2F .

S —24.3F =
o L 4
o L 4
~N [ 4
> [ ]
C r i
K] r b
T =244 .
£ [ p
= F b
[ r 4
o L ]
-24.5 ]

g x X « <% x ]

|- X 4

246 |1 pe Box T X0 Xx ]

r x x X x x * ]

P B Ll L L

271.2 271.0 270.8 270.6

Right Ascension (J2000)
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both the figures, the contours show YSO iso-density at 5 (outer) and 10 (inner) Y&0s/pc
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The ratioN mentioned before varies from cluster to cluster with an average of 2.29 which
is comparable to the one for the entire sample (2.63) within the Poisson errors. It may
be noted here that the surface density of YSOs derived by us is very close to the values
obtained for star forming regions elsewhere such as VULPECULA OB ASSOCIATION
(see Billot et al. (2010) and references therein).

It may be noted here that since MB<5.958;b = -1.167) is located near the mid-plane

of the Galaxy, there exists a possibility of our YSO sample being still contaminated from
other intrinsically “red sources”, such as asymptotic giant branch (AGB) stars. Recently
Robitaille et al. (2008) prepared an extensive catalog of such “red sources” based on the
SpitzerGLIMPSE and MIPSGAL surveys. While the best way to distinguish between
YSOs and AGB stars is spectroscopy, these authors showed that the two classes are well
separated in the [8.0-24.0] colour space, with YSOs being redder than AGB stars in this
space (see also Whitney et al. (2008)). Since in the present case of M8 we do not have the
24 um data (from MIPS), we have estimated the AGB contamination by using the criteria
based on the IRAC magnitudes and colour space (Robitaille et al. 2008). Since AGB stars
are unlikely to occur in clusters, we have removed the clustered YSOs from our estimates.
We find that our Class 0/l and 1l samples may be contaminated by AGB stars up to about
19%, while we do not find any contamination for our Class Ill sources. As pointed out
by Robitaille et al. (2008), these separation criteria (including [8.0-24.0] colour) are “only
approximate and there is likely to be contamination in both directions” (see the criterion
for Red source selection in the Section D.3 of Appendix D).

Fig. 4.6 shows the Ch3 (5.8m) image overlaid by the IRAC Class 0/l (open circles)
and Class Il (open triangles) sources identified by usingwha criteria (see Tables D.1

and D.2 of Appendix D). Also shown (as black star symbols) in the figure are the posi-
tions of sub-mm (850m) gas clumps (taken from Table 1 of Tothill et al. (2008)). The
YSO density contours (in white) are also shown in the figure. A number of the Class 0/I
and Class Il sources occur very close to the dense filamentary/pillar-like structures seen
all along the ridge region in the east-west direction as well as perpendicular to it in the
central ridge or NGC 6530 region (see Fig. 4.1). A majority of these sources are found
to be present in the vicinity of the sub-mm gas clumps (marked by black star symbols in
Fig. 4.6). As mentioned earlier, M8E is a young compact high-mass star forming region.
The central source of this cluster was resolved into a protostar M8E-IR and M8E-Radio,
a B2 type star that is responsible for the compact HIl region (Simon et al. 1984). While
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Fig. 4.5: a: Empirical cumulative distribution function of nearest-neighbour distance for the YSOs.
The separation between clustered and scattered YSOs was done by (arbitrary) distance of
inflection (d.) of 0.75 pc at a distance of 1.25 kpc. b: The inflection distance@ 75 pc
is used to distinguish the clustered and scattered members. YSOs occurring at larger than
d. value are shown by the cross symbols, lying outside the density contours and about
7 clusters are shown by circles. Red and blue colours are used only to distinguish the
different cluster.
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Fig. 4.6: SpitzerIRAC Ch3 (5.8:m) image of M8 (& 42.5x30.0 arcmif) superposed by IRAC
Class 0/I and 1l sources and sub-mm gas clumps. The open circles (red) and open trian-
gles (blue) show the IRAC Class 0/1 and Il sources respectively (from Tables 1 and 2 in
Appendix D); the black star symbols represent the locations of the sub-mm gas clumps
(from Table 1 of Tothill et al. (2008)). The overlaid contours (white) are YSO density
contours generated using a grid size of 5 arcsec: the inner contours are 10 Y'Sfs/pc

the outer contours represent 5 YSOS$/pc

the IRAC bands are saturated for M8E-IR itself, about 6 Class | or flat-spectrum and 10
Class Il sources have been identified by IRAC in a region of 4 arcariound M8E. These
sources are not common with those listed in Table 6 of Tothill et al. (2008). We did not
find any IRAC PMS sources in the vicinity of the source IRAS 18014-2428, believed to
be another young star forming region (corresponding to the sub-mm gas clump called SE3
(Tothill et al. 2002)).

Triggered star formation by the “Collect and Collapse” process (EImegreen and Lada 1977)
could be responsible for the existence of the IRAC sources, possibly started by the stellar
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winds or expanding HIl regions associated with the nearby massive stars, viz. HD 165052,
M8E, HD 164806, HD 164816, 9 Sgr and Her 36 (see Tothill et al. (2002)). While the
ionization fronts from 9 Sgr and Her 36 have expanded well into the molecular cloud, that
from M8E seems to have started later, as is evident from the bright narrow rim in front
of M8E seen in Fig. 1. Thus the small cluster in M8E region may be younger than oth-
ers in the region. Linz et al. (2009) modeled the spectral energy distribution of M8E-IR
and concluded that it is a BO type YSO. That the star formation is sequential in M8 start-
ing from north-west regions to southern edge regions has been shown by Damiani et al.
(2004), based on the Chandra X-ray survey of the NGC 6530 region and its neighbour-
hood in conjunction with 2MASS data and optical surveys (see Tothill et al. (2008) for a
discussion).

4.3.2 |IRAC Ratio Maps

As mentioned in Chapter 3, in the ratio image of Ch2/Ch4, the brighter regions indi-
cate emission regions from higher excitations from &hd the darker regions indicate
PAH emission. This trend is reversed in the image of Ch4/Ch2 (i.e., bright regions show
PAH emission and dark regions show the émission). In addition to these molecular
lines/features, IRAC bands also contain hydrogen recombination lines, notably ¢he Br
line (4.05um) in Ch2, which can be used to trace HIl regions. Thus, in HIl regions, the
H recombination lines (Br and Pf}) are more significant contributors to Ch2 rather than
the H, lines. Several authors have utilised the ratios of IRAC bands to identify some of
the atomic and molecular features/regions mentioned above (e.g., Smith and Rosen (2005);
Povich et al. (2007); Neufeld and Yuan (2008)). It is important to note that the ratio maps
are only indicative; until/unless conformed by spectroscopic evidences.

In order to make the ratio maps, point sources from all the IRAC images are removed
by using an extended aperture of 12.2 arcsec and a sky annulus of 12.2-24.4 arcsec in
IRAF/DAOPHOT software (Reach et al. 2005). Then these residual frames are subjected
to median filtering with a width of 15 pixels and smoothing by3pixels using the “box-

car” algorithm (Povich et al. 2007). Fig. 4.7 gives the ratio map of Ch2/Ch4 in a region
of 0.67 x 0.46 pé around Her 36. Contours overlaid on the ratio map represent the H
emission observed by HST (in F656N filter image extracted from HST public archive).
The minimum and maximum values of the contours are 5288 and 14100 counts respec-
tively; six contours have been drawn with an interval of 1762 counts. In the vicinity of Her
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36, the ratio map Ch2/Ch4 shows bright regions coinciding very nicely with the Hourglass
HII region (as traced out by the contours oftH The bright regions coinciding with the
Hourglass can not be attributed to molecular hydrogen lines of higher excitation temper-
ature present in Ch2 in comparison with those of lower excitation temperature present in
Ch4 (see Smith and Rosen (2005)). Further, the molecular hydrogen (1-0 S(1) ahd.12
images presented by Burton (2002) do not show substantial emission around the Hourglass
region (refer Figs. 3 and 4 of Burton (2002)). Considering the fact that the IRAC Ch2 also
contains Hydrogen Brline (as well as Bf (4.65,:m)), we may attribute the bright regions

in the ratio map of Ch2/Ch4 coinciding with Hourglass, as due to @nd Pf3) emission.

One can notice narrow bright regions surrounding Her 36 (and the near-IR source KS1) in
the ratio map of Ch2/Ch4. These regions are coincident with those of molecular hydrogen
in Burton (2002). In these regions, it is likely that molecular hydrogen transitions of high
excitation temperature may be responsible rather than Brsimilar trend is also seen in

the ratio image of Ch2/Ch3. Fig. 4.8 gives the ratio image Ch4/Ch2 in the same region as
in Fig. 4.7. In this figure, ratio contours are overlaid on the ratio image for better clarity
and insight. One can notice a bright (corresponding to dark region in Fig. 4.7) “cavity”-like
structure to the east of the Hourglass. Actually, this structure occurs towards the east of
the regions of very high column density reported by Arias et al. (2006) towards north and
east of the Hourglass. It is possible that the PAH molecules can be shielded from high
energy UV photons by these dense regions. But the molecules may be excited by the low
energy (non-ionising) UV photons that can escape from the narrow dense regions between
the Hourglass and the “cavity”. Thus we may attribute the bright tubular structure to PAH
emissions.

It may be mentioned here that the ratio image of Ch2/Ch1 does not show the Hourglass
as prominently as in Ch2/Ch4 or Ch2/Ch3. This could be because of the fact that Chl
contains the Pf (3.7 um) and P§ (3.3 um) lines which may be partly canceling the con-
tribution of the recombination lines in Ch2. In fact we do clearly see the Hourglass Hll
region in the ratio images of Ch1/Ch3 and Ch1/Ch4 also. Thus, Ch1l and Ch2 bring out
well the H recombination emission in the Hourglass. Ch4 is unable to depict the HIl re-
gion in spite of the presence of{7.5 um), mainly because of the fact that its spectral
response is inferior to that of Chl (or that of Ch2) (Smith and Rosen 2005). For a Hll
region under Case B situation (Hummer and Storey 1987) with a kinetic temperature of
10* K and electron densities of 1A.0° cm=3, the combined relative intensities of\Pdnd

Pfo are only a factor of- 1.4 times lower than that of Bf Hence the combined detected
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Fig. 4.7: Ratio image of Ch2/Ch4 of M8 (Lagoon Nebula) in log scale overlaid by HEGTF656N
filter) contours, in a region around Her 36 of size ¥T® arcset. The contour levels are
between 5288 and 14100 counts. The bright regions indicate the prominence of Ch2 over
Ch4, while the dark regions have the reverse trend. The bright “3” shaped structure is
more extended than theaHontours and nearly coincide with them.
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Fig. 4.8: Ratio image of Ch4/Ch2 of M8 (Lagoon Nebula) in log scale. The bright regions indicate
the prominence of Ch4 over Ch2. For better insight, the ratio image is overlaid by the
ratio contours: the black contours in the bright regions represent ratio levels between 17.4
and 22.8; and the white contours in the dark regions indicate the ratio levels between 8.4
and 14.3. The region of possible PAH emission is the bright tubular structure within the
“cavity”, seen east of the Hourglass.
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Fig. 4.9: Ratio maps of Ch1/Ch2 in log scale (in a region of siz&4.2 x 20.0 arcmif), showing
the ridges and filamentary structures (towards east/south-east of Her 36). The dominance
of Chl (bright portions) over Ch2 in the ridge region and filamentary regions can be
noticed, which may be attributed to the PAH emission in these regions. The black and
white dots are the result of the residueing process.

flux of Pfy and P# in Ch1 can exceed that of #in Ch4.

Elsewhere in M8 the ratio maps seem to have a different story to tell. Figs. 4.9, 4.10
and 4.11 give the ratio maps Ch1/Ch2, Ch3/Ch2 and Ch4/Ch2 respectively, of the ridge
regions in M8 complex in an area of 24x220.0 arcmif to the east/south-east of Her 36.

The ratio images show bright rims corresponding to the filamentary structures all along and
perpendicular to the east-west ridge region. These regions seem to be bright in all bands,
except Ch2 that is free of PAH features. Hence it is tempting to attribute the bright regions
seen in the ratio images in Figs. 4.9, 4.10 and 4.11 to the PAH features. It is unlikely that
these bright regions are a result of molecular hydrogen emission; since they occur in all
the bands though at different excitation temperatures (mostly rotational lines) and should
have canceled each other in the ratio maps. Elsewhere in M8 the ratio maps seem to have
a different story to tell. Figs. 4.9, 4.10 and 4.11 give the ratio maps Ch1/Ch2, Ch3/Ch2
and Ch4/Ch2 respectively, of the ridge regions in M8 complex in an area of2220
arcmir? to the east/south-east of Her 36. The ratio images show bright rims correspond-
ing to the filamentary structures all along and perpendicular to the east-west ridge region.
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Fig. 4.10: Ratio maps of Ch3/Ch2 in log scale (in a region of siz24.2x 20.0 arcmif), showing
the ridges and filamentary structures (towards east/south-east of Her 36). The dominance
of Ch3 (bright portions) over Ch2 in the ridge region and filamentary regions can be
noticed, which may be attributed to the PAH emission in these regions. The black and
white dots are the result of the residueing process.

These regions seem to be bright in all bands, except Ch2 that is free of PAH features. Hence
it is tempting to attribute the bright regions seen in the ratio images in Figs. 4.9, 4.10 and
4.11 to the PAH features. It is unlikely that these bright regions are a result of molecular
hydrogen emission; since they occur in all the bands though at different excitation tem-
peratures (mostly rotational lines) and should have canceled each other in the ratio maps.

4.4 Conclusions

The important conclusions of this work are as follows:

1. SpitzerIRAC photometry of the M8 region have revealed 64 Class 0/l and 168 Class
I YSOs. About 60% of these are present in about 7 small clusters with spatial
surface densities of 10-20 YSOs?pc

2. These sources are positioned close to the sub-mm gas clumps and the filamentary or
pillar like structures present in M8. It is possible that the formation of these sources
could have been triggered by stellar winds or expanding HIl regions associated with
the massive stars in the region;
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Fig. 4.11: Ratio maps of Ch4/Ch2 in log scale (in a region of siz24.2x 20.0 arcmif), showing
the ridges and filamentary structures (towards east/south-east of Her 36). The dominance
of Ch4 (bright portions) over Ch2 in the ridge region and filamentary regions can be
noticed, which may be attributed to the PAH emission in these regions. The black and
white dots are the result of the residueing process.

3. The ratio map Ch2/Ch4 reveals @emission corresponding to the Hourglass Hill
region powered by Her 36 and its inverted ratio (Ch4/Ch2) identifies PAH emission
in a cavity east of the Hourglass;

4. The ratio maps Ch1/Ch2, Ch3/Ch2 and Ch4/Ch2 indicate the presence of PAH emis-
sion in both the ridges oriented along E-W and NE-SW directions.



Chapter 5

Infrared photometric study of the
massive star forming region S235

Following the mid-IR photometric studies on AFGL 437 and M8 in the preceding chapters,
we present here a combined study of near-infrared (NIR)SpitterIRAC photometry of

the young star forming region, IRAS 05375+3540 (in the vicinity of S235A and S235B
region). We show here that the NIR data can be effectively combined witlspiteer
Space Telescope observations to identify additional young stellar objects (YSOSs) in the
region.

5.1 Introduction

The S235 is a large extended HIl region associated with a star forming complex and sit-
uated at a distance between 1.6 kpc and 2.5 kpc (Georgelin et al. 1973; Israel and Felli
1978), in the Perseus Spiral Arm. Georgelin et al. (1973) found that the S235 region is
excited by the massive star BD +3201 of 09.5V type that has ionised and dispersed
the surrounding molecular gas. The earlier studies on this complex show that it is a site
of active star formation (Israel and Felli 1978; Felli et al. 1997, 2004, 2006; Allen et al.
2005; Kirsanova et al. 2008). This region covers some well known star forming sites called
East 1, East 2, Central (Kirsanova et al. 2008) and S235A, S235B and S235C (Felli et al.
1997).

Using molecular gas kinematics and density distribution ffé@0(1-0) and CS(2-1) emis-

sion observations in the mm region, Kirsanova et al. (2008) presented evidences to argue
that the expanding HIl region in S235 triggered fresh star formation in the north-east and

100
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north-west regions of the complex (“East 1, East 2, Central and North-West”). Kirsanova
et al. (2008) argued that the star formation may have been triggered either by the “Collect
and Collapse” process or by shocking the already clumpy regions and that the denser East 1
cluster is probably younger than the Central and East 2 clusters. Allen et al. (2005) pre-
sentedSpitzerIRAC photometry on the S235 complex and Felli et al. (2006) studied some
selected sources in the S235A and S235B regions (henceforth called as S235A-B) and
identified several young protostars. Felli et al. (2004) studied the region S235A-B with
high-resolution mm lines (from the molecules HEQC*'S, H,CS, SQ, and CHCN)

and continuum observations, together with far-IR observations and reported two molecu-
lar outflows in HCO (1-0) centred on the compact molecular core (traced by the 1.2 mm
continuum observations). Later on, from radio observations at the VLA andSpitaer

IRAC observations on the S235A-B region Felli et al. (2006) argued that the expanding
HIl region from the massive star in S235A triggered the star formation in the dense cluster
between the S235A and S235B regions. They also found a new embedded source S235AB-
MIR in three IRAC bands (except in Ch1l) in the mm core. Felli et al. (2006) detected two
compact radio-sources VLA-1 and VLA-2, that coincide with the source M1 and the centre
of S235B respectively. Saito et al. (2007) identified dense clumps from their observations
of C'80 emission (that traces dense gas). Krassner et al. (1982) found recombination lines
of Hydrogen and the PAH emission features at 3.3, 8.7 and,&rh.&ssociated with S235B

that was attributed to a rare class of early type Herbig Be star by Boley et al. (2009).

In the backdrop of the existing observations and interpretations of the S235 complex, our
aim to revisit theSpitzerIRAC archival data is: (i) to find YSOs (systematically taking
care of all possible contaminations), (ii) to estimate YSO surface densities, (iii) to identify
some interesting YSOs and derive their physical parameters using the SED modeling and
(iv) to try and delineate regions of different emission lines/features,(Bs and PAH). To

our knowledge these were not done before. In addition, we have made NIR photometric
observations in the vicinity of S235A-B from the Mt. Abu observatory. These are deeper
observations than the 2MASS archive on the complex. Using the NIR photometry in con-
junction with IRAC photometry, we attempted to extract more YSOs in the clusters.

In Section 5.2, we describe the data used for the present study and the analysis tasks
utilised. Section 5.3 presents the results and discussion on infrared photometry of em-
bedded sources associated with the S235 complex. In this section, we also present the
results and discussion on the ratio maps. In Section 5.4, we give the conclusions.
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5.2 Observations and Data Analysis

Near-infrared (NIR) photometric observations were made on the massive star forming re-
gion using the Physical Research Laboratory (PRL) 1.2 m telescope at Mt. Abu, India.
The source IRAS 05375+3540 (in the vicinity of S235A and S235B regions in the S235
complex) was observed during 20-21 January 2010 under photometric conditions using
the newly commissioned Near-Infrared Camera and Spectrograph (NICS: Anandarao et al.
(2008)) that has a 1024 1024 HgCdTe array Wide-area Infrared Imager-I (HAWAII-1;
Teledyne, USA) in the J(1.17-1.33m), H(1.49-1.78um) and K(2.03-2.37:um) bands.

NICS has a field of view of 8& 8 sg. arcmin with a plate scale of 0.5 arcsec/pixel. Lim-
iting magnitudes of 17, 16.5 and 16.0 mag were achieved in integration times of 300, 200
and 200 seconds in J, H and K bands respectively. These limiting magnitudes are deeper
than the 2MASS survey for this object.

The reduction of data from the Mt. Abu 1.2m telescope was done using the standard tasks
in IRAF software (Tody 1993). All the images were processed using standard pipeline pro-
cedures like dark and sky subtraction and flat-fielding. The images were then co-added and
averaged to obtain a final image in each band (J, H and K). PSF photometry is performed
on the images using DAOPHOT (digi.daophot) (Stetson 1987) task in IRAF to obtain indi-
vidual point source magnitudes (details of the procedures of PSF photometry are given in
Longmore and Burton (2009)).

SpitzefIRAC archival data around the source S235 (encompassing IRAS 05375+3540)
were obtained from the Spitzer Science Center (SSC) on 6 May 2009. The observations
for S235 were taken b$pitzerin the High Dynamic Range (HDR) mode with 12s inte-
gration time in all four filters on 12 March 2004 as a part of the GTO program id “201”
with project title “The Role of Photodissociation Regions in High Mass Star Formation”
(PI: G. Fazio). A total number of 72 BCD images of size 5.8.2 arcmiii were mosaiced

to obtain a final image of size 226 16.6 arcmid commonly in all the four bands. The
detailed procedures for mosaicing are given in Chapters 3 and 4. Aperture photometry was
performed on the mosaiced images with 2.8 pixel aperture and sky annuli of 2.8 and 8.5
pixels using APPHOT task in the IRAF package. The zero points for these apertures (in-
cluding aperture corrections) are, 17.80, 17.30, 16.70 and 15.88 mag for the 3.6, 4.5, 5.8,
8.0um bands, here onwards called as Ch1, Ch2, Ch3 and Ch4 respectively. The photomet-
ric uncertainties were found to vary between 0.01 to 0.25 for the four channels, with those
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for longer wavelengths (i.e., 5.8 and &) being on the higher side.

5.3 Results and Discussion

Our work is mainly focused on S235A-B, East 1 and East 2 regions of the S235 molecular
cloud complex. We have divided this sub-section into two parts: the first in which we
discuss IRAC photometry of the sources in the entire region, we look into each region
separately (i.e., S235A-B, East 1 and East 2) and we describe the modeling of important
and interesting sources and their possible formation scenario; and the second in which we
describe the ratio maps produced from the IRAC images for the entire complex and discuss
possible interpretations along with their implications.

5.3.1 IRAC Photometry

In this sub-section, we present a photometric study carried out on the whole S235 com-
plex using four IRAC bands. A 3-colour-composite image of the IRAC bands (Ch4(red),
Ch2(green) and Chl(blue)) is shown in Fig. 5.1, encompassing the East 1, East 2, Central
and S235A-B regions.

As described in Chapters 3 and 4, we have removed all possible contaminations from the
sample. We have obtained a total of 603 point sources that are commonly identified in all
the four IRAC bands. Of these 603 sources, 71 are found to be contaminations (33 PAH
galaxy, 2 AGN, 2 shocked emissions, 34 PAH aperture-contaminations), while there are
286 YSOs and 246 purely photospheric sources.

We have applied criteria based on the spectral index, to classify the identified YSOs into
different evolutionary classes (Billot et al. 2010). The histogram plot of the spectral index
(arrac) of YSOs and Photoshperic/Class Il sources is shown in Fig. 5.2. Using criteria
based on the spectral index (detailed in Section 4.3.1 of Chapter 4), we have obtained 84
Class 0/1, 192 Class Il sources (now 276 YSOs) and 10 Class Ill sources. The locations
of these identified YSOs (Class 0/, 11), Class Ill as well as the photospheric sources are
plotted in the IRAC colour-colour diagram shown in Fig. 5.3. The sky coordinates, IRAC
magnitudes and spectral indices of Class 0/ and Class Il sources are given in the Table E.1
and E.2 of Appendix E respectively.
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Fig. 5.1: IRAC 3-colour-composite image (size 22.5 x 16.6 arcmif) of S235 complex is pre-
sented here (8.0 (red), 4.5 (green) and;316(blue)). Different regions identified by Kir-
sanova et al. (2008) are labeled in the region within S235 complex. Two of such regions
in the complex are shown by dashed and dotted boxes for East 1 and East 2 respectively.
The solid line box in the complex represents the region covered by our JHK observations.
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In order to estimate the clustering of YSOs in the S235 complex, we have calculated the
un-biased surface density of YSOs using a 5 arcsec grid size, following the same proce-
dure as described in Chapter 3. The surface density of YSOs is estimated using 6 nearest-
neighbour (NN) YSOs for each grid point. Fig. 5.4 shows the spatial distribution of YSOs
(Class 0/1 (red open circles) and Class Il (violet open triangles) sources) in the IRAC Ch2
image (4.5um). The surface density contours are overlaid in the figure. The contour levels
of surface density of YSOs plotted in Fig. 5.4 are 30, 10 and 5 YS®slpareasing from

inner to outer side. It is noted that the distribution of YSOs is mostly concentrated in the
East 1, East 2 and the vicinity of S235A-B region, while very small density of YSOs is
also found around the Central region. The maximum densities are about 50 Y5{s/pc
the complex.

In addition, we have calculated the empirical cumulative distribution as a function of
nearest-neighbour distance (see Chapter 4 for more details) to identify the YSO cluster
and its members as against the isolated or scattered ones. The spatial distribution of all the
278 YSOs and 10 Class lll sources are plotted in the Fig. 5.5 with surface density con-
tours of YSOs (Fig. 5.5a) and the contaminants (Fig. 5.5b) using similar levels as used in
Fig. 5.4. We have used somewhat arbitrarily the distance of infle@tier0.62 pc ¢ 0.02

at 1.8 kpc distance) to identify the size of clusters of YSOs (see Fig. E.1 of Appendix E).

Finally, we have applied the “red sources” criteria (Robitaille et al. 2008) to our identi-
fied scattered sources outside the clusters and have estimated nearly 8% of the sources as
the AGB contaminations (see details in Chapter 4 and also, the criterion for Red source
selection in Section D.3 of Appendix D). We find that 75% of the YSOs are present in
clusters concentrated in three main regions i.e., East 1, East 2 and the vicinity of S235A-B.

Our determination of surface densities of YSOs is consistent with the dense regions traced
out by CS(2-1) emission, except in the Central region. We have found the highest density
of YSOs in the S235A-B region among all the clusters in the entire S235 complex.

S235-East 1

The East 1 region is shown magnified in Fig. 5.6 using IRAC 3-colour-composite image
from Fig. 5.1 (dashed box). We have found 11 Class 0/I and 8 Class Il sources in the
East 1 region, which are marked in Fig. 5.6. Some of the Class 0/l sources are labeled
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Fig. 5.2: Histogram of spectral indexa¢rac) of sources in S235 complex is shown here with
regions of different evolutionary stages of star formation shown by vertical lines (see
text for more details). Dotted line represents the distribution of photospheric sources and
distribution of YSOs is shown by solid line.
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Fig. 5.3: Mid-IR colour-colour diagram using th&pitzerIRAC bands for all the sources identified
within the region shown in Fig. 5.1. The extinction vector fox A 5 mag is shown by
the arrow on the left side, using average extinction law from Flaherty et al. (2007). The
black dots around the centre (0,0) locate the stars with only photospheric emissions. The
open squares (blue), open triangles (violet) and open circles (red) represent respectively,
Class lll, Class Il and Class 0/1 sources, classified usingviixe o criteria.
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Fig. 5.4: SpitzerIRAC Ch2 (4.5um) image of S235 (similar size as shown in Fig. 5.1) over-plotted
by IRAC Class 0/l and Il sources. The open circles (red) and open triangles (violet) show
the IRAC Class 0/l and Il sources respectively. The overlaid contours (white) are YSO
density contours generated by using a grid size of 5 arcsec: the inner to outer contour
levels are 30, 10 and 5 YSOs/pcDashed box represents the NIR observed region as
shown in Fig. 5.1 by a solid box.
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Fig. 5.5: a: SpitzerIRAC S235 region with distribution of all the 286 sources (276 YSOs and 10
Class IlIl): open circles show Class 0/l sources, open triangles show Class Il and open
squares show Class Il sources. The value foed.62 pc is used to distinguish the
clustered and scattered members. YSOs outside thealde are shown by black circles
and black triangles for Class 0/l and Class Il sources respectively. The distribution of all
the cluster members within.d< 0.62 pc are shown by open circles (red) for Class 0/
sources, and open triangles (violet) for Class Il sourcesSitzerIRAC S235 region
showing contaminants: crosses (red) show resolved PAH aperture contaminations, filled
squares (black) show unresolved shocked emission knots, green asterisk show AGNs and
the filled circle (blue) the PAH galaxy contaminant. In both the figures, the contours show
YSO iso-density at 5, 10 and 30 YSOs/gmom outer to inner side.
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Fig. 5.6: IRAC 3-colour-composite (Ch4(red), Ch2(green) and Chl(blue)) zoomed-in image of
East 1 region (Fig. 5.1: dashed box). Classified YSOs (Class 0/I in white circles and
Class Il in white triangles) are overlaid on the image. The marked sources are Class 0/
sources that are not detected in 2MASS JHK image. The image shows that the green
colour (i.e., IRAC Ch2 (4.5um)) is more dominant around the marked sources. They
may be associated with the shock-excited moleculaeiidission because IRAC Ch2 (4.5
1m) is sensitive for shock-excited moleculas emission.



Chapter 5. Infrared study of massive star forming region 111

(els1-4) in Fig. 5.6. These are sources, which do not have JHK counterparts. The labeled
sources are given in Table 5.1 with positions and observed IRAC magnitudes. The IRAC
colour-composite image shows the presence of the shock-excited moleg@arission in

the East 1 region due to the predominance of Ch2 band. We have done the SED modeling
of labeled sources and the fitted plots are shown in Fig. 5.8a for all the labeled sources in
S235 East 1 region. The weighted mean values of the physical parameters derived from
SED modeling for all selected sources are given in Table 5.2. The SED model results show
that all the four labeled sources are young and still going through the accretion. Details of
these SED results are also discussed in the IRAC ratio map sub-section.

S235-East 2

Figure 5.7 shows the East 2 region in IRAC 3-colour-composite image zoomed from
Fig. 5.1 (dotted box). We have obtained 8 Class 0/l and 13 Class Il sources in the East 2
region as displayed in the Fig. 5.7. We have found some interesting Class 0/ sources (la-
beled e2s1-3, in Fig. 5.7), which do not have JHK counterparts and are detected only in
(all the four) IRAC bands. The labeled sources are given in Table 5.3 with position and
observed IRAC magnitudes. The SED modeling results of the labeled sources are shown in
Fig. 5.8b and the weighted mean values of their physical properties are given in Table 5.4.
All these 3 selected sources are young and still passing through the accretion stage. The
IRAC colour-composite image indicates the presence of shock-excited molecidanist

sion in the East 2 region. Fig. 5.7 exhibits the extended “green (Ch2)” emission (about 0.22
pc in SE-NW direction) associated with the Class 0/l source “e2s3”. It could be possible
that the source “e2s3” is probably associated with outflows. The SED modeling results
indicate that the source “e2s3” is a massive but very young protostar not yet being able
to excite an HIl region. Our results suggest that “e2s3” is a very interesting source in the
S235 East 2 region which may be a new high mass protostellar object (HMPQO) associated
with outflows. Details of the SED results are also discussed in the light of IRAC ratio maps
(see IRAC ratio map sub-section).

S235A-B

Fig. 5.9 represents the zoomed IRAC 3-colour-composite image in the the vicinity of the
S235A-B region (solid box in Fig. 5.1). We have obtained 164 YSOs (Class 0/1 (44) and
Class Il (120)) in this region using the four IRAC bands and their positions are overlaid
on the image (Fig. 5.9)SpitzefIRAC Chl and Ch2 are known to be more sensitive for
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Fig. 5.7: IRAC 3-colour-composite (Ch4(red), Ch2(green) and Chl1(blue)) zoomed-in image of
East 2 region (Fig. 5.1: dotted box). Classified YSOs (Class 0/l in white circles and
Class Il in white triangles) are overlaid on the image. The marked sources are Class 0/
sources that are not detected in 2MASS JHK image. IRAC Ch2#hpis sensitive
for shock-excited molecular Hemission and the emission around source “e2s3” in the
colour-composite image is dominated by green colour i.e., IRAC Ch2 band. Therefore,
the “green” emission around the marked source “e2s3” may be due to the shock-excited
molecular H emission and may be showing the signature of outflows associated with
source “e2s3” (see details about the emission in ratio map section of the chapter).
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Fig. 5.8: SED model plots of selected sources in the East 1 and East 2 regions are shown here.
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Table 5.1: Some of the selected sources in S235 East 1 region; the numbers in parentheses in the
Object column are common sources from Table E.1 designations from Appendix E (see
Fig. 5.6 and text)

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Ch&xjrac class

elsl1(79) 5:41:31.42 35:50:26.2 12.81 10.84 9.56 8.51 2.01 (o]]}
els2(74) 5:41:30.42 35:50:03.2 11.64 10.04 9.07 8.13 1.11 o/l
els3(76) 5:41:30.54 35:49:484 10.09 865 7.66 6.77 0.91 o/l
els4(73) 5:41:30.32 35:49:48.0 9.70 8.47 7.44 6.36 0.97 o/l

Table 5.2: Physical parameters derived from SED modeling of the labeled sources from Table 5.1
in S235 East 1 region (see text)

Source Age M. T, L. Menw Meno M gisk Mgisk
Name log(yr) Mo log(T(K))  log(Le)  logMe) logMgyr—') logMe)  log(Mg yr—1)
elsl(79) 3.940.64 353373 3.63:0.10 1.92-0.88 0.051.37  -4.46:090 -1.86:0.86  -6.26:1.21
els2(74) 441083 3.85:3.33 3.620.14 1.99:0.77 -0.18200  -4.38:141  -1.850.87  -6.64:1.27
els3(76) 4.6£0.96 4512.39 3.73:020 2.25:050 -0.46:2.54  -437185 -1.820.86  -6.671.23
els4(73) 5.331.19 4.582.04 391028 2.3%051 -2.62-359  -4.8%225  -2.09-0.96  -7.04-1.38

Table 5.3: Some of the selected sources in S235 East 2 region; the numbers in parentheses in the
Object column are common sources from Table E.1 designations from Appendix E (see
Fig. 5.7 and text)

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Ch&xjrac class

e2s1(58) 5:41:24.03 35:52:52.0 12.78 10.65 893 7.52 3.17 0/l
e2s2(59) 5:41:24.30 35:52:47.1 12.86 11.25 10.11 899 154 o/l
e2s3(57) 5:41:22.73 35:52:084 11.97 9.93 811 7.78 2.03 o/l

Table 5.4: Physical parameters derived from SED modeling of the labeled sources from Table 5.3
in S235 East 2 region (see text)

Source Age M, T, L. Menw Meny Maisk Maisk
Name log(yr) Mo log(T(K))  log(Le)  logMe) log(Mgyr—') logMg)  log(Mg yr—1)
e2s1(58) 3.820.67 5.3%4.48 3.68:0.16 249081 052152  -4190.88  -1.74:1.03  -5911.59
e2s2(59) 4.320.95 2.582.50 3.66:0.16 1.65:0.78 -0.611.83  -4.84:1.31  -2.02-0.84  -6.76:1.23
e2s3(57) 4.4%056 7.14:2.49 3.710.11 2.76:0.48 1.78:0.76  -3.44:043  -1.49-084  -6.36:1.07
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stellar photospheres compared to the two longer IRAC bands (Ch3 and Ch4). Therefore,
using NIR photometry, in combination with IRAC Ch1l and Ch2, we may identify addi-
tional YSOs which are not detected in Ch3 and Ch4. Gutermuth (2005) and Gutermuth
et al. (2009) demonstrated the separation of protostars, stars with disks and disk-less pho-
tospheres using dereddened K - [3.6] versus [3.6] - [4.5] colour space obtained from the
colour excess ratios and the reddening law of Flaherty et al. (2007). The details of the cal-
culation of dereddened colours (K - [3.6] and [3.6] - [4.5]) are given in the Section E.1 of
Appendix E. We have used our new Mt. Abu NIR JHK observations in combination with
IRAC Ch1 and Ch2 bands in the vicinity of the S235A-B region. Fig. 5.10 shows the 3-
colour-composite NIR (J(blue), H(green) and K(red)) images in the vicinity of the S235A-

B region, marked as a solid box in Fig. 5.1. We have used all the common sources in H,
K, Chl and Ch2 bands to identify the additional new YSOs in the region (see Fig. 5.10).
We have eliminated the contaminations obtained from the IRAC photometry, before apply-
ing the selection criteria for YSOs in this region. Figure 5.11 shows the dereddened [K -
[3.6]]o and [[3.6] - [4.5]}, colour-colour diagram with the newly identified YSOs (Class |
and Class Il sources). The separation between Class | and Class Il sources are shown by the
dashed line in the diagram. Fig. E.2 of Appendix E shows the colour-colour diagram used
for measuring the extinction for dereddening, along with the identified YSOs shown by
solid red circles. The newly identified YSOs are shown overlaid on the 3-colour-composite
image in Fig. 5.12. We have obtained an additional 63 new YSOs (18 Class | and 45 Class
II) using NIR (H and K) photometry combined with IRAC (Ch1l and Ch2) bands. Adding
these sources to the IRAC identified sources (164 YSOs with 44 identified Class | and 120
Class Il sources), we geta total number of YSOs in the vicinity of the region S235A-B as
227, with 62 Class | and 165 class Il sources.

We have re-estimated the surface density for all the YSOs in the S235A-B region using
a 5 arcsec grid size. We have used a similar procedure for the calculation of surface den-
sity using 6 NN as described in Chapter 3. The surface density contours are shown overlaid
on the Ch2 band in Fig. 5.13. Itis very clear that all the Class | sources are lying within the
surface density contours. The maximum surface density is about 120 YSOd/pdave
calculated the empirical cumulative distribution as a function of nearest-neighbour distance
for YSOs and found a distance of inflectidn= 0.33 pc (0.01 at 1.8 kpc distance) for the
clustering of YSOs (see Fig. E.3 of Appendix E). Figure 5.14 shows the clustering of YSOs
obtained by using,. = 0.33 pc. We find 71% of the YSOs to be present in 4 clusters. We
used only IRAC identified YSOs to look for the clustering of YSOs to compare with all
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Fig. 5.9: IRAC 3-colour-composite (Ch4(red), Ch2(green) and Chl1(blue)) zoomed-in image of
S235A-B region (shown in Fig. 5.1 by solid box). Classified YSOs (Class 0/I in white
circles and Class Il in white triangles) are overlaid on the image. Image shows the horse-
shoe shaped structure around the source S235A and small nebulous region associated with
S235B. It appears that the structure is expanding towards south-east due to the expansion
of HIl region and may be triggering fresh star formation.
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extinction law from Flaherty et al. (2007).
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YSOs in this region and have fourd = 0.39 pc, which gives about 72% YSOs inside the
clusters. The positions of the dense clumps (detectedfi® @ easurements by Saito et al.
(2007)) associated with the S235A-B region are over-plotted in Fig. 5.14b. The presence
of C'*O emission supports the dense clustering of YSOs in the S235A-B region.

The S235A-B region was well studied by Felli et al. (1997, 2004, 2006), who found ev-
idences for fresh star formation in the region, through the interaction of an expanding
classical HIl region into an ambient molecular core. Figure 5.15 exhibits the zoomed im-
age of the dashed box shown in Fig. 5.12. We have marked some of the interesting sources
in the right side of Fig. 5.15. Felli et al. (2006) studied some of these sources using IRAC
images in the S235A-B region. We focus particularly on the ring-like structure formed
by the sources in the region (see the left side of Fig. 5.15) which are associated with the
dense clump identified by Saito et al. (2007). This ring-like structure is also associated
with the 850um (obtained from JCMT archival data base) dust continuum observations in
the S235A-B region. The location of the ring-like structure sources (s3 to s10 and s13) is
shown in the right-side of Fig. 5.15 for a better view, represented by the solid cyan coloured
line (see Table 5.5). The formation of these sources in a ring-like structure may have been
triggered by the interaction of S235A HIl region with the ambient dense molecular region.
The right-side of Fig. 5.15 shows the horse-shoe shaped structure in the contours of IRAC
bands expanding towards the south. The 8&0dust continuum contours (dashed lines)

are also shown in the figure. The horse-shoe shaped structure forms the outer boundary
of the expanding HII region (see the red contours in Fig. 5.15). The ring-like structure
of sources is just located at the interface between the horse-shoe shaped structure (the red
contours in Fig. 5.15) and the peak of the dust continuum (in Fig. 5.15). Felli et al. (2006)
found a source S235AB-MIR (which is labeled as s9 in our image) at the peak position of
the 1.2 mm observations which has been detected only in IRAC Ch2, Ch3 and Ch4 bands
but not in Ch1l. The ring-like structure of sources (s3 to s10 and s13; connected by a cyan
coloured line) is more prominent in the IRAC Ch2 band (4tB) than the other bands. It

is interesting that the source S235AB-MIR (s9) is one of the “members” in the ring-like
structure.

One may notice that there is another ring-like structure starting from sl to s12 (i.e., s1,
s2, s8, s9 (S235AB-MIR), s10, s11(M1) and s12; shown by the solid blue line). The posi-
tions and photometric magnitudes of the labeled sources are given in Table 5.5. We have
done the SED modeling of the labeled sources that have at least 3 data points using the
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Fig. 5.13: Surface density map of YSOs overlaid on IRAC Ch2 image. Circles and triangles rep-
resent Class | and Class Il sources respectively. Red circles show the Class | sources
identified through H, K, CH1, CH2 bands and deep pink circles represent the Class 0/I
sources selected from IRAC four bands criteria. Similarly, Class Il sources identified
through H, K, CH1, CH2 bands are represented by light blue triangle and dark blue tri-
angles show the Class Il sources identified through four IRAC bands criteria. The levels
of surface density contours are 20, 40, 70 and 120 YSO®$pm outer to inner side.
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detected from &0 observations by Saito et al. (2007).
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model tool. We do not have the required minimum of 3 data points for the sources s3,
s4, s5, s6, s7, s8 and s13 to do the SED modeling. Therefore, we have modeled only 8
sources (6 sources from the second ring which are connected by solid blue line except s8
and S235B) which are labeled in the Fig. 5.15. The SED model fits are shown in Fig. 5.16.
The SED model weighted mean values of the physical parameters are given in Table 5.6.
The model-derived parameters show that the source S235AB-MIR is a young and accreting
massive protostar that is not yet being able to excite an HIl region. We used 450 and 850
pm fluxes associated with the S235AB region from Felli et al. (2004) and considered 50%
of the 450um flux to be associated with S235AB-MIR source. Thus, we used 3 IRAC and
one 450um fluxes as data points for the SED fitting. Our SED modeling results show that
sl and s2 are much evolved and are low-mass stars (compared to the other 4 sources in
the ring). The SED results of sources s10 and s12 show that they are low mass stars still
accreting matter. Also, the results of SED modeling of the source M1 shows that it is a
low-mass star but not highly evolved (see Table 5.6). Felli et al. (2006) reported that the
radio source VLA-1 coincides with the source M1 and that it could be a B2-B3 star with a
UCHII region. But, our SED modeling results of M1 are not consistent with the suggestion
of Felli et al. (2006). Our SED modeling results indicate that the second ring-like structure
sources (i.e., s1, s2, s8, s9(S235AB-MIR), s10, s11(M1) and s12) are mostly low-mass
stars except s9(S235AB-MIR).

Triggered star formation by the “Collect and Collapse” process (EImegreen and Lada 1977)
could be responsible for the existence of these IRAC sources, possibly started by the ex-
panding HIl regions associated with the nearby massive stars. There is also the possibility
for the formation of stars due to the propagation of a shock wave from a nearby Hll region
which may lead to the contraction of pre-existing dense molecular clumps. This possibility
is supported by the detection of densé@ emission clumps in the S235A and S235B re-
gions (Saito et al. 2007). Li (2001) and Li and Nakamura (2002) made a simulation for the
formation of ring-like structures and multiple-star formation in magnetically sub-critical
clouds. They demonstrated that a magnetically sub-critical cloud breaks up into fragments
as multiple magnetically supercritical clumps leading to the formation of a new generation
of stars in small clusters (in a ring-like formation). A supportive observational evidences
in the source IRAS 22134+5834 was reported by Kumar et al. (2003). In our study, the
location of these two ring-like structures coincide with the peak position of 860as

well as dense clumps (Saito et al. 2007).
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Fig. 5.15: The image on the left represents the zoomed-in IRAC ratio map of Ch2/Ch4 in a region

showed by the dashed box in Fig. 5.12. Right side image shows the positions of sources
seen atleast in any one of the IRAC bands with contours (red) of IRAC Ch4 image
overlaid having levels between min = 420 and max = 1300 MJy/Sr. Source S235AB-
MIR is represented by star symbol with violet colour and blue stars show the position
of sources S235A and S235B. Public archival Scuba;@50contours (dotted curves)

of the region are overlaid on both figures with levels between min = 1100 and max =
9900 Jy. There is a ring-like structure of sources (s3 to s10 and s13; connected by cyan
colour line in right side figure) most prominent only in IRAC Ch2 band, while a second
ring-like structure of sources (s1, s2, s9, s11 and s12; connected by blue colour line in
right side figure) is seen atleast in 3 IRAC bands. Both the ring-like structures are shown
in the right side figure for better view (see text for more details). One may notice that
the source S235AB-MIR is common for both the rings.
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Fig. 5.16: SED model plots of selected sources in the S235A-B region (labeled in Fig. 5.9).

Table 5.5: Some of the selected sources in S235A-B region; the numbers in parentheses in the Ob-
ject column are common sources from Table E.1 and E.2 designations from Appendix E
(see Fig. 5.15 and text)

Object RA[2000] Dec[2000] Jmag Hmag Kmag Chl Ch2 Ch3 Cldgrac class

sl 5:40:53.72 35:41:56.0 14.60 13.18 12.38 10.87 10.96 — — — —
s2(29) 5:40:53.49 35:41:52.4 16.21 14.00 12.33 10.02 9.35 8.75 7.61 -0.10 o/1
s3 5:40:53.34 35:41:59.5 — — — — — — — — —
s4 5:40:53.16 35:41:59.3 — — — — 1011 — — — —
s5 5:40:53.02 35:41:57.6 — — — — — — — — —
s6 5:40:52.92 35:41:553 — — — — — — — — —
s7 5:40:53.02 35:41:53.3 — — — — 1131 9.8 — — —
s8 5:40:53.23 35:41:50.8 — — — — — — — — —
s9(MIR-AB) 5:40:53.43 35:41:48.4 — — — — 1143 9.70 7.98 — —
s10 5:40:53.66 35:41:47.4 16.39 15.04 1448 1238 11.72 — — — —
s11(81;M1) 5:40:53.60 35:41:42.6 — 15.28 13.46 10.78 9.66 9.10 8.76 -0.59 Il
s12(30) 5:40:53.95 35:41:41.2 — — — 12.39 11.07 10.04 9.27 0.72 o/
s13 5:40:54.02 35:41:43.0 — — — 1292 1220 — — — —

S235B(24) 5:40:52.38 35:41:29.3 10.86 9.78 8.81 6.66 6.23 4.61 2.69 1.94 o/1
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Table 5.6: Physical parameters derived from SED modeling of the labeled sources from Table 5.5
in S235A-B region (see text)

Source Age M, T, L. Menw Menw M gisk Misk

Name log(yr) Mo log(T(K)) log(Lo) logMe)  logMe yr=')  log(Me )  log(Mg yr=?)
sl 6.74£0.19 2.88:-0.78 4.02£0.11 1.73:0.41 -5.65:-1.60 -6.75:0.16 -5.5#1.74 -11.45-1.64
s2(29) 6.56-0.32 3.84:1.42 4.09:0.12 2.1#0.47 -6.121.87 -6.58:0.60 -4.60£1.73 -9.99:1.45
s9(MIR-AB)  3.93+0.64 13.79-3.53 3.88:0.30 3.88:0.34 2.58:0.35 -3.010.17 -1.36:0.84 -5.48:1.36
s10 5.63:-0.89 2.32:1.21 3.74:0.17 1.38:0.43 -2.25:-2.52 -4.84:2.44 -3.2#1.54 -8.78:1.87
s11(81;M1) 5.03:0.40 3.18:1.25 3.66£0.05 1.76£0.26  -0.15-0.87 -4.58:0.61 -2.11#0.82 -7.66:1.05
s12(30) 4.560.75 2.55-2.26 3.64:0.11 1.610.66 -0.34:1.50 -4.55-1.08 -1.99:0.85 -7.06£1.26

S235B(24) 4.430.71 6.26£1.72 3.76:0.14 2.78:0.36  0.340.58 -4.15£0.38 -1.84£1.01 -6.62£1.18

5.3.2 IRAC Ratio Maps

We mentioned in Chapters 3 & 4 that the IRAC bands contain a number of prominent
molecular emissions lines (see Table 3.2 of Chapter 3). We have used IRAC ratio Ch2/Ch4
images to find out the emission regions in the S235 complex. The detailed procedure
for generating the IRAC ratio maps is described in Chapters 3 & 4. Fig. 5.17 shows the
IRAC ratio Ch2/Ch4 of the entire S235 complex with some important regions shown by the
boxes. IRAC zoomed-in ratio map (Ch2/Ch4) of the East 1 region is shown in Fig. 5.18.
We have found a very strong bright region corresponding to East 1 in the ratio map which
could be due to moleculardemission. The results of SED modeling of important sources
(i.e., elsl, els2, els3 and els4) in the region show the lack of an associated HIl region.
But these sources are young, still accreting material and may be associated with outflows,
especially the Class 0/l sources elsl, els3 and els4. The IRAC zoomed-in ratio map
(Ch2/Ch4) of the East 2 region is shown in Fig. 5.19. The ratio map shows an extended
bright emission (about 0.22 pc in SE-NW direction) possibly associated with the source
“e2s3”. This could represent the outflow lobes in the source due to shock-excited molec-
ular H, emission. The size of the bright region is about 0.22 pc in SE-NW direction. The
SED modeling of the source “e2s3” shows that it is a young massive protostar still ac-
creting the material. Our results are only indicative/speculative about the nature of these
sources; therefore, it requires further study at longer wavelengths i.e., sub-mm/mm.

Figs. 5.20 shows the IRAC ratio map of Ch2/Ch4 in the S235A-B region. We have found
very strong bright emission in the Ch2/Ch4 map in the S235A-B region. The IRAC horse-
shoe shaped structure seen in Ch4 band is over-plotted as contours in Figs. 5.20. We have
found that the Bx emission is present within the horse-shoe structure around S235A and
represents an HIIl region. But bright emission outside of the IRAC horse-shoe structure
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Fig. 5.17: IRAC ratio map of Ch2/Ch4 for the entire S235 complex. Box regions marked here are
shown zoomed-in Figs. 5.18, 5.19 and 5.20.

may be due to the Hemission. This interpretation is consistent with the narrow band Br

and H imaging of the region by Felli et al. (1997). We have also found that the source
S235B is associated with Bremission due to the presence of an HIl region. Recently,
using spectroscopy, Boley et al. (2009) reported that S235B is a source that belongs to a
rare class of early- type Herbig Be stars. SED modeling of the source S235B shows that it
is an intermediate mass young star and our model results are consistent with the Boley et
al. (2009) results.
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Fig. 5.18: IRAC ratio map of Ch2/Ch4 in East 1 region revealing bright regions. Contours of the
ratio map of Ch2/Ch4 are over-plotted with labeled sources (blue stars) from Fig. 5.6.
The contour levels are min 0.039 and max 0.33.
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Fig. 5.19: IRAC ratio map of Ch2/Ch4 in East 2 region revealing bright regions. Contours of the
ratio map of Ch2/Ch4 are over-plotted with labeled sources (blue stars) from Fig. 5.7.
The contour levels are min = 0.044 and max = 0.33. Source “e2s3” may be associated
with an outflow due to shock-excitedsHemission. The extension of bright regions
associated with source “e2s3” is about 0.22 pc in SE-NW direction.
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Fig. 5.20: IRAC ratio map of Ch2/Ch4 in the S235A-B region revealing bright regions. Contours
of IRAC Ch4 are over-plotted in red colour, with same levels as shown in Fig. 5.15.
Bright emission regions within red contours are probably due t® &nission. The
bright regions outside towards south of the red contours are probably due to molecular
H, emission. Also, the contours of the IRAC ratio map of Ch2/Ch4 are overlaid with
levels of min=0.05 and max=0.1. The position of important sources are marked by blue
star symbols on the image. It is noticed that the S235B is also associated with a bright
regions that could be due to 8emission due to the presence of an HIl region.
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5.4 Conclusions
The important conclusions of this work are as follows:

1. SpitzerIRAC photometry of the S235 complex has revealed 84 Class 0/1 and 192
Class Il YSOs. About 75% of these are present in clusters concentrated in 3 main
regions (i.e., East 1, East 2 and the vicinity of S235A-B) with surface densities of
20-30 YSOs/pt;

2. Atotal of 227 YSOs (62 Class | and 165 Class Il) have been identified in the vicinity
of the S235A-B region using a combination of NIR and IRAC bands. About 71% of
these sources are present in 4 clusters with maximum YSO surface density of about
120 YSOs/pg,

3. Clustering of YSOs is found in all the three regions viz. East 1, East 2 and the
vicinity of S235A-B. The S235A-B cluster is found to be the richest for YSOs;

4. Ring-like structures of sources are found in the interface between the horse-shoe
structure and sub-mm dust continuum emission region. Also, one embedded source
S235AB-MIR has been detected in three IRAC bands except Chl band which forms
a part of the ring-like structure. SED modeling shows that the source S235AB-MIR
iS a young, massive star that is still accreting material. The ring-like structure may
be an evidence for magnetically super-critical collapse;

5. The HII region associated with S235A is traced by the presence @ferission
within the IRAC observed horse-shoe structure using the IRAC ratio Ch2/Ch4 map.
Outside of the horse-shoe structure, the map indicates molecukamnidsion;

6. Bra emission is also found around S235B using the ratio map Ch2/Ch4. The map
reveals the presence of an ionised region around it and the SED modeling shows that
the source S235B is a young intermediate mass star;

7. The SED modeling shows that the source M1 is a low-mass star, relatively young in
its evolution;

8. New Class 0/l sources are identified in the East 1 and East 2 region that do not
have NIR JHK counterparts. IRAC colour-composite image reveals the presence of
shock-excited K emission in both regions. This is confirmed in IRAC ratio map of
Ch2/Ch4, which reveals that the source “e2s3” in the East 2 region may be associated
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with shock-excited Hemission outflow. The SED modeling of the source “e2s3” in
the East 2 region indicates that it is a massive but very young protostar not yet being
able to drive an HIl region



Chapter 6

Conclusions and Future Work

The Chapter-wise conclusions and future directions of work are given below.

1. In the first part of Chapter 2, we studied the driving engine-outflow relationships for

a sample of HMPOs using an online SED fitting tool. The resulting physical properties of
the infrared counterparts (the putative driving engines) are compared against the properties
of the associated molecular outflows obtained from the literature. Our study shows that
the outflow mass and momentum are directly proportional to the (proto)stellar mass and
inversely proportional to the (proto)stellar age. These results, limited by the dataset, are
valid up to a mass of 25 Mand an age of 1Myr. The outflow mass and momentum are also
proportional to the disk and envelope accretion rates. The modeled disk accretion rates are
two orders of magnitude smaller than the envelope accretion rates and can not explain the
observed mass loss rates. Therefore it is the mass accreted in the envelope that appears to
contribute to the outflow entrainment rate. We point out that the massive molecular out-
flows scale high in terms of mass and momenta compared to their low mass counterparts,
but their terminal velocities are less than half of the values found in low mass jet-like flows,
resulting in missing “intermediate and extremely high velocity (IHV and EHV)” compo-
nents. We may speculate that the massive outflows are launched in the large scale infalling
envelopes, with typical properties of poorly collimated low velocity flows.

Unambiguous identification and characterisation of disks and envelopes in isolated mas-
sive protostars with outflows are necessary to understand the true connection between the
outflow and the protostar. Also, it is necessary to identify independent indicators of accre-
tion rates, similar to the emission lines of magnetospheric origin in low mass stars. Such
results are expected to be possible with future high resolution facilities.

133
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2. In the second part of Chapter 2, we have presented the identification and SED modeling
of the driving engines of 42 UCHII regions; and obtained important physical parameters
for all the driving engines. The observed SEDs of all the driving engines are described
with stellar masses in the range of 5 - 43, Nmedian of about 13 M) and with ages in

the range of 1&°~5° yr (median age of 10 yr). The radii range between 3 - 250,Rnd

the temperatures range between 4300 - 40000 K. We obtained median disk and envelope
accretion rates of 107°8 and 103% M, yr~! respectively. It is found that mass and
luminosity have a tight relation; b 104+ x M3-2%0-1 for the identified central sources.

It is also found that the envelope accretion rate has power law relation with stellar mass:

Mem; - 10—6.6:|:0.7 % M2'6i0'6.

It is known that some of the UCHII regions are associated with ionised inward flow, there-
fore it may possible that the ionised accretion with high rate is important for massive star
formation. However, our SED modeling results predict very high (envelope) accretion
rates, even without taking ionised accretion flows into account. Therefore, it calls for (i)
improved SED modeling to take into account the ionised flows, non-spherical accretion
and envelope accretion luminosity; and (ii) observations that unambiguously identify and
characterise disks and envelopes.

3. In Chapter 3, we have present8gitzerIRAC imaging photometric study of the mas-
sive star forming region AFGL 437. The IRAC ratio maps indicate molecular outflow
corresponding to the source WK34, which is possibly due 40 Fhe SED modeling of

the outflow driving source WK34 indicates that it is a massive but very young protostar not
yet able to drive a HIl region. Several new embedded YSOs are identified within 64 arcsec
of the central compact cluster with a maximum surface density about 25 YSOSED
modeling of the cluster sources gives their masses in the range 1;1adds 1664 yr

and luminosities 107348 ..

4. In Chapter 4 SpitzefrIRAC images and photometry of another star forming region M8
are discussedpitzerIRAC photometry of M8 region revealed 64 Class 0/l and 168 Class
I1'YSOs. About 60% of these are present in about 7 small clusters with spatial surface den-
sities of 10-20 YSOs/gc These sources are positioned close to the sub-mm gas clumps
and the filamentary or pillar like structures present in M8. It is possible that the formation
of these sources could have been triggered by stellar winds or expanding HIl regions as-
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sociated with the massive stars in the region. The IRAC ratio map Ch2/Ch4 reveals Br
emission corresponding to the Hourglass HIl region powered by Her 36 and its inverted
ratio Ch4/Ch2 identifies PAH emission in a cavity east of the Hourglass. The ratio maps
Ch1/Ch2, Ch3/Ch2 and Ch4/Ch2 indicate the presence of PAH emission in both the ridges
oriented along E-W and NE-SW directions.

5. In Chapter 5, we have presented the ground-based NIR photometric study of the young
star forming region, IRAS 05375+3540 (in the vicinity of S235A and S235B region). For
the source IRAS 05375+3540, our NIR data is effectively combined witBghizerIRAC
observations to identify additional young stellar objects (YSOSs) in this complex. Our study
revealed several clusters of young stellar objects with surface density varying from 20 - 120
YSOs/pé. Fresh star formation occurring in the region could be triggered by the interac-
tion of expanding HIl regions into the ambient molecular core. Both the mechanisms, viz.
“Collect and Collapse” scenario and/or the passage of a shock wave into pre-existing dense
clumps in the region could be responsible for triggered star formation in the region. Ring-
like structures of sources are found in the interface between the horse-shoe structure and
sub-mm dust continuum emission region. Also, one embedded source S235AB-MIR has
been detected in three IRAC bands except Ch1l band which forms a part of the ring-like
structure. The SED modeling shows that the source S235AB-MIR is a young, massive star
that is still accreting material. The ring-like structure may be an evidence for magnetically
super-critical collapse. IRAC ratio Ch2/Ch4 map traces Brthe HIl region of S235A in

horse shoe shaped structure. Outside of the horse-shoe structure the map indicates molecu-
lar H, emission. Bev emission is found around S235B using the IRAC ratio map Ch2/Ch4
which reveals the presence of an ionised region around it and SED modeling shows that
the source S235B is a young intermediate mass star. The SED modeling shows that the
source M1 is a low-mass star relatively young in its evolution. Several new YSOs have
been identified in East 1 and East 2 regions as well as shock-excjteanidsion have
identified in both regions using the IRAC ratio map of Ch2/Ch4. One new young massive
protostar in accretion phase have been detected in East 2 region and this source is not yet
being able to drive an HIl region.

Further study of the three massive star forming regions is required in longer wavelengths
(i.e., sub-mm/mm) at higher spatial resolution. Such observations will help confirming the
true nature of the sources such as WK 34 in AFGL 437 and those in the East 1 and East 2
(source “e2s3”) regions of S235 complex.
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HMPOs outflow driving engines: Images
and SED Modeling
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Fig. A.1: Outflow associations for 13 IRC(sppitzerIRAC 8um images of the IRC(s) are repre-
sented by grey scale. The CO outflow data (Beuther et al. 2002a) are shown using dashed
(red-shifted lobe) and solid (blue-shifted lobe) contours. Black circles mark the IRC(S)
modeled as driving engines.
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Fig. A.3: 3-colour-compositespitzefrIRAC images made from Ch4, Ch2 and Chl shown as red,
green and blue respectively. White circles mark the IRC(s) modeled as driving engines.
The circled source from IRAS 18182-1433 region is associated with the jet structure,
possibly be due to the shock-excited molecularerission.
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Fig. A.5: SED model plots: The solid line is the best fit model interpolated to different apertures
at different wavelengths. The grey bunch of lines are the models that satisfy the criteria
X2 — X%est < 3. The dotted line represents the input photosphere. Filled circles and
triangles show good data points and upper limits respectively.
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Fig. A.5: SED model plots: contd.
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Fig. A.5: SED model plots: contd.
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contd.
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Fig. A.6: The best fit SED models are shown decomposed into the disk (green), envelope (red) and
scattered light (yellow) components. The dotted line shows the input photospheric emis-
sion and the solid black line shows the best fit model for a single aperture corresponding

to 2.4’ at the distance of the source (see Table 2.1 for distance).
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Fig. A.6: The best fit SED models: contd.
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Fig. A.6: The best fit SED models: contd.
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Fig. B.1: SpitzerIRAC 3-colour-composite images of UCHII regions (Ch4(red), Ch2(green) and
Chl(blue)). Orange circles represent the locations of IRC(S) driving engines.
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Fig. B.1: SpitzerIRAC 3-colour-composite images of UCHII regions: contd.
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Fig. B.1: SpitzerIRAC 3-colour-composite images of UCHII regions: contd.
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Fig. B.1: SpitzerIRAC 3-colour-composite images of UCHII regions: contd.
2MASS K-band image is used as blue instead of Ch1 for the source G133.95+1.06.
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Fig. B.2: SED model plots of the driving engine of UCHII regions (plot details are the same as in
Fig A.5).
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Fig. B.2: SED model plots of the driving engine of UCHII regions: contd.
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Fig.

B.2: SED model plots of the driving engine of UCHII regions: contd.
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Fig.

B.2: SED model plots of the driving engine of UCHII regions: contd.
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Fig. B.2: SED model plots of the driving engine of UCHII regions: contd.
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Appendix C. AFGL 437: List of Class Il sources; SED modeling of selected sourl62s

Table C.1: SpitzefIRAC 4-channel photometry (in mag) of the Class Il sources in the AFGL 437

region

id RA[2000] Dec[2000] Chl Ch2 Ch3 Ch4arrac

1 3:06:41.46 58:27:56.7 13.80 13.69 13.64 13.02 -1.99
2 3:06:43.92 5842:41.9 1352 1351 13.74 13.12 -2.46
3 3:07:0850 58:28:33.8 990 985 970 911 -1.93
4 3:07:10.39 58:29:28.5 12.61 1257 12.33 1170 -1.77
5 3:07:12.87 58:34:47.6 13.82 13.78 13.31 12.38 -1.12
6 3:07:13.60 58:28:31.6 12.39 1229 1223 1144 -1.78
7 3:07:17.35 58:30:47.8 1296 12.84 1156 10.74 -0.06
8 3:07:22.61 58:31:40.7 1221 11.94 11.91 1095 -1.48
9 3:07:29.07 58:30:09.2 12.00 11.77 11.52 10.71 -1.38
10 3:07:31.11 58:41:59.4 13.66 13.60 13.94 13.48 -2.74
11 3:07:31.65 58:27:03.4 14.30 14.21 1420 1365 -2.14
12 3:07:31.80 58:31:31.3 12.34 12.34 1246 11.81 -2.29
13 3:07:32.86 58:39:28.7 13.76 13.69 13.15 12.07 -0.84
14 3:07:33.45 58:28:53.9 11.77 11.65 11.71 1129 -2.34
15 3:07:35.02 58:31:25.4 11.41 11.02 10.73 10.19 -1.46
16 3:07:35.48 58:33:40.0 13.53 13.43 13.12 1258 -1.72
17 3:07:35.80 58:30:11.5 13.22 13.05 1322 12.34 -1.94
18 3:07:37.02 58:29:40.7 13.01 12.70 1257 11.81 -1.52
19 3:07:40.69 58:28:23.0 12.87 12.73 12.47 1159 -1.38
20 3:07:43.32 58:28:35.3 14.13 13.84 13.62 12.85 -1.40
21 3:07:43.51 58:37:51.4 14.19 14.14 13.88 13.43 -1.94
22 3:.07:45.03 58:28:49.4 13.69 1352 1353 1271 -1.78
23 3:07:45.66 58:29:54.7 13.35 13.32 13.19 12.36 -1.72
24 3:07:57.05 58:27:38.1 13.97 13.79 13.64 12.82 -1.55
25 3:07:57.13 58:36:23.3 13.91 13.87 13.80 13.14 -1.98
26 3:08:05.58 58:36:26.3 13.59 13.58 13.87 13.38 -2.69
27 3:08:06.89 58:42:55.5 13.32 13.27 1356 12.83 -2.39
28 3:08:17.06 58:30:38.8 11.21 10.85 10.56 9.67 -1.11
29 3:08:21.57 58:29:46.8 13.34 13.19 13.23 12.80 -2.28
30 3:08:22.25 58:38:17.6 13.80 13.77 13.61 12.94 -1.85
31 3:08:22.71 58:38:51.8 13.58 1352 13.51 13.04 -2.25
32 3:08:31.97 58:141:24.2 1320 13.06 13.21 12.81 -2.47
33 3:08:36.15 58:29:02.0 13.55 1355 13.61 13.16 -2.43
34 3:08:39.09 58:31:05.8 13.57 13.19 12.74 11.86 -0.88
35 3:08:41.66 58:29:12.8 13.66 13.56 13.56 12.89 -2.00
36 3:08:45.97 58:37:25.7 14.53 14.42 13.68 13.01 -0.98
37 3:08:50.93 58:34:22.3 14.11 14.08 14.10 1345 -2.12
38 3:08:57.79 58:25:144.2 14.41 14.12 13.98 12.88 -1.16
39 3:08:59.55 58:35:25.8 13.19 13.15 13.23 12.80 -2.44
40 3:08:59.99 58:32:19.5 14.91 14.60 14.35 1357 -1.33
41 3:09:00.13 58:33:18.6 12.91 12.83 12.88 1241 -2.32
42 3:09:00.66 58:32:23.4 14.50 14.28 13.84 13.14 -1.24
43 3:09:01.39 58:27:325 14.43 14.25 13.94 1330 -153
44 3:09:04.73 58:41:52.0 13.27 13.23 13.49 13.01 -2.63
45 3:06:39.09 58:29:47.8 13.55 12.99 1254 11.71 -0.75
46 3:07:14.77 58:31:09.4 13.35 12.66 12.04 11.27 -0.46
47 3:07:20.80 58:30:39.0 11.92 11.13 10.72 9.73  -0.42
48 3:07:31.66 58:30:54.3 12.70 12.19 11.86 11.44 -1.42
49 3:07:33.53 58:30:49.3 13.32 12.89 1259 12.03 -1.39
50 3:07:36.64 58:29:46.9 14.24 13.77 13.19 1242 -0.74
51 3:07:41.22 58:30:48.1 12.31 11.71 11.41 1044 -0.77

a1
N

3:08:51.38 58:32:59.8 13.88 13.34 13.29 12,69 -1.58
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Fig. C.1: SED model plots of s1-s9 sources (from Table 3.1) and details of the plots are the same

as in Fig A.5.
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Fig. C.2: SED model plots of s10-s17 (from Table 3.1) and details of the plots are the same as in
Fig A.5.
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Fig. D.1: IRAC 3-colour-composite image (3.6 (blue), 4.5 (green) and@10(red)) of the entire

M8 region ¢~ 42.5x 30.0 arcmid) available inSpitzerarchives (see more details in the
caption of Fig 4.1).



Appendix D. M8: IRAC images, YSO lists and YSO selection criteria 168

D.1 Ciriteria for the selection of contaminations:

The following gives the selection criteria for various possible contaminations, based on
IRAC colour indices (see Gutermuth et al. (2009) for more details):

a) PAH Galaxies:

45— 5.8 < T2 x (58]~ [80] - 1)

&

[4.5] — [5.8] < 1.05

&
[5.8] — [8.0] > 1
&
[4.5] > 11.5

Another set of conditions fdPAH galaxies in addition to above mentioned conditions, is
the following:
3.6] — [5.8] < % < ([4.5] — [8.0] — 1)
&
[3.6] — [5.8] < 1.5
&
[4.5] — [8.0] > 1
&

[4.5] > 11.5
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b) AGNs:

[4.5] — [8.0] > 0.5
&
[4.5] > 13.5 + ([4.5] — [8.0] — 2.3)/0.4
&

[4.5] > 13,5

In addition, one needs to consider any one of the following conditions along with the above
mentioned conditions:

[4.5] > 14 + ([4.5] — [8.0] — 0.5)
OR

[4.5] > 14.5 — ([4.5] — [8.0] — 1.2)/0.3

OR
[4.5] > 14.5
c) Shocked Emission:
3.6] — [4.5 1.2 4.5] — [5.8 0.3) +0.8
3.6] = [4.5] > 5= x (([4.5] — [5.8]) — 0.3) +0.
&

[4.5] — [5.8] < 0.85
&

[3.6] — [4.5] > 1.05

d) PAH-emission aperture:

[3.6] — [4.5] < 1.4 x (([4.5] — [5.8]) — 0.7) + 0.15

&

[3.6] — [4.5] < 1.65
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D.2 Ciriteria for the YSO selection:

Once the above mentioned contaminations are removed from the sources then the YSOs
can be identified using the following criteria (see Gutermuth et al. (2009) for more details):

[4.5] — [8.0] > 0.5
&

3.6] — [5.8] > 0.35

&
3.6] — [5.8] < % « ([45] — [8.0]) — 0.5) + 0.5
&

[3.6] — [4.5] > 0.15

D.3 Ciriteria for the “Red sources”:

Additionally, the “Red sources” that include AGB stars may be removed from the YSO list
following the criteria give below (see Robitaille et al. (2008)):

13.89 > [4.5] > 6.50
&

9.52 > [8.0] > 4.01
&

[4.5] — [8.0] > 1
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Table D.1: SpitzerIRAC 4-channel photometry (in mag) of the Class 0/l YSOs identified in the
M8 (see text for details); the JHK photometry is taken from literature with the numbers
in the last column referring to: 1. 2MASS; 2. Arias et al. (2006); 3. Arias et al. (2007)

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Chdargac H  JH H-K NIRRef.

1 18:02:25.56 -24:32:41.7 1263 11.88 10.87 976 051

2 18:02:29.28 -24:08:158 579 512 441 345 015 946 3.16 1.96 1
3 18:02:42.07 -24:19:13.2 1219 1063 954 862  1.20

4 18:02:42.97 -24:23:255 1128 1013 928 833 051

5 18:02:49.71 -24:22:26.6 11.36 9.90 9.13 8582  -0.01

6 18:02:52.85 -24:20:46.6 1152 1027 954 885  0.15

7 18:02:53.21 -24:20:17.3 891 831 7.82 594 049 9.79 016 0.19 1
8 18:03:06.89 -24:20:57.6 11.08 1029 952 824  0.40

9 18:03:06.99 -24:21:20.1 8.78 7.87 6.86 594  0.46

10 18:03:11.64 -24:11:57.0 6.63 557 428 341 094

11 18:03:12.28 -24:33:305 812 7.13 616 588  -0.22

12 18:03:25.59 -24:21:08.3 10.88 1021 942 855  -0.13

13 18:03:27.38  -24:21:040 11.81 998 9.08 863  0.69

14 18:03:29.22  -24:21:49.9 10.34 989 905 7.80 013 1327 144 1.08 1
15 18:03:30.84 -24:20:03.1 1173 994 863 7.36 212

16 18:03:35.58 -24:22:046 11.86 1075 951 7.37 231

17 18:03:36.21 -24:18:13.7 9.87 867 7.91 711  0.27

18 18:03:36.28 -24:17:551.1 875 7.66 6.68 553  0.85

19 18:03:37.05 -24:22:31.6 10.34 936 825 7.06 096  13.87 113 0.98 1,2
20 18:03:37.41 -24:13:56.9 4.64 404 309 243 021 683 195 1.28 1
21 18:03:37.74 -24:25:30.3 1124 1018 947 817 061

22 18:03:38.31 -24:33:59.8 1171 1059 9.67 856  0.75

23 18:03:38.65 -24:22:243 900 7.90 696 522 145 1252 101 092 123
24(KS1)  18:03:40.37 -24:22:386 6.19 529 446 251  1.34 1061 163 1.08 2
25(Her 36)  18:03:40.43 -24:22:43.6 542 472 3.86 227  0.79 7.45 049 054 1,2
26(KS4)  18:03:41.50 -24:22:443 936 858 — @ — — 12.99 217 1.46 2

27 18:03:44.95 -24:16:08.7 1113 1066 9.88 858  0.13

28 18:03:45.16 -24:23:250 8.88 820 754 624 018  11.36 1.30 092 2,3
29 18:03:47.05 -24:25:37.4 845 7.86 695 608 -0.05 11.81 1.74 1.37 1
30 18:03:47.37 -24:18:444 873 816 729 633  -0.03

31 18:03:47.47 -24:25:345 873 7.87 699 613  0.16

32 18:03:48.44 -24:26:320 9.77 864 775 729  0.00

33 18:03:48.47 -24:25:58.6 10.47 9.09 840 7.66  0.28

34 18:03:50.26 -24:22:23.4 10.03 954 895 7.80 -0.28 1196 0.85 056 1
35 18:03:54.23 -24:25:33.3 10.15 940 828 6.88 098 1327 172 1.04 1
36 18:04:05.11 -24:16:42.3 10.80 10.04 956 843 -0.19 1259 0.83 0.32 1
37 18:04:08.81 -24:27:275 10.36 954 890 811  -0.28

38 18:04:10.55 -24:26:56.1 9.00 832 784 659 -0.13 1110 099 0.62 1,3
39 18:04:11.03 -24:27:205 11.66 948 811 7.10  2.29

40 18:04:11.07 -24:21:315 656 572 483 396  0.17

41 18:04:11.08 -24:26:54.2 10.07 846 7.35 639  1.33

42 18:04:17.06 -24:28:10.9 11.32 1062 987 872  0.15 1367 113 065 1
43 18:04:20.09 -24:29:14.7 556 433 295 277  0.46

44 18:04:20.74 -24:28:22.1 10.06 935 857 7.50 011  13.03 1.87 1.20 1

45 18:04:20.95 -24:21:07.9 11.40 10.78 10.44 9.01 -0.19 13.10 1.06 0.56
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Table D.1: contd.

Object RA[2000] Dec[2000)] Chl Ch2 Ch3 Chdajpac H  JH H-K NIRRef.

46 18:04:21.24 -24:28:03.5 9.86 9.45 8.60 7.39 0.07 1249 131 0.88 1,3
a7 18:04:21.63 -24:11:26.3  9.33 8.68 792 7.08 -0.23 1261 235 1.51 1
48 18:04:21.70 -24:21:146 1147 1098 10.29 9.05 -0.04

49 18:04:23.98 -24:21:27.0 9.19 8.79 8.30 6.58 0.12 9.25 0.07 0.03 1
50 18:04:24.31  -24:20:59.7  9.45 9.17 8.49 6.82 0.20 9.83 0.04 0.01 1
51 18:04:26.52  -24:29:00.3  9.72 9.30 8.59 7.36 -0.09 11.82 1.04 0.50

52 18:04:28.09 -24:22:41.8 11.25 10.82 10.10 8.89 -0.10

53 18:04:28.90 -24:14:.02.6  8.46 8.05 7.30 6.06 -0.04 10.19 042 0.32

54 18:04:30.74 -24:28:45.6  6.75 6.02 534 427 -0.01 10.52 199 1.49

55 18:04:35.78 -24:28:35.6  9.03 8.44 771  6.74 -0.19

56 18:04:40.67 -24:12:16.9 11.06 10.66 9.96 8.78 -0.19 13.01 106 0.2

57 18:04:44.19 -24:15:25.1 10.67 10.25 957 8.32 -0.11 12.01 091 0.37

58 18:04:47.09 -24:27:55.4  9.05 8.08 7.36 6.51 0.04

59 18:04:48.42 -24:27:53.8 10.99 10.66 9.92 8.64 -0.09

60 18:04:50.37 -24:14:25.8 5.02 4.27 329 231 0.32

61 18:04:50.62 -24:25:42.2  8.73 8.11 7.67 5.87 0.36 10.16 0.29 0.43

62 18:04:51.13 -24:26:33.7  9.48 9.03 8.52 6.93 0.05 12.68 195 1.13 1
63 18:04:56.77 -24:27:16.4 1030 9.24 8.44  7.56 0.27

64 18:04:58.82 -24:26:24.1 9.54 8.47 7.82 6.89 0.13

65 18:05:00.47 -24:13:26.8  9.51 8.88 825 6.94 0.08 10.89 0.62 0.37 1
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Table D.2: SpitzefrIRAC 4-channel photometry (in mag) of the Class 1l YSOs identified in the M8
(see text for details); the JHK photometry is taken from literature with the numbers in
the last column referring to: 1. 2MASS; 2. Arias et al. (2006); 3. Arias et al. (2007)

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Ch4arrac H  JH H-K NIRRef.

1 18:02:23.78 -24:08:49.4 10.76 10.41 10.04 9.26 -1.13 1229 094 0.42 1
2 18:02:24.95 -24:36:08.4  7.92 7.57 7.12 6.86 -1.59 959 231 1.02

3 18:02:25.98 -24:27:31.8  6.83 6.25 559 474 -0.42 1146 3.65 214

4 18:02:27.52 -24:22:52.9 8.12 7.53 6.69  6.49 -0.88

5 18:02:27.65 -24:11:38.0 11.53 11.20 10.43 9.70 -0.66

6 18:02:29.49 -24:24:53.7 10.58 10.05 9.81 8.97 -1.07 12.71 1.08 0.69 1
7 18:02:36.33  -24:21:07.9  8.10 7.83 723 6.94 -1.43 1115 3.46 1.78 1
8 18:02:37.34 -24:16:24.4 10.40 9.98 9.55 8.86 -1.08 12.47 0.92 0.56 1
9 18:02:41.45 -24:10:35.3  8.26 7.91 736 7.20 -1.56 10.85 3.13 1.48 1
10 18:02:41.65 -24:33:55.0 7.92 7.55 6.94 6.11 -0.73 9.60 2.07 0.93 1
11 18:02:42.67 -24:17:18.9 6.34 6.06 542 4.88 -1.09

12 18:02:43.91 -24:15:23.1 10.71 1026 9.85 9.03 -0.93 1255 0.77 0.56 1
13 18:02:45.65 -24:13:49.7  8.47 7.92 753 7.24 -1.44 10.85 2.89 1.47 1
14 18:02:48.85 -24:21:08.8  9.56 9.24 8.87 7.88 -0.92 12.34 0.84 0.62 1
15 18:02:49.10 -24:28:15.8 7.32 6.91 6.47  6.13 -1.46 1059 299 1.62 1
16 18:02:49.15 -24:08:52.3  6.50 6.04 573  4.96 -1.12 9.75 288 1.59 1
17 18:02:49.33  -24:11:19.0 5.80 5.34 5.00 4.63 -1.51 9.30 255 1.47 1
18 18:02:50.81 -24:17:56.6  9.95 9.29 9.03 8.29 -1.02 1250 1.43 0.95 1
19 18:02:50.95 -24:22:20.1 10.65 10.21 9.83 8.82 -0.76

20 18:02:51.10 -24:19:23.4  9.59 9.20 8.84 8.02 -1.05 1264 132 0.95 1
21 18:02:51.12 -24:16:57.2 5.29 4.20 3.38 3.18 -0.43

22 18:02:51.15 -24:18:07.9 10.45 9.78 9.50 8.74 -0.96 1295 096 0.71 1
23 18:02:51.39 -24:17:13.3  9.48 9.15 859 8.26 -1.38

24 18:02:52.47 -24:18:44.7  8.56 8.14 764 6.78 -0.79 10.72 090 0.75 1
25 18:02:53.83 -24:20:19.8  9.22 8.68 8.60 7.92 -1.45

26 18:02:53.96  -24:20:11.3  9.97 9.51 9.16 8.41 -1.09 12.61 1.29 1.00

27 18:02:54.30 -24:20:56.5 8.85 8.35 8.01 7.20 -0.99 11.23 0.92 0.77

28 18:02:54.72  -24:19:56.9  9.57 9.14 8.75  8.47 -1.57

29 18:02:56.79  -24:23:34.8 10.17 9.89 9.62 8.98 -1.49 12.32 242 1.10 1
30 18:02:56.88 -24:35:40.7  8.08 7.79 7.28 7.04 -1.59 10.20 2.84 1.29 1
31 18:03:01.50 -24:27:47.1 10.53 10.13 9.47 8.48 -0.45 1293 170 0.90 1
32 18:03:05.14 -24:31:54.2 5.57 5.16 461 3.81 -0.80

33 18:03:06.56  -24:32:13.1  5.60 4.96 4.44  3.56 -0.53 8.46 291 1.63 1
34 18:03:09.96  -24:33:50.4 8.10 7.50 6.97 6.67 -1.19 10.79 263 1.38 1
35 18:03:10.31  -24:26:59.5 6.49 5.89 543 459 -0.69 10.50 293 1.92 1
36 18:03:17.69 -24:20:53.2 10.74 10.25 9.77 8.93 -0.77 12.20 1.08 0.45 1
37 18:03:18.30  -24:25:58.7  8.19 7.44 6.70  6.20 -0.53 10.30 2.58 1.45 1
38 18:03:20.03  -24:20:20.4 1045 1021 9.81 9.05 -1.21 12.45 212 0.99 1
39 18:03:20.53 -24:30:29.8 5.27 5.09 469 4.18 -1.54 831 235 144 1
40 18:03:23.06  -24:23:41.8 7.03 6.61 6.22 5.82 -1.45 1143 297 1.82 1
41 18:03:23.09 -24:21:33.1  9.80 9.53 8.88  8.65 -1.42

42 18:03:24.06 -24:21:23.3  8.58 7.94 7.17  6.95 -0.91

43 18:03:25.06 -24:19:02.2  8.07 7.72 7.07  6.93 -1.44 10.34 3.06 1.45 1
44 18:03:25.12  -24:21:28.4 11.06 10.06 9.49 8.85 -0.36

45 18:03:26.71  -24:22:11.3 8.91 8.68 8.27 7.22 -0.88
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Table D.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 arpac JH H-K NIRRef.
46 18:03:34.15  -24:24:59.7 8.17 7.83 7.19 7.07 -1.50 10.50 296 1.44 1
47 18:03:34.74  -24:18:53.7 6.44 6.20 5.68 5.32 -1.50 10.57 394 221 1
48 18:03:35.86  -24:09:11.9 9.61 8.85 8.82 7.90 -1.04 11.63 091 0.64 1
49 18:03:36.29  -24:09:48.2 6.11 5.74 5.31 4.38 -0.85 1088 282 1.78 1
50 18:03:36.68 -24:10:32.6 8.59 8.39 8.00 7.52 -1.58 10.50 2.04 0.86 1
51 18:03:36.84 -24:24:15.1 10.23 9.71 9.39 8.20 -0.58 12.26 0.89 0.37 1
52 18:03:37.32  -24:22:46.9 9.01 8.44 7.99 6.88 -0.44 1147 134 0.66 2
53 18:03:38.49 -24:22:31.7 881 8.11 7.57 6.63 -0.38 10.80 1.22 0.80 1,2
54 18:03:38.81  -24:08:58.8 5.43 5.08 4.59 3.86 -1.02 8.58 292 155 1
55 18:03:39.05 -24:28:10.8 8.16 7.74 7.09 6.81 -1.23 9.97 241 111 1
56 18:03:39.38  -24:25:24.2 954 9.06 8.54 7.38 -0.37 11.85 114 0.69 1
57 18:03:40.23  -24:22:03.8 9.54 9.15 8.74 7.84 -0.90 1166 131 0.63 1
58 18:03:40.24 -24:29:08.2 5.05 4.51 3.84 2.93 -0.38 8.93 276 192 1
59 18:03:40.33  -24:25:05.2 10.39 9.78 9.54 8.58 -0.86 1225 1.04 0.54 1
60 18:03:40.74  -24:23:16.3  8.67 8.29 7.83 6.87 -0.77 11.24 110 0.80 1,2,3
61 18:03:41.05 -24:25:45.6 8.54 8.21 7.73 7.23 -1.30
62 18:03:42.26  -24:23:22.4 9.68 9.10 8.70 7.76 -0.69 1248 140 0.94 1,2
63 18:03:42.89 -24:16:26.4 8.17 7.79 7.21 7.03 -1.47 9.83 226 1.07 1
64 18:03:43.09 -24:21:29.6  8.49 8.29 7.87 7.08 -1.20 1084 275 1.25 1
65 18:03:43.29 -24:28:07.1 8.14 7.90 7.19 7.09 -1.52 10.13 2.62 1.29 1
66 18:03:45.07 -24:22:05.6 8.61 8.45 8.15 6.37 -0.30 9.13 0.11 0.10 1,2
67 18:03:47.93  -24:18:02.1 9.05 8.45 8.00 7.37 -0.94 12.65 194 1.43 1
68 18:03:49.38 -24:26:14.6  8.47 8.04 7.42 7.27 -1.40
69 18:03:49.61 -24:22:09.3 10.85 10.36 9.99 8.85 -0.59 1265 0.99 042 1
70 18:03:50.73  -24:20:13.3 9.81 9.57 9.31 8.44 -1.29
71 18:03:50.79  -24:21:10.9 6.46 6.14 5.61 4.60 -0.68 9.21 086 0.85 1,3
72 18:03:51.65 -24:28:26.7 9.51 9.21 8.91 8.12 -1.25 11.58 0.80 0.64 1
73 18:03:53.05 -24:14:51.6 8.17 7.59 7.17 6.89 -1.38
74 18:03:57.82  -24:20:51.3 10.21 9.67 9.43 8.52 -0.97
75 18:03:57.84 -24:25:34.9  6.09 5.54 5.09 4.25 -0.76 8.84 094 0.83 1
76 18:03:58.29  -24:16:49.3 9.95 9.26 8.95 8.10 -0.81 1224 1.02 0.71 13
77 18:03:58.54  -24:24:58.8 9.66 9.31 8.90 8.18 -1.14 11.24 0.87 041 1
78 18:03:59.27 -24:23:08.2 9.01 8.79 8.59 7.76 -1.44 11.16 1.24 0.93 1
79 18:04:01.13 -24:22:35.6 10.49 10.30 9.93 8.96 -1.06 12.33 219 0.99 1
80 18:04:03.10 -24:25:19.5 9.53 9.17 8.70 7.60 -0.63 11.72 0.66 0.58 1
81 18:04:04.65 -24:08:49.8 8.03 7.69 7.13 6.92 -1.51 9.89 231 112 1
82 18:04:07.89 -24:26:06.3 10.69 10.27 9.69 8.55 -0.37
83 18:04:08.11 -24:20:55.6 10.90 10.39 10.04 9.04 -0.75 13.03 1.00 0.47 1
84 18:04:08.47 -24:20:49.5 10.76 10.44 10.08 8.93 -0.76 12.39 0.93 0.38 1
85 18:04:09.94 -24:25:32.7 9.72 9.27 9.02 8.20 -1.15 11.15 0.94 0.38 1
86 18:04:10.19 -24:25:49.6 9.09 8.62 8.20 7.27 -0.78 11.80 1.17 0.69 1
87 18:04:11.57 -24:28:42.1 1210 11.85 11.11 10.95 -1.40
88 18:04:11.99 -24:26:28.1 10.18 9.57 9.07 8.18 -0.57 11.81 0.96 043 1
89 18:04:12.48 -24:11:51.6 10.83 10.10 9.70 8.67 -0.44 12.83 1.00 0.73 1
90 18:04:12.52 -24:35:47.1  8.15 7.83 7.43 7.07 -1.58 9.39 202 081 1
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Table D.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Chdajpac H  JH H-K NIRRef.

91 18:04:13.10 -24:26:13.3 10.88 10.43 9.90 8.80 -0.46 12.38 0.99 043 1

92 18:04:15.75 -24:19:01.7 10.07 9.80 9.64 8.80 -1.43 11.71 0.80 0.41 1,3
93 18:04:15.77 -24:25:15.8 10.71 10.17 9.79  9.09 -1.02

94 18:04:15.91 -24:18:46.2 10.05 9.35 9.12 8.48 -1.13 1244 111 0.1 1,3
95 18:04:16.06  -24:27:57.4 10.05 9.70 9.34 8.79 -1.40

96 18:04:16.14 -24:19:525 9.41 8.86 8.44 745 -0.63 11.45 0.92 0.62 1

97 18:04:16.41 -24:24:38.8  9.67 9.17 8.79 7.74 -0.67 11.88 1.10 0.78 1,3
98 18:04:16.93  -24:24:14.9  9.16 8.75 8.38 7.84 -1.33 10.96 0.70 0.38 1

99 18:04:17.42  -24:19:09.8  8.83 8.42 8.00 7.53 -1.34 11.37 157 0.98 1,3
100 18:04:17.89 -24:17:46.8 10.39 9.84 9.60 8.44 -0.69 12.02 094 057 1

101 18:04:19.09 -24:27:58.8 10.28 9.70 9.17 8.8 -0.46 12.43 120 0.73 1

102 18:04:19.31 -24:22:54.9  9.95 9.60 9.33 8.70 -1.42 11.50 0.94 047 1,3
103 18:04:19.58 -24:24:04.7  9.00 8.77 837 7.81 -1.44 11.79 1.48 1.16 1

104 18:04:19.87 -24:28:23.7  9.45 8.86 8.46 7.73 -0.91

105 18:04:20.07 -24:22:48.2 10.58 10.26 9.66 851 -0.44 12.09 0.89 0.83
106 18:04:20.26  -24:20:24.8 10.14  9.79 9.41  8.65 -1.14 12.32 1.04 0.73 1
107 18:04:20.34 -24:24:346 10.75 9.93 9.51 9.07 -0.96

108 18:04:20.52 -24:23:04.1 9.96 9.48 8.97 8.12 -0.73

109 18:04:20.61 -24:23:01.1 10.24 9.89 9.45  8.47 -0.81

110 18:04:20.82  -24:23:22.5 10.33 9.92 9.68  8.88 -1.22 1246 1.05 0.83
111 18:04:21.01 -24:13:41.8 5.42 5.01 451 3.69 -0.85 8.69 232 139
112 18:04:21.11 -24:23:255 10.08 9.81 9.42  8.66 -1.20

113 18:04:21.12 -24:20:47.7 10.46 10.24 9.84 8.79 -0.91

114 18:04:21.19 -24:24:22.4 10.39  9.96 9.55  8.89 -1.13

115 18:04:21.47 -24:23:19.1  9.46 9.16 8.62 7.94 -1.05

116 18:04:21.69 -24:23:19.7  9.75 9.27 8.63 7.75 -0.51

117 18:04:21.82 -24:22:15.6 10.84 10.58 10.09 9.03 -0.74 13.02 091 0.52 1
118 18:04:21.84 -24:16:26.2  9.83 9.50 9.27 8.23 -1.05 11.67 0.89 0.49 1
119 18:04:21.86 -24:11:37.5 1057 10.24 980 853 -0.51 11.77 051 0.22 1
120 18:04:22.77  -24:22:09.7  8.53 8.09 7.65 6.87 -0.95 8.86 0.22 0.30 1
121 18:04:23.05 -24:24:15.2 10.12 9.88 9.27 8.94 -1.40

122 18:04:23.54 -24:22:47.6  9.69 9.15 8.76  8.46 -1.45

123 18:04:24.23 -24:16:25.2  9.95 9.53 9.04 8.29 -0.94 1271 147 1.01 1
124 18:04:26.15 -24:22:45.1  6.73 6.24 577 5.03 -0.90 10.23 165 1.27 1
125 18:04:26.75 -24:22:42.0 11.17 10.85 10.35 9.08 -0.43 13.08 1.09 0.62 1
126 18:04:26.84 -24:23:235  9.07 8.71 8.44 7.71 -1.30 11.30 0.88 0.66 1
127 18:04:27.09 -24:21:06.8 10.84 10.37 10.16 9.07 -0.89 1236 095 051 1
128 18:04:27.27 -24:20:57.0 9.41 9.06 8.82 8.23 -1.52 1259 1.47 1.03 1
129 18:04:27.36  -24:14:27.3  9.84 9.38 8.74  8.05 -0.75 12.69 1.31 1.09 1

130 18:04:27.48 -24:.07:31.1  8.03 7.76 719 6.85 -1.42
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Table D.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3 Ch4arpac H JH HK NIRRef.
131 18:04:28.03 -24:21:432 803 7.57 7.6 604 -059  7.97 -004 0.07 1
132 18:04:28.25 -24:25:480 10.14 9.76 9.39 862  -1.11

133 18:04:28.66  -24:20:20.0 5.77 547 516 4.44 -1.33 8.19 212 1.18 1
134 18:04:29.67 -24:25:19.4  7.09 6.90 6.26 6.03 -1.52 10.36 2.07 131 1
135 18:04:29.93  -24:14:29.8 10.46 10.08 9.76 9.05 -1.24 12.67 1.13 0.63 1
136 18:04:30.59 -24:26:06.9 8.16 769 725 6.85 -1.33 10.29 194 1.00 1
137 18:04:31.07 -24:29:09.9 10.59 1041 9.89 9.04 -1.00

138 18:04:32.35 -24:19:28.1 10.07 9.53 9.07 8.02 -0.52 1248 096 0.59 1
139 18:04:32.39  -24:27:55.2 10.33 995 9.61 8.82 -1.13 13.36 1.62 1.04 1
140 18:04:33.22 -24:27:18.0 9.68 9.02 8.77 8.17 -1.18 11.56 1.15 0.77 1
141 18:04:33.58 -24:21:54.8  8.70 845 7.81 6.89 -0.70 1042 097 0.61 1
142 18:04:34.61 -24:09:02.0 5.30 466 423 343 -0.75 9.29 280 174 1
143 18:04:34.94 -24:22:51.9 10.70 10.27 9.92 8.84 -0.75 1299 099 0.58 1
144 18:04:36.50 -24:19:13.7 10.23 9.73 9.38 8.96 -1.40

145 18:04:38.90 -24:19:28.2  8.24 787 732 7.11 -1.49

146 18:04:39.31 -24:32:244 5.64 525 461 3.77 -0.65 10.00 260 161 1
147 18:04:39.46  -24:27:09.2 1046 9.99 957 8.65 -0.79 12.26 1.10 0.53 1
148 18:04:39.86  -24:23:05.2  9.55 9.05 853 7.57 -0.58 12.28 1.22 0.83 1

149 18:04:40.90 -24:17:10.8  9.29 9.01 8.71 8.5 -1.54 11.70 105 0.70 1,3
150 18:04:41.27 -24:15:449 5.14 458 414 383 -1.35 7.66 263 141
151 18:04:41.63 -24:26:31.8 8.11 749 7.02 6.71 -1.24 10.05 2.07 111
152 18:04:43.53 -24:27:38.7  8.40 776 7.22 6.46 -0.64 10.78 121 0.76
153 18:04:43.65 -24:27:59.1 10.26 9.86 9.63 9.00 -1.44 13.01 147 094
154 18:04:44.06 -24:19:39.7 10.48 10.02 9.75 8.99 -1.18 12.07 0.84 043
155 18:04:44.46  -24:10:17.5 10.15 9.85 9.64 8.85 -1.38

156 18:04:46.41 -24:26:08.0 10.42 10.05 9.52 8.52 -0.65 1254 113 0.53 1
157 18:04:48.05 -24:27:246  7.20 659 6.16 574 -1.18

158 18:04:48.56 -24:26:40.7  8.89 8.46 8.04 7.29 -1.02 11.02 158 0.95 1,3
159 18:04:50.23 -24:27:59.4 10.40 10.09 9.36 8.82 -0.93

bR Wk R

160 18:04:51.53 -24:24:17.4 10.06 9.45 9.00 8.08 -0.61 12.28 121 0.61 1
161 18:04:51.57 -24:26:10.9 10.72 10.02 9.96 9.00 -1.01
162 18:04:51.63 -24:25:15.8 10.37 9.88 940 891 -1.16 12.02 0.97 047 1

163 18:04:52.64 -24:27:30.8 10.72 10.42 9.67 8.99 -0.76 13.28 1.16 0.70
164 18:04:53.48 -24:26:08.7  8.45 791 721 6.66 -0.74
165 18:04:54.08 -24:26:23.7  7.05 6.33 596 5.45 -1.06
166 18:04:55.00 -24:27:18.1  9.15 8.77 829 7.42 -0.84 1259 2.04 133
167 18:04:56.18 -24:09:00.9 8.16 778 755 6.98 -1.52 10.06 2.02 0.99
168 18:04:57.35 -24:20:48.4  4.49 430 3.58 3.28 -1.33




Appendix E

S235: Supplementary plots, YSO lists
and YSO selection criteria

E.1 Criteria for YSO selection for combined JHK and
IRAC data:

YSOs can be identified using H, K, Chl and Ch2 bands with following conditions (see
Gutermuth et al. (2009) for more details):

[[3.6] — [4.5])p > 0.101
&
[K —[3.6]]p >0
&

[K — [3.6]]o > —2.85714 x ([[3.6] — [4.5]]o — 0.101) + 0.5.

where, the subscript ‘0’ indicates dereddened indices.

These YSOs can be further classified into Class | and Il sources with following criteria:
[K —[3.6]]p > —2.85714 x ([[3.6] — [4.5]]o — 0.401) + 1.7

Further, Class | sources must have
[36]0 <15

and Class Il sources must have
3.6] < 14.5

177
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to minimize extragalactic contaminants.

The dereddened colours used in the above criteria are obtained by using the following
relations:

1.33 % (C[H — Klmeas — [[3.6] — [4.5]]meas) — 0.133

[H — K]y =

1.33C -1
EK— 3.6
(K~ B6]l0 = [K — B6mcas = ([H = Klseas — [H = K]o) x 2%
H-K
E3.6 —[4.5
(3.6 = [4.5]]o = [13:6] = [4-5]}eas — ([H = Klmeas — [H = Klo) x =22
H-K
where,
E; By Ey_ Esg-
Sy 73, SR a9, 2K g q7and € == g g,
FEy K K—[3.6] K—[4.5] FEy K
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Fig. E.1: Empirical cumulative distribution function of nearest-neighbour distance for the YSOs
in the entire S235 complex. The separation between clustered and scattered YSOs was
estimated using (arbitrary) distance of inflectiop)(@f 0.62 pc (0.02 at a distance of 1.8

kpc).
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20 o .

[H-K]o

0.5
[[3-6]-[4.5]]0

Fig. E.2: Colour-colour diagram used for measuring extinction for dereddening. Filled red circles
represent the identified YSOs and the rest of the sources are shown by gray open circles.
The extinction calculations are plotted as dotted line obtained by given conditions in
section E.1 of appendix E. The extinction vector for & 2 mag is shown by the arrow,
obtained using the average extinction law of Flaherty et al. (2007).
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Fig. E.3: Empirical cumulative distribution function of nearest-neighbour distance for the YSOs
in Mt. Abu NIR observed region (the vicinity of S235A-B). The separation between
clustered and scattered YSOs was obtained using (arbitrary) distance of inflection value
(d.) of 0.33 pc (0.01 at a distance of 1.8 kpc).
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Table E.1: SpitzerIRAC 4-channel photometry (in mag) of the Class 0/ YSOs identified in S235
(see text for details).

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajrac

1 5:40:34.43 35:40:08.4 1328 1255 11.93 1064  0.16
2 5:40:37.56  35:45:33.8 13.17 1225 11.08 1022  0.63
3 5:40:41.18 351452214 12.97 1222 1119 9.88 0.76
4 5:40:142.46 3546:115 1476 1272 11.83 11.09  1.20
5 5:40:42.63 35:142:31.2 1266 1217 1159 1026  -0.09
6 5:40:42.64 35:146:07.2 1441 1216 10.83 9.90 2.22

7 5:40:42.94 35:45:58.7 13.17 11.90 11.19 1042  0.24
8 5:40:44.15 35:554:59.0 955 830 749  6.46 0.64

9 5:40:44.32 35:145:52.8 1220 11.35 10.68 9.57 0.13
10 5:40:45.60 35:48:116 11.37 932 813  7.28 1.74

11 5:40:149.17 35:141:37.3 1154 11.03 1027 929  -0.22
12 5:40:49.24 35148418 920 865 803 677  -0.06
13 5:40:49.43 35145484 1374 1313 1251 1096  0.33
14 5:40:50.09 35:41:39.5 1221 11.34 1042 9.21 0.61
15 5:40:50.13 35:141:175 1235 11.36 10.82 10.05  -0.27
16 5:40:50.58 35:49:06.0 9.57 8.08 7.4  6.30 0.84

17 5:40:50.70 35:40:43.2 1324 1244 1150 10.88  -0.08
18 5:40:50.82 35:41:25.9 11.68 10.76 10.02 8.92 0.30
19 5:40:51.05 35:41:22.2 11.83 1155 11.04 962  -0.30
20 5:40:51.43 35:40:145 1362 13.12 1255 1121  -0.09
21 5:40:52.24 35:41:17.1 12.26 11.60 10.66 8.98 0.96
22 5:40:52.25 35:40:20.7 1354 12.82 1228 1119  -0.19
23 5:40:52.34 35:40:14.3 13.66 12.69 12.01 1113  0.02
24(S235B) 5:40:52.38 35:41:29.3 6.66 623 461 269 1.94
25 5:40:52.59  35:40:51.4  13.66 12.92 1217 1065  0.59
26(S235A) 5:40:52.79 3542:182 852 7.87 699  5.49 0.66
27 5:40:52.83 35:40:31.7 13.65 1255 11.36 9.65 1.76
28 5:40:53.42 35:40:425 1095 1020 943 858  -0.11
29 5:40:53.49  35:41:52.4 1002 935 875 7.61  -0.10
30 5:40:53.95 35:41:412 1239 1107 10.04 9.27 0.72
31 5:40:54.03 35:40:08.2 1233 1153 11.04 998  -0.21
32 5:40:54.11 35:43:451 1514 12.88 11.98 1121  1.46
33 5:40:54.15 35:140:17.8 1167 1063 9.68  8.80 0.45

34 5:40:54.36  35:44:09.8 861 7.90 7.5  6.08 0.07

35 5:40:54.59 35:42:58.2 1245 11.78 10.89 9.99 0.03
36 5:40:54.72 35:44:07.0 812 652 548 4.4 1.63

37 5:40:56.02 35:42:19.9 11.70 11.30 1056 9.25 0.01
38 5:40:56.04 35:40:24.6 1343 1258 11.88 1053  0.44
39 5:40:56.07 35:40:36.8 13.48 12.66 11.79 10.88  0.17
40 5:40:56.94  35:40:50.7 13.02 12.13 11.37 1057  -0.04
a1 5:40:57.03 35:39:554 13.68 12.61 11.81 1041  0.86
42 5:40:57.04 35:40:454 1428 1329 1245 1151  0.32
43 5:40:57.09 35:44:315 1375 13.18 1253 1142  -0.17
44 5:40:57.40  35:42:405 13.14 1232 11.73 1055  0.08

45 5:40:58.01 35:42:45.0 1496 14.07 12.89 11.66 1.02
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Table E.1: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajpac

46 5:40:59.15 35:41:08.3 14.27 13.66 12.75 11.90 -0.06
47 5:40:59.70  35:46:07.5 12.38 11.82 11.06 10.17 -0.26
48 5:41:00.48 35:49:29.0 10.08 8.82 7.98 7.04 0.58
49 5:41:00.73  35:49:254 11.10 9.25 7.97 7.06 1.74
50 5:41:02.93  35:41:04.4 1253 12.06 11.34 10.19 -0.12
51 5:41:03.95 35:49:54.0 10.50 9.40 8.62 7.89 0.12
52 5:41:05.57 35:40:31.7 1352 13.06 1230 11.13 -0.05
53 5:41:06.55  35:51:09.8 8.08 6.79 5.96 4.66 1.00
54 5:41:08.85 35:48:50.1 11.45 10.19 9.33 8.56 0.43
55 5:41:09.81  35:42:05.2 13.79 13.12 1259 11.46 -0.20
56 5:41:20.92  35:46:17.0 13.45 12.72 12.07 10.97 -0.03
57 5:41:22.73  35:52:08.4 11.97 9.93 8.11 7.78 2.03
58 5:41:24.03  35:52:52.0 12.78 10.65 8.93 7.52 3.17
59 5:41:24.30 35:52:47.1 1286 11.25 10.11 8.99 1.54
60 5:41:2457  35:52:38.4 11.93 11.25 10.63 9.55 -0.12
61 5:41:25.62  35:52:54.2 11.79 10.90 1042 9.43 -0.22
62 5:41:25.98  35:52:28.2 1248 11.61 10.96 9.87 0.12
63 5:41:26.36  35:48:31.4 11.74 1146 10.82 9.55 -0.28
64 5:41:26.79  35:48:32.4 12.08 11.66 11.06 9.60 0.01
65 5:41:26.86  35:52:43.0 12.16 11.26 1054 9.46 0.23
66 5:41:27.64  35:48:59.4 11.65 11.20 10.58 9.11 0.07
67 5:41:27.66  35:48:04.8 13.72 13.08 12.72 11.37 -0.22
68 5:41:28.38  35:51:58.1 11.37 10.70 10.18 9.00 -0.16
69 5:41:29.27  35:49:15.6 13.07 12.66 11.90 10.71 -0.08
70 5:41:29.46  35:48:58.8 7.47 6.44 5.76 4.92 0.03
71 5:41:29.72  35:50:52.3 13.21 1235 1132 9.70 1.20
72 5:41:30.18  35:49:36.8 14.36 1294 1221 11.33 0.53
73 5:41:30.32  35:49:48.0 9.70 8.47 7.44 6.36 0.97
74 5:41:30.42  35:50:03.2 11.64 10.04 9.07 8.13 1.11
75 5:41:30.50 35:49:22.1 13.86 13.04 1242 11.15 0.21
76 5:41:30.54  35:49:48.4 10.09 8.65 7.66 6.77 0.91
1 5:41:30.86  35:50:06.8 13.04 11.89 11.12 10.35 0.20
78 5:41:31.19  35:52:02.5 14.73 13.75 12.83 11.69 0.64
79 5:41:31.42 35:50:26.2 12.81 10.84 9.56 8.51 2.01
80 5:41:31.50 35:47:055 1486 1353 12.84 11.22 1.19
81 5:41:32.47  35:51:27.0 14.32 1299 12.17 10.96 0.93
82 5:41:32.56  35:49:19.2 1248 1165 11.28 9.91 -0.01
83 5:41:37.20  35:45:44.0 12,63 1157 11.13 9.99 0.05

84 5:41:37.69  35:45:34.2 1247 1129 1050 9.31 0.71
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Table E.2: SpitzefrIRAC 4-channel photometry (in mag) of the Class Il YSOs identified in S235
complex (see text for details).

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajrac

1 5:40:15.96  35:44:48.5 1397 13.64 13.13 12.73 -1.37
2 5:40:18.91  35:48:25.3 1291 12.64 1236 11.25 -0.97
3 5:40:20.14  35:55:22.9 11.60 11.42 10.89 10.27 -1.25
4 5:40:30.51 35:45:44.7 1394 13.69 13.15 12.49 -1.12
5 5:40:31.38  35:48:32.4 13.85 13.26 13.09 11.90 -0.72
6 5:40:32.86  35:54:51.5 13,99 13.83 13.26 12.18 -0.71
7 5:40:33.04 35:47:10.1 13.66 13.33 1281 11.95 -0.86
8 5:40:33.89  35:43:22.3 1445 1419 1383 12.86 -1.02
9 5:40:34.85  35:55:05.5 10.78 9.99 9.43 8.74 -0.53
10 5:40:34.96  35:44:57.6 1226 1201 1171 11.13 -1.55
11 5:40:35.28  35:46:21.7 13.20 12.83 12.24 11.46 -0.81
12 5:40:35.93  35:55:29.1 10.37 10.02 9.71 8.91 -1.20
13 5:40:36.54  35:50:41.7 12.65 1235 11.96 11.30 -1.29
14 5:40:36.78  35:46:12.5 11.35 10.96 10.31 9.87 -1.08
15 5:40:37.26  35:43:15.6 12.75 1259 1235 11.66 -1.59
16 5:40:37.63  35:42:54.2 1188 11.66 11.52 10.66 -1.49
17 5:40:37.83  35:41:34.6 13.42 13.07 1255 12.20 -1.39
18 5:40:38.12  35:45:37.4 13.74 13.00 1257 11.97 -0.86
19 5:40:38.52  35:45:17.7 13.75 1341 1298 1251 -1.40
20 5:40:38.94  35:46:07.2 12.20 11.37 10.72 9.99 -0.33
21 5:40:39.02  35:45:55.8 1298 12.38 11.88 10.92 -0.50
22 5:40:39.60 35:45:456 1241 1185 11.09 10.23 -0.30
23 5:40:39.70  35:45:06.5 13.81 1350 13.07 12.51 -1.32
24 5:40:39.72  35:45:48.8 11.54 10.86 10.46 9.87 -0.98
25 5:40:39.74  35:53:26.3 8.92 8.53 8.25 7.18 -0.89
26 5:40:39.82  35:56:15.3 13.35 13.12 1255 11.69 -0.89
27 5:40:40.00 35:40:59.2 12.37 11.83 11.32 10.26 -0.44
28 5:40:40.21  35:41:02.9 10.09 9.80 9.43 8.69 -1.23
29 5:40:40.21  35:39:59.8 13.62 13.26 13.04 12.25 -1.32
30 5:40:41.38  35:55:21.7 10.55 10.03 9.37 8.75 -0.74
31 5:40:42.10 35:44:525 1166 11.36 10.95 9.98 -0.91
32 5:40:42.73  35:43:04.2 13.06 12.68 12.36 11.65 -1.24
33 5:40:42.92  35:54:34.8 10.38 9.80 9.29 8.48 -0.68
34 5:40:43.54 35:45:04.2 13.94 1356 13.24 12.53 -1.25
35 5:40:44.00 35:43:57.6 1297 12.66 12.34 1141 -1.06
36 5:40:44.07 35:43:37.7 1146 11.20 10.71 9.76 -0.87
37 5:40:44.11 35:42:51.8 13.64 1332 1299 1164 -0.58
38 5:40:44.20 35:45:05.0 13.08 1258 12.33 11.54 -1.14
39 5:40:44.38 35:42:489 11.34 11.01 10.64 9.87 -1.15
40 5:40:44.40 35:41:125 1389 13.39 13.23 12.18 -0.96
41 5:40:44.55  35:54:56.5 9.11 8.62 8.13 7.24 -0.70
42 5:40:44.56  35:45:37.5 13.04 12.78 1250 11.71 -1.33
43 5:40:44.66  35:45:30.4 13,57 12.86 1240 11.32 -0.31
44 5:40:45.08  35:46:02.3 11.76 11.19 1089 9.88 -0.75
45 5:40:45.68 35:43:40.4 1336 1285 1265 11.54 -0.84
46 5:40:46.80 35:43:58.7 14.07 13.80 13.67 12.93 -1.58
47 5:40:47.03  35:42:23.1 11.14 10.52 10.30 9.51 -1.06

B
[e¢]

5:40:47.17  35:40:52.0 13.86 13.37 13.02 12.16 -0.93
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Table E.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajpac

49 5:40:47.58 35:41:01.9 1244 11.72 11.30 10.89 -1.10
50 5:40:48.10 35:44:39.8 11.60 11.27 11.19 10.34 -1.46
51 5:40:48.54 35:45:01.3 13.92 13.38 13.06 11.72 -0.39
52 5:40:48.74 35:40:16.6 12.74 1252 12.07 11.24 -1.08
53 5:40:48.82  35:55:57.5 12.68 12.27 11.81 10.96 -0.87
54 5:40:48.86  35:46:03.8 1355 13.04 12.73 11.70 -0.77
55 5:40:49.02 35:41:17.7 12.84 1254 1227 11.46 -1.28
56 5:40:49.28  35:40:41.0 11.35 1091 10.38 9.53 -0.74
57 5:40:49.29 35:40:36.0 11.76 11.39 10.87 9.91 -0.71
58 5:40:49.99 35:44:52.8 10.95 1040 9.98 9.09 -0.74
59 5:40:50.07 35:40:40.8 1441 1416 13.72 12.58 -0.73
60 5:40:50.71  35:40:51.8 1241 11.92 11.36 10.48 -0.62
61 5:40:50.78  35:40:55.0 12.87 12.63 12.20 11.23 -0.94
62 5:40:50.79  35:40:37.0 1297 1227 11.74 11.07 -0.69
63 5:40:50.88  35:41:06.3 10.96 10.41 10.03 9.41 -1.10
64 5:40:50.95 35:48:41.6 11.63 10.96 10.73 10.14 -1.22
65 5:40:51.04 35:40:21.0 1163 11.13 11.10 10.30 -1.43
66 5:40:51.05 35:43:429 12.67 1214 11.71 10.82 -0.75
67 5:40:51.06  35:41:00.5 9.28 9.01 8.49 7.41 -0.67
68 5:40:51.20 35:41:09.6 11.79 11.15 10.86 10.02 -0.88
69 5:40:51.40 35:40:429 13.08 12.82 1224 11.74 -1.23
70 5:40:51.69 35:40:38.3 1294 12.09 1150 10.91 -0.54
71 5:40:51.72 35:45:38.9 10.31 9.94 9.57 8.60 -0.90
72 5:40:51.81 35:40:39.3 12.80 1221 1158 11.14 -0.91
73 5:40:52.02  35:39:57.6 10.62 9.97 9.79 9.11 -1.20
74 5:40:52.41 35:40:07.5 13.36 1251 12.09 11.21 -0.47
75 5:40:52.66  35:41:45.2 10.62 10.36 9.75 8.96 -0.88
76 5:40:52.67  35:40:19.5 12.09 11.24 10.66 9.85 -0.31
77 5:40:52.82  35:40:14.6 13.32 12.64 1243 11.32 -0.66
78 5:40:53.13  35:40:08.7 1346 1291 12.39 11.55 -0.66
79 5:40:53.37 35:40:25.5 11.86 11.26 10.60 9.72 -0.38
80 5:40:53.49 35:41:09.6 1219 1157 10.84 10.22 -0.55
81(M1) 5:40:53.60 35:41:42.6 10.78 9.66 9.10 8.76 -0.59
82 5:40:53.70  35:42:52.3 9.79 9.51 9.24 8.37 -1.24
83 5:40:53.78  35:41:26.6 9.15 8.76 8.20 7.20 -0.58
84 5:40:53.91 35:40:46.1 12,60 1211 11.53 10.77 -0.72
85 5:40:53.94 35:45:443 1122 10.65 10.44 9.88 -1.37
86 5:40:54.00 35:39:58.4 1145 10.83 10.71 10.03 -1.32
87 5:40:54.33  35:40:32.0 13.79 13.29 1276 11.65 -0.40
88 5:40:54.37 35:41:289 11.13 10.34 9.61 9.04 -0.44
89 5:40:54.41 35:41:08.7 13.37 1293 1277 12.19 -1.55
90 5:40:54.58 35:44:23.6 11.19 10.26 9.78 9.28 -0.72
91 5:40:54.67 35:41:21.6 10.90 10.01 9.52 8.72 -0.42
92 5:40:54.72  35:41:16.6 1211 1169 11.33 10.36 -0.86
93 5:40:54.73  35:45:08.2 1345 12.84 12.23 11.97 -1.12
94 5:40:55.14  35:40:52.0 10.62 10.16 9.62 9.09 -1.06
95 5:40:55.20 35:44:37.5 13,52 13.18 12.83 11.57 -0.64

96 5:40:55.44  35:40:54.4 1116 10.71  9.95 9.25 -0.59
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Table E.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajpac

97 5:40:55.70  35:40:20.1 12.87 12.32 11.82 11.00 -0.71
98 5:40:55.88 35:41:249 12.00 11.74 11.11 10.73 -1.30
99 5:40:56.05 35:43:57.0 13.40 12.70 12.18 11.79 -1.00

100 5:40:56.16  35:44:27.0 12.74 1229 12.00 11.47 -1.41
101 5:40:56.25 35:45:02.2 1254 11.95 11.48 10.46 -0.48
102 5:40:56.27 35:43:58.0 11.48 11.03 10.83 10.27 -1.50
103 5:40:56.99 35:42:37.4 1228 11.70 11.38 10.07 -0.39
104 5:40:57.00 35:46:00.3 13.15 1266 12.17 11.10 -0.50
105 5:40:57.12  35:42:32.1 11.57 10.99 10.62 9.43 -0.44
106 5:40:57.65 35:40:50.5 1246 12.09 1152 10.98 -1.09
107 5:40:57.86  35:40:56.6 11.86 1155 10.78 10.02 -0.64
108 5:40:58.01 35:44:36.6 14.79 1429 13.61 13.38 -1.16
109 5:40:58.13  35:42:30.5 13.05 12.61 11.88 10.90 -0.32
110 5:40:58.15 35:43:20.7 10.16  9.66 9.31 8.48 -0.95
111 5:40:58.89  35:41:19.5 1281 1247 12.03 11.59 -1.41
112 5:40:58.99  35:42:46.3 14.22 13.26 1292 11.93 -0.35
113 5:40:59.11  35:42:50.0 13.33 1295 1260 11.98 -1.30
114 5:40:59.14  35:43:07.1 1164 1121 11.02 10.13 -1.17
115 5:40:59.26  35:42:48.6 14.25 1340 1298 12.56 -0.96
116 5:40:59.38  35:40:24.9 11.79 11.27 10.88 10.56 -1.44
117 5:40:59.42  35:41:45.1 1326 1281 1244 1194 -1.34
118 5:40:59.57 35:41:29.0 1425 1385 13.34 1251 -0.83
119 5:40:59.59  35:40:39.3 11.28 10.68 10.21  9.53 -0.86
120 5:40:59.80 35:40:38.8 11.92 11.43 10.90 10.33 -1.00
121 5:40:59.81 35:41:58.5 1412 13.67 13.32 12.09 -0.56
122 5:40:59.84 35:41:11.3 1391 1343 1283 11.92 -0.55
123 5:40:59.92  35:44:04.2 1148 10.77 10.26 9.45 -0.55
124 5:41:00.21  35:40:47.5 12.65 1244 1213 11.56 -1.58
125 5:41:00.94  35:43:14.0 1352 1294 1270 1161 -0.74
126 5:41:01.00 35:41:08.6 11.84 11.27 1095 10.33 -1.15
127 5:41:01.18 35:43:38.4 11.33 10.79 10.51 9.74 -1.08
128 5:41:01.50 35:40:39.6 13.30 13.00 1251 11.42 -0.67
129 5:41:01.58 35:42:51.1 1289 1234 11.82 10.92 -0.59
130 5:41:01.64 35:44:06.4 11.44 1083 10.29 9.77 -0.92
131 5:41:02.25 35:46:07.5 1244 11.92 11.65 10.85 -1.08
132 5:41:02.75 35:40:06.6 12.69 1224 1188 11.45 -1.42
133 5:41:03.20 35:41:46.0 13.70 13.38 13.04 12.35 -1.30
134 5:41:03.45 35:43:355 1329 1289 12.67 11.51 -0.86
135 5:41:03.46  35:44:50.8 13.72 13.47 12.89 12.13 -0.96
136 5:41:04.42 35:46:37.6 11.74 1137 1091 10.11 -0.96
137 5:41:04.89 35:40:54.5 1276 1245 1220 11.55 -1.48
138 5:41:06.59 35:50:21.3 10.19 9.74 9.55 8.44 -0.91
139 5:41:08.02  35:48:44.8 9.57 8.88 8.32 7.60 -0.59
140 5:41:08.84 35:41:25.7 1356 13.18 12.84 12.19 -1.29
141 5:41:09.02  35:40:20.2 13.29 12.84 1247 11.52 -0.85
142 5:41:09.13  35:48:58.0 10.77 10.39 9.73 8.89 -0.64
143 5:41:09.32  35:49:28.4 9.10 8.38 7.70 6.92 -0.34
144 5:41:09.95 35:49:20.4 11.03 10.27 9.88 9.55 -1.20
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Table E.2: contd.

Object RA[2000] Dec[2000] Chl Ch2 Ch3  Ch4 ajpac

145 5:41:11.31 35145:06.9 1285 12.31 12.03 1130 -1.12
146 5:41:11.95 35:145:59.3 1293 1251 1219 1161  -1.35
147 5:41:12.86 35:51:03.7 10.78 10.33 10.03 9.41  -1.30
148 5:41:13.81 35:144:247 1314 12.90 1274 1170  -1.24
149 5:41:14.56  35:50:01.6 10.94 1051 10.13 9.45  -1.15
150 5:41:14.78 35:52:27.4 11.76 1154 11.36 1047  -1.40
151 5:41:16.89 35145521 1217 1158 11.38 1053  -1.05
152 5:41:17.16  35:555:43.6 13.80 1343 13.02 11.88  -0.65
153 5:41:17.55 35:50:06.9 11.67 11.16 11.04 9.88  -0.89
154 5:41:18.09 35:53:064 11.06 1042 992 888  -0.38
155 5:41:18.12 35:148:358 1222 11.95 1172 1097  -1.43
156 5:41:19.96  35:51:28.1 11.82 1148 11.19 1023  -1.05
157 5:41:20.65 35:42:14.2 1245 1214 11.96 10.99  -1.22
158 5:41:20.68 35:48:10.8 11.51 11.31 1094 10.35  -1.48
159 5:41:21.72 35:552:44.7 1242 11.86 11.44 1065 -0.85
160 5:41:21.84 35:52:18.3 10.86 10.28 961 878  -0.44
161 5:41:21.98 35:51:53.9 1025 966 934 886  -1.29
162 5:41:22.68 3551:51.4 1215 1197 1166 1070  -1.17
163 5:41:23.61 35:47:08.8 1345 13.14 1257 1140  -0.46
164 5:41:24.94 35:53:06.6 11.58 10.87 10.41 9.60  -0.62
165 5:41:2511 35:47:00.2 12.01 1157 11.10 1013  -0.70
166 5:41:2521 35146:43.9 1369 1325 1282 1185 -0.75
167 5:41:2523  35:53:00.3 1232 11.15 1056 1027  -0.55
168 5:41:25.34  35:52:36.3 11.77 11.31 10.98 10.19  -1.06
169 5:41:2541 35:52:10.2 10.89 10.62 10.46 9.63  -1.43
170 5:41:25.82 35:552:17.9 11.17 1074 10.40 9.43  -0.88
171 5:41:26.12 35:47:12.1 1254 12.08 11.62 1035  -0.36
172 5:41:27.38  35:148:54.7 11.03 1034 987 886  -0.41
173 5:41:27.38 35:52:53.9 13.13 12.64 1226 1168  -1.19
174 5:41:27.43 35:53:04.7 1388 1323 1294 1168  -0.41
175 5:41:27.72 35:146:257 1253 1215 11.80 10.75  -0.83
176 5:41:28.35 35:47:35.7 1257 1221 12.05 11.04  -1.15
177 5:41:290.10 35:49:34.2 11.92 1155 1125 1006  -0.76
178 5:41:29.25 35:146:43.9 13.07 1246 11.87 11.03  -0.50
179 5:41:29.68 35:149:19.9 1238 11.91 11.78 1093  -1.26
180 5:41:30.07 35:550:47.5 1216 11.90 11.37 10.08  -0.43
181 5:41:30.20 35:141:21.0 1502 14.81 14.40 1318 -0.72
182 5:41:31.02 35:146:184 1370 13.33 13.16 1252  -1.54
183 5:41:31.06  35:50:15.2 11.13 1046 10.03 9.28  -0.76
184 5:41:31.10 35:47:14.7 11.05 1074 1031 922  -0.74
185 5:41:31.25 35:149:31.7 1264 1153 10.85 10.62  -0.56
186 5:41:31.39  35:50:01.6 13.05 1251 12.13 11.04  -0.58
187 5:41:32.74  35:49:30.2 13.66 13.40 13.02 12.06  -1.01
188 5:41:33.22 35:49:315 1211 11.83 11.69 1094  -1.54
189 5:41:33.76  35:47:454 1172 1142 1116 1037  -1.32
190 5:41:38.31 35:149:56.3 12.84 12.37 11.92 1144  -1.23
191 5:41:41.51 35:148:52.0 1221 11.60 11.33 1033  -0.77
192 5:41:43.11 35:143:165 11.34 10.85 1037 977  -1.05
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Table E.3: Mt. Abu J, H, K andSpitzerIRAC Ch1 and Ch2 band photometry (in mag) of the Class
I YSOs identified in vicinity of S235A-B region (see text for details).

Object RA[2000] Dec[2000] Jmag Hmag Kmag Chi Ch2

1 5:40:34.51 35:40:09.1 16.30 14.92 1421 13.28 12.55
2 5:40:49.21 35:40:41.5 15.03 13.80 13.07 11.35 10.91
3 5:40:50.82  35:40:49.2 1399 1329 1289 11.21 10.76
4 5:40:51.13  35:41:09.7 — 15.77 1423 11.79 11.15
5 5:40:51.97 35:39:58.4 15,51 13.86 12.72 10.62 9.97
6 5:40:52.17 35:41:41.6 15.18 14.06 13.17 11.46 10.79
7 5:40:52.18  35:41:17.5 — 15.28 1431 1226 11.60
8 5:40:53.06  35:40:09.6 — 15.77 15.01 13.46 1291
9 5:40:53.07 35:42:23.9 15.11 13.98 13.16 1357 11.54
10 5:40:53.30 35:40:26.2 1540 1426 1341 1186 11.26
11 5:40:53.36  35:40:43.1 — 1485 13.33 10.95 10.20
12 5:40:53.44  35:41:10.4 — 15.74 1474 1219 1157
13 5:40:53.65 35:41:47.5 16.39 15.04 1448 1238 11.72
14 5:40:54.50 35:43:58.1 16.35 14.61 1356 1224 11.35
15 5:40:55.07 35:43:59.0 16.25 15.00 14.39 1271 12.01
16 5:40:55.20 35:43:15.0 16.44 1525 1497 13.28 12.79
17 5:40:56.10  35:40:08.4 16.63 15.34 14.16 1249 11.89
18 5:40:56.58 35:42:40.0 1691 1550 1470 13.05 1254
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Table E.4: Mt. Abu J, H, K andSpitzerIRAC Ch1 and Ch2 band photometry (in mag) of the Class
II' YSOs identified in vicinity of S235A-B region (see text for details).

Object RA[2000] Dec[2000] Jmag Hmag Kmag Chi Ch2

1 5:40:33.42 35:40:14.1 14.02 13.34 13.15 12.13 12.03
2 5:40:33.63  35:40:10.3 — 13.86 13.75 12.88 12.73
3 5:40:36.71  35:40:26.6 16.75 1559 15.09 14.10 13.92
4 5:40:37.13  35:40:18.8 — 16.75 15.82 15.01 14.72
5 5:40:42.20 35:43:17.3 — 15.76  15.18 13.81 13.56
6 5:40:42.71  35:44:36.5 15.61 14.70 14.44 13.84 13.60
7 5:40:44.55 35:40:45.6 1565 14.33 13.83 1275 12.61
8 5:40:44.66  35:40:38.4 1540 14.23 13.67 1256 12.39
9 5:40:46.73  35:44:20.7 16.14 1521 1478 13.84 13.70
10 5:40:49.37  35:41:57.4 1435 13.36 12.89 11.81 11.45
11 5:40:49.64 35:44:58.6 1599 1496 1430 1224 12.02
12 5:40:50.17  35:40:54.7 — 16.05 1513 13.15 12.88
13 5:40:50.52  35:42:00.9 1597 1397 1286 11.02 10.76
14 5:40:50.69  35:43:03.9 16,55 1553 1498 13.01 12.79
15 5:40:50.94  35:44:09.6 — 1432 1421 1336 13.15
16 5:40:50.97  35:41:17.7 — 1599 1460 1276 12.24
17 5:40:50.99  35:40:21.7 1583 14.71 13,50 11.63 11.13
18 5:40:51.04 35:41:53.9 16.57 15.07 1389 1236 11.97
19 5:40:51.42 35:41:23.2 1528 1428 13.79 1246 12.18
20 5:40:51.53 35:42:31.3 16.36 1455 13.36 11.95 11.49
21 5:40:51.68  35:41:57.1 — 15.38 14.32 1197 11.66
22 5:40:51.76  35:43:53.7 — 16.31 1431 1235 1191
23 5:40:51.78  35:45:11.5 — 15.83 1526 13.77 13.46
24 5:40:52.83  35:43:20.5 — 16.51 1517 1292 1245
25 5:40:52.92  35:42:29.8 15.28 14.31 1342 11.97 11.53
26 5:40:53.82 35:44:49.1 1648 1555 1491 13.78 13.61
27 5:40:54.10 35:44:47.4 — 1555 1440 12.67 12.38
28 5:40:54.11  35:41:06.4 16.39 1520 1436 12.71 12.32
29 5:40:54.20 35:42:00.1 1572 1419 13.13 10.71 10.46
30 5:40:54.54 35:43:53.1 15.68 13.86 1294 1164 11.20
31 5:40:54.74  35:42:01.0 16.40 1495 13.87 11.82 11.51
32 5:40:54.79  35:40:53.1 14.76 13.63 13.14 11.93 11.76
33 5:40:55.19  35:41:10.5 16.06 1439 1342 1217 11.87
34 5:40:55.26  35:42:15.7 — 1598 1475 13.34 12.73
35 5:40:55.78  35:45:03.9 16.62 1549 15.09 13.82 13.57
36 5:40:55.81  35:41:25.7 16.24 1480 13.88 12.00 11.74
37 5:40:56.98 35:44:355 1696 1553 1481 14.09 13.53
38 5:40:56.99 35:42:27.3 1645 1536 14.89 13.93 13.73
39 5:40:57.80 35:40:57.5 15.79 1469 13.94 11.86 11.55
40 5:40:57.84  35:42:57.1 16.31 14,57 1347 11.86 11.32
41 5:40:58.08 35:44:55.9 1598 1539 1512 1436 14.12
42 5:40:58.85  35:43:01.0 — 1570 1470 13.17 12.83
43 5:41:02.38  35:44:34.3 — 15.02 1496 14.12 13.99
44 5:41:05.09  35:44:15.0 — 12.21 1211 11.29 11.18
45 5:41:07.32  35:44:19.8 — 15.73 1532 13.77 13.49
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