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Abstract

Stellar clusters are vitally important laboratories for astrophysical re-
search. These clusters, some of which have populations numbering in
the hundreds of thousands, comprise a coeval stellar population of sim-
ilar chemical composition at the same distance, the analysis of which
can confront stellar evolution theory as well as offering insights into the
distribution of stellar masses in the Galaxy, the so called Initial Mass
Function. Additionally, these clusters are the engines by which mate-
rial in the Universe is recycled through the evolution and destruction
of massive stars which redistribute material throughout a region via a
cluster wind. This is a process best observed at X-ray wavelengths due
to the temperature of the winds, however the actual strength of a clus-
ter wind can be masked by apparent diffuse emission from unresolved
sources in the region. In this Ph.D. project I have investigated this
issue by characterising the X-ray emission from the youngest Galactic
star clusters and quantifying the strength of the relative contributions
to the observed diffuse emission. These observational results were found
to be in agreement with theoretical models in the literature. Addition-
ally, this analysis provided a wealth of information on the various cluster
sub-populations as well as the clusters as a whole. Trends in the prop-
erties of the sub-populations with cluster age were investigated verifying
previous observational results from the literature as well as demonstrat-
ing new trends, such as the frequency of magnetic wind sources in the
youngest clusters. Supplementary to these analyses, the universality of
the Initial Mass Function was probed in these clusters using the distri-
bution of X-ray luminosities in a population known as the X-ray Lumi-
nosity Function. This was achieved by comparing the derived cluster
X-ray Luminosity Functions to a well known and surveyed stellar popu-
lation. It was found that the shape of the X-ray Luminosity Function of
the clusters were generally consistent with that of the calibration cluster

implying a similar underlying Initial Mass Function.
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Chapter 1

Introduction

1.1 Young Stellar Clusters in X-rays

Stellar clusters are vitally important laboratories for astrophysical research. These
clusters, some of which have populations numbering in the hundreds of thousands,
contain stars with a wide range of masses, all of which formed from the same parent
molecular cloud at about the same time. As such, these clusters comprise a coeval
stellar population of similar chemical composition at the same distance, the anal-
ysis of which can confront stellar evolution theory as well as offering insights into
the distribution of stellar masses in the Galaxy, the so called Initial Mass Function
(IMF), which is crucial for the understanding of the evolution of stellar systems.
Massive young star clusters will, depending on their initial mass, harbour a mas-
sive star population. Such clusters could be argued to be of additional importance
as, not only do they allow investigation of the IMF to higher masses, but also can
have dramatic effects on their surroundings due to massive stellar winds and later
Supernovae (SNe) ejecta driving a cluster outflow, known as a cluster wind. This
process enriches the local InterStellar Medium (ISM), as well as potentially trigger-
ing further star formation in the region. The pinnacles of young stellar clusters are
the extragalactic Super Star Clusters (SSCs). SSCs' are young (1-10 Myr), mas-
sive (10° — 107 M) objects with extremely dense cores (< 10° Mg pc™). Such
objects can not only drive star formation in the region but can drive, or potentially
kill, star formation in entire galaxies when several of SSCs contribute to a galactic
scale superwind. Due to its temperature, this cluster wind is best observed in the

X-ray regime. Advances in X-ray imaging and spectroscopy over the last decade

!There exists some ambiguity in the literature as to the classification of SSCs. One of the

many sets of classification criteria is adopted here, as in Whitmore (2000)
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have allowed observations of cluster winds from Galactic young stellar clusters, as
well as extragalactic SSCs. The problem with many of these observations is that,
particularly for distant clusters, the observed diffuse X-ray emission cannot be un-
ambiguously attributed to a cluster wind. In such stellar clusters, huge numbers
of unresolved X-ray emitting sources can also contribute to diffuse emission. Often
in analyses of stellar clusters the contribution of these sources is not quantitatively
determined or, in some cases, is completely ignored and thus the contribution of a
cluster wind can be overestimated. Oskinova (2005) model the X-ray emission from
a massive stellar cluster considering both the stellar population and the cluster wind.
This author finds that for massive clusters younger than 2 Myr, the cluster wind
contributes little to the diffuse emission. Only after this time when evolved stars
with powerful stellar winds appear, does the cluster wind begin to dominate the
diffuse X-ray emission, a configuration which is maintained by the addition of SNe
ejecta later in the cluster’s life. Model predictions were compared to several Large
Magellanic Cloud (LMC) clusters as well as three massive Galactic clusters and
agreement was found with observation. This result demonstrates the overwhelming
importance of including an unresolved stellar population in such analyses. Quan-
titating its contribution however relies on certain assumptions, in particular with
regard to the IMF.

1.2 The Initial Mass Function and the X-ray Lu-

minosity Function

The initial mass of a star is perhaps the most important of its physical parameters.
This value essentially determines the remainder of its life, governing its movement
around the Hertzsprung-Russell diagram. As such, knowledge of the distribution of
initial masses in a cluster population is hugely important in predicting the evolution
of that population. This distribution is known as the IMF. The IMF is a somewhat
mysterious construct as stellar evolution theory is unable to predict its form. Rather,
the IMF is an empirically derived quantity. What makes it mysterious is that the
IMF is seen to be universal, meaning it describes some unknown underlying process
that governs the conversion of interstellar matter to stars (Lada and Lada, 2003).

Mathematically the IMF is the number of stars formed per unit logarithmic mass
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interval. The slope of the IMF is then:

I = dlogF(logM.)/dlogM, (1.1)

Several studies of the IMF for Galactic stars and open clusters exist in the lit-
erature (see Meyer et al., 2000, for a review). In general, estimates of the slope
of the IMF for stars with M > 1My are consistent with I' ~ —1.3 (in the IMF
formulation above), similar to the original IMF estimate of Salpeter (1955) for field
stars. For stars with M < 1My the function breaks from the Salpeter slope and
flattens (Kroupa et al., 1993). For the lowest mass stars however, there is consider-
able debate as to the shape of the IMF. For illustrative purposes, the Salpeter and
Kroupa IMF's are shown in Figure 1.1.

The Stellar Initial Mass Function
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Figure 1.1: Salpeter (S55) and Kroupa (KTG93) Initial Mass Functions derived from
field stars in the Solar neighbourhood. (Figure 1 of Meyer et al., 2000)

The implication of these results with regard to X-ray observations is that if there

are various X-ray emitting sub-populations in a cluster and assuming for a moment
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that all X-ray sources in a cluster have derived X-ray luminosities (Lx), these Lx
values must also conform to some distribution. This is known as the X-ray Luminos-
ity Function (XLF) which, like the IMF, should be universally observed. As X-ray
observations of clusters suffer less from observational issues like source contamina-
tion and obscuration effects, the XLF provides a probe of the universality of the
IMF given the relative ease of deriving the XLF and the ability to observe deeply
embedded stellar populations. In practice not all of the X-ray emitting sources in
a cluster will be detected with non-detection resulting from limiting flux sensitivi-
ties, etc. In addition, age effects must also be considered as sources, such pre-main
sequence stars, have decaying X-ray luminosities. However, it should be the case
that the high luminosity end of the XLF for clusters of a given age have the same
shape. Thus, if we have one cluster of a well known age, with 100% completeness
and know the decay rates of the X-ray emitting populations, we can infer the total
populations of other observed clusters based on a comparison of the high luminosity
end of their respective XLFs. This postulate holds only for single stellar systems
in the clusters however. The number of binary systems emitting X-rays, such as
colliding wind binaries, depend on further parameters such as the binary fraction

and binary separations, etc, which are different for each cluster and each system.

In their X-ray/NIR study of the Cepheus B star forming region, Getman et al.
(2006) investigate the link between the IMF and XLF of the stellar population
and find that these quantities are tightly connected. They additionally use the
well known Orion Nebular Cluster (ONC) data, taken during the Chandra Orion
Ultradeep Project (COUP) to scale the ONC XLF to the Cepheus B XLF and derive
the numbers and contributions of the undetected stellar population. Various authors
use this method (see Broos et al., 2007; Wang et al., 2007, for example) to derive
the properties of the stellar population which all assume, and subsequently find, a
common shape to the high luminosity end of the XLFs, thus inferring a common
shape to the IMF of these clusters, that of the standard IMF for masses > 0.5M
found for the ONC Hillenbrand (1997). Thus, this technique not only provides a
quantitative estimate of the X-ray emission from the unresolved stellar population

of these clusters, but also serves to test the universality of the IMF.
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1.3 Rationale and Plan of the Thesis

Considering the preceding discussions, the scientific goal for this Ph.D. project is
three fold:

1. First and foremost, to facilitate points 2 and 3, I will carry out an X-ray cen-
sus of the youngest Galactic star clusters. To this end I will, using archival
Chandra data, identify the X-ray emitting point source population in each of
the clusters and use these data to quantify the unresolved stellar population
contribution to observed diffuse emission as well as determining the contribu-
tion due to a cluster wind. Though some of these clusters have already been
subject to detailed X-ray treatments, the data reductions and analyses are

repeated to ensure homogeneity in the results.

2. 1 will investigate the predictions of the ‘ideal’ massive cluster model of Oski-
nova (2005) and how they pertain to Galactic clusters of all sizes with ages
up to 5 Myr, when the overall diffuse cluster emission is expected to slowly

decline.

3. Finally, supplementary to the these analyses, I will qualitatively probe the
universality of the IMF in these clusters using the XLF.

The remainder of this introduction describes the various X-ray emitting sources
expected in these clusters including classification criteria and quantitative methods.
[ will then give a brief history of X-ray astronomy and the Chandra telescope before

discussing the programme cluster selection.

Chapter 2 - Data Reduction and Analysis
Of prime importance in the analysis of the Chandra data is consistent reduction

and analysis methods. These are described in Chapter 2.

Chapter 3 - Programme Cluster Results
Chapter 3 highlights the results for each of the programme clusters. A detailed
account of the analysis of one cluster is given before summarizing those of the

remaining clusters.
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Chapter 4 - Diffuse Thermal X-ray Emission in the Core of Westerlund 1

Data reduction and analysis in this project were carried out with specific goals
in mind, namely the characterisation of the X-ray emitting populations of the pro-
gramme clusters. However, on occasion, additional research avenues presented them-
selves and, where time allowed, these were investigated to the full with a view to
publication. In this chapter, one of those results is presented, namely the identifica-
tion of hard thermal X-ray emission in the core of Westerlund 1 using XMM-Newton

observational data.

Chapter 5 - Global Properties of the Programme Clusters and their Sub-
Populations

In this results chapter I will first describe the various cluster sub-populations
and their global properties before discussing the results of the nature of the diffuse
emission in each of the clusters and how they fit with the model predictions of
Oskinova (2005). Finally, I will detail the variation in the cluster XLFs and how
they fit with a universal IMF.

1.4 X-ray Emission from Across the Mass Spec-

trum

Given the distribution of stellar masses in young clusters, a variety of X-ray sources
emitting via various mechanisms will be present in these clusters. [ will now de-
scribe the various X-ray emitting subpopulations we can expect in the clusters and
highlight the observationally derived properties of the sources which will be used to

classify detected sources during the cluster analyses.

1.4.1 Massive Stars - Radiatively Driven Instability Shocks
(RDIS)

Strong X-ray emission from single hot stars was one of the first scientific results
from observations with the Einstein Observatory. Lucy and White (1980) and Lucy
(1982) attributed the observed emission from these stars to shock heated gas re-
sulting from radiatively driven instabilities in their powerful stellar winds, a model
which has changed little to this day. Early surveys of massive stars and star form-
ing regions with Einstein identified the so called ‘canonical’ relation Lx /Ly~ 1077

(see Seward and Chlebowski, 1982, for example). A systematic study of the X-ray
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emission from hot stars detected in the ROSAT All-Sky Survey by Berghoefer et al.
(1997) confirmed this relation showing it to hold down to stars of B3 spectral type,
see Figure 1.2. Stars of later spectral type do not have sufficient radiation fields to
radiatively accelerate a wind out of their gravitational fields and thus cannot emit

X-rays via this mechanism.
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Figure 1.2: X-ray luminosity against bolometric luminosity for a flux limited sample of
OB stars observed during the ROSAT All-Sky Survey. Typical ranges for later type
stars are indicated by the bars on the left. (Figure 4 of Berghoefer et al., 1997)

Since ~ 1077 of the bolometric luminosity of these massive OB stars is emitted
via X-rays, absorption corrected Ly values in the ~ 103! — 10 erg s=! luminosity
range are expected for RDIS emitters. In addition, Berghoefer et al. (1997) find that
all of the detected massive stars are soft X-ray emitters with value of k7" ~ 0.5keV.
Thus, classification criteria for massive stars emitting via RDIS mechanism of 7" < 1
keV and 0.5-8 keV Lx ~ 103! — 1033 erg s~! are set.

1.4.2 Massive Stars - Magnetically Confined Wind Shocks
(MCWS)

Toward the end of the ROSAT era, the RDIS emission from single hot stars was
well known and characterized. However, some massive stars evaded this classifica-
tion and presented with peculiar hard and/or periodic X-ray emission which could
not be explained using the RDIS model (see Babel and Montmerle, 1997b; Gagne
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et al., 1997, for example). To explain this emission, Babel and Montmerle (1997b)
devised a model which supposes the presence of a magnetic field that channels the
stellar wind down to the equatorial plane where the winds from the two hemi-
spheres collide producing a hot shocked plasma with temperatures exceeding 107
K (see Figure 1.3), sufficient for the production of moderately hard X-ray emission
with luminosities comparable to those achieved in the RDIS model. This model was
successfully applied to many sources including the O7V star 6! Ori C (Babel and
Montmerle, 1997a), an O star with a known magnetic field. However, in these OB
stars the ability of the magnetic fields to channel the winds to the magnetic equa-
tor is expected to fall quickly as the stellar mass loss rates increase (Schulz et al.,
2003). Consequently, it is likely that only later O or early B stars will emit via this
mechanism. Thus, classification criteria for massive stars emitting via the MCWS
mechanism have been chosen as kT > 1 keV and 0.5-8 keV Lx ~ 103! — 103 erg

s7L.

postshock region
emitting X-rays

Figure 1.3: Schematic of Magnetically Confined Wind Shock model to explain X-ray

emission from magnetic early type stars. (Figure 7 of Babel and Montmerle, 1997b)

1.4.3 Massive Stars - Wolf Rayets

Wolf-Rayet (WR) stars are evolved massive O-type stars in advanced nuclear burn-
ing stages. These sources are characterized by their extremely powerful metal rich
winds that enrich the ISM. WRs are subdivided based on the dominant features in
their spectra, i.e.- nitrogen rich (WN), carbon rich (WC) and oxygen rich (WO).
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WRs have long been known to be X-ray emitters with the first detections coming
from the Finstein observatory. WN stars are strong X-ray emitters yet the emis-
sion processes are not well understood. Skinner et al. (2010) perform an analysis
of several apparently single WN systems and find that the spectra are well fit with
a heavily absorbed (due to local absorption by the winds) two temperature model
with one cool (kT < 1 keV) and one hot (k7" > 2 keV) component, with derived Lx

! range. The soft component is consistent with RDIS in

values in the 1031733 erg s~
the stellar winds, as in OB stars. However, the hard component is not consistent
with this picture. As such, these authors discuss alternative sources for the hot
plasma including MCWS emission. Though they determine MCWS to be a good
candidate, they highlight the fact that no magnetic field has ever been detected from
a WR star. WC stars on the other hand are found to be X-ray faint (or perhaps
X-ray quiet) by several authors (see Oskinova et al., 2003; Skinner et al., 2010, for
example) with no conclusive detections to date. This is most likely due to much
larger wind opacity than the WN stars, an idea tested by Skinner et al. (2010) who
determine that moderately hard (~ 3 keV) X-ray emission would need to occur far
out in the stellar wind (on the order of thousands of Solar radii) to escape the dense
wind. X-ray emission has been detected from WO stars which have even denser
winds. Oskinova et al. (2009) detect hard (~ 10 keV) faint (Lx ~ 10% erg s71)
X-ray emission from the WO star W142. Thus X-rays from this source are suffi-
ciently hard to penetrate the circumstellar material, though, as in the analysis of
Skinner et al. (2010), it is unclear as to the emission mechanism producing these

hard X-rays.

1.4.4 Colliding Wind Binaries

Many of the high mass stars in young open clusters are contained in binary systems.
Observationally derived binary fractions for high mass stars in clusters range from
about 10-80% (Mermilliod and Garcia, 2001). In addition, the mass ratio in massive
binaries approaches unity meaning these binary systems consist of two high mass
stars. When such stars are in close proximity, their powerful winds collide forming
a hot shocked plasma which radiates at X-ray energies. This process was initially
proposed by Prilutskii and Usov (1976) and Cherepashchuk (1976) and was later
cited to be the mechanism responsible for WRs in binary systems being more X-ray

luminous than in single systems (Pollock, 1987). Now, these so called Colliding
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Wind Binaries (CWBs) are relatively common with several very well known exam-
ples including the enigmatic n Carinae and the ‘canonical’ CWB WR 140. These
source typically exhibit two temperature spectra with a soft thermal component
(< 1 keV) describing the shock stellar wind of one or both the stars (RDIS) and a
hot component (> 2 keV) to describe the shock heated material due to the colliding
wind zone. In addition, these sources can be extremely bright, with 7 Carinae hav-
ing an Lx well in excess of 10% erg s™!(see Leutenegger et al., 2003; Seward et al.,

2001, for example). On the lower scale, these sources have Lx values > 1032 erg s™!.

1.4.5 Low Mass Pre-Main Sequence Stars

Low mass stars (M < 2Mg) while still in their Pre-Main Sequence (PMS) evolution-
ary phase are collectively called Young Stellar Objects (YSOs). The very youngest
YSOs (Class 0, ~ 10* yr) are completely embedded in their parental molecular cloud
core, undetectable at optical or even Near InfraRed (NIR) wavelengths. As the star
evolves it accretes material from the surrounding cloud, reducing the amount of
absorbing material until the star is visible at NIR wavelengths (Class I, ~ 10° yr).
Once the star emerges from the gaseous envelope it enters its T Tauri phase. Ini-
tially, the surrounding material settles into an accretion disk forming a classical T
Tauri system (Class IT, ~ 10577 yr). Finally, when the disk has been either accreted
or dispersed, the star enters the weak lined T Tauri phase (Class III) and though it

may resemble a main sequence star, is still in a contraction phase.

Class I to Class IIT YSOs are known to be moderately bright X-ray emitters
(Favata and Micela, 2003; Feigelson and Montmerle, 1999) with signs of strong
non-periodic flaring. Class I YSOs will, due to the surrounding material, be more
absorbed at X-ray wavelengths than Class II or III YSOs unless the viewing angle
of the Class II YSO is such that it is hidden behind its accretion disk (see Figure
1.4). The X-ray emission from YSOs is largely due to the presence of a magnetic
field (Feigelson and Montmerle, 1999). In Class I and Class II YSOs, the observed
quiescent X-ray emission (or part thereof in the case of Class II YSOs) is thought to
be due to the stars accreting material from the surrounding cloud or disk along the
magnetic field lines onto confined regions of the stellar surface, so called hot-spot
accretion zones. At these points, the infalling material is shocked and heated to
X-ray emitting temperatures. Emission from Class III YSOs is fundamentally dif-

ferent given these objects are not accreting. The X-ray emission from these objects

10
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is thought to be a scaled-up Solar corona like activity, due to the same emission
mechanisms but 3-4 orders of magnitude brighter than the Sun. This emission pro-
cess likely contributes to emission from Class II YSOs also. In addition to quiescent
emission, YSOs are observed to undergo flaring events. Montmerle et al. (2000) pro-
pose that interactions in the star-disk magnetosphere are responsible of the flaring
events in accreting objects. This model suggests that magnetic field lines anchored
to both the star and the disk become twisted due to the differential rotation. Mag-
netic energy builds up and is released and converted to thermal energy in powerful
magnetic reconnection events which heat the confined plasma giving rise to a burst

of X-ray emission.

Classical Weak-lined
T Tauri T Tauri
Star Star

Infalling Evolved

ROPERTI
rROVENINS Protostar Protostar

AGE 4 5 § .7 6 7
(YEARS) 10 10 10 -10 10 -10
Mmrat  Class0 | Classl | Classl | Class!l
; Thin or

Disk Yes Thick Thick Non-existent
X-RAY ? Yes Strong Strong

Figure 1.4: Stages of Young Stellar Object evolution. (From Figure 1 of Feigelson and
Montmerle, 1999)

In the clusters to be analyzed in this thesis, any cluster source that is not a
high mass source is likely a low mass PMS object. As such, any source without a
high mass stellar counterpart is labelled as a PMS source. These PMS sources are

029732 erg s7! though strongly flaring

expected to have 0.5-8 keV Lx values from 1
sources may be brighter. Additionally, their plasma temperatures are expected to
cover a broad range (= 0.1-1.5 keV) for quiescent sources, increasing during flaring

events.

1.4.6 Post-Supernova

The clusters to be studied in this project have ages < 5 Myr. Because of their young

age and because only the most massive clusters will host stars producing SNe after

11
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~ 3 Myr, it is unlikely that post-SN objects will be detected often given that only
a small number of the clusters to be studied are of sufficient age to host a SN (see
Section 1.7) and that only the most massive of these would have contained the most
massive stars which undergo a SN event after ~ 3 Myr. Nevertheless, potential
X-ray sources resulting from these events are briefly discussed in case that any of

these are contained in the clusters.

1.4.6.1 Young Supernovae and Supernova Remnants

Once an evolved star undergoes a SN event the short time scale X-ray luminosity
and emission mechanisms vary considerably. The first, most spectacular stage is the
shock breakout burst. SNe produce no electromagnetic radiation until the explosion
shock reaches the stellar surface. At this point the shock breaks through the surface
producing a brilliant burst of X-ray or extreme ultraviolet photons. If a total of 10°!
erg of energy is released in the supernova explosion, some ~ 10%~47 erg are expected
to be released in X-rays during shock break-out (Calzavara and Matzner, 2004).
After the break-out burst, the X-ray luminosity reduces considerably. The dominant
emission mechanism after the break-out is the ejecta/CircumStellar Medium (CSM)

interaction. The X-ray luminosities from this phase can range from ~ 1034

erg
s7! depending on the wind properties of the SN progenitor and the time after SN
event. Inverse Compton cooling of relativistic electrons produced in the explosion
can also contribute to the X-ray emission from some young SNe. Upscattering of
optical or UV photons to X-ray energies can, depending on the Lorentz factor and
the effective temperature of the photospheric emission, produce a detectable X-ray
flux for the first few days after the outburst. A further contribution to the X-ray
emission comes from the radioactive decay of the ejecta. y-rays due to the radioactive
decay of isotopes of Fe, Ni and Co are produced. After a few hundred years the
ejecta reach the boundary between the CSM and the Interstellar Medium (ISM).
The same interaction occurs as with the CSM but the reduction in ejecta velocity
and density over time causes the X-ray luminosity to be somewhat reduced. This
is known as a SuperNova Remnant (SNR). SNRs can also interact with the stellar
winds of nearby massive stars in the clusters (Velazquez et al., 2003). Although

SNRs are very bright objects in the X-ray regime (~ 1034736 erg s~! or brighter
depending on their environment) they are somewhat short lived lasting only a few

tens of thousands of years (Immler and Lewin, 2003).
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1.4 X-ray Emission from Across the Mass Spectrum

1.4.6.2 Collapsed Objects

Isolated

An OB star supernova event will, depending on its initial mass, produce either
a neutron star or black hole. As one might expect, isolated black holes are not
X-ray emitters, however neutron stars in their normal, pulsar and magnetar variety
are. Emission can either be a product of synchrotron emission of charged parti-
cles due to the immense magnetic fields or due to the surface temperature of the
stars themselves, particularly from the polar caps where the star is bombarded with
relativistic particles returning from the magnetosphere to the surface (see Kaspi
et al., 2004, for a review). In reality, X-ray emission from single collapsed objects
results from a combination of the aforementioned processes. Observationally, these
X-ray emitting objects would present as bright objects (Lx> 103 erg s~1) without
a stellar counterpart and have featureless X-ray spectra, described by either a cool
blackbody (kT ~ 1 keV) and/or a power law model.

Binary

In high mass binary systems, which likely comprise a CWB system, the primary
star will eventually undergo a supernova event. Providing the system is not disrupted
by a SN kick, this will leave one high mass star with a compact companion (either
neutron star or black hole) known as a High Mass X-ray Binary (HMXB). In such
a system X-rays will be produced via the relativistic accretion of material onto
the compact object. This mechanism can, depending on the binary configuration,
produce large X-ray luminosities ~ 10 erg s™! (Liu et al., 2006). In the wider
configurations, the luminosity is reduced (~ 10373% erg s7! Liu et al., 2006) as the
transfer of material to the compact object is via the stellar wind of the high mass

star, which is known as wind-fed accretion.

1.4.7 Diffuse Sources

It is likely that there will be diffuse emission observed in many of the clusters to be
studied in this project. This emission may be truly diffuse resulting from a cluster
wind for example, or maybe due to unresolved point sources in the cluster. However,
it can be difficult to determine the true nature of diffuse emission and models of

possible sources must be used to assess the strength of each individual contributor.
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1.4 X-ray Emission from Across the Mass Spectrum

The possible sources of diffuse cluster emission are described below including the

methods by which their contributions are determined.

1.4.7.1 Cluster Wind

Many of the young clusters studied in this project harbour a massive star popula-
tion. These massive stars are the source of large amounts of energy and mass being
injected into the cluster volume via stellar winds. The winds collide and thermal-
ize, filling the cluster core volume with a hot, shocked plasma. After some time,
the outflow from these thermalized winds becomes stationary and a steady state
cluster wind ensues (Cant6 et al., 2000, and references therein). The temperature
of this hot, diffuse plasma in the cluster volume is sufficiently high to radiate at
X-ray energies and hence, depending on the strength and number of stellar winds,
may contribute to the observed diffuse emission in the clusters. Cant6 et al. (2000)
describe an analytic model for this process with individual stars in a spherically

symmetric cluster injecting mass and energy into a cluster wind, see Figure 1.5.

Figure 1.5: Schematic showing the winds from uniformly distributed stars in a cluster

with radius R¢ interacting to produce a cluster wind. (Figure 1 of Canté et al., 2000)

Stevens and Hartwell (2003) refined this model, incorporating lower thermaliza-
tion efficiencies and mass loading, to predict the properties of the cluster wind for
some Galactic and Magellanic Cloud clusters and compared them to observations

finding some trends in the input model parameters with observed X-ray luminosities.
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1.4 X-ray Emission from Across the Mass Spectrum

However, these authors do not consider a possible contribution from an unresolved
population in their analysis. To predict the contribution of a cluster wind to any
observed diffuse emission in the clusters, the Canté et al. (2000) model is used here
in combination with the mass and energy input equations of Stevens and Hartwell
(2003) to derive theoretical cluster wind parameters, namely the central ion number

density and the central plasma temperature. These are given as:

Vs -1 -2
o (i) () (5
cm~3 10-5Mg yr 103km s pc

Do) s 107 (0 2 1.3
O R ST (13)

where N is the number of stars contributing to the thermalized cluster wind, M is

the average mass loss rate per star, v, is a weighted average wind velocity of the
stars and R is the radius of the region containing the stars. To determine M and
vy, the known spectral types of the high mass population were used to determine
the O star wind terminal velocities from Kudritzki and Puls (2000) and mass loss
rates from Howarth and Prinja (1989). Similarly, WR wind terminal velocities and
mass loss rates were adopted from Crowther (2007). To determine an estimate for
the X-ray luminosity due to a cluster wind, the method of Muno et al. (2006b) is
used. The derived central ion density (n) is used in combination with the cluster

radius (R¢) to calculate an emission measure using the equation:

4

This emission measure is then used to calculate a normalization for a thermal
plasma model in XSPEC (see Section 2.2), which, in combination with the derived
central plasma temperature (k7j), is used to extract X-ray fluxes and derive X-ray
luminosities. One must be aware however that the model used for these cluster
analyses does not incorporate the thermalization efficiency and mass loading of the
cluster wind described by Stevens and Hartwell (2003). In practice, the adopted
model assumes no mass loading and a thermalization efficiency of 1 (i.e. - no radia-
tive losses in the conversion of the stellar wind energies to the cluster wind). This
may be simplistic and it is noted here that a change in either parameter would serve

to increase the predicted overall X-ray luminosity and reduce the k7Tj value.
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1.4 X-ray Emission from Across the Mass Spectrum

1.4.7.2 Unresolved PMS Stars

Although the PMS sources in a cluster will be detected, many more will fall below the
detection threshold of the observation. These sources, though point-like in nature,
will manifest as diffuse emission in the cluster volume. To assess the contribution of
unresolved PMS population, the methods adopted by Broos et al. (2007); Getman
et al. (2006); Wang et al. (2007); and others are used. An XLF is constructed for
the brighter low mass PMS sources in each of the clusters and compared to that of
the ONC using data from the COUP. Assuming that the clusters have similar IMF's
which infers similar PMS XLF's, the shape of the high end PMS XLF's for each of
the clusters should be similar to that of the ONC. As such, the ONC XLF can be
somewhat reliably scaled to that of the cluster, illustrated using the M 17 XLF of
Broos et al. (2007) in Figure 1.6. Integration of the ‘missing’” PMS population of
the XLF (indicated by the region with diagonal lines in Figure 1.6) thus provides

an estimate for the contribution from the unresolved sources.

1000 prrrrprrrrrrrrrrrrTTTTE RARRAISRRINASEAS RIS prerrrrrT prrrrrrT o

dN/d(Log (L, )

SN ILTTET FERRRVET T | FERUTTETI FEYRUTERY CRRTTRNTTA FRTRTRY OU FNRUVRUTE
i 27 28 29 30 31 32 33
Log (L, ) [erg/s]

Figure 1.6: 2-8 keV XLF of the M 17 PMS population from Broos et al. (2007) (their
Figure 9(a)). The black solid line indicates the M 17 population XLF, the grey solid line
indicates the COUP XLF. The grey dashed line indicates the scaled COUP XLF. The

diagonal lines mark the ‘missing’ PMS population region which is integrated to

determine an estimate of the X-ray luminosity due to an unresolved PMS population.
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1.5 X-ray Astronomy

1.5 X-ray Astronomy

Observing in X-rays is one of the more recent branches of astronomy. X-ray radiation
is absorbed by the Earth’s atmosphere so detectors must be sent to high altitudes
or to space itself. The first cosmic X-ray source was detected by accident in the
sixties with a detector mounted on a rocket sent high into the atmosphere. Subse-
quent experiments were mounted on balloons which could observe at the top of the
atmosphere for longer periods but still suffered from atmospheric absorption. Even-
tually X-ray telescopes were built into satellites and placed into orbit high above
the atmosphere where the entire X-ray spectrum could be observed. Past satellites
such as Finstein, ASCA, BeppoSax and ROSAT gave observers the first insight into
cosmic X-ray production. The current generation of imaging X-ray observatories
(XMM-Newton, Chandra and Suzaku) are capable of high spatial and spectral reso-
lutions and as such have led to the discovery of new classes of celestial objects and
processes. Of these current generation telescopes, Chandra, with its very high spa-
tial resolution, is most suited to the requirements of this Ph.D. project. Chandrais
capable of resolving individual sources in clusters from the diffuse emission. Though
the other telescopes such as XMM-Newton are incredible instruments in their own
right, for the study of stellar clusters they are slightly less suited than Chandra.
In the following section I will give a description of the Chandra satellite and the

instrument of choice for this project, the Advanced CCD Imaging Spectrometer.

1.6 Chandra

Chandra is a space observatory that is used to study a variety of X-ray phenomena
in the Universe in the 0.1-10 keV energy range. At the front of the X-ray telescope is
the High Resolution Mirror Assembly (HRMA), which is capable of focussing X-ray
photons to sub-arcsecond spatial resolution. Chandra’s Integrated Scientific Instru-
ment Module (ISIM) houses two focal plane instruments (the Advanced CCD Imag-
ing Spectrometer (ACIS) and the High Resolution Camera (HRC)) along with two
transmission grating spectrometers (the Low Energy Transmission Grating (LETG)
and the High Energy Transmission Grating (HETG)), see Figure 1.7. These instru-
ments can be placed in various configurations and/or run in various modes to suit
the needs of the observer be they spatial, spectral or temporal. Chandra, along with

the Hubble Space Telescope and the Spitzer Space Telescope, is one of NASA’s Great
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1.6 Chandra

Observatories still operational. The satellite was launched by the shuttle Colom-
bia (STS-93) on 23rd July, 1999, into a high elliptical orbit allowing uninterrupted

observing times of over 48 hours.
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Figure 1.7: A rendered image of Chandra and its instruments

Chandra has now been collecting data for some 11 years, the majority of which
is publicly available via the Chandra Data Archive (http://cda.harvard.edu/
chaser/mainEntry.do). Only those data taken 12 months prior to an archive search
are unavailable to the public. The Chandra X-ray Center maintains the Chandra In-
teractive Analysis of Observations (CIAO) data reduction software, and the Chandra
CAlLibration DataBase (CALDB), retrievable at http://asc.harvard.edu/ciao/.

With regard to this Ph.D. project, the ACIS instrument is ideal for the study
of stellar clusters. Placing the ACIS in the focal plane of the HRMA offers sub-
arcsecond resolution (allowing point sources to be resolved from the diffuse back-
ground) with moderate spectral capabilities (allowing reasonable spectral analysis

of point and extended sources). Hence, I limit the description of Chandra’s scientific
payload to the HRMA and the ACIS instrument.

1.6.1 HRMA

The HRMA consists of four pairs of concentric, grazing-incidence Wolter Type-I
mirrors (see Figure 1.8) with a total focal length of 10.07 m. The mirrors were

fabricated from Zerodur glass, a material that chemically and thermally is highly
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1.6 Chandra

stable (thus suited to the harsh environment of space), which can be polished to a
very high accuracy (see Aschenbach, 1985, for a discussion of the X-ray optics and
fabrication techniques). The mirror assembly has a ghost-free FOV of 30’ diameter
and, depending on the focal plane instrument used, has an on-axis Point Spread
Function (PSF) FWHM of < 0.5” (this value is limited by the physical size of the
instrument CCD pixels and not the HRMA). This PSF FWHM will vary depending
on the incident photon energies and off-axis angle of any source focussed by the
HRMA (see Figures 1.10 and 1.11).

Mirror
Zerodur support
mirrors sleeves
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Farward 0 Canter
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collimator mount collimator

Figure 1.8: The four nested HRMA mirror pairs and associated structures. (From the

Chandra Proposer’ Observatory Guide!)

1.6.2 ACIS

The ACIS instrument (http://cxc.harvard.edu/proposer/P0G/html/ACIS.html)
onboard Chandra consists of two CCD arrays, the ACIS-I and the ACIS-S, which are
capable of imaging the sky with high spatial resolution while simultaneously taking
moderate resolution spectra (£ = 20 — 50) in the 0.3-10 keV energy range. The
ACIS-I consists of four CCDs in a square arrangement and lie tangent to the focal
surface of the telescope. The ACIS-S consists of 6 CCDs in a linear arrangement
and lie tangent to the HETG Rowland circle used during the grating readout mode
(see Figure 1.9). The ACIS-I has a 16.9’x16.9" FOV whereas the ACIS-S has a
8.3’x50.6" FOV in imaging mode.

The spatial resolution for both ACIS arrays is ~ 0.49” on-axis and increases with

increasing incident photon energy and off-axis angle (see Figures 1.10 and 1.11). The
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Figure 1.9: A Schematic Drawing of the ACIS chip arrays. The shaded area indicates
the active CCDs during ACIS-I observations. (From the Chandra Proposers’
Observatory Guide)

effective area (the ability of the telescope mirrors to collect radiation at different pho-
ton energies folded through the detector response) also varies with incident photon
energy and off-axis angle (see Figure 1.12). The primary difference, apart from chip
arrangement, between the ACIS-I and ACIS-S arrays is their operating configura-
tions. The ACIS-I CCDs are front illuminated chips (the surface containing the gate
structures facing the HRMA) whereas the ACIS-S CCDs are back illuminated (the
depletion layer (the sensing region of the pixels) are exposed to the photon beam
from the HRMA). The effect of these two configurations is that the ACIS-S has a
lower spectral resolution than the ACIS-I array while in imaging mode but is more
sensitive to lower energy photons. Because of this, the ACIS-S array is typically
used while observing faint extended objects, such as distant or heavily absorbed
stellar clusters, over limited exposure times. However, for the majority of stellar

cluster observations, the ACIS-I is used.

1.7 Programme Clusters Selection

1.7.1 Cluster Selection

In order to select Galactic clusters appropriate for study in this PhD thesis, a well
established and frequently updated catalogue of open clusters is required. For this
reason | have selected the Catalogue of Optically Visible Open Clusters and Can-
didates (Dias et al., 2002, henceforth, the Dias et al. catalogue) which has been

updated some 19 times since the initial Version 1.0 of the catalogue was released
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Figure 1.10: Plot of the variation of fractional encircled energy (defined as the two
dimensional integral of the PSF) with radius calculated for an on-axis point source at

selected energies. (From the Chandra Proposers’ Observatory Guide)
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Figure 1.11: Plot of the variation of encircled energy radius for circles enclosing 50%
and 90% of the power at 1.49 keV and 6.40 keV with source off-axis angle calculated for
each of the ACIS-I chips. (From the Chandra Proposers’ Observatory Guide)
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Figure 1.12: Plots of the HRMA /ACIS effective area against photon energy and
vignetting (the ratio of off-axis to on-axis effective area) against photon energy at
selected angles. Each of these plots clearly indicates the variation of effective area with

photon energy and off-axis angle. (From the Chandra Proposers’ Observatory Guide)

in 2002 (see http://www.astro.iag.usp.br/~wilton/whatsnew.txt). Not only
do the maintainers of the catalogue continually update cluster properties (such as
ages, distances, etc.), they also examine the data from different authors on the same
object for inclusion. As this catalogue is maintained so rigorously, it is well recog-
nised by the astronomical community and, prior to the February 2009 release, had
been used and cited in more than 100 papers (which does not include references to
WEBDA, the web interface of the BDA database of stellar clusters in the Galaxy
and Magellanic Clouds, on which this catalogue is based, see http://www.univie.
ac.at/webda/). The latest version of this catalogue (Version 2.10) which contains
1787 clusters can be obtained via the online catalogue website, available at http://
www.astro.iag.usp.br/~wilton/clusters.txt. | have chosen this optically visi-
ble open cluster catalogue over catalogues from other wavebands (particularly IR)
for several reasons. First of all, optically visible clusters tend to be studied in de-
tail across all wavebands making it much more likely that the stellar populations
(particularly high mass) have had spectral types derived either spectroscopically or
photometrically. In addition, it is also quite probable that X-ray observations of the
clusters have been performed with the current generation of X-ray telescopes. This
is in contrast to the IR cluster catalogues (eg.- Bica et al., 2003; Dutra et al., 2003;
Froebrich et al., 2007) which collectively add about 700 clusters to the total number
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1.7 Programme Clusters Selection

from the optical catalogue, yet the vast majority is poorly studied. Combine this
with the limited cluster property data of the IR catalogues (in general, only cluster
positions and dimensions are given) and the advantages of using the Dias et al. cat-

alogue are evident.

To identify the clusters appropriate for study in this project (i.e. - clusters of
age < 5 Myr), the table was sorted into ascending age leaving 27 suitable clusters,
shown in Table 1.1). To make the final selection of clusters for study in this project,
those clusters in Table 1.1 that have archived Chandra observations need to be iden-
tified. To this end the searched the Chandra Data Archive was searched for publicly
available observational data for each of these clusters. This search yielded a final
number of 15 programme clusters with one or more Chandra observation. Table 1.2

lists the resulting clusters and their corresponding archived X-ray observations.

Table 1.1: Dias et al. Catalogue of Open Clusters with Known Ages < 5 Myr

Name RA DEC Age |Name RA DEC Age
(Myr) (Myr)

NGC 6618 182047 —16 1018 1.0 |Berkeley 7 01 54 12 +62 2200 4.0

IC 5146 215324 4471600 1.0 |Roslund 4 2004 54 +291300 4.0
NGC 3603 111507 —61 1536 1.0 |Bical 20 3310 4411307 4.0
NGC 6611 181848 —134824 1.3 |Bica?2 203315 +411845 4.0
Collinder 232 1044 39 —593336 2.0 |ASCC 75 134710 —62 2512 4.5
Stock 8 0528 07 +34 2524 2.0 |ASCC 117 220459 46216 12 4.7

Trumpler 14 1043 56 —5933 00 2.0 |Bochum 2 06 48 54 +00 23 00 4.7
Westerlund 2 10 24 02 —57 46 00 2.0 |Bochum 1 06 2525 +1946 00 4.9
IC 1805 023242 +612700 3.0 |Trumpler 16 104510 —59 4300 5.0
NGC 1893 052244 +3324 42 3.0 |NGC 2362 071841 —24 5718 5.0
NGC 6823 1943 09 +23 1800 3.2 |Westerlund 1 16 47 04 —455036 5.0
IC 1590 00 5249 +56 37 42 3.5 |Collinder 69 053506 +09 56 00 5.0
Feigelson 1 115951 —78 1227 4.0 |NGC 2367 072006 —21 5254 5.0
Havlen-Moffat 17 18 54 —38 49 00 4.0
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Table 1.2: Dias et al. Catalogue of Open
Clusters with Known Ages < 5 Myr and

Chandra Observations

Name No. of Obs. Exp. Time(s)
(ks)

NGC 6618 6 4,30,34,35,40,151

NGC 3603 1 50

NGC 6611 1 78

Collinder 232 6 15,15,15,15,20,60

Trumpler 14 1 60

Westerlund 2 3 40,50,50

IC 1805 1 80

NGC 1893 5 43,54,108,117,128

IC 1590 3 13,23,62

Feigelson 1 2 3,3

Bica 1 1 98

Bica 2 1 98

Trumpler 16 7 14,15,15,15,15,20,90

NGC 2362 1 100

Westerlund 1 7 15,15,20,20,20,25,40

1.7.2 Cluster Location

As those clusters listed in Table 1.2 are of young age, one can assume that each is
a site of a recent star formation burst. Indeed most of these clusters are likely still
forming stars (which would be evident if the clusters contain a PMS population). It
is well known that star formation regions in spiral galaxies such as the Milky Way
are localised in the spiral arms on or near the galactic plane (i.e. - in the Galactic
disk), given that these regions are subject to the tidal forces required to initiate the
gravitational collapse of dense regions of molecular clouds. Hence, it is expected
that those clusters in Table 1.2 are located in the Galactic disk. To illustrate this
the locations of the clusters in Table 1.2 were plotted on an all-sky Aitoff projection
in Galactic coordinates along with those clusters younger than 5 Myr without X-ray
observations and those clusters older than 5 Myr from the Dias et al catalogue,
Figure 1.13.

Figure 1.13 clearly shows that all of the programme clusters lie, as expected,
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Figure 1.13: All-sky Aitoff projection of the clusters listed in Table 1.2 obtained from
Dias et al. Catalogue (red), the clusters listed in Table 1.1 without Chandra observations
(blue) and the clusters from the Dias et al. Catalogue older than 5 Myr (grey). This plot

clearly shows that all of the programme clusters lie in or near the Galactic disk.


Introduction/IntroductionFigs/hammer-aitoff_gal_labels1.eps
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in or near the Galactic disk. One very noticeable feature of the distribution of the
programme clusters in Figure 1.13 is the grouping of Collinder 232, NGC 3603,
Trumpler 14, Trumpler 16 and Westerlund 2. This is in fact unsurprising as these
clusters are all situated in the Carina spiral arm. Collinder 232, Trumpler 14 and
Trumpler 16 are all contained in the Carina Complex star forming region at a dis-
tance of ~ 2.5 kpc. Westerlund 2, the heart of the RCW 49 HII region, is more
distant at 6.4 kpc, while NGC 3603 is located still further at 6.9 kpc (see Table 1.1).

1.7.3 Cluster Completeness

The Dias et al. Catalogue used for the selection of programme clusters in the project
contains approximately 1800 clusters, the furthest being at a distance of ~ 14 kpc.
However, within this distance the catalogue is incomplete due to effects such as
clusters being faint or heavily obscured. To estimate the completeness of the age
ordered cluster table (Table 1.1), we must first know how complete the entire sample
is. Unfortunately, there are no completeness estimates for the Dias et al. Catalogue.
There are, however, much more detailed studies of total numbers of Galactic open
clusters in the literature that incorporate the clusters in the Dias et al. Catalogue
as well as several others. Two such studies are those of Piskunov et al. (2006) and
Bonatto et al. (2006a) which take into account factors such as the disk scale height
and scale length, the variation in stellar density due to the spiral arms, etc. Each of
these studies estimates ~ 10° open clusters in the Galaxy. Given that 27 of the 982
clusters with ages in the Dias et al. Catalogue are younger that 5 Myr (~ 3%) and
assuming this cluster age distribution scales to the estimated Galactic population,
it is expected that there are ~ 3 x 103 clusters with ages < 5 Myr. Hence, it
follows that the sample of 27 clusters listed in Table 1.1 is approximately 1% of the

estimated total number of Galactic open clusters with ages < 5 Myr.
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Chapter 2

Data Reduction and Analysis

2.1 Data Reduction and Analysis Procedures

Given the number of clusters analyzed in this project, consistent reduction and anal-
ysis procedures are required to ensure each cluster is analyzed in an identical manner.
The following sections outline the reduction procedures employed for Chandra data

for the analysis of both point sources and diffuse emission.

2.1.1 Observational Data Processing

The Chandra datasets for those program clusters where Chandra data are available
were obtained via the Chandra Data Archive (CDA). Only datasets with the highest
exposure times and suitable observation modes were retrieved to reduce data pro-
cessing and analysis times. For example, Trumpler 16 was observed by Chandra’s
ACIS instrument 7 times: one exposure of 14 ks, 4 of 15 ks, one of 20 ks and one
of 90 ks. Only the 90 ks observation was retrieved for analysis as the addition of
the shorter exposure datasets greatly increases analysis time without adding signif-
icantly to the results. Although this would increase the total counts for each source
with some improvement in source statistics, etc., given the number of clusters to be
analyzed, a limit to the amount of data analyzed per cluster must be imposed to
keep the analysis timescales reasonable. In the case of Westerlund 1, which was also
observed with the ACIS instrument 7 times, 5 of these observations were taken in
the ‘continuous clocking’” observation mode which provides very high temporal res-
olution at the expense of 1 dimension of spatial resolution and are thus not suitable

for analysis in this project. Table 2.1 lists the datasets retrieved from the CDA for
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the programme clusters'.

Table 2.1: Chandra Datasets Retrieved for Analysis

Name No. of Obs. Seq No(s). Obs. ID(s). Inst. Exp. Time(s)
(ks)
NGC 6618 1 200395 6420 ACIS-I 151
NGC 3603 1 200058 633 ACIS-I 50
NGC 6611 1 200085 978 ACIS-I 78
Trumpler 14 1 200264 4495 ACIS-I 60
Westerlund 2 3 200196,100385,200386 3501,6410,6411 ACIS-T 40,50,50
I1C 1805 1 900449 7033 ACIS-I 80
NGC 1893 3 200383,200383,200383 6406,6407,6408 ACIS-I 108,117,128
IC 1590 1 200357 5425 ACIS-I 62
Bica 1 1 200280 4511 ACIS-I 98
Bica 2 1 200280 4511 ACIS-I 98
Trumpler 16 1 200379 6402 ACIS-I 90
NGC 2362 1 200238 4469 ACIS-I 100
Westerlund 1 2 200344,200344 5411,6283 ACIS-S 20,40

Each of the retrieved datasets consists of ‘primary’ and ‘secondary’ data product
directories. The primary data product directory contains all of the necessary data
files required for most analyses. Included in these files is a Level 2 event file which
has been produced by Standard Data Processing, an automated data processing
pipeline run at the CXC. The ‘Level’ of a data product refers to the stage of the
pipeline reached in processing the data. Level 2 event files are calibrated and fil-
tered event files and are of sufficient quality for data analysis. In principle one could
extract these pre-processed Level 2 event files and use them for further analysis.
However it was decided not to take this approach, for two reasons. First of all, when
the Level 1 observational data files (files with only instrument-dependent correc-
tions applied) are processed in the pipeline, a default set of processing parameters
is used which may or may not be conducive to the users requirements. Essentially
the user must relinquish some control of the data processing to the pipeline, which
could cause problems later in the analysis. Secondly, the Level 2 event file produced

by the pipeline has been calibrated using the most recently available calibration

IThis table of retrieved datasets does not include all of the clusters marked for analysis in
Table 1.2. Reasons for the omission of two of these clusters, namely Collinder 232 and Feigelson
1, are given at the beginning of Chapter 3
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files and pipeline software. Hence, the primary products in the datasets listed in
Table 2.1 may have had different calibrations applied with different versions of the
pipeline software. This is problematic for two reasons. Firstly, when analyzing
clusters with more than one dataset, this can lead to file conflicts when trying to
merge data files from each of the observations. Such merged data files are required
for tasks such as source detection and are thus very important for the rest of the
cluster analysis. Secondly, to ensure homogeneity in the analysis of clusters in this
project, it is preferable to have the same calibrations and processing applied to each
of the data sets. For these reasons it was decided to reprocess the datasets locally
using the CIAO software. The data files required for this processing (the Level 1
data products) are contained in the primary and secondary data directories of the

retrieved datasets.

Data processing was performed using CIAO 4.0 with version 3.4.2 of the CALDB.
The Level 2 event files were produced following the ACIS Data Preparation thread
on the CIAO website!. Actual software commands used are deferred to Appendix
A.1. These Level 2 event files were filtered to the 0.5-8 keV energy range (the energy
range at which Chandra is most sensitive). The processed and energy filtered Level

2 event files are then ready for further analysis.

2.1.2 Point Source Analysis
2.1.2.1 Source Detection

The first step in any point source analysis is to identify the sources in the FOV. This
was achieved using CIAO’s wavdetect wavelet source detection algorithm (Freeman
et al., 2002). wavdetect works by detecting probable source pixels in a dataset by re-
peatedly correlating it with “Mexican Hat” wavelet functions of different scale sizes.
wavdetect then uses the results of these correlations to generate a source list includ-
ing estimates of source dimensions and properties. wavdetect is a computationally
heavy task and in general is only run for sub-regions of the FOV. However, wavde-
tect can be applied to the entire ACIS array by implementing the Large_detect.pl

Perl script of T. Maeda? which runs wavdetect on a series of regions within the

!See http://cxc.harvard.edu/ciao/guides/acis_data.html. It is noted here that CIAO
is currently at version 4.2 and the webpage given is the analysis guide for the current version of the
software. The processing steps have not changed apart from the introduction of the ACIS TGAIN

calibrations in version 4.1.
2Available at http://www.astro.psu.edu/xray/acis/recipes/wavdetect.html
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FOV, the results of which are consolidated in a master source list. The wavdetect
Perl script was run for each of the clusters with wavelet radii (scales) of 1,2,4,8
and 16 pixels, and with a significance threshold of 1 x 107% which corresponds to
about 1 spurious source in the ACIS FOV. Additionally, the final source lists were
visually inspected using the SAOImage DS9 data visualization software! to identify
and remove any further spurious sources (due to detector artifacts, etc.) and to
supplement the source list with obvious point sources that wavdetect has missed.
In those clusters with more that one dataset, it was first necessary to merge the
separate Level 2 event files into one combined event list before running wavdetect.
This was achieved using the CIAO tasks reproject_events (http://cxc.harvard.
edu/ciao/ahelp/reproject_events.html) and dmmerge (http://cxc.harvard.
edu/ciao/ahelp/dmmerge.html). After choosing one ‘base’ observation from those
observations to be merged, reproject_events was used to change the sky coordinate
tangent point of the other observation(s) to match that of the base observation. This
allows the recalculated event files to be merged with the base observation using the

dmmerge task to create a master Level 2 event file.

2.1.2.2 Source Extraction, Photometry, Spectroscopy and Temporal Anal-

ysis

The primary goal of point source extraction is to produce point source spectra with
associated backgrounds and ancillary files for every detected source in the FOV
by extracting events from source and background regions. These files can in turn
be used to perform photometric, spectroscopic and temporal analyses for each of
the sources. Given that the FOV of a particular observation may contain a few
tens to several thousand point sources, this at first seems a very daunting and time
consuming task. ACIS Extract (AFE) is a software package that contains the tools
required to perform both point source extraction and the photometric, spectroscopic
and temporal analysis for each of the sources in a semi-automated fashion, greatly
reducing analysis timescales. The AFE package is written in the IDL language and
incorporates many other analysis software including CIAO, SAOImage DS9, MARX
(the Chandra ray-trace simulation software), FTOOLS (the fits file manipulation
tools), XSPEC (the X-ray spectral fitting package), the IDL Astronomy User’s
Library (a set of IDL procedures for astronomical data analysis) and TARA (a set
of IDL procedures for the analysis of ACIS data), see Table A.1 for software versions,

! Available at http://hea-www.harvard.edu/RD/ds9/
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etc. The setup and usage of AF is quite involved and thus, the descriptions and
commands used are deferred to Appendix A.2. When the AF point source analyses
are completed, the combined results for each of the sources in the FOV are collated
into one master file that contains point source and background properties, source
photometry, results of spectral fits, source statistics, etc., which is used for further

individual source and cluster analysis.

2.1.2.3 2MASS Catalogue Matching

Once the X-ray sources in the FOV have been identified and data products for each
have been produced, we wish to determine whether or not each of the sources has
a stellar counterpart. As such, an all-sky catalogue of sources is required to match
our detected X-ray sources. For the purposes of this project, optically identified
sources are of limited use due to some of the programme clusters suffering from
heavy foreground extinction. Thus it was decided to use the 2 Micron All-Sky Sur-
vey (2MASS) which is an all-sky IR catalogue and is not as affected by foreground
absorption as much as other wavebands. However, there are some limitations to us-
ing the 2MASS. First of all, identifying stellar counterparts to X-ray sources beyond
1 kpc is not easy due to cluster members being faint and/or poorly resolved. For
clusters within this distance, the 2MASS catalogue is sufficient to identify almost
all Chandra stellar sources (see Feigelson and Lawson, 2004; Getman et al., 2006).
Secondly, some of the programme clusters are embedded in molecular clouds or are
located in HII regions thus limiting the detection of fainter stars. For these reasons,
it is impossible to assess the completeness of the determining of stellar counterparts
of the X-ray sources in these clusters but it is very likely, with very few exceptions
(e.g. - IR luminous AGNs and foreground sources), that all of the stellar counter-
parts identified are cluster members. In addition, the 2MASS photometry of the
identified stellar counterparts may be used to supplement the X-ray data in deter-

mining cluster properties and to identify candidate OB stars.

The 2MASS All-Sky Point Source Catalogue (PSC) was accessed via the NASA /TPAC
Infrared Science Archive Gator catalogue interface!. The 2MASS PSC was searched
around each of the programme clusters and the output, which usually contained
several thousand sources, was saved accordingly. This output file was used in con-

junction with the results of the X-ray source detection above and the ‘match_xy.pro’

! Available at http://irsa.ipac.caltech.edu/applications/Gator/
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catalogue matching tool in the TARA package' to match sources from each cata-
logue. Rather than using a fixed matching radius as is commonly done, the TARA
catalogue matching algorithm employs the positional uncertainties for individual
sources and a match significance threshold. This is particularly useful given the
Chandra PSF would require a varying match radius should that technique be used.
This catalogue matching tool, when completed, provides the matched Chandra and

2MASS source properties as well as match statistics.

2.1.2.4 Galactic Contamination

Not all of the X-ray sources detected in the FOV will be associated with the cluster.
As such, estimates of possible contaminants are required. Given the large distances
to some of the programme clusters, it is very likely that there are thousands of
X-ray emitting stars in the line of sight. It is the distance and luminosity of these
foreground stars that will determine whether or not they are detected in the Chan-
dra observations. To estimate the contamination due to these sources, techniques
similar to those described in the COUP membership study and the Chandra study
of the Cep B star forming region were used (Getman et al., 2006, 2005). Simulations
were run based on the stellar population synthesis model of Galactic disk stars by
the Besangon group (Robin et al., 2003), using their web-based model interface?,
centered on the coordinates of the programme clusters for a solid angle of 0.08 deg?
(which roughly corresponds to the ACIS-I FOV) out to the cluster distances. The
simulated foreground stellar populations often numbered in the thousands, as was
expected, and the simulation output includes spectral types, distances, reddening,
etc., for all of the stars in the cluster line of sight. Of the simulated sources, the
likely contaminants are main sequence stars of spectral type F,G,K and M and late
type giant stars. OB stars were almost never produced in the simulations, whereas

A type stars are very weak or none X-ray emitters and were thus ignored.

In order to assign X-ray luminosities to these simulated sources, the XLFs de-
termined from ROSAT observations for main sequence K-M stars (Schmitt et al.,
1995), F-G stars (Schmitt, 1997) and late type giants (Huensch et al., 1996) from a
volume limited sample in the solar neighbourhood were adopted. Monte Carlo simu-

lations were then run by placing these simulated stars across the ACIS background.

1See http://www.astro.psu.edu/xray/docs/TARA/TARA_users_guide/nodell.html
2Available at http://model.obs-besancon.fr/
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Synthetic source spectra were then generated using the XSPEC ‘fakeit’! command
assuming an absorbed thermal plasma model with the absorbing hydrogen column
(Ny) derived from the Ay value? for each simulated source and kT derived using
the relation kT =~ (47d?Fx x 5.5 x 10726)%2/11.34 keV (Gudel et al., 1998) where
the 4wd?Fx term is the X-ray luminosity assigned from the XLFs in the ROSAT
PSPC 0.1-2.4 keV energy range. Background spectra from the nearest real sources
were then assigned to each of the simulated sources. Source significance for each
of the simulated sources was then calculated using the these local backgrounds and
compared to a detection threshold of significance to determine whether or not the

source would be detected by Chandra.

The number of detectable foreground stars determined using this method was
typically low for each cluster (at most a few tens of stars). Such foreground sources
may sometimes be distinguished from cluster sources by having relatively bright
stellar counterparts or, if they are sufficiently bright in the X-ray band, having spec-
tra that have low absorption. Where such sources could be identified, they were
removed from the analysis. Even then there will easily be some contamination from
foreground stars however, without further information, it is not possible to remove
them. As such, any remaining foreground contamination is ignored in the cluster
analyses which, given the low numbers of detectable foreground stars following from
the Monte Carlo simulations, is statistically safe. It was decided not to run similar
simulations for background Galactic source contamination as, due to the large dis-
tances to the clusters, such already faint sources would be subject to the even larger
absorption with ISM, intra-cluster medium and possibly a HII region or molecu-
lar cloud all contributing. Because of this there would be few, if any, background

Galactic sources detected.

2.1.2.5 Extragalactic Contamination

In addition to Galactic contamination, Active Galactic Nuclei (AGN) can be signif-
icant extragalactic contributors to the X-ray sources detected in a given Chandra
observation. The expected contamination due to background AGNs can be esti-
mated using a similar technique to that used in the foreground contamination anal-

ysis, which again is similar to that described in the COUP membership study and

1See http://heasarc.nasa.gov/xanadu/xspec/xspecll/manual/node33.html#
SECTION006325000000000000000
2Ny / Ay = 1.6 x 102! em™?mag~! (Vuong et al., 2003)
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the Chandra study of the Cep B star forming region (Getman et al., 2006, 2005).
Monte Carlo simulations were constructed by placing fake AGNs randomly across
the ACIS background with the AGNs numbers and fluxes following the log N-log S
distribution of Moretti et al. (2003). Synthetic source spectra were again generated
using the XSPEC ‘fakeit’ command. Fach source was modeled using an absorbed
power law with the photon index (I') ranging between 1.5-2.5, which is the accepted
range for the hard emission from AGN (Ishibashi and Courvoisier, 2010, , and refer-
ences therein), and the Ny value set to the sum of the absorption to the programme
cluster, taken as the median Ny of the spectral fits of the OB stars, and the H;
column density through the entire Galactic disk in the direction of the programme
cluster (Dickey and Lockman, 1990)!. As with the foreground contamination sim-
ulations, background spectra from the nearest real sources were then assigned and
source significances for each of the simulated sources were calculated and compared
to a detection threshold to determine whether or not the source would be detected
by Chandra.

Potential extragalactic sources can be distinguished from cluster members via
their source properties. Typically, background AGN would exhibit hard X-ray spec-
tra (Fmedian > 2.0 keV) and not have a 2MASS counterpart. Thus, any hard sources
in the FOV without a 2MASS counterpart were tentatively labelled as extragalactic.
However, at the distance of some of the programme clusters, it is also likely that
some of the PMS population will not have a stellar counterpart in addition to having
similarly hard spectra. To separate these actual cluster members from background
AGNs, a source lightcurve analysis was employed. In general, detected PMS stars in
the clusters will, at some point during the exposure, undergo a flaring period. AGN
in contrast show relatively consistent X-ray lightcurves. To keep those variable hard
sources without 2MASS counterparts (i.e. - PMS stars) for the cluster analysis, the
results of the temporal analysis of AE was used. During the temporal analysis of
each source, a uniform count rate model is compared to the distribution of source
counts in time and a l-sample Kolmogorov-Smirnov statistic (Pks) is computed.
The value of Pxg indicates the likelihood that a source is variable with values of Pkg
near 0 suggesting variability. As such, a variability limit of Pxg < 0.1 was set and

sources with Pxg > 0.1 are flagged as potential extragalactic sources and removed

!Calculated using the HEASARC Ny tool, available at http://heasarc.gsfc.nasa.gov/
cgi-bin/Tools/w3nh/w3nh.pl.
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from further consideration.

2.1.3 Diffuse Emission Analysis

X-ray diffuse emission analysis is somewhat more involved than point source anal-
ysis. Diffuse emission is not confined to a small region as is the case with a point
source but rather can cover much, or sometimes all of the detector. This presents
some problems for the analysis, particularly with background selection. In some
cases, the program clusters take up the entire ACIS FOV. Because of this there are
no background ‘sky’ regions one can define and thus, any extracted diffuse spectrum
has not been corrected for background. A further problem with diffuse emission anal-
ysis is that the extraction regions cover so much of the detectors that instrumental
fluorescence becomes a significant contaminant in the spectra which manifests as
strong emission lines characteristic of the detector materials. While these appear
at well defined energies, coupled with the lack of an available background for sub-
traction they are a blight on the extracted spectra. Another problem with a diffuse
emission treatment is the selection of an extraction region itself. This is not such a
problem for the analyses of the programme clusters however as spectra will simply
be extracted where possible from the total cluster regions and the cluster cores.
Taking all these considerations into account, we must assess the potential methods

of diffuse emission analysis.

In general, there are three approaches. The first is the selection of a background
region from within the FOV and correct this for the position dependent effects due
to the variation in the instrumental effects which are particularly pronounced for
large diffuse emission regions. While this may be possible for some of the programme
clusters it is not adequate for the others due to a lack of a background ‘sky’ region
in the FOV. Given we wish to apply the same analysis techniques to each of the
clusters, it was decided not to use this method for any of the suitable programme
clusters. Similarly, one can define a background extraction region from within the
FOV but rather than correct for variation in the instrumental response, one can
define a background model in a spectral fitting program, such as XSPFEC, which
explicitly models each of the contributions to the background and simultaneously
fit this model to the source and background with an additional model fit the in-

trinsic source emission. This again is not suited to our need as it again requires a
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background ‘sky’ region. The final method, which was adopted for the forthcoming
analyses, is the use of ‘blank sky’ background files. These are a set of observations
of the blank sky (i.e. - free from sources) distributed with the Chandra CALDB'.
In this method, appropriate ‘blank sky’ files are determined and corrected to match
the observational data aspect. This method has the advantages that it removes the
need for a background ‘sky’ region in the observational FOV and that it eliminates
the effect of the variation in instrumental performance across the FOV providing
backgrounds are extracted from the same instrument regions as the diffuse sources
in the observational data. However, it has the disadvantage that it assumes that
the background in the ‘blank sky’ observations matches that of the observation. In
addition it assumes the instrumental background does not vary in the time between
the source and background observations. However, this latter caveat has been shown
to be somewhat unimportant with an analysis of the stowed datasets from 2002-2004
showing only a minor variation in the instrumental background?. This leaves only
the assumption of the ‘blank sky’ background being consistent with that of the ob-
servation. This is reduced to some degree by the matching of the observational data
to appropriate ‘blank sky’ backgrounds in the analysis procedure, however there is
still no guarantee that the observation and ‘blank sky’ backgrounds are consistent.
What can be said is that above 2 keV, the instrumental background dominates the
‘blank sky’ backgrounds and so should match the observation background well. As
the majority of the programme clusters suffers from quite large foreground absorp-
tion, their respective diffuse emission analyses are limited to the hard band. For
these clusters at least, the ‘blank sky’ backgrounds should provide an ideal back-

ground spectrum.

To extract the diffuse emission spectra for each of the clusters, extraction re-
gions were defined and saved in CIAO format using DS9. Spectra, backgrounds
and response files were created using the CIAO task specextract. Prior to this,
the ‘blank sky’ backgrounds were prepared according following the guidelines on the
Chandra website3. Following the specextract runs the data are ready to be spec-
trally fit in XSPEC. (Actual software commands and steps to extract these spectra
are given in Appendix A.1.1)

!See http://cxc.harvard.edu/ciao/threads/acisbackground/index.py.html
2See http://cxc.harvard.edu/contrib/maxim/stowed/
3See http://cxc.harvard.edu/ciao/threads/acisbackground/index.py.html
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2.2 Spectral Fitting and XSPEC

One of the main goals of the data reduction and analysis procedures described thus
far has been the creation of spectra and detector responses for sources, be they
point-like or diffuse. However, these are not the true source spectra but rather pho-
ton counts in specific instrument channels (a count spectrum) related to the source
spectrum via the instrumental response files. Ideally one would use these response
files to derive the original source spectrum, however, in practice this is not possible
as such a derivation leads to non-unique answers as well as being highly sensitive to
variations in the instrumental channel photon counts. The commonly adopted al-
ternative is to define a model spectrum with various parameters, fold it through the
response files to produce a predicted count spectrum and compare it to the observed
count spectrum. The model parameters can then be varied until a ‘best-fit’ to the
data is found. Several softwares packages exist that perform just such a task but the
one used in this Ph.D. thesis is the XSPEC software (which has been already been
mentioned in the text). XSPEC takes as input the observed source and background
spectra, response files and a user defined spectral model and proceeds to derive a
best-fit model spectrum. XSPEC starts with a set of model parameters which are
used to predict a count spectrum. This is compared to the observed count spectrum
and a fit-statistic is calculated. The model parameters are then systematically var-
ied until the best fit-statistic is found, at which point XSPEC outputs the best fit
model and its associated parameters. The most commonly adopted ‘goodness of fit’
criteria is the x? statistic with a (x?/v) = 1 (where v is the number of degrees of
freedom in the fit) indicating a good fit to the observed count spectrum. It must
be noted that very often more than one spectral model will give a good fit to the

data. It is up to the user to decide which is the more physically representative model.

Spectral fitting of the vast majority of the point sources in this Ph.D. project was
performed using the fitting scripts of the AFE software. These fitting scripts derive
spectral parameters by fitting the spectra in XSPEC' using either absorbed one or
two temperature thermal plasma models. Essentially these models consist of two
components, the tbabs or Tuebingen-Boulder ISM absorption model (Wilms et al.,
2000)! and the apec or Astrophysical Plasma Emission Code (APEC) (Smith et al.,

!See http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelTbabs.html for
a description of the model implementation in XSPEC.
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2001)'. The APEC model(s) represents the intrinsic X-ray emitting plasma(s) of
the source while the tbabs model simulates the effect the line-of-sight ISM has on
the source X-rays. The combination of these models allows the derivation of equiv-
alent absorbing hydrogen column density (Ny), X-ray plasma temperatures (k7T')
and elemental abundances if desired. For most of the sources in the programme
clusters, these models are sufficient, however, some sources require more detailed

models, namely the WRs and sources suffering from photon pileup.

WRs have more complex spectra that can be fit by the models in the AF fitting
scripts due to them having more chemically complex atmospheres than less evolved
stars. To fit these sources, the models of Skinner et al. (2010) were adopted which
are absorbed one or two temperature APEC models with generic WR abundances
apart from those elements with prominent emission lines whose abundances were

allowed to vary.

Photon pileup is a serious issue when observing very bright sources?. This prob-
lem is not due to the source but rather due to the limitations of the detector. Photon
detections in the ACIS CCD are not instantaneously logged. Rather, the entire ar-
ray is read once every integration time (~ 3.2 s in full-frame mode). This has the
consequence that, if a source is sufficiently bright that more than one photon arrives
at the same region of the detector in one integration time, the many photons are
logged as one single event, usually with the combined energy of the many photons.
This leads to a loss of information from lower energy photons and an apparent excess
of high energy events resulting in an unreliable count spectrum. There are several
ways to treat photon pileup, one of which is to simulate its causes when defining an
XSPEC model to fit the observed data, which is adopted in these analyses. This
is achieved through the inclusion of the pileup model® to account for pileup, the
contribution of which is subsequently removed leaving a more representative source

spectrum.

!See http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelApec.html for a

description of the model implementation in XSPEC.

2See http://cxc.harvard.edu/ciao/ahelp/acis_pileup.html for a description of ACIS
pileup.

3See  http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelPileup.html
for a description of the model implementation in XSPEC.
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Chapter 3

Programme Cluster Results

In the forthcoming sections I will first give a brief introduction to each of the clusters
including their known properties and any previous X-ray analyses. Following this
I will present the results of my analysis of the clusters. Due to the large amount
of data and results for each of the clusters, a detailed description of the analysis
and results is only given for one sample cluster, namely IC 1805. The results for
the remaining clusters are summarized in their respective sections without repeating
the descriptions of the analysis methods given in the sample cluster section and, to
reduce clutter, selected figures and tables will be deferred to Appendix B. However,
over the course of the analyses it was found that some of the clusters with X-ray
data available (see Table 1.2) were not suitable for analysis, namely Feigelson 1 and
Collinder 232. The observations of Feigelson 1 were simply not deep enough for any
meaningful analysis. The combined 6 ks Chandra observations of the cluster was
only sufficient to detect < 10 of the brightest cluster sources, For these reasons, it
was decided not to proceed with the analysis of Feigelson 1. Collinder 232 suffers
from a different issue. This cluster is located in the Carina star forming region very
close in projection to both Trumpler 14 and Trumpler 16 though it is much less
massive. The cluster is contained in the Trumpler 14 Chandra observation, how-
ever, the centre of the clusters lies at the very edge of the ACIS FOV. As such, only
a handful of the cluster’s sources are observed. In addition, a study of the stellar
population of the Carina region by Tapia et al. (2003) showed Collinder 232 not to
be a true cluster but rather a random collection of a handful of bright stars with
no underlying faint population so it’s classification as an open cluster is tenuous at

best. For these reasons it was decided to forego the X-ray analysis of Collinder 232.

39



3.1 IC 1805

A note on naming conventions:

During the remainder of the thesis, in tables and figures, values of X-ray flux and
luminosity will be quoted in the standard Chandra soft, hard and total energy bands
corresponding to the 0.5-2 keV, 2-8 keV and 0.5-8 keV energy ranges respectively.
Thus, where appropriate, quantities are denoted by the subscripts s, A and t to
indicate the range for which they have been determined. Additionally, quantities
that have been corrected for line of sight absorption will also be denoted by the
subscript ¢. For example, the X-ray luminosity (Lx) of a source in the 2-8 keV

energy range that has been corrected for absorption will be written as ‘Lx, ’, etc.

3.1 1IC 1805

IC 1805, better known as the Heart Nebula, is located in the Cas OB6 association.
At the centre of the nebula is a rich open cluster whose massive stars are responsible
for exciting the surrounding molecular cloud. The cluster has been known for quite
some time and there have been many analyses published in the literature. Massey
et al. (1995) performed a detailed spectroscopic and photometric analysis of the clus-
ter, identifying 45 stars with spectral types earlier than B3. These authors obtained
spectra for the 38 brightest stars in the cluster and derived values of Ay =~ 2.7 and d
~ 2.3 kpc for the reddening and distance, respectively. In addition, they determine
a slope for the cluster IMF of —1.3(£0.2), consistent with a Salpeter IMF, and an
age for those stars with M > 25 Mg, of 1-3 Myr (noting that less massive stars are
of younger age). For the following analysis, an age of 1 Myr is adopted. In a later
study, Shi and Hu (1999) obtained spectra for 140 stars in the cluster, revising the
number of stars earlier than B3 to about 60. In addition, the cluster is thought
to have once contained the well known HMXB LS I +61 303, which is a candidate
microquasar. Mirabel et al. (2004) show that this HMXB system was likely ejected
from the cluster by the ‘kick’ imparted by the supernova explosion of the primary

star.

Chandra performed a deep observation of IC 1805 (~80 ks). However, as yet,
there has been no X-ray analysis of the cluster published in the literature. Given
the rich population of OB stars found by both Massey et al. (1995) and Shi and
Hu (1999) it is reasonable to expect that the cluster harbours a rich X-ray emitting
population and potentially intracluster diffuse emission. Interestingly, multiplicity

studies of several suspected binary systems in the cluster by Rauw and De Becker
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3.1 IC 1805

(2004) and De Becker et al. (2006a) confirmed the presence of two high mass binary
systems (one being a potential triple system), leading to the possibility of CWBs in

the cluster.

Figure 3.1: DSS Image of IC 1805.

3.1.1 Analysis

The 79 ks IC 1805 Chandra dataset was aimed at the centre of the cluster. How-
ever, given the cluster’s angular size, this was inadequate to observe the entire
cluster (R¢; = 13’) but was enough to resolve the cluster core (R¢, = 6'). Overall,
the ACIS-I FOV includes just over half of the total cluster area. The data were
reduced with CIAO and AF as outlined in Section 2.1. Background flaring periods
were removed leaving ~ 77ks of useable data. The wavdetect algorithm detected
348 sources in the FOV and due to the size of the cluster in relation to the FOV, all
were tentatively labelled as cluster sources. The 0.5-8 keV ACIS-I image is shown
in Figure 3.2.

Cross-correlation with the 2MASS Bright source catalogue yields counterparts
for 205 of the 348 detected sources. Foreground and extragalactic contamination
simulations yielded 4-10 potential foreground sources and 45-52 potential extra-

galactic sources in the FOV. The number of potential foreground contaminants in
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3.1 IC 1805

Figure 3.2: Chandra 17°x17 ACIS-1 0.5-8 keV image of IC 1805 with detected sources

marked in blue.

the FOV is quite small in relation to the number of sources detected in the cluster
and, because there is no way to discern these from cluster sources, these are not con-
sidered in the rest of the analysis. As of the background sources, individual source
data and source statistics were analysed as outlined in 2.1 to identify 50 candidate
extragalactic sources in the FOV, in line with the simulation predictions, and were
removed from consideration. This left 298 cluster sources whose basic source prop-

erties are given in Table 3.1', which was produced using the AFE task hmsfr_tables.

A preliminary assessment of potential diffuse emission in the cluster was per-
formed by adaptively smoothing the entire image in the hard (2-8 keV) and soft
(0.5-2 keV) bands using the CIAO task csmooth (Ebeling et al., 2006). The com-
bined hard /soft adaptively smoothed image is shown in Figure 3.3 with the minimum

value of the color scale adjusted to reduce the background contribution?.

There is little evidence for cluster wide diffuse emission in Figure 3.3, however

IThis is only a sample of the basic source properties table of IC 1805, shown here to give
an example of the data that were available for analysis. Similar tables were created for each of
the programme clusters however, due to their very large size, their inclusion in this thesis is not

feasible.
2As in http://hea-www.harvard.edu/RD/ds9/user/rgb/index.html
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Table 3.1: IC 1805 Chandra Catalogue: Basic Source Properties

Source Position Extraction Characteristics
Seq. No. CXOU J « (J2000.0) 6 (J2000.0) Error 0 Ct net Ot et By Chonet PSF Frac. Signif. log P Anom. Var. Eff. Exp. E,cdian
(deg) (deg) (arcsec) (arcmin) (counts) (counts) (counts) (counts) (ks) (keV)
& @) 3) (4) ) ©6) ™ ®) ©) (10) 1) (12) (13 (4 (15 (16) an
1 023113.75+613045.7  37.807307 61.512718 0.9 10.9 33.9 8.4 24.1 14.6 0.90 3.8 <-5 g... - 40.3 1.6
2 023121.13+612746.8  37.838071 61.463014 0.8 9.5 21.8 6.9 16.2 5.9 0.89 2.9 -4.7 a 60.2 1.7
3 023121.82+613021.4  37.840947 61.505946 0.7 9.8 39.7 8.8 25.3 24.5 0.90 4.2 <-5 g... - 56.5 2.6
4 023134.43+612951.1  37.893480 61.497531 0.8 8.3 12.5 5.7 12.5 0.2 0.91 2.0 -2.6 a 63.6 1.3
5 023134.89+613022.0  37.895407  61.506121 0.6 8.4 26.9 7.0 13.1 6.0 0.91 3.6 <-5 a 59.3 1.5
6 023137.49+612814.2  37.906248  61.470618 0.5 7.5 30.9 6.6 6.1 5.7 0.90 4.3 <-5 g... - 56.0 1.5
7 023139.734613125.0  37.915582 61.523621 0.5 8.3 34.6 7.5 12.4 14.9 0.90 4.3 <-5 g... - 60.9 1.9
8 023141.38+612557.4  37.922436 61.432613 0.9 7.2 5.9 4.0 6.1 0.0 0.90 1.3 -1.6 a 64.6 1.1
9 023145.58+612854.7  37.939935 61.481864 0.4 6.7 32.4 6.6 4.6 17.4 0.89 4.5 <-5 g... - 61.2 2.3
10 023147.02+613204.6  37.945933 61.534637 0.3 7.9 102.4 11.4 13.6 34.6 0.90 8.6 <-5 a 64.1 1.8
11 023147.85+612732.7  37.949410 61.459108 0.5 6.3 17.5 5.2 4.5 5.8 0.90 3.0 <-5 a 70.1 1.6
12 023148.51+612532.6  37.952140 61.425742 0.9 6.4 5.0 3.6 4.0 0.0 0.89 1.2 -1.6 c 68.9 0.8
13 023150.40+612756.7  37.960015  61.465756 0.8 6.0 4.3 3.2 2.7 0.0 0.90 1.1 -1.6 g... - 64.7 1.0
14 023150.95+613332.1  37.962311  61.558931 0.7 8.6 27.0 6.6 9.0 8.3 0.91 3.8 <-5 g... - 44.0 1.7
15 023152.21+612725.3  37.967551 61.457040 0.8 5.7 4.2 3.2 2.8 0.0 0.90 1.1 -1.5 c 71.5 0.8
16 023152.54+612827.7  37.968945 61.474368 0.4 5.8 20.7 5.4 3.3 6.8 0.90 3.5 <-5 g... - 65.3 1.5
17 023155.17+613123.8  37.979888 61.523283 0.3 6.7 53.8 8.3 6.2 20.6 0.90 6.1 <-5 a 69.5 1.8
18 023155.30+612652.9  37.980421 61.448045 0.8 5.4 3.3 3.0 2.7 0.0 0.91 0.9 -1.2 a 72.3 0.5
19 023155.57+613215.0  37.981555 61.537518 0.5 7.3 24.4 6.2 7.6 6.3 0.90 3.6 <-5 b 63.5 1.6
20 023156.85+613235.8  37.986881  61.543284 0.3 7.4 66.3 9.6 13.7 23.9 0.90 6.6 <-5 c 63.1 1.6
21 023200.19+613040.2  38.000814  61.511189 0.8 5.8 4.5 3.4 3.5 0.0 0.90 1.1 -1.5 b 72.0 0.8
22 023201.93+612649.1  38.008081  61.446980 0.3 4.6 20.8 5.2 1.2 0.0 0.90 3.6 <-5 a 74.2 0.9
23 023202.72+612334.6  38.011347 61.392962 0.8 5.8 4.9 3.4 3.1 3.0 0.90 1.2 -1.8 a 60.4 5.6
24 023202.76+612951.8  38.011507 61.497743 0.4 5.1 14.7 4.7 2.3 9.4 0.90 2.8 <-5 g... - 68.0 2.4
25 023206.41+612458.1  38.026745 61.416166 0.4 4.7 10.5 4.0 1.5 4.9 0.89 2.3 <-5 g... - 68.6 1.4
26 023207.16+613242.6  38.029834 61.545177 0.3 6.7 60.9 8.8 7.1 19.4 0.90 6.5 <-5 g... - 55.3 1.6
27 023207.73+612321.2  38.032241 61.389248 0.7 5.5 4.5 3.2 2.5 0.4 0.90 1.2 -1.8 b 65.0 0.8
28 023208.08+612203.5  38.033685  61.367640 0.1 6.5 216.4 15.4 4.6 25.0 0.89 13.6 <-5 c 68.6 1.2
29 023209.06+612630.3  38.037769  61.441761 0.2 3.8 18.3 4.9 0.7 0.5 0.90 3.4 <-5 g... - 52.9 1.3
30 023209.24+613245.6  38.038529  61.546002 0.5 6.6 23.2 5.6 2.8 13.3 0.90 3.8 <-5 g... - 26.1 2.6

(1): X-ray catalog sequence number, sorted by RA. (2): TAU designation. (3) and (4): Right ascension and declination for epoch (J2000.0). (5): Estimated standard deviation of the random component
of the position error, ‘7920 + 0'%. The single-axis position errors, o, and oy, are estimated from the single-axis standard deviations of the PSF inside the extraction region and the number of counts
extracted. (6): Off-axis angle. (7) and (8): Net counts extracted in the total energy band (0.5—8 keV); average of the upper and lower 1o errors on (7). (9): Background counts expected in the source
extraction region (total band). (10): Net counts extracted in the hard energy band (2-8 keV). Col. (11): Fraction of the PSF (at 1.497 keV) enclosed within the extraction region. A reduced PSF
fraction (significantly below 90%) may indicate that the source is in a crowded region. (12): Photometric significance computed as net counts divided by the upper error on net counts. (13):
Logarithmic probability that extracted counts (total band) are solely from background. Some sources have Pp values above the 1% threshold that defines the catalog because local background estimates
can rise during the final extraction iteration after sources are removed from the catalog. (14): Source anomalies: (g) fractional time that source was on a detector (FRACEXPO from mkarf) is <0.9. (e)
source on field edge; (p) source piled up; (s) source on readout streak. (15): Variability characterization based on K-S statistic (total band): (a) no evidence for variability (0.05 < Pk g); (b) possibly
variable (0.005 < Pg g < 0.05); (c) definitely variable (Pgg < 0.005). No value is reported for sources with fewer than four counts or for sources in chip gaps or on field edges. (16): Effective exposure
time: approximate time the source would have to be observed on-axis (no telescope vignetting) on a nominal region of the detector (no dithering over insensitive regions of the detector) to obtain the
reported number of counts. (17): Background-corrected median photon energy (total band).
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3.1 IC 1805

Figure 3.3: Adaptively smoothed Chandra soft (0.5-2 keV, shown in red) and hard (2-8
keV, shown in blue) image of IC 1805.

there appears to be relatively faint diffuse emission in the cluster centre, possibly
due to the combined effect of winds from the massive stars in this region. It is
important to note however that there still may be cluster wide diffuse emission.
As the entire FOV is taken up by the cluster, the background contribution to the
emission may be overestimated and may contain some cluster related emission. In

any case, a diffuse emission analysis is warranted.

3.1.1.1 Known High Mass Stars

High mass sources in the detected X-ray population were identified using the high
mass source lists of Massey et al. (1995) and the SIMBAD database. All of the
known O stars in the FOV were detected, whereas only 5 of the known B stars were
detected. The spectra of each of the high mass sources with enough counts were
fit in XSPEC with absorbed thermal plasma models during the AF reduction and

analyses procedures. The results of the spectral fits are given in Table 3.2.

The fit results for sources with > 50 counts (Table 3.2) seem to indicate three
different emission mechanisms at work in the high mass, OB star regime. First of

all, the brightest source, HD 15558, exhibits a moderately hard thermal spectrum
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Table 3.2: IC 1805 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Nyg kT kTs x2/v log Fx, . log Fx, . log Lx, . log Lx, .
(CX0 J) (1022c¢m?)  (keV)  (keV) (erg em™2s71) (erg cm™2s71) (erg sfi) (erg s—1)
023210.80+613307.9 BD+60498 B0.2V 37 - - - - - - - -
023236.31+612825.7 BD-+60501 O7V((f)) 259 0.483:72  0.620:7¢ - 0.91/12 -14.58 -13.20 30.22 31.60
023240.80-+612800.2 - B1V 170 0.555-99  3.137-43 - 1.64/8 -13.46 -13.15 31.34 31.65
023242.58+612721.7 HD 15558 OA4III(f) 2904  0.360:3% 0.749:80 2.052-3% 0.79/95 -12.98 -12.29 31.82 32.51
023243.58+612632.0 Hoag 125  B2.5V 127 0.509-58  2.563-92 - 0.89/5 -13.70 -13.34 31.46 31.10
023243.96+612720.6 - B0.5V 60 0.973:37  1.08}74 - 0.76/5 -14.63 -13.83 30.18 30.97
023249.47+612242.2 HD 15570  O4If 1521 1.181-28  0.653- 73 - 1.24/66 -13.45 -12.13 31.35 32.67
023257.86+612726.7 Hoag 14 ~ B2.5V 32 - - - - - - - -
023304.80+612821.4 Hoag 11~ B2.5V 7 - - - - - - - -
023320.62+613118.8 HD 15629 O5V((f)) 432 0.329-59  0.480-53 - 1.39/19 -14.57 -12.85 30.23 31.95

High mass sources identified using the high mass source lists of Massey et al. (1995) and the SIMBAD
database. Only those sources with > 50 counts were fit in XSPEC.

Table 3.3: IC 1805 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name  Sp. Type Net Cts. Nyg kT kT x2%/v log Fx, . log Fx, . log Lx, . log Lx, .
(CX0O J) (1022cm?) (keV) (keV) (erg em™2s571) (erg cm™2s71) (ergs™!) (ergs™?!)
023314.69+4-612402.7 Hoag 118 - 63 0.84_ 1.49” - 1.07/3 -14.53 -13.65 31.16 30.27
023201.934-612649.1 Hoag 123 - 21 - - - - - - - -
023230.63+612121.8 - - 20 - - - - - - - -

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in
XSPEC.
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3.1 IC 1805

with k7" > 1 keV. This is higher than would be expected for emission via shocks
in the stellar wind. Given this high plasma temperature and its brightness, it is
very likely that HD 15558 is a CWB. Indeed, HD 15558 was determined to be
a massive binary system consisting of O5.5III(f)4+O7V stars by De Becker et al.
(2006a). The remaining O-type stars BD+60501, HD 15570 and HD 15629 exhibit
cooler X-ray spectra all of which have plasma temperatures < 1 keV attributable to
emission via the RDIS mechanism The remaining stars bright enough for a spectral
analysis are all early B-type stars. Each of these sources can be described by thermal
plasmas with k7" > 1 keV. However, unlike HD 15558, their absorption corrected
X-ray luminosities are relatively low. Thus, it is very likely that a MCWS emission
mechanism is responsible for the X-ray emission from these sources. This is not a
surprising result as in a cluster of the age of IC 1805 it is possible that the early B

stars still retain a fraction of magnetic field of their parental molecular cloud core.

3.1.1.2 Candidate OB Stars

The correlated 2MASS data were filtered to leave only sources with high quality
photometry, i.e. - with good S/N ratio and free from contamination flags. The
resulting data were used to produce a J vs J — H colour-magnitude diagram. A 1
Myt main sequence isochrone! and a 1Myt pre-main sequence (Siess et al., 2000)
isochrone were also plotted on this colour magnitude diagram to give an indication
of the the current evolutionary stage of the cluster (Figure 3.4). In addition, an
8 M., reddening vector was calculated and plotted along with the reddening vector
of the peak of the PMS isochrone. This plot highlights five candidate OB stars,
however, the candidate sources’ coordinates were subsequently searched in the SIM-
BAD database and 2 were found not to be cluster members but members of the

surrounding Cas OB6 association and were thus removed from the analysis.

As with the known high mass stars, the spectrum for each of the candidate OB
stars with a high enough photon count was fit in XSPEC. The results of the spectral
fits are given in Table 3.3 along with some parameters of the less bright sources. The
one candidate OB star with enough counts for spectral fitting has similar derived
spectral parameters to the known early B-type stars in Table 3.2 and thus its X-ray
emission is likely the result of the MCWS mechanism. Due to a lack of counts it is

unclear as to the nature of the emission from the remaining candidate OB stars.

!Obtained using the CMD 2.2 interface. The latest version (CMD 2.3) is available at http://

stev.oapd.inaf.it/cgi-bin/cmd
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Figure 3.4: IC 1805 2MASS J vs J-H colour magnitude diagram. The blue triangles
indicate the known high mass stars, the light green triangles indicate the candidate OB
stars, the dark green triangles indicate the ambiguous sources and the red inverted
triangles indicate low mass sources. The black dashed-dotted line is the 1Myr main
sequence isochrone (with spectral types indicated as black stars) calculated for Ay =0 .
The purple dashed-dotted line is the 1 Myr PMS isochrone (with spectral types
indicated as purple stars). The light blue dashed line is the 8 M, reddening vector with
the crosses marking every Ay = 5. The light purple dashed line is the reddening vector
of the maximum J value of the PMS evolutionary track. Sources between this and the
8M, reddening vector may be above or below 8M and are hence labelled as ambiguous

sources.
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3.1.1.3 Pre-Main Sequence Stars

Excluding the known high mass stars, the candidate OB stars and the extragalactic
contaminants, the point sources in the FOV are most likely low mass PMS stars.
As with the known high mass and candidate OB stars, some of the PMS stars
are bright enough to be fit spectrally in XSPEC. The global results of these fits
are given in graphic form in Figure 3.5. As expected, most of the brightest PMS
sources in the FOV exhibit hard spectra and absorption corrected 2-8 keV Lx < 103!
erg s—'. However, one source stands out as being particularly bright with 2-8 keV
Lx~ 1032 erg s7!. This source was identified as CXO J023309.98+612459.5. Inspec-
tion of this source’s lightcurve shows that it underwent a tremendous flare during
the observation with at least a factor of 4 increase in photon flux at the flare’s
peak compared to the quiescent level, shown in Figure 3.6. The derived plasma
temperatures of the sources range from 1-5 keV, with the distribution peaking at
~2.5 keV. The majority of these sources suffers from slight foreground absorption
(log Ng < 22.0cm™2), similar to the high mass sources in the cluster. None of the
bright PMS stars are subject to heavy absorption (log Ny = 22.5 cm™2). Also, the
majority of these shows no sign of variability over the course of the observation with
only a few variable or flaring objects. The trend in the variation of FEcgian With
kT is similar to that found by Feigelson et al. (2005) with a slight increase in kT
with Eleqian. In addition, a similar E) eqian-/Nu relation at low values of Eoegian 1S
seen as in Feigelson et al. (2005). However, due to a lack of bright, heavily absorbed
sources, their Epcqian-Np relation at higher values of Epcqian is absent. For sources

with Epegian <1.7 keV, an upper limit of log Ny < 22.0 ecm ™2 is found.

This sample of bright PMS stars is only a fraction of the ~ 280 PMS stars in
the FOV. However, despite the absence of a spectral analysis for the faint sources,
much can still be derived from the data (see Table 3.1 as well as Section 3.1.1.5
for a discussion of the derivation of 2-8 keV Lx’s) about the PMS population as a
whole. For this purpose it was decided to utilize 2-8 keV Lx against the median
detected photon energy (FEmedian) plots. The Epeqian data are being used as they
are a reliable estimator of absorbing hydrogen column (Ny, Feigelson et al.; 2005).
Sources with large Fieqian (and by consequence large Ny) likely have an accretion
disk (Class I or II YSOs) causing the excess absorption. Following similar PMS
population treatments from the literature (see Getman et al., 2006; Wang et al.,
2007, for example) Eyeqian=3 keV (which corresponds to log Ny ~ 22.5 cm™?) was

set as the divider between lightly and heavily obscured sources. For those sources
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Figure 3.5: Plots of derived source parameters for the bright PMS population of IC
1805. (a) Distribution of absorption corrected 2-8 kev Lx. (b) Distribution of best fit
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Figure 3.6: Lightcurve of the unusually bright PMS star CXO J023309.98+612459.5.
Its brightness can be explained by a large flaring event early in the observation,
indicated in blue. The lightcurve does not extend to the start or end of the observation

as the Kolmogorov-Smirnov test is insensitive in these regions (Broos et al., 2010).

with Fedian < 1.7 keV, an upper limit of log Ny < 22.0 cm™2 is inferred from Figure
3.5(h). The sources separated in this way according to absorption levels are plotted
on the 2-8 keV Lx against Epeqian plot, shown in Figure 3.7(a). The sources were
next divided according to their Kolmogorov-Smirnov variability statistic (Pxs). The
standard variability limit of 0.05 was defined with all sources with Pkg below this
value classified as variable and sources with Pxg < 0.005 classified as strongly vari-

able. The resulting 2-8 keV Lx against Fieqian plot is shown in Figure 3.7(b).

Using Figure 3.7(a) and (b) one can draw the following conclusions about the
PMS population of 1C 1805:

e The distribution of sources in Figure 3.7(a) indicates that the majority of
sources in the cluster suffers little or no local absorption. This implies that

the majority of PMS stars in the cluster is either Class II or IIT YSOs.

e In addition there are 3 heavily obscured sources. These are likely either Class I

or Class II YSOs viewed from an unfavourable angle.

e Figure 3.7(b) shows that the brightest PMS source CXO J023309.98+612459.5
is strongly variable, resulting from a bright flare during the observation. The

other strongly variable sources scattered throughout the plot are likely due to
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Figure 3.7: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the IC 1805 PMS population separated according to Epedian (left) and
variability (right). Left: the red arrows mark Fjedian < 1.7 keV (indicating an upper
limit of log Ny < 22.0 cm™~2), blue inverted triangles 1.7-3 keV (indicating the lightly
obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.

less prominent flaring events. Similarly, the less variable sources are scattered

throughout the plot.

e The most obscured sources show no signs of variability. Given this, and their

relatively high Lx values, it is reasonable to assume that these most probably

represent the high luminosity tip of the heavily obscured quiescent sources.

e The majority of the quiescent sources is localised in the lightly obscured region

of the plot and exhibit a general trend to higher Lx with increasing Fedian-

These conclusions that the IC 1805 PMS population consists mostly of Class 11
or IIT YSOs and relatively few Class I YSOs are to be expected for a cluster of the
age of IC 1805. The study of Massey et al. (1995) showed the low mass stars (< 3
Mg) in the cluster to have ages of ~ 1 Myr. Assuming the PMS population is of

approximately similar age, one can expect the majority of stars to be either Class II
or IIT (Feigelson and Montmerle, 1999). It must also be noted that the classification

of YSO classes here is based solely on X-ray data and uses only absorption values as

an indicator of the presence of a disk or natal cloud. This is better done with deep

NIR observational data which use specific tracers (e.g. - focus on infrared excess

due to an accretion disk) to classify YSOs.
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3.1.1.4 Diffuse Emission

As previously mentioned in the preliminary diffuse emission assessment (see Fig-
ure 3.3) there is some evidence for faint diffuse emission in the cluster centre. To
obtain a better image of the diffuse emission the more detailed treatment described
in Section 2.1.3 was employed. The resulting masked and adaptively smoothed im-

age is shown in Figure 3.8.

Figure 3.8: Masked and adaptively smoothed 0.5-8 keV image of IC 1805 diffuse
emission. The apparently bright points are likely the unmasked wings of the PSF of the

brightest sources in the FOV which are artifacts due to the selected image binning.

There is faint diffuse emission in the cluster centre and little obvious but dis-
cernible diffuse emission throughout the IC 1805 cluster. However, a spectral anal-
ysis is still required as, due to the size of the cluster in comparison to the Chandra
ACIS-T FOV, the apparent lack of diffuse structure may simply be due to emission
pervading the FOV. Without a background sky region to compare to, this cannot be
disproved. Following the procedure outlined in Section 2.1.3, spectra were extracted
from the entire ACIS-I FOV and the cluster core region while extracting corre-
sponding background spectra from the appropriate ACIS ‘blank-sky’ background
files. These spectra were fit in XSPEC with various spectral models and it was
found that an absorbed thermal plasma model with kT ~ 1 keV yields a good fit
for each of the two IC 1805 spectra. The results of these fits are given in Table 3.4
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and the spectra are shown in Figure 3.9.

Table 3.4: IC 1805 Diffuse Emission X-ray Spectral Parameters

Region Ny kT Z[Z¢ X2/u log FXh,c log FXt,c log Lxh,c log th,c
(10%%2cm?) (keV) (erg cmfzsfl) (erg cmfzsfl) (erg sfl) (erg sfl)
all FOV 0.320-1%  1.004:22 0.078:43 0.88/84 -12.83 -12.00 31.97 32.80
cluster core  0.34g°%f  1.014:2% 0.085'57 0.98/84 -13.14 -12.31 31.66 32.49

normalized ints s—' keV-
|
I
e
normalized ints keV-
4’7
4‘7
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ks as

Figure 3.9: IC 1805 all FOV diffuse emission spectrum (left) and cluster core diffuse
emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.7-2 keV energy range is shown as the

spectra approach background levels outside this range.

It is clear from the fit results in Table 3.4 that there is indeed faint diffuse emission
throughout the cluster. In addition, the shape of the spectra in Figure 3.9 does not
vary between the core and the total FOV spectrum which, along with the ~ 1 keV
best fit thermal plasma, suggests that winds due to massive stars in the cluster are
not responsible for the faint diffuse emission. Indeed, the spectral parameters and
X-ray luminosities point to a more widespread source as being mostly responsible

for the faint diffuse emission, probably an unresolved low mass PMS population.

3.1.1.5 XLF

To construct an XLF we require estimates for the unabsorbed X-ray luminosity for
each of the sources detected in the cluster. However, only the brightest sources may
be reliably fit in XSPEC' leaving a substantial fraction of the cluster sources with

no estimate. However, we can use outputs of the AF reduction with the equations
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of Broos et al. (2010) and employ a similar treatment to Getman et al. (2010) to
derive 2-8 keV X-ray luminosities for all of the cluster sources using only photomet-
rically derived parameters. To determine a first estimate of the photometric X-ray

luminosity, Equation 9 of Broos et al. (2010) was used, namely:

LX ~ 47Td2 thoton Emedian (31)

where Fpoton is the incident photon flux in units of photon cm™? s and Fyedian 1S
the median photon energy. Since AFE outputs thomnl and Fedian for each of the
sources, their photometric X-ray luminosities can be derived. To limit the effect of
foreground absorption on the derived Lx values, only the hard band is considered.
Getman et al. (2010) find some systematic offset between the photometrically derived
X-ray luminosity and the spectrally derived X-ray luminosities of sources bright
enough for spectral fitting using this approach. Photometric X-ray luminosities
were calculated for each of the IC 1805 PMS sources with spectroscopically derived
Lx values. A plot of photometric Lx against spectroscopic Lx for these bright PMS
sources (Figure 3.10) showed the expected offset.

10%2 ———y ———y

10°"

10

Photometric 2—-8 keV Lx (erg/s)

10%° N | N | N
10% 10% 10 10%
Spectroscopic 2—8 keV Lx,c (erg/s)

Figure 3.10: IC 1805 bright PMS star spectroscopic/photometric 2-8 keV X-ray
luminosity comparison. The diagonal black line indicates a photometric/spectroscopic

Lx ratio of unity.

LAFE actually outputs two estimates for the incident photon flux Fphoton calculated by different
means. The more statistically stable estimate via division of the net count rate in a given energy

band by the detector response over that band (see Broos et al., 2010) is used in these analyses.
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This systematic offset for all of the faint cluster sources was corrected using the
median ratio of photometrically to spectroscopically derived Lyx values in Figure
3.10*. The faint source photometric Lx values were used in conjunction with the
spectroscopically derived bright source Lx values to construct the total cluster 2-8
keV XLF for IC 1805, shown in Figure 3.11. Similarly, a 2-8 keV XLF was con-
structed for the PMS population which could be compared to that of the well known
Orion Nebular Cluster (ONC) 2-8 keV XLF determined in the COUP, shown in Fig-
ure 3.12.

vvvvvvvvv L B B B L B

100.0 IC1805 ——

10.0F

(O I I I [T [T Liviiiiins [ A

27 28 29 30 31 32 33
log 2—8 keV Ly, (erg/s)

Figure 3.11: 1C 1805 total cluster 2-8 keV XLF.

Figure 3.12 indicates that the observed X-ray emitting PMS population of 1C 1805
is slightly smaller than that observed in the COUP. The high luminosity end of the
IC 1805 and COUP low mass XLFs have approximately the same slope but the IC
1805 XLF peaks at log Lx = 30.3 erg s~ where it begins to decline as compared
to the COUP XLF due to the detection limits of the observation. Using Figure
3.12 the scaling factor to match the IC 1805 XLF to that of the COUP was de-
termined to be ~ 0.5. Hence, given the total number of low mass X-ray sources
from the COUP (~ 1500), the IC 1805 low mass X-ray emitting population in the
ACIS-T FOV is estimated to be ~ 750 which is ~ 3 times larger than the detected

!This method of correcting the offset assumes that a ‘best fit’ line through the data points runs
through the origin. This is not the case however but, since the points are far from the origin, it is

a good approximation.
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Figure 3.12: IC 1805 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed

line) with high mass stars removed.

population. This may seem quite low for a cluster that both Massey et al. (1995)
and Shi and Hu (1999) found to contain a substantial high mass population but it
must be remembered that the ACIS-I FOV covers just over 50% of the cluster area.
This unresolved low mass X-ray population is likely the source of the faint diffuse
emission discussed in Section 3.1.1.4. To offer a comparison to the spectrally derived
unabsorbed 2-8 keV log Lx of ~ 32.0 erg s (see Table 3.4), the part of the XLF
due to the unresolved sources was integrated to determine a 2-8 keV log Lx of 32.2
erg s—! (see Figure 1.6). This is very close to the observed 2-8 keV Lx and reinforces
the earlier conclusion that the faint diffuse X-ray emission throughout the cluster

was likely due to an unresolved low mass population.

3.1.1.6 Summary

This 78 ks Chandra observation of IC 1805 covered approximately 50% of the to-
tal cluster area. All of the known O stars in the FOV were detected of which one
was found to be a CWB while the rest exhibit the soft spectra consistent with RDIS
emission. Only the brighter B type stars in the FOV were detected, most of which ex-
hibit moderately hard spectra, consistent with MWCS emission. A 2MASS-Chandra
source correlation and J vs J-H colour magnitude diagram analysis identified a fur-
ther 3 candidate OB stars, with the brightest of these likely an early B star emitting
via a MCWS. A moderate population of PMS stars was detected. The majority of
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these is Class II or III YSO, with a few Class I sources also identified. Faint soft
diffuse emission is found to pervade the FOV after analysis of the total FOV and
cluster core diffuse spectra and is attributed to an unresolved PMS population. A
2-8 keV cluster XLF was constructed and compared to that of the COUP. Similari-
ties at the high luminosity end of the XLF's were found, in keeping with a universal
XLF/IMF correlation. Comparison of the PMS XLF to that of the COUP shows a
‘missing’ population of faint sources due to the sensitivity limit of the observation.
Integration of the XLF in this ‘missing’ region yields an Lx comparable to that of
the faint diffuse emission detected in the FOV, supporting the idea that this diffuse

emission is due to an unresolved PMS population.

3.2 Bica 1l and Bica 2

Bica 1 and Bica 2 are quite interesting objects in that they have only recently been
identified as open cluster candidates (Bica et al., 2003). They are located in the rich
Cyg OB2 association which has been studied extensively in the past making their
recent discovery all the more surprising. Bica et al. (2003) identified the clusters
while visually inspecting the structure of the Cyg OB2 association using Digitized
Sky Survey images and proceeded to use the 2MASS point source catalogue to derive
the cluster parameters for each of the newly identified objects. These authors derive
values of 6.6(£0.2) and 5.6(£0.2) for interstellar reddening (Ay ) for each cluster,
1.8(40.2) kpc for the distance to each cluster and 1 — 4 Myr for the age of each
cluster. They also determine a projected separation of 2.3 pc of the clusters at their
derived distance. This is a very small separation and indicates that these clusters
may form a physical pair. Knodlseder (2000) performed a detailed 2MASS analysis
of Cyg OB2 as a whole and derived values for core radius of the association and a
census of the OB population. Bica et al. (2003) note that both Bica 1 and Bica 2 lie
within the Cyg OB2 core radius with Bica 1 located at the core. Given that the OB
population analysis of Knodlseder (2000) revealed 2600 (£400) OB stars, with 120
(£20) of these being O stars, it is reasonable to assume that many of these objects
may be members of Bica 1 or Bica 2 and as such. the clusters may harbour a rich
X-ray emitting population and potentially diffuse emission. (I note here that a later
NIR spectroscopic study of the Cyg OB2 O star population (Comerdn et al., 2002)
revised the number of O stars in the population to the 90-100 range which is still a

very large O star population).
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Both Chandra and XMM-Newton have observed the Cyg OB2 region. XMM-
Newton has observed the region several times with exposure times ranging from 2
- 32 ks. Chandra observed Cyg OB2 twice, however only one of these pointings
(a deep 98 ks observation) contains the Bica 1 and Bica 2 clusters in the FOV.
Albacete Colombo et al. (2007) use this deep Chandra observation to characterize
the rich X-ray emitting population in the core region of Cyg OB2, in particular
the low mass population which, until then, was unknown. A later study by Wright
and Drake (2009) used this 98 ks observation with a 49 ks observation (centred
northwest of the Cyg OB2 core) to analyze the broader X-ray emitting population
in the region. There have yet to be studies of the diffuse emission in and around
the Cyg OB2 association. It is important to note here that the X-ray population
studies published in the literature thus far have focussed on Cyg OB2 as a whole
and not the Bica 1 and Bica 2 clusters. As such, an analysis of the X-ray properties
of the candidate cluster populations may (or may not) provide evidence that these

are indeed physical clusters.

Figure 3.13: Image of Bica 1 and Bica 2 in the Cyg OB2 Association from the Palomar
Sky Survey

3.2.1 Summary

The 98 ks Cyg OB2 Chandra dataset was aimed at the centre of the Bica 1 cluster

which was sufficient to cover the entire cluster areas of Bica 1 (R¢; = 2') and Bica 2

o8


Chapter2/Chapter2Figs/bica_des.eps

3.2 Bica 1 and Bica 2

(Rey = 2.5") Bica et al. (2003). No background flaring periods were identified leaving
the full ~ 98 ks of useable data. The wavdetect algorithm detected 856 sources in the
FOV, 120 of which were within the Bica 1 cluster bounds with 124 within the Bica 2
cluster bounds. Foreground and extragalactic contamination simulations yield 10-20
potential foreground sources and ~110-170 potential extragalactic sources in the en-
tire FOV. Given the actual areas of the clusters and assuming the contaminants are
evenly distributed throughout the FOV, this corresponds to < 2 and 5-7 Galactic
and extragalactic contaminants in the Bica 1 cluster area and < 2 and 8-12 Galactic
and extragalactic contaminants in the Bica 2 cluster area. Individual source data
and statistics were analysed, as outlined in 2.1, to identify 2 and 8 candidate extra-
galactic sources in the Bica 1 and Bica 2 source populations respectively, roughly in
line with the simulation predictions, which were removed from consideration. This
left 118 Bica 1 sources and 116 Bica 2 sources, including foreground contaminants,
which are all labelled as cluster sources. The adaptively smoothed image of the Cyg
OB2 region revealed faint diffuse emission in both clusters which, along with the
unsmoothed 0.5-8 keV ACIS-I image, is shown in Figure 3.14.

Figure 3.14: Chandra ACIS-I 0.5-8 keV image of Bica 1 and Bica 2 with detected
sources marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown
in red) and hard (2-8 keV, shown in blue) image.

Bica 1

High mass sources in the detected X-ray population were identified using the
source lists of Wright and Drake (2009) and the SIMBAD database. All of the
known O stars in Bica 1 were detected whereas only 1 of the 3 early B stars were

detected. The spectra of each of the high mass sources with > 50 counts were fit in
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XSPEC with absorbed one and two temperature thermal plasma models during the
AF reduction and analyses procedures (results given in Table B.1). All of the known
high mass sources exhibit soft spectra likely due to a RDIS emission mechanism.
The brightest source (0.5-8 keV log Lx > 32 erg s7!), Schulte 22, is classified in
the SIMBAD database as a double star, consisting of O3I and O6V type stars. If
these stars formed a physical system with a reasonable binary separation, one would
expect such a system form a CWB. However, the X-ray spectrum of this source does
not suggest a CWB system given the lack of significant hard emission. As such, it

is likely that the these stars form an optical double rather than a physical system.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.1). This plot identifies only 2 candidate OB stars in the cluster (see
Table B.2 for results of spectral fits). Only one of these sources was bright enough
to be fit in XSPEC and was best fit with an absorbed one temperature thermal
plasma model. However, the fit was not well constrained producing an extremely
hard best fit thermal plasma temperature (K7 = 28.1 keV). This is likely not an
accurate result given the derived 90% confidence interval on the result exceeds the
fit parameter range of 0-64 keV. It is likely though that this source is a hard emitter

and, given it’s relative faintness, is likely emitting via a MCWS mechanism.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.2. The brightest PMS

source in Bica 1 has a 2-8 keV log Lx < 31 erg s !

, well within the expected range.
The derived plasma temperatures of the sources range from 0.5-8 keV, peaking at
~2 keV. The majority of these sources suffers from slight to moderate foreground
absorption (log Ng< 22.3 cm™2), with a small number of sources subject to quite
heavy absorption (log Ng=> 22.5 cm™2), possibly due to an accretion disk or natal
cloud. The majority of the sources shows no sign of variability over the course of the
observation, with a small number of variable sources and extremely variable, likely
flaring objects. The trend in the variation of Epcgian With kT is similar to that
found by Feigelson et al. (2005) with a slight increase in k7" with Eegian. There are
too few lightly obscured sources to investigate the Ny-Fieqian relation of Feigelson
et al. (2005) fully but most of the sources likely fall in the obscured region of the

plot and show a general trend toward increasing Fieqian With increasing Ny. For
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sources with Feqian<1.7 keV, an upper limit of log Ng< 22.0 ecm~2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the clus-
ter and were used to produce the the 2-8 keV Lx against Ecgian plots, shown in
Figure B.3. These plots indicate that the majority of the PMS sources in Bica 1 is
lightly obscured, most probably Class I or Class III YSOs with 5 heavily obscured
sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable angle.
The brightest of the heavily obscured sources are variable or flaring with a the re-
maining 3 showing no signs of variability. These sources likely represent the high

luminosity tip of the heavily obscured source population.

Given the evident faint diffuse emission in Figure 3.14 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
entire cluster and cluster core regions (the core radius simply defined as R¢;/2) and
fit in XSPEC. The spectra with the best fit model are shown in Figure B.4 with
fit results given in Table B.3. Both the core and the all-FOV spectra are well fit
with absorbed two temperature thermal plasma models but in both cases, the hard
component plasma temperature is poorly constrained. Apart from an increase in
flux, there is little difference between the core and total cluster spectra indicating
no variation in diffuse emission sources throughout the cluster. Given the presence
of a hard component and the number of O stars confined to the relatively small Bica
1 cluster volume (5 O stars in 5 pc® assuming the cluster is spherically symmetric),
a cluster wind may be the source of the hard diffuse emission. Assuming the model
of Canté et al. (2000, see Section 1.4.7.1) and considering the O stars to be the
dominant contributors to the cluster wind, a hot component plasma temperature of
~ 11.6 keV and a 2-8 keV log Lx of ~ 30.8 erg s~! are derived meaning a cluster

wind can account for only a fraction of the observed log Lx~ 32.3 erg s~

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that Bica 1 is slightly older than the ONC, the
COUP data were scaled according to the scaling relation of Preibisch and Feigelson
(2005). These XLF's are shown in Figure 3.15. The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLF shows the same slope
as the COUP PMS population. Scaling the COUP population to that of Bical and
integrating the ‘missing” PMS population region yields an estimate of the unresolved

PMS population 2-8 keV log Lx of ~ 32.3 erg s~ meaning an unresolved PMS can
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account for the vast majority of diffuse emission in the cluster which, given the low

contribution of a cluster wind, is likely the case.
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Figure 3.15: Left: Bica 1 total cluster 2-8 keV XLF. Right: Bica 1 PMS star 2-8 keV
XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

Bica 2

High mass sources in the detected X-ray population were identified using the
source lists of Wright and Drake (2009) and the SIMBAD database. All of the
known O stars in Bica 2 were detected whereas none of the 5 early B stars were de-
tected. Strangely however, a B5 star was identified as an X-ray source. The spectra
of each of the high mass sources with > 50 counts were fit in XSPEC with absorbed
one and two temperature thermal plasma models during the AE reduction and anal-
yses procedures (results given in Table B.4). All apart from one of the known high
mass sources exhibit soft spectra likely due to a RDIS emission mechanism. The
extremely bright source (0.5-8 keV log Lx > 34 erg s7!), VI Cyg 8A, exhibits the
X-ray spectrum of a CWB. Indeed, this is a well known high mass binary system
consisting of O6If and O5.5111(f) stars whose CWB status has long been known (De
Becker et al., 2006b).

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.5). This plot identifies only 1 candidate OB star in the cluster
(see Table B.5). Unfortunately this source is not bright enough to spectrally derive

reliable source properties in XSPEC and thus the nature of it’s X-ray emission is
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unknown.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.6. The brightest
PMS source in Bica 2 has a 2-8 keV log Lx < 32 erg s~!, within the expected range.
The derived plasma temperatures of the sources range from 0.1-5 keV, peaking at
~1 keV. All of these sources suffer from slight to moderate foreground absorption
(log Ng< 22.3 cm™2). About half of these sources show no signs of variability,
with a small number of variable sources and a few extremely variable, likely flaring
objects. The trend in the variation of Eieqian With T is similar to that found by
Feigelson et al. (2005) with a slight increase in kT with Eyegian. There are too few
lightly obscured sources to investigate the Np-Fieqian relation of Feigelson et al.
(2005) fully but most of the sources likely fall in the obscured region of the plot
and show a general trend toward increasing Fyeqian With increasing Ny. For sources
with Epedian<1.7 keV, an upper limit of log Ng< 22.0 cm ™2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in the clus-
ter and were used to produce the the 2-8 keV Lx against Ecgian plots, shown in
Figure B.7. These plots indicate that the majority of the PMS sources in Bica 2 is
lightly obscured, most probably Class II or Class 11T YSOs, with no heavily obscured
sources. The brightest of these PMS sources show strong variability and likely un-
derwent a flaring period during the observation. The absence of heavily obscured
sources may result be due to a lack of Class [ YSOs in the cluster or, more likely,

the brightest of these are below the detection limits.

Given the evident faint diffuse emission in Figure 3.14 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
entire cluster and cluster core regions (the core radius simply defined as R¢;/2) and
fit in XSPEC. The spectra with the best fit model are shown in Figure B.8 with fit
results given in Table B.6. Both the core and the all-FOV spectra are well fit with
absorbed two temperature thermal plasma models the temperatures of which are
slightly higher for the total cluster spectrum than for the core. Given the presence
of a hard component and the number of O stars confined to the relatively small
Bica 2 cluster volume (10 O stars in 9 pc® assuming the cluster is spherically sym-

metric), a cluster wind may be the source of the hard diffuse emission. Assuming
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the model of Canté et al. (2000, see Section 1.4.7.1) and considering the O stars
to be the dominant contributors to the cluster wind, a hot component plasma tem-
perature of ~ 8.6 keV and a 2-8 keV log Lx of ~ 31.5 erg s™! are derived meaning

a cluster wind can only account for about a third of the observed log Lx~ 32 erg s~

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that Bica 2 is slightly older than the ONC, the
COUP data were scaled according to the scaling relation of Preibisch and Feigelson
(2005). These XLFs are shown in Figure 3.16. The total cluster XLF indicates one
outlier, namely the CWB VI CYG 8A. The high luminosity end of the PMS XLF
shows the same slope as the COUP PMS population. Scaling the COUP population
to that of Bica 2 and integrating the ‘missing’ PMS population region yields an es-
timate of the unresolved PMS population 2-8 keV log Lx of ~ 31.8 erg s~ meaning
an unresolved PMS can account for most of diffuse emission in the cluster. Thus,
the combined emission from the unresolved PMS population and the cluster wind

can account for the diffuse emission in the cluster, with the unresolved population

dominating.
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Figure 3.16: Left: Bica 2 total cluster 2-8 keV XLF. Right: Bica 2 PMS star 2-8 keV
XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

3.3 1IC 1590

IC 1590 is a young open cluster located in the NGC 281 star forming region also
known as the Pac Man Nebula (Mirtle et al., 2008; Moore, 2008). This region has
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long been known as a rich, active star forming region with 3 identified sites of recent
and /or ongoing star formation, IC 1590 being one. Interestingly, given its location
several hundred parsecs above the Galactic plane, it is thought a supernova in the
region some 6 Myr ago triggered the star formation in NGC 281 (Leass et al., 2001).
The IC 1590 cluster itself has had very little dedicated analysis with only one read-
ily identifiable in the literature. This is likely due to the cluster lying behind two
dust clouds one of which is in the immediate foreground of the cluster. Guetter and
Turner (1997) present a photometric analysis for many of the stars in the cluster
with a spectroscopic analysis of 20 of the brighter sources, including 4 O-type (which
form a trapezium similar to that of the ONC), several B-type stars and a PMS pop-
ulation. These authors derive an age of ~ 3.5 Myr and a distance of ~ 3 kpc which
are adopted for this analysis. The physical extent of the cluster is determined as R
= 6.6” however no estimate is offered for the cluster core. This total cluster radius
is consistent with that from the catalogue of open cluster properties of Kharchenko
et al. (2005) and thus the catalogue’s core radius (R¢, = 3.67) is adopted.

A moderately deep ~ 63 ks Chandra observation was performed in 2005. The
pointing was not aimed directly at IC 1590 but rather at the centre of the NGC 281
star forming region. Unfortunately Chandra only observes some of the cluster with
slightly less that half being outside the FOV. Luckily though, the O star trapezium
in the core of the cluster is observed. As yet an analysis of these Chandra data, with
respect to IC 1590 or NGC 281, have not been published in the literature. Given the
presence of high mass stars in close proximity and a PMS population is it reasonable
to expect a rich X-ray emitting population and potentially diffuse emission in the
IC 1590 cluster.

3.3.1 Summary

The 62 ks NGC 281 Chandra dataset, due to the aimpoint, observed about 70%
of the IC 1590 cluster. No background flaring periods were identified leaving the
full ~ 62 ks of useable data. The wavdetect algorithm detected 310 sources in the
FOV, 218 of which were within the cluster bounds. Foreground and extragalactic
contamination simulations yield 3-10 potential foreground sources and ~90-150 po-
tential extragalactic sources in the entire FOV. Given the area of the cluster and
assuming the contaminants are evenly distributed throughout the FOV, this corre-

sponds to < 4 and ~45-75 Galactic and extragalactic contaminants in the IC 1590
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Figure 3.17: DSS Image of IC 1590.

cluster area. Individual source data and statistics were analysed, as outlined in 2.1,
to identify 51 candidate extragalactic sources in the cluster source population, in
line with the simulation predictions, which were removed from consideration. This
left 167 sources, including foreground contaminants, which are all labelled as clus-
ter sources. The adaptively smoothed image of the NGC 281 region revealed faint
diffuse emission in the cluster which, along with the unsmoothed 0.5-8 keV ACIS-I

image, is shown in Figure 3.18.

High mass sources in the detected X-ray population were identified using the
SIMBAD database. All of the known O stars were detected whereas only 1 of the
2 early B stars were detected. The spectra of each of the high mass sources with
> 50 counts were fit in XSPEC with absorbed one and two temperature thermal
plasma models during the AFE reduction and analysis procedures (results given in
Table B.7). All of the known high mass sources exhibit soft spectra likely due to a

RDIS emission mechanism.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.9). This plot identifies 9 candidate OB stars in the FOV (see
Table B.8 for results of spectral fits). Only one of these sources was bright enough
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Figure 3.18: Chandra ACIS-I 0.5-8 keV image of IC 1590 with detected sources marked
in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red) and hard

(2-8 keV, shown in blue) image.

to be fit in XSPEC and was best fit with an absorbed one temperature thermal
plasma model. However, the fit is formally bad with a reduced x? > 2. The result-

ing plasma temperature of k71" ~ 1.8 keV indicates the source is likely emitting via
a MCWS mechanism.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.10. The brightest
PMS source in IC 1590 has a 2-8 keV log Lx ~ 31 erg s—!, well within the expected
range. The derived plasma temperatures of the sources range from 1-4 keV, peaking
at ~3 keV. The majority of these sources suffers from slight to moderate foreground
absorption (log Ny < 22.3 cm™2), with no sources subject to heavy absorption. Also,
the majority of sources shows no sign of variability over the course of the observa-
tion, with a only one variable source and 2 extremely variable, likely flaring objects.
The trend in the variation of Ecqian With T is similar to that found by Feigelson
et al. (2005) with a slight increase in kT with Eegian. There are too few heavily
obscured sources to investigate the Np-FEeqian relation of Feigelson et al. (2005)
fully but most of the sources fall in the lightly obscured region of the plot and show
no trend between FEcqian and Ny as expected. For sources with Eijeqian<<1.6 keV,

an upper limit of log Ng< 22.0 em~2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster

and were used to produce the the 2-8 keV Lx against Fegian plots, shown in Figure
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B.11. These plots indicate that the majority of the PMS source in IC 1590 is lightly
obscured, most probably Class II or Class III YSOs with 9 heavily obscured sources,
likely Class I YSOs or Class IT YSOs viewed from an unfavourable angle. Five of
the nine heavily obscured sources, including the two brightest, are either variable
or flaring. These sources likely represent the high luminosity tip of the heavily ob-

scured source population.

Given the evident faint diffuse emission in Figure 3.18 it was deemed unneces-
sary to mask and adaptively smooth the image again. Spectra were extracted from
the entire cluster and cluster core regions and fit in XSPEC however only the total
cluster spectrum had enough counts for a meaningful fit. This spectrum with the
best fit model are shown in Figure B.12 with fit results given in Table B.9. The
spectrum is well fit with an absorbed single temperature thermal plasma model with
a soft plasma temperature yielding a 2-8 keV Lx of ~ 2 x 1032 erg s~!. This suggests

an unresolved PMS population as the source of the diffuse emission.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that IC 1590 is older than the ONC, the
COUP data were scaled according to the scaling relation of Preibisch and Feigelson
(2005). These XLFs are shown in Figure 3.19. The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLF shows the same
slope as the COUP PMS population. Scaling the COUP population to that of IC
1590 and integrating the ‘missing’” PMS population region yields an estimate of the
unresolved PMS population 2-8 keV Lx of ~ 1 x 1032 erg s~! meaning an unresolved
PMS can account for about half the observed diffuse emission in the resolved cluster

area.

3.4 NGC 1893

NGC 1893 is a massive young stellar cluster notable due to it’s location at the edge
of the Galaxy some 11 kpc from the Galactic centre. The cluster is contained in
the Aur OB2 association and associated with the HII region IC 410 and conse-
quently is obscured. Limited optical photometric studies of the cluster have existed
for many decades (see Cuffey, 1973, for e.g.) but the more recent works of Tapia

et al. (1991) and Massey et al. (1995) presented NIR and spectroscopic analyses
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Figure 3.19: Left: IC 1590 total cluster 2-8 keV XLF. Right: IC 1590 PMS star 2-8
keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

respectively which identified high mass stars in the cluster including several O stars.
Later still, Marco et al. (2001) identify ~ 50 cluster stars with spectra type earlier
than A0, with some PMS stars and two candidate Herbig Be stars. This implied
the presence of a large PMS population, which was subsequently confirmed through
observation, led to a slew of studies on the NGC 1893 stellar population (see Marco
and Negueruela, 2002; Negueruela et al., 2007; Sharma et al., 2007, etc.). Age es-
timates of the cluster range from about 1-4 Myr. An age of 3 Myr is adopted for
this analysis based on the presence of two O5V stars in the cluster. The distance
estimates to the cluster also vary somewhat, ranging between ~ 3 kpc and ~ 6 kpc
(Marco et al., 2001; Massey et al., 1995; Sharma et al., 2007). For this analysis,
a distance of 4.3kpc, determined by Tapia et al. (1991), is adopted as it is at the
centre of the range of distance estimates. Sharma et al. (2007) use various source
lists to determine the extent of the cluster, the results of which vary considerably.
Instead of selecting one of these estimates it was decided to adopt the total (Ro; =
12’) and core radius (R¢c, = 4.8") from the catalogue of open cluster properties of
Kharchenko et al. (2005).

Chandra observed NGC 1893 five times over late 2006 and early 2007 as part
of a combined Chandra-Spitzer observing programme to investigate the prevalence
of circumstellar disks in the population. The Chandra data were collected for a
combined exposure time of ~ 440 ks. Caramazza et al. (2008) use these data to
identify ~ 1000 sources in the FOV and perform a detailed X-ray analysis on the

clusters PMS population specifically the fractions of the various classes of YSOs
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in the cluster. Though this detailed analysis of the PMS X-ray sources has been
published, no analysis of other cluster subpopulations such as the high mass stars

or potential diffuse emission exists in the literature.

Figure 3.20: HST Image of NGC 1893.

3.4.1 Summary

Three Chandra observations of NGC 1893 that exceeded 100 ks were used for this
analysis giving a total exposure time of 353 ks. Each of the observations was centered
a few arcmins north of the cluster centre, however, this was sufficient to observe a
substantial fraction of the cluster with only outer cluster regions lying outside the
FOV. No background flaring periods were identified leaving the full ~ 353 ks of use-
able data. The wavdetect algorithm detected 797 sources in the FOV, 448 of which
have a 2MASS counterpart. Foreground and extragalactic contamination simula-
tions yield 15-30 potential foreground sources and ~103-116 potential extragalactic
sources in the entire FOV. Individual source data and statistics were analysed, as
outlined in 2.1, to identify 110 candidate extragalactic sources in the cluster source
population, in line with the simulation predictions, which were removed from con-
sideration. This left 687 sources, including foreground contaminants, which are all
labelled as cluster sources. The adaptively smoothed image of the NGC 1893 re-

vealed bright diffuse emission in the cluster which, along with the unsmoothed 0.5-8
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keV ACIS-I image, is shown in Figure 3.21.

Figure 3.21: Chandra ACIS-I 0.5-8 keV image of NGC 1893 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image.

High mass sources in the detected X-ray population were identified using the
sourcelist of Massey et al. (1995) and the SIMBAD database. All of the known O
stars were detected whereas 13 of the 18 early B stars were detected!. The spectra
of each of the high mass sources with > 50 counts were fit in XSPEC with ab-
sorbed one and two temperature thermal plasma models during the AF reduction
and analyses procedures (results given in Table B.10). All apart from one of the
known O stars are best fit with an absorbed one temperature thermal plasma model
and show the spectral signatures of RDIS emitters. The remaining O star, namely
the O4V((f)) star HD 242908, requires a two temperature thermal plasma model,
with one soft and one hard thermal components, and has an X-ray luminosity that
indicates a CWB system. All of the known early B-type stars exhibit moderately
hard spectra and have 2-8 keV Lx values consistent with MCWS emission.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.13). This plot identifies 59 candidate OB stars in the FOV. The
brightest of these sources were spectrally fit in XSPEC (see Tables B.11 and B.12

LGiven this very deep observation we would expect all of the early B stars to be detected,
however, because the roll angles of the three observations are not the same, some of the regions
in the FOV are exposed at a fraction of the on axis exposure time of 353 ks, resulting in a poorer
detection limit.
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for results of spectral fits). Almost all of the candidate OB stars in the cluster are
well fit with thermal plasma models with plasma temperatures and derived X-ray
luminosities on par with the known early B stars in the cluster. As such, if these

are indeed early B-type stars, they are emitting via a MCWS mechanism.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.14. The brightest
PMS source in NGC 1893 has a 2-8 keV log Lx > 32 erg s—*, which is quite bright
for a PMS star. Analysis of this source’s lightcurve shows that the object under-
went a period of enhanced emission in each of the three Chandra observations that
is almost periodic in appearance, which is also suggested by it’s derived variability
statistic of Pxg = 0.028. The derived plasma temperatures of the sources range
from 0.1-10 keV, peaking at ~0.5 keV. The majority of these sources suffers from
slight to moderate foreground absorption (log Ng< 22.3 em™2), with a few subject
to heavy absorption. Many of sources shows no sign of variability over the course
of the observation, however there are a large number of variable or flaring sources
also identified. The trends in the variation of Eieqian With kT and FEiedian With
Ny is similar to those found by Feigelson et al. (2005) with a slight increase in kT
with Eleqian @nd increasing Nyg with FElegian above ~ 1.9 keV. For sources with

Ernedian<1.9 keV, an upper limit of log Ng< 22.3 ecm ™2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the the 2-8 keV Lx against Epcgian plots, shown in Figure
B.15. These plots indicate that the majority of the PMS sources in NGC 1893 is
lightly obscured, most probably Class I or Class III YSOs with several heavily ob-
scured sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable
angle. Many of these heavily obscured sources are either variable or flaring. The
rather deep observation leads to an increased number in the detection of heavily
obscured sources as compared to other clusters. These sources likely represent the

high luminosity end of the heavily obscured source population.

Given the obvious diffuse emission in Figure 3.21 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
entire cluster and cluster core regions from each of the three observations and fit

simultaneously in XSPEC. Both spectra with the best fit models are shown in Figure
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B.16 with fit results given in Table B.13. The spectra are well fit with an absorbed
cool thermal plasma model. There is little variation in spectral parameters of flux
between the core and all-FOV spectra suggestion the same diffuse emission process

throughout the cluster, likely an unresolved PMS population.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that NGC 1893 is older than the ONC, the
COUP data were scaled according to the scaling relation of Preibisch and Feigelson
(2005). These XLFs are shown in Figure 3.22. The total cluster XLF shows no
outliers. This is unusual given that one of the sources, namely HD 242908, was
identified as a CWB which would be expected to have a relatively high 2-8 keV
Lx. As such, it is likely that HD 242908 is a wide binary system, resulting in a less
luminous colliding wind zone. The high luminosity end of the PMS XLF shows the
same slope as the COUP PMS population. Scaling the COUP population to that of
NGC 1893 and integrating the ‘missing’ PMS population region yields an estimate
of the unresolved PMS population 2-8 keV log Lx of ~ 32.7 erg s~ meaning an
unresolved PMS can easily account for the observed diffuse emission in the resolved

cluster area.
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Figure 3.22: Left: NGC 1893 total cluster 2-8 keV XLF. Right: NGC 1893 PMS star
2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

3.5 NGC 2362

NGC 2362 is a young open cluster located on the outer edge of the Orion-Cygnus
arm of the Galaxy. The cluster is dominated by the quadruple 7 CMa star, an
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09 supergiant and the only cluster member on the post-main sequence, and several
B-type main sequence stars. The cluster has been known for some time and was
long thought to consist almost entirely of early-type stars (Johnson, 1950). Later
studies of the clusters stellar population have shown this not to be the case and that
the mass spectrum extends much lower than the previous early-type limit (Kroupa
et al.; 1992). Recently the cluster has been the subject of many analyses as the
it suffers from low extinction meaning the stars in NGC 2362 have a low uniform
reddening which make it an ideal cluster for the study of PMS stellar evolution.
Moitinho et al. (2001) performed a UBVRI photometric analysis of the cluster fo-
cussing on the PMS population. These authors determine a cluster age of ~ 5 Myr
and a distance of ~ 1.5kpc, which have been used often in the literatures and are
adopted for this analysis. Dahm (2005) performed a much more detailed analysis of
the cluster population, particularly the PMS members, and derived an upper limit
of <500 Mg, for the cluster mass. In some of the analyses in the literature, authors
attempt to determine the physical size of the cluster however these estimates, which
differ somewhat, are invariably derived using a subpopulation of the cluster. Be-
cause of this, the clusters total radius (R¢; = 157) and core radius (R¢, = 3.67) are

adopted from the catalogue of open cluster properties of Kharchenko et al. (2005).

Chandra performed a deep ~ 100 ks observation of NGC 2362 in late 2003.
Damiani et al. (2006) used these data to study the X-ray properties of the stellar
population. They detect ~ 400 sources in the cluster, many of which were previously
unknown PMS stars, and investigate the emission properties of the PMS sources.
These data were also used by Delgado et al. (2006) who perform a multiwavelength
analysis of the cluster. These authors obtain similar results to those of Damiani

et al. (2006) and again focus mainly on the PMS population.

3.5.1 Summary

The 100 ks NGC 2362 Chandra dataset was only sufficient to resolve the central re-
gions of the cluster area given it’s rather large size on the sky. The observation event
list was filtered for background flaring periods leaving ~ 96 ks of useable data. The
wavdetect algorithm detected 449 sources in the FOV, 271 of which have 2MASS
counterparts. Foreground and extragalactic contamination simulations yield 16-23
potential foreground sources and ~75-84 potential extragalactic sources in the FOV.

Individual source data and statistics were analysed, as outlined in Section 2.1, to
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Figure 3.23: DSS Image of NGC 2362.

identify 56 candidate extragalactic sources in the cluster source population, lower
than the simulation predictions. This implies a further ~ 20 extragalactic sources
may be contaminating the NGC 2362 cluster population. Without further informa-
tion however, there is no way to identify these sources and thus only the 56 candi-
date extragalactic sources were removed from consideration. This left 393 sources,
including foreground contaminants, which are all labelled as cluster sources. The
adaptively smoothed image of the NGC 2362 region showed no evidence of diffuse
emission in the cluster which, along with the unsmoothed 0.5-8 keV ACIS-I image,

is shown in Figure 3.24.

High mass sources in the detected X-ray population were identified using the
SIMBAD database. The one known O star in NGC 2362 was detected whereas only
5 of the 9 early B stars were detected. The spectra of each of the high mass sources
with > 50 counts were fit in XSPEC with absorbed one and two temperature ther-
mal plasma models during the AFE reduction and analyses procedures (results given
in Table B.14). All of the known early B-type stars exhibit soft spectra likely due to
a RDIS emission mechanism. The spectrum of the brightest source 7 CMa, an O91b
star, has a somewhat more complex spectrum with both a one and two temperature
thermal plasma models giving poor fits. This is unsurprising however as 7 CMa is

a well known multiple star with at least 3 components of which, one is a known
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Figure 3.24: Chandra ACIS-I 0.5-8 keV image of NGC 2362 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image.

YSO. This source (and potentially the other object(s) in this system) is likely emit-
ting X-rays. As such, this(these) star(s) may be contaminating the O supergiant
X-ray spectrum of 7 CMa. The derived spectral parameters from the two temper-

ature thermal plasma of this source are shown in Table B.14 for descriptive purposes.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.9). This plot identifies 3 candidate OB stars in the FOV (see Ta-
ble B.15 for results of spectral fits). Two of these sources were bright enough to be
fit in XSPEC and were best fit with an absorbed one temperature thermal plasma
model. Both these sources exhibit soft X-ray spectra with plasma temperatures and
X-ray luminosities in line with the known early B-type stars in the cluster. As such,

these sources are likely emitting via a RDIS mechanism.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.18. The brightest
PMS source in NGC 2362 has a 2-8 keV log Lx ~ 32 erg s~!, within the ex-
pected range. The derived plasma temperatures of the sources range from 0.1-5
keV, peaking at ~1 keV. The majority of these sources suffers from slight to mod-
erate foreground absorption (log Ng< 22.3 cm™?2), with no sources subject to heavy
absorption. Many of the sources shows no sign of variability over the course of the

observation, with a small number of variable and several extremely variable, likely
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flaring objects. The trend in the variation of Eyeqian with k7" is similar to that found
by Feigelson et al. (2005) with a slight increase in k7" with Fyegian, as is the trend
in increasing Ny with Fpcqian @above a threshold level. For sources with Fedian<1.4

keV, an upper limit of log Ny < 21.9 ecm~2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the the 2-8 keV Lx against Fcgian plots, shown in Figure
B.19. These plots indicate that the majority of the PMS source in NGC 2362 is
lightly obscured, most probably Class I or Class III YSOs with 3 heavily obscured
sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable angle.
Two of the three heavily obscured sources show signs of variability. These sources
likely represent the high luminosity tip of the heavily obscured source population
which, given the age of NGC 2362, is likely relatively small in comparison to other

programme clusters.

There is little evidence for diffuse emission in the cluster centre (see Figure 3.24)
however there may still be faint diffuse emission throughout the FOV. To obtain a
better image of the diffuse emission a point source masked and adaptively smoothed

image, shown in Figure 3.25, was created.

Figure 3.25 shows faint diffuse emission in the cluster core. Spectra were ex-
tracted from the entire FOV and cluster core region and fit in XSPEC. This spec-
trum with the best fit model are shown in Figure B.20 with fit results given in
Table B.16. The spectra are well fit with an absorbed cool thermal plasma model.
There is little variation in spectral parameters of flux between the core and all-FOV
spectra suggestion the same diffuse emission process throughout the cluster, likely
an unresolved PMS population, with a 2-8 keV log Lx of ~ 30.6 erg s=! derived for
the all-FOV diffuse emission.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that NGC 2362 is older than the ONC, the
COUP data were scaled according to the scaling relation of Preibisch and Feigelson
(2005). These XLF's are shown in Figure 3.26. The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLF shows the same
slope as the COUP PMS population. Scaling the COUP population to that of NGC
2362 and integrating the ‘missing’” PMS population region yields an estimate of the
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Figure 3.25: Masked and adaptively smoothed 0.5-8 keV image of NGC 2362 diffuse
emission. The apparently bright points are likely the unmasked wings of the PSF of the

brightest sources in the FOV which are artifacts due to the selected image binning.

unresolved PMS population 2-8 keV log Lx of ~ 30.8 erg s~! meaning an unresolved

PMS can easily account for the observed diffuse emission in the resolved cluster area.

3.6 NGC 3603

NGC 3603 is a giant HII region located in the Carina spiral arm and is famous for
being the most luminous optically visible HII region in the Galaxy (Niirnberger,
2003). At the heart of this giant HII region is the massive young central cluster also
commonly referred to as NGC 3603. The NGC 3603 cluster has been the subject
of many studies over the years not only because of its size and stellar population
but in particular the fact that it suffers from low foreground extinction (Ay = 4.5,
Stolte et al., 2004, and references therein) making it easy to observe the stellar pop-
ulation in all wavebands down to low masses. There have been several studies of
the stellar content of the NGC 3603 cluster which have identified a large high mass
stellar population consisting of WRs and early and late O stars at various stages of
evolution (see Melena et al., 2008; Moffat et al., 1994, for example). In addition
Stolte et al. (2004) and Sung and Bessell (2004) identify a rich pre-main sequence
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Figure 3.26: Left: NGC 2362 total cluster 2-8 keV XLF. Right: NGC 2362 PMS star
2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

in the cluster. As such, the age estimates for the cluster range from 1-4 Myr but is
mostly quoted at ~ 1 Myr. Distance estimates to the cluster vary between 6-10 kpc
but as noted by Melena et al. (2008), this variation arises due to the uncertain red-

dening correction. The most recent distance estimate is 7.6 kpc (Melena et al., 2008).

Chandra observed the NGC 3603 cluster for 50 ks in its first year of observa-
tions. Moffat et al. (2002) presented the first analysis of this observational data.
They identify almost 400 sources in the FOV, at least 40 of which are associated
with optically identified WRs and OB stars, most of the remaining sources likely
being PMS stars. The three WR stars in the cluster were found to be anomalously
bright in X-rays which the authors indicate may be due to a colliding wind emission
mechanism. In addition, these authors identify weak diffuse emission in the centre
of the cluster which they attribute to a cluster wind. Sung and Bessell (2004) also
use this dataset to determine the X-ray emission from the PMS population in the
cluster and highlight the problem of crowding in the cluster core. The rich X-ray
emitting stellar population and diffuse emission present in the NGC 3603 cluster

make it very suited for study in this project.

3.6.1 Summary

The 50 ks NGC 3603 Chandra dataset was sufficient to resolve the entire cluster
area. The observation event list was filtered for background flaring periods leav-
ing ~ 48 ks of useable data. The wavdetect algorithm detected 352 sources in the
FOV, 165 of which are within the cluster bounds. 57 of these source were found to
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Figure 3.27: HST Image of NGC 3603.

have 2MASS counterparts. Foreground and extragalactic contamination simulations
yield 2-8 potential foreground sources and ~90-103 potential extragalactic sources
in the FOV. Given the actual area of the cluster and assuming the contaminants are
evenly distributed throughout the FOV, this corresponds to 0-1 Galactic and 15-18
extragalactic contaminants in the NGC 3603 cluster area. Individual source data
and statistics were analysed, as outlined in 2.1, to identify 39 candidate extragalac-
tic sources in the cluster source population, higher than the simulation predictions.
This implies some ~ 20 candidate extragalactic sources may actually be members
NGC 3603 cluster population. Without further information however, there is no
way to identify these sources and thus the 39 candidate extragalactic sources were
removed from consideration. This left 126 sources, including foreground contami-
nants, which are all labelled as cluster sources. The adaptively smoothed image of
the NGC 3603 region showed obvious diffuse emission in the cluster which, along
with the unsmoothed 0.5-8 keV ACIS-I image, is shown in Figure 3.28.

High mass sources in the detected X-ray population were identified using the
source list of Melena et al. (2008) and the SIMBAD database. Unfortunately, given
the incredibly rich population high mass stars, their location in the core and the
distance of NGC 3603, source crowding is a serious issue. Melena et al. (2008)

identify ~ 50 main sequence and evolved O stars stars in the cluster core. Only

80


Chapter2/Chapter2Figs/ngc3603_des.eps

3.6 NGC 3603

Figure 3.28: Chandra ACIS-I 0.5-8 keV image of NGC 3603 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image.

18 X-ray sources were matched to this population with some sources consisting of
up to 4 known high mass stars. In addition, two extremely bright sources were
detected in the heart of the cluster which are almost 2 orders of magnitude brighter
than surrounding cluster sources. These effectively drown the emission from less
bright sources in the vicinity resulting in some non-detections. Stars with spec-
tral type as early as O3 were not detected for this reason. Unfortunately there
is little that can be done about this. Image reconstruction algorithms may un-
cover these as contributing X-ray sources hidden in the diffuse emission but this will
not allow any meaningful spectral information to be derived. Many of the later O
stars were not detected simply because they fall below the detection threshold of
the observation. The spectra of each of the high mass sources with > 50 counts
were, nevertheless, fit in XSPEC with absorbed one and two temperature thermal
plasma models during the AFE reduction and analyses procedures (results given in
Table B.17). Of the single known high mass stars 4 show spectra consistent with
RDIS emission mechanisms. A further 3, namely Sh 49, Sh 47 and Sh 22, show
moderately hard and bright spectra and are likely relatively low luminosity CWBs.
Source CXO J11150727611538.3 was found to consist of 4 very high mass sources
including 2 WRs. The spectrum of this source was well fit with an absorbed two
temperature thermal plasma corrected for photon pileup. The derived 0.5-8 keV Lx
is quite bright and it is very likely that one or more of these are CWB systems. The
remaining source is the so called NGC 3603 C, another WR, whose derived Lx value
is extraordinarily high. This is almost definitely a close CWB system.
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The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.9). This plot identifies 2 candidate OB stars in the FOV (see Ta-
ble B.18 for results of spectral fits). As well as being in the very high mass region of
the 2MASS colur-magnitude diagram, they are very bright in X-rays (also reported
by Sung and Bessell, 2004), yet no spectral types exist for these sources. Indeed,
for many of the optical or IR surveys of the clusters (see Melena et al., 2008, for ex-
ample) observations have focussed primarily on the centre of the cluster leaving the
outer regions largely unexplored. One of these sources is well fit with absorbed hot
thermal plasma models and have 0.5-8 keV Lx values well in excess of 1032 erg s71,
consistent with CWB emission or possibly a WR. The second source is the second
brightest detected in the cluster. It’s spectrum is well fit with a two temperature

034

thermal plasma with an Ly > 103 erg s7'. As such, this source is almost certainly

a massive CWB system.

It is unclear as to the nature of the remaining cluster sources. Many of them
are likely bright PMS stars but it is just as likely that, particularly in the outer
cluster regions, the sources are as yet unidentified O-type or early B-type stars.
Thus, for the remainder of the analysis, I will refer to them simply as ‘unidentified’
cluster sources. The unidentified stars with > 50 counts were fit in XSPEC with
an absorbed thermal plasma model. The global results of these fits are given in
graphic form in Figure B.22. Only 3 sources satisfied this brightness criteria. Two
of these sources exhibit soft spectra with X-ray luminosity values of 2-8 keV log Lx
~ 32 erg s7!. In addition, these sources show no signs of variability. As such, it is
entirely possible that these are early O-type stars. The remaining source has about
the same derived X-ray luminosity is well fit with a very hot thermal plasma model
has a Pkg value consistent with a flaring source. Indeed, inspection of the lightcurve
reveals the source underwent a strong flaring event, increasing to almost 5 times it’s
quiescent count rate, during the observation. Because there is likely only one bright
PMS star in the cluster, the relations of Feigelson et al. (2005) cannot be investi-
gated. An upper limit of log Ny< 22.2 ecm™? is set for sources with Epedian<1.8

keV, consistent with similar programme clusters.
2-8 keV Lx values were calculated for the remaining inidentified sources in the

cluster and were used to produce the the 2-8 keV Lx against Ejeqian plots, shown

in Figure B.23. These plots consolidate the earlier conclusion that many of these
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sources are likely as yet unidentified massive stars. Compared to similar plots for
the other programme clusters, the peak luminosity ‘plateau’ is located at about the
1032 erg s7! level. In addition, many of the sources on or near this level show no
signs of variability, consistent with high mass star emission. There can be no doubt
however that PMS sources also occupy this region of the plot with several moder-

ate to highly absorbed sources showing signs of variability, and in some cases flaring.

Figure 3.28 shows diffuse emission in the cluster. Spectra were extracted from
the entire FOV and cluster core region and fit in XSPEC. These spectra with the
best fit models are shown in Figure B.24 with fit results given in Table B.19. The
spectra are well fit with an absorbed two temperature thermal plasma model. There
is little variation in spectral parameters or flux between the core and all-FOV spectra
suggesting the same diffuse emission processes throughout the cluster which, given
the rich high mass stellar population, may be a cluster wind. Assuming the model
of Cant6 et al. (2000, see Section 1.4.7.1) and considering the all of the known
high mass stars to be contributing to the cluster wind, a hot component plasma
temperature of ~ 9 keV and a 2-8 keV log Lx of ~ 32.3 erg s~! are derived for
the diffuse emission in the core where the all of the known high mass stars reside.
The determined X-ray luminosity is significantly smaller than the observed log Lx
~ 33.8 erg s7! for the core, meaning this cluster wind may only account for a frac-
tion of the observed diffuse emission in NGC 3603. However, it must be noted
that this value is likely underestimated given only the brightest stars in core with
known spectral types are considered. Even in the source list of Melena et al. (2008),
spectral types are derived for only 38 of the 50 brightest sources. In addition, this
does not include the multitude of late O-type stars yet to be identified in the cluster.

The cluster and unidentified source 2-8 keV XLFs were constructed and the
unidentified source XLF compared to that of the PMS XLF of the similarly aged
COUP. Though this may not be explicitly correct, it can offer an estimate to the
contribution of an unresolved unidentified source population. These XLF's are shown
in Figure 3.29. The total cluster XLF indicates several outliers which consist of the
CWB candidates and the multiple source CXO J 11150727611538.3. The high lu-
minosity end of the unidentified source XLF shows roughly the same slope as the
COUP PMS population. Scaling the COUP PMS population to that of the NGC
3603 unidentified source population and integrating the ‘missing’ unidentified source

population region yields an estimate of the unresolved population 2-8 keV log Lx
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! meaning an unresolved population can account for about half of

of ~ 34 erg s~
the observed diffuse emission in cluster. It is very likely that both an unresolved
population and a cluster wind are responsible for the diffuse emission with the un-
resolved sources dominating, though it is noted that the cluster wind estimate is

likely underestimated.
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Figure 3.29: Left: NGC 3603 total cluster 2-8 keV XLF. Right: NGC 3603 unidentified
source 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

3.7 NGC 6611

NGC 6611 is a young open cluster embedded in the HII region M 16, better known
as the Eagle Nebula. Hillenbrand et al. (1993) found NGC 6611 to contain a large
population of PMS stars along with a large number of massive stars, over 50 of which
are of spectral type B5 or earlier. A more recent study of the massive stellar content
of NGC 6611 was carried out by Dufton et al. (2006) who supplement and refine the
massive stellar parameters. Winds from these massive stars are responsible for ex-
citing and shaping the Eagle Nebula which has given rise to nebulosity features such
as the now famous “Pillars of Creation”. Given the identified stellar population, age
estimates for stars in the cluster are typically quoted in the 1-6 Myr range (Bonatto
et al., 2006b; Hillenbrand et al., 1993; Martayan et al., 2008), however Guarcello
et al. (2007) identify stars with ages up to 3 Myr and the youngest stars having ages
of 0.1 Myr. Distance estimates to the cluster are somewhat more consistent with
most being ~ 2 kpc (Belikov et al., 1999; Bonatto et al., 2006b; Guarcello et al.,
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2007; Hillenbrand et al., 1993).

Chandra has performed a 78 ks observation centered on the NGC 6611 cluster.
Linsky et al. (2007) present an analysis of these data which discussed the Young
Stellar Object (YSO) population in and near the Pillars of Creation. Guarcello
et al. (2010) use this same observation along with two additional observations of
different parts of M 16 to assess the chronology of star formation in M 16 and its
relation to the presence of the massive stars in NGC 6611. Surprisingly no other
analysis of the X-ray properties of the cluster exists in the literature to date. Given
the populations of OB and PMS stars, it is reasonable to assume that cluster exhibits

diffuse emission in addition to the a rich X-ray emitting population.

Figure 3.30: HST Image of M 16 with NGC 6611 located in the centre of the nebula.

3.7.1 Summary

The 78 ks NGC 6611 Chandra dataset was aimed at the centre of the cluster. The
17x17 ACIS-1 FOV was only sufficient to cover ~ 50% of the entire cluster area
(Rey = 13.2") but was enough to resolve the cluster core (R, = 4.8"). Background
flaring periods were removed leaving ~ 76 ks of useable data. The wavdetect algo-
rithm detected 893 sources in the FOV, 620 of which were found to have 2MASS

counterparts. Foreground and extragalactic contamination simulations yield 5-12

85


Chapter2/Chapter2Figs/ngc6611_des.eps

3.7 NGC 6611

potential foreground sources and 40-56 potential extragalactic sources in the FOV.
Individual source data and statistics were analysed, as outlined in 2.1, to identify 51
candidate extragalactic sources in the FOV| in line with the simulation predictions,
which were removed from consideration. This left 842 sources in the FOV including,
including foreground contaminants, which are all labelled as cluster sources. The
adaptively smoothed image of the cluster revealed bright diffuse emission through-
out the cluster core which, along with the unsmoothed 0.5-8 keV ACIS-I image, is

shown in Figure 3.31.

Figure 3.31: Chandra 17'x17 ACIS-1 0.5-8 keV image of NGC 6611 with detected
sources marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown
in red) and hard (2-8 keV, shown in blue) image.

High mass sources in the detected X-ray population were identified using the
source lists of Dufton et al. (2006) and the SIMBAD database. All of the known
O stars in the FOV were detected whereas only 16 of the 22 early B stars were
detected. The spectra of each of the high mass sources with > 50 counts were fit
in XSPEC with absorbed one and two temperature thermal plasma models during
the AE reduction and analyses procedures (results given in Table B.20). All of the
known O stars and two of the early B stars exhibit soft spectra, in keeping with a
RDIS emission mechanism. The remaining early B-type stars are well fit by mod-
erately hard thermal plasma models. Given the relatively low Lyx values of these

sources, it is likely that they are MCWS emitters.
The correlated high quality 2MASS data were used to produce a J vs J — H

colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.25). This plot identifies 38 candidate OB stars in the FOV (see
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Tables B.21 and B.22 for results of spectral fits). All of the bright candidate OB
sources were best fit with an absorbed one temperature thermal plasma model, all

1

having derived hard kT values and all with Lx< 10%? erg s~!. If indeed these are

OB stars, they have the signatures of MCWS emission.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.26. The brightest
PMS source in NGC 6611 has a 2-8 keV log Lx < 32 erg s~!, within the expected
range. The derived plasma temperatures of the sources range from 1-10 keV, peaking
at ~2 keV. The majority of these sources suffers from slight foreground absorption
(log Ng< 22.0 em™2), with a few sources subject to quite heavy absorption (log
Nu=> 22.5 cm™2), possibly due to an accretion disk or natal cloud. Similarly, the
majority of the sources shows no sign of variability over the course of the observa-
tion. However, there is a sizable fraction of variable sources with a few extremely
variable, likely flaring objects. Trends in the variation of Ecgian With kT and Ny
are similar to those found by Feigelson et al. (2005) with a slight increase in kT
with Eleqian and increasing Ny with FElegian above ~ 1.7 keV. For sources with

Fredian<1.7 keV, an upper limit of log Ng< 22.0 ecm ™2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the the 2-8 keV Lx against Fyegian plots, shown in Fig-
ure B.27. These plots indicate that the majority of the PMS source in NGC 6611 is
lightly obscured, most probably Class II or Class III YSOs with > 20 heavily ob-
scured sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable
angle. Many of these heavily obscured sources are variable or flaring with a few
quiescent objects. These likely represent the high luminosity tip of the heavily ob-

scured source population.

Given the obvious diffuse emission in Figure 3.31 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
cluster core region and the entire FOV and fit in XSPEC. The spectra with the best
fit models are shown in Figure B.28 with fit results given in Table B.23. Both the
core and the all-FOV spectra are best fit with absorbed two temperature thermal

plasma models. There is a noticeable increase in the hard component k7" from the

87



3.7 NGC 6611

core to the all-FOV spectrum. This may be due to hard emission in the cluster be-
ing localized in the core causing its brightness in relation to the soft emission to be
lessened by the cluster wide soft emission resulting in a poorly constrained hard fit
component. If this is the case it is likely that some of the hard emission in the core
of NGC 6611 is due to a cluster wind. Assuming the model of Canto et al. (2000,
see Section 1.4.7.1) and considering the O stars to be the dominant contributors to
the cluster wind, a hot component plasma temperature of ~ 9.5 keV and a 2-8 keV

1

log Lx of ~ 30 erg s™" are derived meaning a cluster wind can only account for a

fraction of the observed diffuse emission.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the COUP. Given that NGC 6611 is slightly older than the
ONC, the COUP data were scaled according to the scaling relation of Preibisch and
Feigelson (2005). These XLFs are shown in Figure 3.32. The total cluster XLF
shows no high luminosity outliers as expected. The high luminosity end of the PMS
XLF shows the same slope as the COUP PMS population. Scaling the COUP pop-
ulation to that of NGC 6611 and integrating the ‘missing’” PMS population region
yields an estimate of the unresolved PMS population 2-8 keV log Lx of ~ 32.9 erg
s~1. Thus the unresolved PMS population can account for the majority of the diffuse

emission in the FOV of log Lx ~ 33 erg s—L.
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Figure 3.32: Left: NGC 6611 total cluster 2-8 keV XLF. Right: NGC 6611 PMS star
2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

88


Chapter2/Chapter2Figs/ngc6611_XLFs.eps

3.8 NGC 6618

3.8 NGC 6618

NGC 6618 is the central exciting cluster of M 17, one of the brightest giant HII
regions known, located at the northeast edge of one of the largest giant molecular
clouds in the Galaxy (Elmegreen et al., 1979). The cluster itself has been known for
some time but because it suffers from substantial absorption due to the obscuring
material of the molecular cloud (Ay ~ 8, Hanson et al., 1997), studies of the stellar
content were limited until recent observations in the IR and X-ray bands. Lada
et al. (1991) performed a NIR survey of the cluster region and identified 100 stars
earlier than B9 including 14 O stars and 34 B0-B3 stars (numbers quoted account
for refined spectral types in more recent studies). Broos et al. (2007) used a Chan-
dra observation to identify a further 100 candidate OB stars in the M 17 region,
some of which are associated with the NGC 6618 cluster. In addition to the high
mass population, rich PMS and protostellar populations have also been identified
in the cluster (Broos et al., 2007; Hoffmeister et al., 2008, and references therein).
The cluster is thought to be ~ 1 Myr given the absence of evolved high mass stars
but age estimates based on main sequence and PMS evolutionary tracks range from
0.5-<3 Myr (Hoffmeister et al., 2008; Jiang et al., 2002). Distance estimates range
from 1.3 kpc (Hanson et al., 1997) to 2.4 kpc (Russeil, 2003) with recent thorough
studies of the region by Nielbock et al. (2001) and Povich et al. (2007) yielding a
distance of 1.6 kpc.

Chandra has observed M 17 several times since its launch whereas XMM-Newton
has observed the region once, the analysis of which has yet to be reported. As already
mentioned, Broos et al. (2007) used a 40 ks Chandra observation to characterize the
X-ray emitting point sources in the M 17 region, including NGC 6618. They detected
all of the known O stars, over half the known B stars, ~ 100 candidate OB star, a
PMS population and a protostellar population. In addition they classified some of
the high mass cluster sources as being members of colliding wind binary systems.
Townsley et al. (2003) use this same observational data to analyse the diffuse X-
ray emission throughout the M17 region. These authors find a very complex diffuse
emission morphology and attribute the emission to a thermalized cluster wind. Since
these publications, Chandra has performed a very deep observation of the M17 region
lasting 151 ks. Given the studies of Broos et al. (2007) and Townsley et al. (2003)
have identified rich X-ray emitting point source populations and diffuse emission

using a substantially shorter 40 ks observation, it is reasonable to assume that the
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deeper observation will greatly add to the known X-ray properties of the cluster and

is such is ideal for study in this project.

Figure 3.33: 2MASS Image of NGC 6618.

3.8.1 Summary

The 151 ks NGC 6618 Chandra dataset was aimed at the centre of the cluster. The
17’x17 ACIS-T FOV was only sufficient to cover ~ 50% of the entire cluster area
(Rer = 13.2") but was enough to resolve the cluster core (R¢, = 4.8"). However,
two other stellar populations are known in the field, namely the M 17 North Cloud
(M 17 N) and the Kleinmann-Wright Object (KWO)! cluster region. Any source
falling within the bounds of these stellar populations were removed from consider-
ation as, without further information, there is no way to identify which population
they actually belong to. No background flaring periods were identified leaving the
full ~ 151 ks of useable data. The wavdetect algorithm detected 1068 sources in
the FOV with 57 of these falling in the bounds of M 17 N or the KWO cluster.
2MASS counterparts were identified for 408 of the remaining sources. Foreground
and extragalactic contamination simulations yield 21-35 potential foreground sources

and 50-70 potential extragalactic sources in the FOV. Individual source data and

IThe Kleinmann-Wright Object is an usual double B star system in which one of the stars is
a Herbig Be star (Chini et al., 2004)
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statistics were analysed, as outlined in 2.1, to identify 107 candidate extragalac-
tic sources in the FOV. This implies as many as 47 of the identified extragalactic
sources may actually be members of the NGC 6618 cluster population. Without
further information however, there is no way to identify these sources and thus only
all 107 candidate extragalactic sources were removed from consideration. This left
904 sources in the FOV, including foreground contaminants, which are all labelled
as cluster sources. The adaptively smoothed image of the cluster revealed bright dif-
fuse emission throughout the cluster in addition to a stream of soft diffuse emission
eastward of the cluster which, along with the unsmoothed 0.5-8 keV ACIS-I image,

is shown in Figure 3.34.

Figure 3.34: Chandra ACIS-I 0.5-8 keV image of NGC 6618 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image. The M17 N and KWO cluster regions are

identified in the north and southwest of the left image respectively.

High mass sources in the detected X-ray population were identified using the
source lists of Hoffmeister et al. (2008) and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 18 of the 44 early B stars
were detected. The spectra of each of the high mass sources with > 50 counts were
fit in XSPEC with absorbed one and two temperature thermal plasma models dur-
ing the AF reduction and analyses procedures (results given in Table B.24). The
results of the spectral fits show that three different X-ray emission processes are at
work in the high mass sources of NGC 6618. Three sources stand out as being likely
CWB systems, namely CEN la, CEN 1b and CEN 2, each of which are well fit
with two temperature thermal plasma models and have derived values of 0.5-8 keV

log Lx > 32 erg s~!. Many of the remaining known high mass stars, in particular
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the mid-late O-type and early B-type stars, are well fit with hard thermal plasma
models and have Lx values consistent with MCWS emission. Unsurprising given the
extreme youth of this cluster. The remaining known high mass sources are well fit

with soft thermal plasma models and have Lx values consistent with RDIS emission.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.29). This plot identifies 14 candidate OB stars in the FOV (see
Table B.25 for results of spectral fits). Almost all of the candidate OB sources were
best fit with a hard one temperature thermal plasma model, most having derived
hard &7 values and all with Lx< 1032 erg s7'. If indeed these are OB stars, they
derived parameters consistent with MCWS emission. Only one of the candidate OB

stars is well fit with a cool thermal plasma model and has Lx values consistent with

RDIS emission.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.30. The brightest
PMS source in NGC 6618 has a 2-8 keV log Lx < 32 erg s~!, within the expected
range. The derived plasma temperatures of the sources range from 0.1-10 keV, peak-
ing at ~3 keV. Many of these sources suffer from slight foreground absorption (log
Nu< 22.0 em™2) however several sources are subject to quite heavy absorption (log
Nu= 22.5 cm~?), possibly due to an accretion disk or natal cloud. Similarly, many
sources shows no sign of variability over the course of the observation. However,
there is a sizable fraction of variable sources with a few extremely variable, likely
flaring objects. Trends in the variation of Ecgian with &7 and Ny are similar to
those found by Feigelson et al. (2005) with a slight increase in kT with Ejegian and
increasing Ny with Eeqianabove ~ 1.6 keV. For sources with Feqian <1.6 keV, an

upper limit of log Ny < 22.0 cm ™2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the 2-8 keV Lx against Eeqian plots, shown in Figure
B.31. These plots indicate that the majority of the PMS source in NGC 6618
is lightly obscured, most probably Class II or Class III YSOs with a substantial
amount of heavily obscured sources, likely Class [ YSOs or Class II YSOs viewed

from an unfavourable angle. Many of these heavily obscured sources are variable or
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flaring with a few quiescent objects. These likely represent the high luminosity end

of the heavily obscured source population.

Given the obvious diffuse emission in Figure 3.34 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
cluster core region and the entire FOV and fit in XSPEC. The spectra with the best
fit models are shown in Figure B.32 with fit results given in Table B.26. Due to the
stream of soft diffuse emission from the cluster core, a three temperature thermal
plasma was required for an acceptable fit to the all-FOV spectrum. The soft region
of the spectrum is best fit with 0.15 keV and 0.58 keV thermal plasmas, in addition
to a much harder 10 keV plasma to account for the relatively faint hard emission.
The core region is somewhat different however with only a two temperature thermal
plasma model required with soft and hard plasma components. Given the number
of high mass stars in the region, a cluster wind may be party responsible for the
diffuse emission, particularly in the core. Assuming the model of Canté et al. (2000,
see Section 1.4.7.1) and considering the O stars to be the dominant contributors to
the cluster wind, a hot component plasma temperature of ~ 10.5 keV and a 2-8 keV

log Lx of ~ 30.7 erg s~*

are derived meaning a cluster wind can only account for a
fraction of the observed log Lx ~ 32.5 erg s 'in the core. It is noted that the bright
stream of soft diffuse emission seen in the FOV has little contribution to the hard

band 2-8 keV Lx values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the similarly aged COUP. These XLFs are shown in Figure
3.35. The total cluster XLF shows two high luminosity outliers, namely the two
brightest CWB candidates. The high luminosity end of the PMS XLF shows the
same slope as the COUP PMS population. Scaling the COUP population to that of
NGC 6611 and integrating the ‘missing’” PMS population region yields an estimate
of the unresolved PMS population 2-8 keV log Lx of ~ 33 erg s~!. Thus the unre-
solved PMS population can account for the majority of the hard diffuse emission in
the FOV of 2-8 keV log Lx ~ 33.3 erg s .
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Figure 3.35: Left: NGC 6618 total cluster 2-8 keV XLF. Right: NGC 6618 PMS star
2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

3.9 Trumpler 14

Trumpler 14 (Trl4) is a young massive star cluster located in the Great Carina
Nebula, one of the most active star forming regions in the Galaxy. The cluster
suffers from relatively low optical extinction (Ay ~ 2.6, Ascenso et al., 2007b)
and this, coupled with its moderate distance (~ 2.8 kpc, Tapia et al., 2003), have
made Tr14 one of the most studied clusters in the Galaxy. Massey and Johnson
(1993) and Vazquez et al. (1996) performed studies on the stellar content of the
cluster and identified some 13 O type and 18 B type stars in the population with
one of the O stars later being classified as a rare O2If* star (Walborn et al., 2002).
Even with this high mass population, Ascenso et al. (2007b) find that the cluster
is less dense than other clusters of similar size and stellar content. In addition to
the high mass population, DeGioia-Eastwood et al. (2001) and later Sanchawala
et al. (2007b), identify a PMS population. The presence of high mass and PMS
population indicate an age of 1-5 Myr which is confirmed by several authors (eg. -
Ascenso et al., 2007b; DeGioia-Eastwood et al., 2001; Tapia et al., 2003). An age of
1 Myr is adopted for this analysis. Tapia et al. (2003) use the distribution of stars in

the V band to determine a cluster radius of ~ 4.5’, which is adopted for this analysis.

Both Chandraand XMM-Newton have obtained moderately deep observations of
Tr14. Townsley (2006) use a 60 ks Chandra observation centered on the cluster to
identify ~ 1600 point sources in the FOV embedded in large scale diffuse emission.

These authors identify the brightest point sources as being coincident with the known
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O type stars in the cluster, some of which show hard spectral emission, consistent
with CWB or MCWS emission. They also note that the diffuse emission in the region
is soft and seemingly not associated with the massive stars in the cluster. While
not completely disregarding some contribution from the massive stellar winds, these
authors favour one or more cavity supernovae not associated with the cluster as
being responsible for the diffuse emission. Albacete Colombo et al. (2003) used
a 44 ks XMM-Newton observation, centered on 1 Carinae (located in the nearby
Trumpler 16 cluster, see Section 3.10) to identify 80 point sources in the FOV with
those in the northwest associated with Tr14. These authors proceeded to derive
spectral properties for these sources. Unfortunately, due to the large off-axis angle
of Tr14, only a limited cluster analysis could be performed and hence, the analysis
presented focuses on the global properties of the sources in the Carina region rather
than on the cluster itself. It is clear from the literature that Tr14 contains a very
rich and varied stellar content and X-ray emitting population and as such is ideal

for study in this project.

Figure 3.36: 2MASS Image of Trumpler 14.

3.9.1 Summary

The 60 ks Trl4 Chandra dataset was aimed at the centre of the cluster and was

sufficient to cover the entire cluster area. No background flaring periods were iden-
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tified leaving the full ~ 60 ks of useable data. The wavdetect algorithm detected
1154 sources in the FOV, 868 of which fall within the cluster bounds. 2MASS
counterparts were identified for 562 of these sources. Foreground and extragalactic
contamination simulations yield 15-22 potential foreground sources and 70-80 po-
tential extragalactic sources in the FOV. Assuming the contaminants are distributed
evenly across the FOV this corresponds to 4-6 and 19-22 Galactic and extragalactic
contaminants in the cluster area. Individual source data and statistics were anal-
ysed, as outlined in 2.1, to identify 27 candidate extragalactic sources in the cluster.
This implies a few of the identified extragalactic sources may actually be members
of the Tr14 cluster population. Without further information however, there is no
way to identify these sources and thus all 27 candidate extragalactic sources were
removed from consideration. This left 841 sources in the cluster bounds including,
including foreground contaminants, which are all labelled as cluster sources. The
adaptively smoothed image revealed bright diffuse emission throughout the cluster
in addition to a region of soft diffuse emission in the southeast of the FOV which,
along with the unsmoothed 0.5-8 keV ACIS-I image, is shown in Figure 3.37.

Figure 3.37: Chandra ACIS-I 0.5-8 keV image of Trumpler 14 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue).

High mass sources in the detected X-ray population were identified using the
source lists of Massey and Johnson (1993) and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 5 of the 18 early B stars were
detected. The spectra of each of the high mass sources with > 50 counts were fit
in XSPEC with absorbed one and two temperature thermal plasma models during

the AFE reduction and analyses procedures (results given in Table B.27). In general
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the known high mass sources exhibit soft spectra, in keeping with a RDIS emission
mechanism. The one early B-type star bright enough to be spectrally fit shows the
spectral signatures of MCWS emission. One source, namely HD 93129 A, which
is a very rare O2I star, requires a two temperature thermal plasma model for an
acceptable fit. This, coupled with its derived 0.5-8 keV log Lx of ~ 33.2 erg s—*
suggests that HD 93129 A is a CWB system. Indeed this system is has already been
confirmed as a CWB through radio observations (Benaglia and Koribalski, 2004).

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.33). This plot identifies 12 candidate OB stars in the FOV (see
Table B.28 for results of spectral fits). Five of the candidate OB sources were bright
enough to be fit in XSPEC. Three of these are best fit with an absorbed one tem-
perature thermal plasma model having derived hard kT values and all with log
Lx< 32erg s~1, the signatures of MCWS emission. The remaining bright candidate
OB stars are well fit with a cool thermal plasma model and have Lx values consis-
tent with RDIS emission.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.34. The brightest
PMS source in Tr14 has a 2-8 keV log Lx < 32 erg s~!, within the expected range.
The derived plasma temperatures of the sources range from 0.1-9 keV, peaking at ~2
keV. Many of these sources suffers from slight foreground absorption (log Ny< 22.0
cm~?) with a couple of sources subject to heavy absorption (log Ny= 22.5 cm™?),
possibly due to an accretion disk or natal cloud. Similarly, many sources shows no
sign of variability over the course of the observation with several variable sources and
a few extremely variable, likely flaring objects. Trends in the variation of F\cqian
with k7" and Ny are similar to those found by Feigelson et al. (2005) with a slight
increase in kT with Feqian and increasing Ny with Epeqian above ~ 1.8 keV. For

sources with Feqian<1.8 keV, an upper limit of log Ny < 22.2 cm ™2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the the 2-8 keV Lx against Ecgian plots, shown in Figure
B.35. These plots indicate that the majority of the PMS sources in Tr14 is lightly
obscured, most probably Class II or Class IIT YSOs with about 12 heavily obscured
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sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable angle.
Most of these sources show no signs of variability with a few variable sources. These

likely represent the high luminosity tip of the heavily obscured source population.

Given the obvious diffuse emission in Figure 3.37 it was deemed unnecessary to
mask and adaptively smooth the image again. Spectra were extracted from the clus-
ter core and cluster regions and fit in XSPFEC. The spectra with the best fit model
are shown in Figure B.36 with fit results given in Table B.29. Due to the region
of soft diffuse emission in the southwest of the FOV, a three temperature thermal
plasma was required for an acceptable fit to the total cluster spectrum. The soft
region of the spectrum is best fit with 0.18 keV and 0.74 keV thermal plasmas,
in addition to a harder 3.83 keV plasma to account for the relatively faint hard
emission. Given Townsley (2006) indicate that the region of soft diffuse emission
is not associated with the cluster, it is not discussed further here. The core region
does not required the very soft component with a two temperature thermal plasma
model with soft and hard plasma components yielding a good fit. Given the number
of high mass stars in the region, a cluster wind may contribute to the hard diffuse
emission, particularly in the core. Assuming the model of Canté et al. (2000, see
Section 1.4.7.1) and considering the O stars to be the dominant contributors to the
cluster wind, a hot component plasma temperature of ~ 12 keV and a 2-8 keV log
Lx of ~ 31.3 erg s™! are derived meaning a cluster wind can only account for a
fraction of the observed diffuse emission in the core. It is noted here that the bright
region of soft diffuse emission seen in the FOV has little contribution to the hard
band 2-8 keV Lx values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the similarly aged COUP. These XLFs are shown in Figure
3.38. The high luminosity end of the PMS XLF shows the same slope as the COUP
PMS population. Scaling the COUP population to that of Tr14 and integrating the
‘missing’” PMS population region yields an estimate of the unresolved PMS popu-
lation 2-8 keV log Lx of ~ 33 erg s™!. Thus the unresolved PMS population can
account for all of the hard diffuse emission in the cluster of 2-8 keV log Lx ~ 33 erg

s7L.
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Figure 3.38: Left: Trumpler 14 total cluster 2-8 keV XLF. Right: Trumpler 14 PMS
star 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

3.10 Trumpler 16

Trumpler 16 (Trl6) is a young massive star cluster located in the Great Carina
Nebula, one of the most active star forming regions in the Galaxy. The cluster well
known as it harbours the enigmatic n Carinae, a LBV in a high mass binary system.
However, the cluster is also known to host many more massive stars with popula-
tion studies revealing many O stars including 2 O3V stars (see DeGioia-Eastwood
et al., 2001; Massey and Johnson, 1993; Tapia et al., 2003, for example). More
recent IR surveys of the cluster have revealed a rich PMS population (Albacete-
Colombo et al., 2008; Sanchawala et al., 2007a,b). Many of the existing studies of
the Tr16 derive a cluster distance of between 2-3 kpc. For this analysis, the most
common distance of 2.5 kpc is adopted. Similarly age estimates range from 1-5
Myr depending the subpopulation, with the detected high mass sources suggesting
a cluster age of about 4 Myr (DeGioia-Eastwood et al., 2001; Sanchawala et al.,
2007b, for example) while estimates from the low mass population suggest an age
of 1-3 Myr (Sanchawala et al., 2007b). An cluster age of 4 Myr is adopted for this
analysis, consistent with the age determined from the high mass stars in the clus-
ter. Tapia et al. (2003) use the distribution of stars in the V band to determine a
cluster radius of ~ 5.5’, which is adopted for this analysis. This value is in reason-
able agreement with the estimate from the catalogue of open cluster properties of
Kharchenko et al. (2005) and thus the catalogue’s core radius (R¢;=3.6") is adopted.

Both Chandra and XMM-Newton have observed Tr16, primarily due to the pres-
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ence of n Carinae. Most recently Albacete-Colombo et al. (2008) used a 90 ks Chan-
dra observation of the cluster to survey the low mass stars in the region, identifying
over 1000 sources in and around the cluster. Though these authors focus primarily
on the low mass population, they also characterize the X-ray emission from the high
mass sources. Previous studies also utilize this observational data with Sanchawala
et al. (2007a) performing a multiwavelength survey of the region and the studies of
Evans et al. (2003) and Evans et al. (2004) focussing on the bright high mass sources
in and around Tr16. Albacete Colombo et al. (2003) used a 44 ks XMM-Newton
observation, centered on n Carinae to identify 80 point sources in the FOV and per-
form an X-ray photometric analysis of the detected population as well as spectral
analysis for the brightest high mass sources. Only X-ray studies of the cluster as a
whole are mentioned here. There is also a vast number of X-ray studies which use
Chandra and XMM-Newton to analyze the X-ray emission from 7 Carinae available
in the literature (for example Corcoran et al., 2010; Hamaguchi et al., 2007; Henley
et al., 2008; Leyder et al., 2008, to name but a few).

Figure 3.39: HST Image of Trumpler 16.

3.10.1 Summary

The 90 ks Tr 16 Chandra dataset was aimed slightly to the west of the cluster but

was sufficient to cover the entire cluster area. No background flaring periods were
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identified leaving the full ~ 90 ks of useable data. The wavdetect algorithm de-
tected 895 sources in the FOV, 549 of which fall within the cluster bounds. 2MASS
counterparts were identified for 326 of these sources. Foreground and extragalactic
contamination simulations yield 20-27 potential foreground sources and 75-85 po-
tential extragalactic sources in the FOV. Assuming the contaminants are distributed
evenly across the FOV, this corresponds to 6-9 and 25-28 Galactic and extragalac-
tic contaminants in the cluster area. Individual source data and statistics were
analysed, as outlined in 2.1, to identify 25 candidate extragalactic sources in the
cluster which were removed from consideration. This left 524 sources in the cluster
area including, including foreground contaminants, which are all labelled as cluster
sources. The adaptively smoothed image of the cluster revealed soft diffuse emission
throughout the cluster in addition to localised hard diffuse emission surrounding 7
Carinae which, along with the unsmoothed 0.5-8 keV ACIS-I image, is shown in
Figure 3.40.

Figure 3.40: Chandra ACIS-I 0.5-8 keV image of Trumpler 16 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue).

High mass sources in the detected X-ray population were identified using the
source lists of Massey and Johnson (1993) and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 4 of the 20 early B stars were
detected. The spectra of each of the high mass sources with > 50 counts were fit
in XSPEC with absorbed one and two temperature thermal plasma models during
the AE reduction and analyses procedures (results given in Table B.30). In general
the known high mass sources exhibit soft spectra, signifying a RDIS emission mech-

anism. One of the early B-type stars is best fit with a hard thermal plasma model
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indicating a MCWS emission. One source, namely MJ 496, an O8.5V star, requires
a two temperature thermal plasma model for an acceptable fit. This, coupled with
it’s derived 0.5-8 keV Lx value of > 1032 erg s! suggests that MJ 496 is a CWB
system. Omne source with no spectral fit is the incredible bright n Carinae which is
a known CWB consisting of an LBV and probably an evolved O star Verner et al.
(2005). This remarkable source has a multitude of publications dedicated to the
study of its X-ray emission. Its spectrum is so complex that attempts at fitting with
simplistic absorbed one or two thermal plasma models fail to yield acceptable fits.
Several authors have determined best fits to  Carinae in various observations (see
Leutenegger et al., 2003; Seward et al., 2001, for example), with the best fits usually
consisting of two temperature models with the addition of spectral lines. n Carinae
is also known to vary substantially on both long and short timescales (Moffat and
Corcoran, 2009, and references therein) and as such, this 90 ks observation is only a
snapshot of in this periodic emission. In addition, the n Carinae spectrum, extracted
in this observation suffers from quite serious photon pileup further complicating a
spectral analysis. For these reasons it was decided not to fit the spectrum. However,
lower Lx limits for this source were estimate which are consistent with values quoted

in the literature.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.37). This plot identifies 19 candidate OB stars in the FOV (see
Table B.31 for results of spectral fits). Eight of the candidate OB sources were
bright enough to be fit in XSPEC. All apart from one of these are best fit with
an absorbed one temperature thermal plasma model having derived hard k7' values
and all with Lx< 10%? erg s~!, the signatures of MCWS emission. The remaining
bright candidate OB star is well fit with a cool thermal plasma model and has an

L~ value consistent with RDIS emission.

The remaining cluster sources are likely low mass PMS objects. The PMS stars
with > 50 counts were fit in XSPEC with an absorbed thermal plasma model. The
global results of these fits are given in graphic form in Figure B.38. The brightest
PMS source in Tr 16 has a 2-8 keV log Lx < 32 erg s—!, within the expected range.
The derived plasma temperatures of the sources range from 0.1-7.5 keV, peaking
at ~2 keV. Many of these sources suffers from slight foreground absorption (log

Ny < 22.5 em™2) with no sources subject to heavy absorption (log Ng= 22.5 cm™2).
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Most sources shows no sign of variability over the course of the observation with
some variable sources and a several extremely variable, likely flaring objects. Trends
in the variation of Fcgian With &7 and Ny are similar to those found by Feigelson
et al. (2005) with a slight increase in kT with Fycqian and increasing Ny with Fiedian
above ~ 1.8 keV, though not many sources fall in this region of the plot. For sources

with Fpedian<1.8 keV, an upper limit of log Ng< 22.2 cm ™2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in the cluster
and were used to produce the the 2-8 keV Lx against Epcgian plots, shown in Figure
B.39. These plots indicate that the vast majority of the PMS source in Tr 16 is
lightly obscured, most probably Class I or Class III YSOs with only 2 heavily ob-
scured sources, likely Class I YSOs or Class II YSOs viewed from an unfavourable
angle. Most of these sources show no signs of variability, however, many sources,
including several of the brightest sources and the heavily obscured sources, show
signs of strong variability. These heavily obscured sources likely represent the high

luminosity tip of the heavily obscured source population.

Given the obvious diffuse emission in Figure 3.40 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
cluster core and cluster regions and fit in XSPEC. For each of the spectra, the entire
n Carinae region (i.e.- including the homunculus) was masked. The spectra with
the best fit model are shown in Figure B.40 with fit results given in Table B.32.
Both spectra are well fit with three temperature thermal plasmas with two soft and
one hard component. However, in both the total cluster and cluster core spectra,
the hard component plasma temperature very high and not well constrained. Inter-
estingly, the soft diffuse emission that pervades the region may not be associated
with the cluster. Given Tr16 is very close to southeast of Tr14 and that the Tr14
observation showed a region of bright diffuse emission extending southeastward, the
soft diffuse emission in the Tr16 observation is likely an extension of the emission
in the Tr14 observation. Indeed, the temperature of the very soft component in the
best fit to the Trl6 soft diffuse emission in both the core and total cluster spec-
tra is in reasonable agreement with that of the very soft component in the Tr14
emission. As such, this very soft component is likely not associated with Tr16 and
is not discussed further. Given the number of massive stars in Trl6, in particular
n Carinae, it is likely a cluster wind contributes to the observed emission in the

cluster. Assuming the model of Canté et al. (2000, see Section 1.4.7.1), considering
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the O stars and 1 Carinae' to be the dominant contributors to the cluster wind,
a hot component plasma temperature of ~ 4 keV and a 2-8 keV log Lx of ~ 33.7
erg s~ ! are derived meaning a cluster wind can easily account for the observed dif-
fuse emission in the core. The dominant contributor to the cluster wind by far is n
Carinae. Its significant mass loss supplies the required material to push the cluster
wind’s Lx so high. However, it must be noted that not all of the material shed by
n Carinae would be available to fuel a cluster wind, with some of its wind likely
impeded by that of its companion. As such, the derived cluster wind log Lx ~ 33.7
erg s~ ! represents an upper limit. It is noted here that the soft diffuse emission seen
in the FOV has little contribution to the hard band 2-8 keV Lx values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and the PMS XLF
compared to that of the similarly aged COUP. Given that Tr16 is older than the
ONC, the COUP data were scaled according to the scaling relation of Preibisch
and Feigelson (2005). These XLF's are shown in Figure 3.41. The total cluster XLF
shows one high luminosity outlier, namely 1 Carinae. The high luminosity end of the
PMS XLF shows the same slope as the COUP PMS population. Scaling the COUP
population to that of Tr 16 and integrating the ‘missing’ PMS population region
yields an estimate of the unresolved PMS population 2-8 keV log Lx ~ 32.9 erg s 1.
Thus the unresolved PMS population can account for about half of the hard diffuse
emission in the cluster of log Lx ~ 33.3 erg s™'. Overall, these results suggest that

an unresolved PMS population constitutes about half of the observed hard diffuse

emission in the cluster, with the cluster wind responsible for the remaining emission.

3.11 Westerlund 1

Westerlund 1 (Wd1) was discovered in the early sixties and was initially classified as
an open cluster (Westerlund, 1961). The cluster suffers from significant reddening
(Ay = 12.9 mag, Piatti et al., 1998) and, because of this, only recently detailed
photometric and spectroscopic analyses have been performed (Clark and Negueru-
ela, 2002, 2004; Clark et al., 2005; Negueruela and Clark, 2005). Clark et al. (2005)
found a rich population of evolved OB stars, including over 20 WRs, and, using a

standard Kroupa (Kroupa, 2001) initial mass function (IMF), inferred a cluster mass

1Physical wind properties for 7 Carinae of v = 500 km s~ and M = 1 x 10*> My, yr—! adopted
from Hillier et al. (2001)
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Figure 3.41: Left: Trumpler 16 total cluster 2-8 keV XLF. The black arrows indicate a
lower limit as to the Lx of n Carinae. Right: Trumpler 16 PMS star 2-8 keV XLF (solid
line) and the COUP 2-8 keV XLF (dashed line).

of > 10° M. This is at the lower limit of the SSC mass range and certainly made
Wd1 the most massive young cluster in the Galaxy. A more recent deep IR study,
however, revises this mass estimate somewhat downwards to ~ 4.5 x 10* M, (Brand-
ner et al.,; 2008). Although this is still bigger than any other known Galactic open
cluster, it is smaller than extragalactic SSCs. In addition Brandner et al. (2008)
revised previous estimates of age and distance to 3.6 0.7 Myr and 3.55+ 0.17 kpc
respectively, which are adopted for this analysis. Unlike all of the other programme
clusters, Wdl is known to contain at least one post-supernova object, namely the
well known magnetar CXOU J164710.2-455216 (Muno et al., 2006a, 2007). Though
this is the only known post supernova object, a further 10> SNae are thought to
have occurred in the cluster already based on the clusters age and extrapolation of
its IMF (Clark et al., 2008; Muno et al., 2006b). A recent study of Negueruela et al.
(2010) focussed on the OB supergiants in the cluster, increasing the number to over
50.

Both Chandra and XMM-Newton have observed Wd1l. A series of four papers on
the X-ray properties of Wd1 (point sources and diffuse emission) has been published
which analyzes data from a joint Chandra/XMM-Newton observation programme
(Clark et al., 2008; Muno et al., 2006a, 2007, 2006b). Clark et al. (2008) performed
an analysis of the X-ray point source population. These authors identify many of
the known high mass stars in the cluster, including many of the WRs. Muno et al.

(2006b) used the same Chandra data to assess the diffuse emission in the cluster
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finding bright emission throughout the cluster dominated by a hard component and

discuss both thermal and non-thermal origins for the emission.

Figure 3.42: 2MASS Image of Westerlund 1.

3.11.1 Summary

The combined 60 ks Wd 1 Chandra observations were centered on the cluster and was
sufficient to cover the entire cluster area. Background flaring periods were identified
and removed leaving ~ 57 ks of useable data. The wavdetect algorithm detected 231
sources in the FOV, 159 of which fall within the cluster bounds. 2MASS counterparts
were identified for 31 of these sources. Foreground and extragalactic contamination
simulations yield 6-17 potential foreground sources and 22-35 potential extragalactic
sources in the FOV. Assuming the contaminants are distributed evenly across the
FOV, this corresponds to < 5 and 10-18 Galactic and extragalactic contaminants
in the cluster area. Individual source data and statistics were analysed, as outlined
in 2.1, to identify 29 candidate extragalactic sources in the cluster. This implies
as many as 10 of the identified extragalactic sources may actually be members of
the Wd1 cluster population. Without further information however, there is no way
to identify these sources and thus only all 29 candidate extragalactic sources were

removed from consideration. This left 130 sources in the FOV including, including
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foreground contaminants® which are all labelled as cluster sources. The adaptively
smoothed image revealed bright diffuse emission throughout the cluster which, along
with the unsmoothed 0.5-8 keV ACIS-S image, is shown in Figure 3.43.

Figure 3.43: Chandra ACIS-S 0.5-8 keV image of Westerlund 1 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image.

High mass sources in the detected X-ray population were identified using the
source lists of Clark et al. (2005); Negueruela et al. (2010) and the SIMBAD database.
Due it’s size and age, Wd1 contains a zoo of evolved massive stars. Their are some
25 known WRs and over 50 supergiants in the cluster, of which 11 of the WRs and
23 of the supergiants are detected. Unfortunately, the limiting detection threshold
flux falls in the region of the emission from the evolved population. In addition,
due to the high absorbing hydrogen column in the direction of Wdl, soft sources
suffer from substantial absorption which affects their detectability, resulting in many
non-detections. The majority of the detected sources have insufficient counts for a
spectral analysis. The spectra of each of the high mass sources with > 50 counts
were fit in XSPEC with absorbed one and two temperature thermal plasma models
during the AE reduction and analyses procedures (results given in Tables B.33 and
B.34). Interpretation of the results of these spectral fits is somewhat of a problem in
Wd1 due to its high foreground absorption. Only one of the detected supergiants in
the cluster, namely W30a, was bright enough for spectral fitting. The spectrum is
well fit with an absorbed moderately hard thermal plasma model. We would expect

a late O supergiant to have a soft spectrum. As such, it is likely that this is a

LOne extremely bright foreground source, namely HD 151098, was identified and removed from

the analysis.
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CWB, a conclusion which is strengthened by the derived Lx value of > 1032 erg s~.

One source, namely W53, is a known high mass star that has yet to be spectrally
classified. This source exhibits a soft spectrum and its Lx value suggests that it is a
single high mass star, likely a late O or early B supergiant given the amount present
in the cluster. If this is the case, it is the brightest single non-WR, X-ray emitter in
the stellar population. An obvious CWB candidate is a rare sgB[e] star W9. Tt is
well fit with an absorbed two temperature thermal plasma model and, though the
hard component is poorly constrained, is one of the brightest sources in the cluster.
The remaining bright high mass sources are all WR stars. Single WR of nitrogen
class (WN) stars are known to be well fit with two temperature thermal plasma
models and Lx values in the 103! — 1033 erg s7* range (Skinner et al., 2010). In the
Wdl WN sample, the brighter sources are well fit with a two temperature model
with soft and hard components, whereas the less bright sources are well fit with
single temperature models with hard components only. For these latter sources, it is
likely that much of the soft component is absorbed and is consequently missed in the
spectral fitting process. With regard to the brighter sources, the two temperature
nature of their spectra makes it difficult to determine whether or not they are CWB
systems. However, based on the WN analysis of Skinner et al. (2010) who suggest

lis in fact a binary system, this lower limit

the only source with Lx > 103 erg s~
to WN CWB systems used to identify WR A and WR B as candidate CWBs. The
remaining WR stars are the carbon rich WR (WC) stars WR E and WR F. This is
unusual as single WC stars are known to be very weak X-ray emitters with little, if
any, X-ray detections (Skinner et al., 2010, and references therein). As such, these
sources may be binary systems. Though WR F is a modestly bright source and
could be a CWB, WR E is very weak and it is hard to assign CWB status to this

source and as such, it may be one of the first X-ray detections of a single WC star.

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.41). This plot identifies 1 candidate OB star in the FOV however
it was not sufficiently bright to perform a reliable spectral fit in XSPEC' (see Table

B.35) and thus, the nature of the X-ray emission from this object is unknown.
It is unclear as to the nature of the remaining cluster sources. Many of them are

likely bright PMS stars but it is just as likely that the sources are as yet unidentified
late O-type or early B-type stars. Thus, for the remainder of the analysis, I will
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refer to them simply as ‘unidentified’ cluster sources. The unidentified stars with >
50 counts were fit in XSPEC' with an absorbed thermal plasma model. Only two
sources satisfied this brightness criteria whose fit results are given in graphic form in
Figure B.42. One of the sources exhibits a soft spectrum and low absorption and is
likely an unidentified massive star. The second source on the other hand is heavily
absorbed and could be a bright Class I YSO. Because there is likely only one bright
PMS star in the cluster, the relations of Feigelson et al. (2005) cannot be investi-
gated. An upper limit of log Ng< 22.2 cm™? is set for sources with Epeqian<1.8

keV, consistent with similar programme clusters.

2-8 keV Ly values were calculated for the remaining unidentified sources in the
cluster and were used to produce the the 2-8 keV Lx against Eyeqian plots, shown
in Figure B.43. These plots indicate that the majority of the unidentified sources
in Wdl is lightly obscured with about 15 heavily obscured sources. Most of the less
bright sources show no signs of variability with a few variable sources. However,
almost all of the brighter sources are either variable or flaring. This suggests that
most of these are PMS sources. In addition, late O and early B supergiants, which
dominate the upper Wdl HR diagram, are expected to have soft spectra with little
emission in the 2-8 keV band. As such, these stars would be confined to the lower
regions of the plots in Figure B.43. If indeed these are mostly PMS sources, the
data suggests that most are Class IT or Class III YSOs with a few Class [ YSOs or

Class II YSOs viewed from an unfavourable angle.

Given the obvious diffuse emission in Figure 3.43 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
cluster core and total cluster regions for each observation and simultaneously fit in
XSPEC. The spectra with the best fit model are shown in Figure B.44 with fit re-
sults given in Table B.36. Both the total cluster and cluster core spectra require two
temperature thermal plasmas for an acceptable fit. There is very little variation in
the derived total cluster and cluster core spectra parameters suggesting the emission
mechanisms responsible for the emission throughout the cluster are the same. Given
the number of WR stars in the region, a cluster wind will definitely contribute to the
diffuse emission, particularly in the core. Assuming the model of Canté et al. (2000,
see Section 1.4.7.1) and considering the WR stars to be the dominant contributors
to the cluster wind, a hot component plasma temperature of 3.7 keV and a 2-8 keV

log Lx of ~ 34 erg s™! are derived meaning a cluster wind can easily account for all
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of the observed hard diffuse emission in the core.

The cluster and unidentified source 2-8 keV XLFs were constructed and the
unidentified source XLF compared to the PMS XLF of the COUP to obtain an esti-
mate of the contribution of an unresolved population to the diffuse emission. Given
that Wdl is older than the ONC, the COUP data were scaled according to the
scaling relation of Preibisch and Feigelson (2005). These XLFs are shown in Figure
3.44. The total cluster XLF shows no high luminosity outliers, unsurprising given
the large number of luminous sources. The high luminosity end of the unidentified
source XLF shows roughly the same slope as the COUP PMS population. Scaling
the COUP population to that of Wd1 and integrating the ‘missing’ population re-
gion yields an estimate of the unresolved population 2-8 keV log Lx of ~ 33 erg s~.
Thus the unresolved PMS population can account for only a fraction of the hard
diffuse emission in the FOV of log Lx ~ 34 erg s~!. Interestingly, if indeed the high
2-8 keV luminosity sources in the unidentified population are actually PMS sources
(as suggested above), the Wd1 PMS population derived from scaling of the COUP
XLF, is surprisingly small. Brandner et al. (2008) extrapolate the observed interme-
diate mass population to lower masses and determine ~ 10° stars in the PMS mass
range. Comparing the total Wdl PMS population (both resolved and unresolved)
to that of the COUP infers ~ 2000 sources down to 0.1 Mg, which is substantially
smaller than the number determined by Brandner et al. (2008) and may indicate
the cluster IMF is truncated at the lower masses. If this is the case, their derived

cluster mass of ~ 4.5 x 10* My, may be overestimated.

One source that has not been discussed or included in the analysis thus far is the
well known magnetar CXOU J164710.2-455216 which has been discussed in great
detail in the literature (Muno et al., 2006a, 2007) and is this only briefly described
here. The source in it’s quiescent state is well fit with an absorbed soft black body
model (Clark et al., 2008; Muno et al., 2007), which is verified in this analysis. An
absorption corrected 0.5-8 keV log Lx ~ 32.7 erg s™! is derived, which differs slightly

from the previous analyses due to a different assumed cluster distance.

3.12 Westerlund 2

Westerlund 2 (Wd2) is a massive stellar cluster located in the giant HII complex
RCW 49. The cluster was discovered in the early sixties (Westerlund, 1961) and for
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Figure 3.44: Left: Westerlund 1 total cluster 2-8 keV XLF. Right: Westerlund 1
unidentified source 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).

many years went largely unnoticed. Only recently has the cluster been the subject
of intense study due to the presence of the very high mass binary system WR20a,
which is a double WR system and possibly the most massive binary in the Galaxy,
and extended 7-ray emission (Aharonian et al., 2007) in the region. Early spectro-
scopic studies of the cluster revealed several mid O-type stars in the cluster as well
as two WR stars (see Moffat et al., 1991, for example). A more recent combined
photometric and spectroscopic survey by Rauw et al. (2007) assigned spectral types
as early as O3V to stars in the core of the cluster though suggest that many more
O-type stars were likely missed due to high foreground absorption in the region.
In the intervening years, several photometric surveys of the cluster were performed
to derive cluster parameters such as age and distance (see Ascenso et al., 2007a;
Carraro and Munari, 2004; Piatti et al., 1998, for example). Age estimates from the
various photometric and spectroscopic analyses are somewhat consistent ranging
from 2-3 Myr given the high mass stellar population. An age of 2.5 Myr is adopted
for this analysis. Unfortunately, the distance to the cluster is much more controver-
sial with estimates ranging from 2-8 kpc. This is due to Wd2 lying tangential to
the Carina spiral arm resulting a large range of possible kinematic distances, the so
called kinematic distance ambiguity. In this analysis, an adopted distance of 4.2 kpc
is selected following the reasoning of Tsujimoto et al. (2007) who adopt the distance
of Churchwell et al. (2004) as a compromise since the estimate lies roughly in the
centre of the range of distances in the literature. A cluster radius of ~ 4’ is adopted
from the NIR survey of Ascenso et al. (2007a). Unfortunately there is no Wd2 entry
in the catalogue of open cluster properties of Kharchenko et al. (2005) and thus a
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simplistic core radius of Ro,=R¢y/2 is adopted.

Chandra has observed the Wd2 region on three occasions. Tsujimoto et al.
(2007) use the first of these, a 40 ks observation, to assess the X-ray emitting popu-
lation in the region, detecting emission from the known massive stars (some of which
are likely CWB systems), several candidate massive stars and a PMS population.
Townsley (2006) use these same data to perform an analysis of the diffuse emission
in the Wd2 region. These authors find diffuse emission to pervade the cluster core
that is well fit with a two component model. They do not, however, discuss poten-
tial sources for this emission. Nazé et al. (2008) use these data with a further two
50 ks observations to perform a deeper analysis of the cluster population, assessing
emission from high mass stars as well as bright, flaring PMS sources and discuss the
observed diffuse X-ray emission in relation to the extended vy-ray emission (Aharo-
nian et al., 2007). These authors find that it is unlikely that the ~-ray emission is

related to the diffuse X-ray emission seen in the cluster.

Figure 3.45: Spitzer Image of Westerlund 2.
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3.12.1 Summary

The combined 140 ks Wd 2 Chandra observations were centered on the cluster and
were sufficient to cover the entire cluster area. Background flaring periods were
identified and removed leaving ~ 136 ks of useable data. The wavdetect algorithm
detected 588 sources in the FOV, 399 of which fall within the cluster bounds. 2MASS
counterparts were identified for 196 of these sources. Foreground and extragalactic
contamination simulations yield 23-35 potential foreground sources and 110-135 po-
tential extragalactic sources in the FOV. Assuming the contaminants are distributed
evenly across the FOV this corresponds to 4-6 and 20-25 Galactic and extragalactic
contaminants in the cluster area. Individual source data and statistics were anal-
ysed, as outlined in 2.1, to identify 56 candidate extragalactic sources in the cluster.
This implies as many as 30 of the identified extragalactic sources may actually be
members of the Wd2 cluster population. Without further information however,
there is no way to identify these sources and thus only all 56 candidate extragalactic
sources were removed from consideration. This left 343 sources in the cluster area,
including foreground contaminants which are all labelled as cluster sources. The
adaptively smoothed image of the cluster revealed bright diffuse emission which,
along with the unsmoothed 0.5-8 keV ACIS-I image, is shown in Figure 3.46.

Figure 3.46: Chandra ACIS-I 0.5-8 keV image of Westerlund 2 with detected sources
marked in blue (left) and adaptively smoothed Chandra soft (0.5-2 keV, shown in red)
and hard (2-8 keV, shown in blue) image.

High mass sources in the detected X-ray population were identified using the
source lists of Rauw et al. (2007) and the SIMBAD database. All of the known O
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stars and WRs in the FOV were detected. As yet no B stars have been spectroscop-
ically identified in the cluster. The spectra of each of the high mass sources with
> 50 counts were fit in XSPEC' with absorbed one and two temperature thermal
plasma models during the AE reduction and analysis procedures (results given in
Table B.37). All of the known high mass sources well fit with a one temperature
thermal plasma model exhibit soft spectra, in keeping with a RDIS emission mecha-
nism. The remaining O stars, namely MSP 167, MSP 183 and MSP 188, are best fit
with two temperature thermal plasma models and have derived 0.5-8 keV Lx values
> 103 erg s7! suggesting that these sources are CWB systems. Both of the WR
systems in the cluster are best fit with two temperature thermal plasma models and
have derived 0.5-8 keV Lx values well in excess of 103 erg s=*

CWB systems.

indicating both are

The correlated high quality 2MASS data were used to produce a J vs J — H
colour-magnitude diagram with the appropriate evolutionary tracks and reddening
vectors (Figure B.45). This plot identifies 2 candidate OB stars in the FOV (see
Table B.38 for results of spectral fits). Both candidates were bright enough to be fit
in XSPEC. One of the sources is best fit with an absorbed one temperature thermal
plasma model having a derived hard kT value and Lx< 10%% erg s~, the signatures
of MCWS emission. The remaining bright candidate OB star is well fit with a cool
thermal plasma model and has Lx values consistent with RDIS emission, suggesting

it is a single OB star.

It is unclear as to the nature of the remaining cluster sources. Many of them are
likely bright PMS stars but it is just as likely that, particularly in the outer cluster
regions, the sources are as yet unidentified O-type or early B-type stars. Thus, for
the remainder of the analysis, I will refer to them simply as ‘unidentified” cluster
sources. The unidentified stars with > 50 counts were fit in XSPEC with an ab-
sorbed thermal plasma model. The global results of these fits are given in graphic
form in Figure B.46. The brightest unidentified source in Wd2 has a 2-8 keV log Lx
< 32 erg s~t. The derived plasma temperatures of the sources range from 0.1-9 keV,
peaking at ~3 keV. Many of these sources suffer from slight foreground absorption
(log Ng< 22.5 cm~2) with no sources subject to heavy absorption (log Ny=> 22.5
cm~2). About half of these sources show no sign of variability over the course of the
observation with the remaining sources either variable or extremely variable, likely

flaring objects. Trends in the variation of Ecgian with &7 and Ny are similar to
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those found by Feigelson et al. (2005) with a slight increase in k7" with Eedian and
increasing Ny with Fleqian @above ~ 2 keV. Due to a lack of sources below FEcgian
= 2 keV, an upper limit of log Ny< 22.2 em~2 is set for sources with Eyedian<1.8
keV, consistent with similar programme clusters. These results show that some of
the sources exhibit soft thermal spectra and have Lx values consistent with RDIS

emission in massive stars.

2-8 keV Ly values were calculated for the remaining unidentified sources in the
cluster and were used to produce the the 2-8 keV Lx against Ejeqian plots, shown
in Figure B.47. These plots indicate that the majority of the unidentified sources in
Wad2 is lightly obscured with several heavily obscured sources, likely Class I YSOs
or Class II YSOs viewed from an unfavourable angle. Most of these sources show
no signs of variability with the remaining sources (including the brightest and most
absorbed sources) being either variable or strongly variable. The heavily absorbed
sources likely represent the high luminosity end of the heavily obscured source pop-

ulation.

Given the obvious diffuse emission in Figure 3.46 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra were extracted from the
cluster core and the total cluster regions from each of the observational datasets
and simultaneously fit in XSPEC. The spectra with the best fit model are shown in
Figure B.48 with fit results given in Table B.39. Both the total cluster and cluster
core spectra are well fit with absorbed two temperature thermal plasma models.
There is little variation from the core to the total cluster spectrum apart from an
increase in flux suggesting similar emission processes throughout the cluster. Given
the number of O-type stars in the cluster and the 3 WR stars, a cluster wind likely
contributes to the diffuse emission. Assuming the model of Canté et al. (2000, see
Section 1.4.7.1) and considering the known O stars and WRs to be the dominant
contributors to the cluster wind, a hot component plasma temperature of ~ 9.6 keV
and a 2-8 keV log Lx of ~ 31 erg s~! are derived meaning a cluster wind can only
account for a fraction of the observed diffuse emission in the core. It is noted here
that this model only includes the known high mass stars. It is likely that there are
more unidentified high mass stars contributing to the cluster wind and thus this

estimate represents a lower limit to the emission.
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The cluster and unidentified source 2-8 keV XLFs were constructed and the
unidentified XLF compared to the PMS XLF of the COUP. Given that Wd2 is
older than the ONC, the COUP data were scaled according to the scaling relation
of Preibisch and Feigelson (2005). These XLF's are shown in Figure 3.47. The total
cluster XLF shows several high luminosity outliers which is unsurprising given the
number of likely CWBs in the cluster. The high luminosity end of the unidentified
source XLF shows a different slope to the COUP PMS population. This is likely
due to the assumptions of the distance to Wd2, which as already mentioned, is
still somewhat controversial. This makes scaling the COUP population to that of
Wd2 somewhat difficult. However, it is clear that the stellar population of Wd2
is substantially bigger than that of the ONC. A very rough scaling of the COUP
population to that of Wd2 was performed. Integrating the ‘missing’ unidentified
source population region yields an estimate of the unresolved population 2-8 keV
Lx ~ 33 — 34 erg s~!. Thus the unresolved population is likely the source of most

of the hard diffuse emission in the cluster of log Lx ~ 33.6 erg s~1.
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Figure 3.47: Left: Westerlund 2 total cluster 2-8 keV XLF. Right: Westerlund 2
unidentified source 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).
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Chapter 4

Diffuse Thermal X-ray Emission in
the Core of Westerlund 1

Data reduction and analysis in this project were carried out with specific goals
in mind, namely the characterisation of the X-ray emitting populations of the pro-
gramme clusters. However, on occasion, additional research avenues presented them-
selves and, were time allowed, these were investigated to the full with a view to
publication. In this chapter, one of those results is presented, namely the identifica-
tion of hard thermal X-ray emission in the core of Westerlund 1 using XMM-Newton
observational data, which is an adapted version of the scientific paper submitted for

publication.

4.1 Introduction

Refer to Section 3.11 for a brief introduction and description of Wd1l. As noted in
that section, a series of four papers on the X-ray properties of Wdl (point sources
and diffuse emission) has been published which analyzes data from a joint Chan-
dra/ XMM-Newton observation programme (Clark et al., 2008; Muno et al., 2006a,
2007, 2006b). Muno et al. (2006b), henceforth MUO06, used the Chandra data to
perform a diffuse emission analysis and found that the emission throughout the
cluster is dominated by a hard component. These authors were unable to identify
the nature of this emission due to the absence of hard emission lines and discussed
both thermal and non-thermal origins for the hard component. However, to date,
no diffuse emission analysis had been performed using the XMM-Newton observa-

tional data. As yet these data have only been used in an analysis of the well known
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magnetar CXOU J164710.2-455216 (Muno et al., 2006a, 2007) in the cluster. It is
reasonable to assume that an analysis of the Wd1 diffuse emission using the XMM-
Newton observation data may allow the identification of hard emission lines that
are undetected by Chandra given the larger throughput and sensitivity to diffuse
emission of XMM-Newton and the comparable exposure times of the XMM-Newton

and Chandra observations.

4.2 QObservations and Analysis

XMM-Newton observed Wd1 on 16 September 2006 for ~48 ks (Obs. 1D 0404340101,
Revolution 1240). The event files were processed using the XMM-Newton Science
Analysis Software (SAS, Version 7.1.0) meta-tasks emproc and epproc. The data
were then filtered for good grades® in the energy band 0.3-10 keV (the energy range
at which all 3 of the EPIC instruments are most sensitive) and images for each of
the three EPIC cameras, namely the PN, MOS1 and MOS2, were created. The
PN and MOS2 images were found to contain single reflection artifacts which are
due to X-rays from a source outside the field of view (20’-80" off-axis) reaching the
sensitive area of the focal plane detectors by single reflection from the rear end of
the hyperboloid component of the XMM-Newton mirror shells?. This object was
identified as the low mass X-ray binary 4U 1642-45. Images from the three EPIC

instruments were combined to produce the false colour image shown in Figure 4.1.

4.2.1 Point Sources

Point source detection was performed over three standard XMM-Newton energy
bands (0.5-2 keV, 2-4.5 keV and 4.5-7.5 keV) on the three EPIC images using
the SAS meta-task edetect-chain. In total, 90 sources with a minimum maximum-
likelihood detection threshold of 10 were found; 7 of these are associated with the
reflection and were thus ignored. A further 8 sources were removed after visual in-
spection showed them likely to be spurious, leaving 75 source detections in the field.
By correlation with the comprehensive Chandra source list in Clark et al. (2008), 4
of our XMM-Newton sources appear to have high mass X-ray emitting counterparts
in the cluster with a further 8 having Pre-main Sequence (PMS) counterparts. One

source was found to have no counterpart in the source list of Clark et al. (2008) or

1See Section A.1 for a discussion of grade filtering.
2See http://xmm.esa.int/external/xmm_user_support/documentation/uhb/node23.html
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Figure 4.1: Combined MOS/PN false colour image of Westerlund 1 with red, green and
blue corresponding to the 0.3-2 keV, 2-4.5 keV and 4.5-10 keV energy bands,
respectively. The FOV is approximately 30’ in diameter. Both the Wd1 cluster diffuse
emission and several point sources are seen at the centre of the FOV. The X-ray binary

4U 1642-45 reflection is seen in the upper right of the image.

in the SIMBAD database and is likely a newly detected flaring PMS star. Table 4.1
gives our detected cluster sources and their corresponding Chandra designations,

along with spectrally derived source parameters.

4.2.2 Diffuse Analysis

It is obvious from Figure 4.1 not only that the reflections could contaminate the
diffuse emission in Wd1 but also that they are more prominent in the harder ener-
gies which are of particular interest to our analysis. To address this various analysis
techniques were considered including the XMM-Newton Extended Source Analysis
Software (ESAS) and ‘blank sky’ background event files but found that none could
adequately account for the reflection emission. Instead it was decided to adopt the
more traditional method of background extraction from regions within the FOV.
By defining background regions that are as contaminated by the reflection as the
cluster, the contribution of the reflection to the cluster spectra can be reduced. It
was decided not to use the PN data for the diffuse emission analysis as detector
gaps mask some of the Wd1 cluster core. Therefore, the following analysis is based
on the MOS data only. To assess first the diffuse emission in the FOV of the MOS
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Table 4.1: Westerlund 1 XMM-Newton Point Sources.

High Mass Stars

No. Chandra Source Opt. ID Sp Type X-ray Type MOS Net Counts Model Ny kT kTy  x2%/v Fﬁ“abs L;‘i’“abs
(CXO J) (1022077172) (keV) (keV) (10712 erg cm ™2 sfl) (1033 erg sfl)
(a) (b) (c) (d) (4)
164704.1-455039 W 30  09-B0.5la  CWB
1 164704.1-455031 W 9 sgBfe] CWB 2157 2T 2.5 0.7 2.9  2.170 4.37 6.59
164705.1-455041 W 27 OB SG RDIS
2 164705.0-455225 WR F WC9d CWB 509 1T 0.778:25 4721290~ 0.909 0.23 0.26
3 164708.3-455045 WR A WN'7b CWB 988 1T 2.372:82 148178 - 1.967 0.89 1.34
4 164710.2-455217 - - Magnetar 1708 BB 0.905:97  0.633:85 - 1.084 0.36 0.54

Pre-Main Sequence Stars

No. Chandra Source Opt. ID Sp Type X-ray Type MOS Net Counts Model Ny kT kTy  x2%/v Fﬁ“abs L;‘i’“abs
(CXO J) (1022077172) (keV) (keV) (10712 erg cm ™2 sfl) (1033 erg sfl)
(a) (b) (c) (d) (d)
5 164640.8-454834 - - PMS Flare 34 - - - - - - -
6  164648.8-455307 - - PMS Flare 39 1T 1.36272  0.8627 - 0.959 0.04 0.05
7 - - - PMS Flare 62 1T 076538  4.07298 - 1.992 0.01 0.02
8  164652.6-455357 - - PMS Flare 210 1T 051981  7.645,, -  1.057 0.06 0.09
9  164703.2-455157 - - PMS Flare 397 1T 1.285-2¢ 249180~ 0.954 0.12 0.19
10 164712.8-455435 - - PMS Flare 40 - - - - - - -
11 164713.6-454857 - - PMS Flare 62 - - - - - - -
12 164718.7-454758 - - PMS Flare 66 - - - - - - -
13 164720.1-455138 - - PMS Flare 19 - - - - - - -

In this table the Chandra designation, optical ID and spectral types are adopted from Clark et al. (2008) and references therein. Notice that Source 1 encompasses W 30, W 9 and W 27 which are
unresolved by XMM-Newton. No counterpart for Source 7 was found in the analysis of Clark et al. (2008) or in the SIMBAD database.

(a) - X-ray type adopted from Clark et al. (2008). PMS = Pre-Main Sequence, CWB = Colliding Wind Binary, RDIS = Radiatively Driven Instability Shocks in stellar winds. (b) - Combined MOS net
counts. PN counts omitted due to some sources lying on detector gaps. (c¢) - Best fit X-ray spectral model each of which was convolved with an absorbing hydrogen column. Only those sources with
> 100 combined MOS and PN net counts were spectrally analysed. All spectral fits were performed in XSPEC 12.3.1. 1T = one temperature thermal plasma, 2T = two temperature thermal plasma,
BB = black body. The spectrum of Source 2 is approximated by a 2T thermal plasma model however the true spectrum is likely described by a more complex model given it is an amalgam of several
unresolved bright sources. In addition, Sources 3 and 4 are likely described by a 2T thermal plasma model however the soft components are poorly constrained and thus only the 1T approximation is

given. (d) - Absorption corrected X-ray fluxes and luminosities quoted in the 0.5-8 keV energy range.
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4.2 Observations and Analysis

cameras non-background subtracted image of the emission were created using FSAS
(Version 2)!. To exclude the point sources from the image a source mask was created
to exclude not only the point sources detected in this XMM-Newton analysis but
also those detected by Clark et al. (2008)2, using 30” and 10” diameter exclusion

regions respectively. The resulting image is shown in Figure 4.2.

Figure 4.2: Smoothed, non-background subtracted, combined MOS1/MOS2 image
with the CCDs most affected by the reflection omitted. Again the FOV is approximately

30’ in diameter.

Figure 4.2 clearly shows that the diffuse emission in the FOV is dominated by the
reflection. Extracting background spectra from within the FOV would mean that
any contributing sources of background photons will be contained in these spectra,
including the reflection itself. Hence, each contaminant was first assessed as some of
these can vary across the FOV. The ESAS manual identifies 4 sources of background
contamination. These are Solar Wind Charge Exchange (SWCE) contamination,
instrumental fluorescence lines, residual soft proton contamination and the cosmic
background. In the case of this observation, the SWCE and one instrumental fluo-
rescence line can largely be ignored as they only significantly contaminate spectra
below 1.5 keV (given the absorbing hydrogen column in the direction of Wdl, any

emission below this energy is likely foreground emission). The second fluorescence

!Software available at http://xmm2.esac.esa.int/external/xmm_sw_cal/\background/
epic_esas.shtml
2Electronic catalogue accessed via the Vizier service
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4.2 Observations and Analysis

line (F = 1.75 keV) may contaminate the spectra especially in larger extraction
regions. Soft proton contamination blights almost all observations. Periods of high
contamination are screened out in the data reduction process but residual contam-
ination can still affect the observational data. However, it is assumed that the
level of contamination is constant across the FOV and hence should be contained
in the backgrounds. Similarly it is assumed that the cosmic background is constant
across the FOV and is also contained in the backgrounds. The final source of con-
tamination, unique to this observation, is the 4U 1642-45 reflection. This can be
compensated for by the selection of appropriate background regions that are equally

contaminated as the cluster, determined using Figure 4.2.

The cluster core coordinates determined by MUO6 as ag = 16 47 04.3, 6y = -45
50 59 were adopted and spectra extracted from the central 1’ radius region and three
annuli extending out from the core (1’-2°, 2’-3.5°, 3.5’-5") with the XMM-Newton
and Chandra point sources masked. As any X-ray photons detected below 1.5 keV
are likely foreground emission and because of the two instrumental fluorescence lines
at 1.49 keV and 1.75 keV, we have restricted our spectral analysis to the 2-8 keV
energy band which conforms to the standard Chandra hard band as used by MUO06.
The MOS 1 and MOS 2 spectra and ancillary files for each annulus were combined®
and the resulting spectra were adaptively binned so that each bin has a S/N of
5. MUOG6 found that the cluster diffuse emission spectra are well fit with either an
absorbed two-temperature thermal plasma model (the harder thermal component
with sub-solar abundance to explain the lack of hard emission lines) or an absorbed
thermal plasma plus power law model. Hence, the combined MOS spectra were fit
in XSPEC? with these models. The results of both model fits for each extraction
region are presented in Table 4.2. The abundance parameter of the cool thermal
component in the fits was poorly constrained due to the majority of this emission
falling below 1.5 keV, however it was fixed at 2 Zq to be consistent with MUO6.

The fit results are in general agreement with those of MU06. The outer annulus
exhibits only a hard component adequately fit by either an absorbed thermal plasma
or absorbed power law model. There is little difference between the absorbed two

temperature thermal plasma and absorbed thermal plasma plus power law models

'Following the procedure found at http://xmm.esa.int/sas/current/documentation/
threads/epic_merging.shtml
2XSPEC Version 12.3.1 was used for all spectral fits in this analysis.
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4.2 Observations and Analysis

in the inner annuli with the same absence of hard emission lines found by MUO06.
This is somewhat surprising as, for a cluster such as Wdl with a large, centrally
located WR population, the hard diffuse emission is expected to be thermal in origin
due mostly to a thermalized cluster wind (Oskinova, 2005). To assess this further
MOS spectra from the inner 2’ radius region were extracted, combined and adap-
tively binned so that each bin has a S/N of 3 to make any possible weak and narrow
emission lines more obvious. The resulting combined MOS spectrum is shown in

Figure 4.3.

normalized counts s ' keV !

Energy (keV)

Figure 4.3: Combined MOS inner 2’ spectrum binned with S/N=3 and fit with an
absorbed two temperature thermal plasma model. The blue and red lines indicate the
individual thermal components of the model, representing the hard and soft components

respectively.

With these choices of extraction region and spectral binning, the He-like Fe 6.7
keV line, which is used as a diagnostic for thermal diffuse hard emission, is now
seen in the combined MOS spectrum. A conservative estimate of the significance
of this emission line was determined using the F-test probability for the addition
of a 6.7 keV Gaussian line to a power law fit of the combined MOS spectrum in
the 4-8 keV range (in view of an absence of other emission lines). This yields an
F-test probability of 7.6 x 1075 (~ 4.3¢). The 2-8 keV core MOS spectra were fit
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4.2 Observations and Analysis

Table 4.2: Diffuse Spectral Fits.

Original extraction region spectral fits

Two temperature thermal plasma

Region Nu kTy  (Z)Zo)1 ¢ kKTn  (Z)Ze)2 X*/v Fynabs b Lypabs b
(1022 cmfz) (keV) (keV) (10712 erg cm ™2 sfl) (1033 erg sfl)
<v 2.032:42  0.629:75 2 3.433-990.40835 0.758 0.41 0.62
-2 1.73188  0.600:73 2 2.86335 0.16935 1.203 0.75 1.12
2-3.5"  2.80397 0.819:23 2 5.219:8¢  0.509:35 1.111 1.16 1.75
3.57-5" ¢ 24 - - 3.4 0.2 1078 1.36 2.05
Thermal plasma plus power law
Region Nu kT Z|le @ r - X2 /v Funabs b Lynabs b
(1022 Cm72) (keV) (10712 erg cm ™2 571) (1033 erg 571)
<1 2.05%:32  0.73988 2 2.19%:38 - 0.848 0.43 0.65
-2 1.8133%  0.720-57 2 2.40%:32 - 1.249 0.78 1.17
2-3.5" 297325 0.830% 2 2.002-2% - 1.107 1.10 1.66
3.5-5 ¢ 2.8 — - 2.3 - 1.034 1.65 2.49

Core spectral fit with refined binning

Two temperature thermal plasma

Region Ny KTy  (Z)Zo)1 ¢ kTn  (Z)Zg)2 X*/v F;“abs Lg(“abs b
(1022 cmfz) (keV) (10712 erg cm ™2 sfl) (1033 erg sfl)
<2 203%4 0.68080 2 3.07367 0.62089 0.971 1.71 2.56

*(Z /7)1 for both models is fixed at 2.
b Absorption corrected X-ray fluxes and luminosities quoted in the 2-8 keV energy range, con-

sistent with the analysis of MUOG.
“In the outermost annulus, the reflection emission becomes a significant part of the background

subtracted spectrum. Since we cannot adequately account for this in XSPEC the spectral param-
eters listed above for this region are less reliable. In addition, as MUOG, we find that the diffuse

X-ray emission in this region of the cluster consists only of a hard component.
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simultaneously in XSPEC' with various combinations of thermal and non-thermal
models and it was found that the data are best fit with an absorbed two temperature
thermal plasma model as this can account for the He-like Fe 6.7 keV line and the
softer emission lines below 3 keV due to He-like S and He-like Si. The results of
the core two temperature thermal plasma fit are also given in Table 4.2. The fact
that the line is accounted for by this model demonstrates that, at least in the inner
2’ radius region, the hard component is predominantly thermal in origin. A similar
treatment was applied to both the outer extraction annuli, however this failed to
reveal any line emission in the hard continuum so it is still debatable as to whether
thermal or non-thermal processes are responsible for the hard emission in these

regions.

4.3 Discussion

4.3.1 Origin of 6.7 keV Emission Line

To confirm that the emission line at 6.7 keV is a feature of the cluster diffuse emis-
sion other potential sources for this line must be ruled out, such as point source
contamination, the reflection, cosmological background and those other contribu-

tions mentioned above.

4.3.1.1 Point Source Contamination

Although exclusion regions were defined to mask the point sources it is possible
that these masks did not completely exclude point source photons at the extreme
edges of the wings of their PSFs. To verify that the emission line is not the result
of point source contamination, combined point source spectra for those sources that
lie within the 2’ radius circle centered on the cluster core were extracted for each
MOS camera. The resulting spectra were combined and this spectrum adaptively
binned so that each bin has a S/N of 3, shown in Figure 4.4.

Inspection of the 6.7 keV region of the combined MOS spectrum in Figure 4.4
shows line emission centered at ~ 6.7 keV with a significance of 5.1 ¢. To assess the
strength of this line in comparison to the diffuse emission line, the X-ray flux in the
6.6 keV - 6.8 keV range for the combined MOS diffuse spectrum and the combined
MOS point source spectrum was determined. It was found that the combined MOS

point source spectral line flux of 5.73 x 107 erg em™2 s7! is just over half the
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Figure 4.4: Combined MOS spectrum of sources within a 2’ region centered on the

cluster core.

strength of the combined MOS diffuse emission line flux of 1.02x 107 ergem=2s71L.
However, the point source extraction regions occupy ~25% of the cluster core area
which is one third of the diffuse emission extraction region. As such one third of the
combined diffuse emission flux in the 6.6 keV - 6.8 keV range is likely contained in
the combined point source spectral line flux, meaning the flux due to point sources

2 s~ If the emission line in the diffuse

only may be as low as 2.33 x 107 erg cm™
spectrum were a result of point source contamination one would expect the line in
the point source spectrum to be significantly larger than that in the diffuse spectrum
given that the vast majority of these photons was in fact masked out when creating

the diffuse spectrum. For this reason, point source contamination is ruled out.

4.3.1.2 Reflection

To reduce the contribution of the reflection to the diffuse spectra, background re-
gions as much contaminated by the reflection as the cluster were selected. However,
this is not a perfect solution and contamination by the reflection has to be investi-
gated. To assess if contamination by the reflection is the source of the emission line,
spectra for those regions most affected by the reflection (but without the reflection
hyperbolas) were extracted and combined. A new combined MOS background spec-
trum was created from regions devoid of point sources on the opposite side of the

FOV where the contamination from the reflection is at a minimum (i.e. - mainly
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4.3 Discussion

the regular background contaminants present) and subtract this from the combined
MOS reflection spectrum. The resulting spectrum was again binned so that each
bin has a S/N of 3, shown in Figure 4.5.

0.1
T

normalized counts s~ keV-
0.0
=
===

Energy (keV)

Figure 4.5: Combined MOS background subtracted reflection spectrum, extracted from

those regions most contaminated by the out of FOV source.

Figure 4.5 shows no significant emission at or around 6.7 keV so we can safely

assume that contamination by the reflection is not responsible for the line.

4.3.1.3 Instrumental Background

The instrumental background comprises the soft proton background, instrumental
fluorescence lines and particle background. From the ESAS method, it is seen that
the soft proton contamination is well modeled as a power law (or broken power
law). Hence soft proton contamination cannot be responsible for the emission line.
Similarly the instrumental fluorescence lines are modeled as Gaussian peaks at 1.49
keV and 1.75 keV and thus are not the source of the line at 6.7 keV. Moreover, the
particle background contribution is simply too low to cause the emission line (Kuntz
and Snowden, 2008).
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4.3 Discussion

4.3.1.4 Cosmic Background

When extracting the backgrounds we assume that the cosmic background emission
is constant across the FOV and thus contained in the backgrounds. To assess the
contribution of the cosmic background, the combined MOS background extracted
for use with the reflection spectrum in Section 4.3.1.2 was utilized. The combined
background spectrum was binned so that each bin contains 30 counts, shown in
Figure 4.6. No significant emission lines at or around the 6.7 keV region are seen so

one can assume that the diffuse emission line is not from the cosmic background.

0.

b |
g W by

normalized counts s ' keV 1
0.0|

Energy (keV)

Figure 4.6: Combined MOS cosmic background spectrum, extracted from those regions

least contaminated by the reflection.

4.3.2 Sources of Hard Emission

Having demonstrated that the 6.7 keV line is a feature of the cluster diffuse emission
and hence that the diffuse emission within 2’ of the cluster core is mostly thermal
in origin, possible sources for this component are now addressed. There are three
potential sources of thermal emission in the core of a cluster as large as and with
the age of Wd1l. These are a thermalized cluster wind, Supernova Remnants (SNRs)

and unresolved PMS stars.

128


Chapter4/Chapter4Figs/fig6.eps

4.3 Discussion

4.3.2.1 Cluster Wind

A cluster as large as Wdl is expected, and is indeed found by Clark et al. (2005), to
contain many massive stars in the cluster core. These massive stars are the source
of large amounts of energy and mass being ejected into the cluster volume via stel-
lar winds. The winds collide and thermalize, filling the cluster core volume with a
hot, shocked plasma. After some time, the outflow from these thermalized winds
becomes stationary and a steady state cluster wind ensues (Canté et al., 2000, and
references therein). The temperature of this hot, diffuse plasma throughout the core
is sufficiently high to radiate at X-ray energies and hence is potentially responsible
for the diffuse hard emission in Wdl. MUO6 make use of the equations of Canto
et al. (2000) for the central hydrogen density and temperature, namely:

. —1 —2
(-25) = 0N M o ) (fe (4.1)
cm—3 10—°Mg yr 10%km s pc

T s wnor (Y 2 4.2
K) 103km s (4.2)

where N is the number of stars contributing to the thermalized cluster wind, M is

the average mass loss rate per star, vy, is a weighted average wind velocity of the stars
and R is the radius of the region containing the stars. To enable direct comparison
of results a similar treatment as performed by MUO6 was applied. In the analysis of
MUO6 only the WR stars are considered as the contributors to the cluster wind and
from Equation 1 an emission measure (Kgy = %WR%ng) is calculated before using a
standard thermal plasma model in XSPEC' to extract fluxes. This treatment differs
slightly from that of MUOG6 in two ways. First, the value of R is set at 2 pc (2’
at 3.55 kpc) which is the core extraction region in the analysis above. This is an
acceptable value as Canté et al. (2000) state that the value of R¢ needs only be
approximate to the distance from the cluster centre to the outermost star, i.e. - all
the stars considered to contribute to the cluster wind are inside R (see also Figure
4.7). Second, rather than assign typical values for M and v, for WRs in general,
the known spectral types of the WRs in the cluster core (Crowther et al., 2006) are
used along with general physical and wind properties of WRs (Crowther, 2007) to
estimate the more accurate mean values of M = 1.4 x 1075 Mg, yr~! and vy, = 1320
km s~! for the 21 WRs within 2 pc of the cluster centre. Inputting these values into
Equations 1 and 2 yields ng = 0.5 cm ™ and kT, = 3.7 keV. Kgy was then calculated
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4.3 Discussion

and the appropriate values were fed into the APEC spectral model (Smith et al.,
2001) in XSPEC which gives an unabsorbed X-ray luminosity (L") in the 2-8
keV energy range of ~ 2 x 10?3 erg s~!. Extracting the observed high temperature
value from the two temperature fit above yields an Ly of 1.7 x 103 erg s~
Hence, the predicted value is in excellent agreement with the observed value. Thus,
a thermalized cluster wind can account for the hard thermal emission in the core
of Wd1. This result differs from that of MUO06, who found that the hard emission
in the cluster core is approximately half of their predicted value. The discrepancy
results mainly from the setting of Rc = 4 pc (=3’ at their adopted distance of 5
kpc) in their calculations. The smaller R¢ value used in this analysis reduces the

emission measure and hence the derived Ly,

Stevens and Hartwell (2003) used the model of Canto et al. (2000) to predict the
properties of the cluster wind for some Galactic and Magellanic Cloud clusters and
compared them to observation. They found that, in all cases bar one, the predicted
k'Ty values are much larger than observed and that the predicted X-ray luminosities
are much less than observed. The results presented here are somewhat at odds with
those of Stevens & Hartwell in that the predicted values of kTy and L{*" are quite
close to those observed. The difference in k7T can be explained by the adopted vy,
value. For the determination of k7 only the WRs in the cluster are considered
(given that the early O stars have already evolved off the main sequence), which
have lower wind velocities than the early O stars in the clusters studied by Stevens
& Hartwell, thus keeping kT, down. A possible explanation for their difference in
LYabs (and to some extent also kTp) values is that in all bar the same one cluster,
Stevens & Hartwell fit the diffuse spectra with a single temperature model. This
may underestimate any cool thermal component that is present in the diffuse spectra
of the clusters (and the observed kT value will be an amalgam of the hot and cool
component k7T values). If a cool component has been underestimated, this will
dramatically affect the observationally derived L% given that the unabsorbed cool
component will greatly add to the overall L. Since a cool thermal component is
seen in Wd1 and the analysis is restricted to the harder thermal component only, our
results are close to those predicted. One must be aware however that the model used
in this analysis does not incorporate the thermalization efficiency and mass loading
of the cluster wind described by Stevens & Hartwell. In practice, the adopted model
assumes no mass loading and a thermalization efficiency of 1 (i.e. - no radiative

losses in the conversion of the stellar wind energies to the cluster wind). This may
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be simplistic and it is noted here that a change in either parameter would serve
to increase the predicted overall X-ray luminosity (i.e. - not restricted to the hard

energy band) and reduce the kTj value.

4.3.2.2 Supernova Remnants

SNRs emit X-rays through thermal and/or non-thermal processes. Since the hard
emission in the core of Wdl has been identified as predominantly thermal, we ad-
dress only the thermal emission mechanisms (i.e. - the SNR interaction with its
surroundings). In order to assess whether SNRs contribute to the hard thermal
emission, the number of potential SNRs present must first be determined. Several
of the previous analyses of Wdl (MU06; Brandner et al., 2008; Clark et al., 2008,
etc.) use the stellar population to extrapolate the cluster IMF to higher masses and
determine that the cluster initially contained ~ 10? stars with M > 50My. Given
the age of Wd1 we can assume that all these stars have already been lost to Super-
novae (SNae). However, apart from the magnetar, no evidence of post SN objects
(SNRs, compact objects or X-ray binaries) was found in the analyses of either MU06
or Clark et al. (2008). Possible reasons for the absence of the discrete objects are be-
yond the scope of this analysis, instead only the potential contribution of the SNRs
to the diffuse emission in the cluster core is addressed. SNRs are expected to emit
X-rays when the shock front interacts with the surrounding ISM, but in the Wd1l
region winds from the massive stars have cleared away the ISM so we cannot ex-
pect to observe emission from this process (MUO06 and references therein). However,
SNRs can also interact with the stellar winds of nearby massive stars in the cluster
(Velazquez et al., 2003). Indeed, the interaction of a SNR with a single stellar wind
was shown by Veldzquez et al. to be X-ray bright (L{#>s ~ 103%erg s7! in the 0.3-10
keV energy range) throughout the lifetime of the SNR (~ 10%*yr) with a star-SNR
separation of ~ 10 pc. Given that in the core of Wd1 the largest possible star-SNR
separation is 4 pc, any star-SNR interaction region would be expected to be even
brighter than this. Furthermore, the number of interaction regions due to multiple
massive stars would serve to increase the expected overall luminosity. Assuming that
a star-SNR interaction region in Wdl has a 0.3-10 keV LS = 103%erg s~1 (which
is undoubtedly an underestimate) and that there is a number of massive stars in the
core of 20, a single SNR in the cluster would be expected to have at least a 0.3-10
keV Lyabs ~ 10%%erg s71. To compare this to the 2-8 keV L% of the observed
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hard component diffuse emission, WebPIMMs! was used to convert the observed
flux from the 2-8 keV to the 0.3-10 keV energy range, assuming a thermal plasma
model with our observed hard component kT = 3.07 keV and derive a 0.3-10 keV
Lynabs ~ 3 x 10%3erg s~1. Thus, the conservative lower limit of LEa> ~ 10%erg s!
for a single SNR is already two orders of magnitude higher than the observed lumi-
nosity of the diffuse emission in the core. Hence, at the current epoch, there is little
evidence for SNRs in the cluster and thus these are unlikely to be the cause of the

diffuse emission.

4.3.2.3 Unresolved Pre-Main Sequence Stars

In their Chandra point source analysis, Clark et al. (2008) identified not only the
X-ray emitting high mass population but also a number of PMS stars down to
a limiting luminosity of ~ 10%'erg s~!.These sources represent the most luminous
members of the PMS population and were masked in the spectral analysis above.
However, the remaining unresolved PMS population could contribute significantly
to the diffuse emission in the cluster. In Wdl, only stars with M < 3Mg have yet
to evolve onto the Zero Age Main Sequence (ZAMS) (Brandner et al., 2008). The
objects in the 3.2 — 1.7TM mass range are becoming stars of spectral type A, which
are not established X-ray emitters. For an estimate of the unresolved PMS stars we
will assume these objects to be X-ray emitters for M < 1.5My, which is in line with
the upper mass limit for low mass PMS stars with X-ray emission due to magnetic
reconnection events adopted by Clark et al. (2008). Whereas these authors assume a
ratio between high luminosity and low (unresolved) luminosity PMS X-ray emitters
for Wdl1 as for the Chandra Orion Ultradeep Project (COUP, Getman et al., 2005)
sources, knowledge on the actual Wdl (pre-)stellar population as given by Brand-
ner et al. (2008) is employed here. The reason is that the procedure of Clark et al.
(2008) involves propagating a high/low luminosity object ratio of 2/1614 for the
COUP sources to a larger number of high luminosity Wdl sources (viz. 45). This
may however not be totally reliable due to the inherent inaccuracy of magnifying

uncertainties attached to only 2 high luminosity COUP sources.

Information on the (pre-)stellar population of Wdl is contained in Brandner
et al. (2008, their Table 6). In there, the numbers of object are specified for a few

annuli around the cluster centre and for several mass intervals. Observed numbers in

Found at heasarc.nasa.gov/Tools/w3pimms.html
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the mass interval 3.4 — 30M,, corrected for incompleteness, are used for normalising
the mass function, which has a different slope in each of the annuli for masses
M > 0.5Mg (as determined from their photometry), while each time having the
same, shallower slope for masses in the interval 0.08 — 0.5Mg. For the unresolved
Wd1 PMS population we select the mass range 0.08 — 1.5M,, include objects within
2’ from the cluster centre (in order to compare with our observed diffuse 2-8 keV
X-ray luminosity for the cluster core), and require continuity for the stellar mass
function from high mass (> 0.5My) to low mass (0.08 — 0.5M)) objects. This yields
a number of low mass PMS objects in Wd1l of nearly 44000. Each of the PMS
objects is assigned an X-ray luminosity, Ly, dependent on the mass of the object,
working in 0.1M, intervals. The mass-dependent Ly, valid for the age of Wd1, is
taken from Flaccomio et al. (2003, their Figure 10) and has been transformed from
their 0.1-4.0 keV interval to the 2.0-8.0 keV interval used in this article, with the
help of the WebPIMMS tool. The X-ray band transformation is for a Raymond-
Smith model spectrum for which a characteristic energy k7' is required (considering
one temperature spectra for simplicity). The comparably young cluster Trumpler
16 features a median k7 around 1.5 keV (Albacete-Colombo et al., 2008). However,
plots of log Lx against (single) k7" for COUP sources, for which much deeper data are
available, suggest that for low luminosity X-ray sources the values for k7" decrease, to
around 1 keV. If kT ~ 1.5 keV is adopted for the Wd1 PMS objects, their combined
2-8 keV luminosity is 1.1 x 1033erg s~!. But, if the diffuse emission would come from
unresolved, low luminosity PMS sources their typical kT could be lower. For sources
with &7 ~ 1 keV the combined 2-8 keV PMS luminosity becomes 4.6 x 1032erg s!.
In reality their 2-8 keV luminosity may be lower still if individual PMS objects have
strong circumstellar absorption, if the lower X-ray luminosities found for Weak line
T Tauri Stars - compared to Classical T Tauri Stars - are taken into account, and
if not all inferred PMS objects would actually be X-ray sources. Thus the PMS

033

object X-ray luminosity of Lx < 10%erg s=! is expected, which is less than half of

the observed 2.56 x 1033erg s~! for the total diffuse 2-8 keV emission.

4.4 Conclusions

The above analysis and discussion of the until now unexploited XMM-Newton dif-
fuse emission data for Wd1 have demonstrated a Fe 6.7 keV emission line, indicating
that the hard X-ray component in the inner 2’ radius region of the cluster is predom-

inantly thermal in origin. The most likely explanation for this diffuse component is
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a thermalized cluster wind. An estimated value for the 2-8 keV X-ray luminosity
produced by a cluster wind in Wd1 (2 x 1033erg s™!) is close to the observationally
determined value for this luminosity (1.7 x 10*3erg s7'). The conclusion that the
cluster wind is the likely cause of the diffuse emission is also in line with the model

predictions of Oskinova (2005).

We note further that the morphology of the Wdl diffuse X-ray emission (see
Figure 4.7) resembles the distribution of the massive stars in the cluster, in partic-
ular in showing a noticeable extension to the SE. When the less massive stars are
considered, such as those down to 0.8M, (Brandner et al. 2008; see also their Figure
1), the cluster shows a smoother, roughly N-S elongated distribution. In addition,
the radial dependence of the mass distribution determined by Brandner et al. (2008)
decreases steeper than the radial distribution of the diffuse X-ray emission. These
qualitative considerations are not in support of a stellar origin for the diffuse emis-

sion.

Figure 4.7: Distribution of massive stars in the cluster core in relation to the diffuse
emission. Wolf-Rayets are indicated by the filled green circles whereas main sequence
and evolved OB stars are indicated by filled blue circles. The large circle indicates the 2”
core radius and the black areas indicate areas where point sources were masked. It is
clear that the diffuse emission resembles the distribution of the massive stars in the

cluster core.

While the PMS objects are less likely as the main cause of the Wd1 diffuse

emission, they could nevertheless still make a contribution to the diffuse component.
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4.4 Conclusions

Although based on a somewhat different analysis, also Muno et al. (2006b) estimate
that <30% of the diffuse component could be attributed to PMS objects. For future
studies it will be important to establish what contribution the PMS objects could
make to the X-ray emission of young star clusters, as dependent on typical X-ray
luminosity levels, circumstellar absorption and incidence of X-ray emission among

the PMS objects, which currently is not well determined.
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Chapter 5

Results

Chapter 3 described the characterisation of the X-ray emitting populations of the
young Galactic star clusters selected for study in this project. In the forthcoming
section I will describe general results from this process, in particular with regard
to cluster sub-populations. Following this I will present the results of the project
with respect to the goals described in Section 1.3, namely investigation of the model
predictions of Oskinova (2005) across the range of cluster size and ages and testing
the universality of the IMF using the XLF's of the clusters.

5.1 General Results of the Sub-Populations

5.1.1 Massive Stars

Overall, some 233 massive stars with spectral type earlier than B3 were detected
in the clusters. These sources constitute individual massive OB stars emitting via
RDIS and/or MCWS emission mechanisms, WRs, LBVs, CWBs as well as optical
double/multiple systems. In this section I will describe the general results from this
sample, focussing on those sources for which were bright enough to be spectrally fit
in XSPEC (~ 140 sources). Prior to discussing each individual sub-population, we
can first create the 0.5-8 keV and 2-8 keV Lx /Ly, diagrams for the entire sample
of high mass stars and systems. L, values are assigned to the various spectral
types using the calibrations of Martins et al. (2005) for O stars, Crowther (2007) for
WRs and Kaler (1997) for the B stars. The resulting Lx /Ly, diagrams are shown
in Figure 5.1.
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Figure 5.1: 0.5-8 keV Lx /Ly diagram (top) and 2-8 keV Lx /Ly, diagram (bottom).
The various symbols represent the various emission types. Red inverted triangles
represent the RDIS emitters, blue triangles the MCWS emitters, light blue square the
WRs, green stars the O star CWBs and the purple circles the WR/LBV CWBs. The
black line in the 0.5-8 keV Lx /Ly diagram indicates the canonical Lx/Lpy = 1077
relation for stars emitting via shocks in their stellar winds. The arrow on the bright

source 1 Carinae indicates a lower limit to the X-ray luminosity.
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5.1 General Results of the Sub-Populations

The RDIS emitters agree well with the canonical Lx /Ly, = 1077 relation in the
0.5-8 keV Lx /Ly, diagram. Interestingly, a separate Lx /Ly relation is evident for
the the CWBs in each Lx /Ly, diagram. These relations are investigated further in

the following sections.

5.1.1.1 Radiatively Driven Instability Shock Emitters

Those sources with spectral parameters and derived luminosities consistent with
RDIS emission were extracted from the sample of massive star detections. Table
5.1 offers general parameters of these sources, separated by spectral type, which are
visualized in Figures 5.2 and 5.3. From Figure 5.2, there is no obvious variation
in kT with spectral type with the derived values being roughly constant across the
mass spectrum. A decrease in Lx values is seen moving from early O into the later
O and early B type stars, which is to be expected given these lower mass stars have
weaker winds. Using Figure 5.1, the actual Lx /Ly, ratio for the total and hard
Lx bands were determined to be ~ —6.85(£0.54) and ~ —8.33(£0.64) respectively,
consistent with estimates from other studies. For example, Nazé (2009) use the
2XMMi Serendipitous Source Catalogue to derive these Lx /Ly, relations for the
catalogued massive stars and the results presented here are consistent with those of

this less deep survey analysis.
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Table 5.1: RDIS X-ray Emitting Properties of the
Various Spectral Types

Sp. Type No. of Sources kT log LXh,c log Lx, .
(keV) (erg s™1) (erg s~1)
Class 1
031 1 0.61 (£0.06) 31.31(-) 32.71(-)
03.51 1 0.98 (£0.58) 32.05(-) 32.93(-)
041 1 0.65 (£0.05) 31.35(-) 32.67(-)
O51 1 0.48 (£0.10) 30.53(-) 32.24(-)
Class III
O3I11 2 0.71 (£0.46) 31.23 (£0.44) 32.47 (40.66)
OA4I1T 1 0.64 (£0.05) 30.92(-) 32.43(-)
O6III 1 0.64 (£0.08) 30.58(-) 31.92(-)
06.5111 1 0.55 (£0.20) 30.22(-) 31.69(-)
O8.5111 1 0.46 (£0.21) 31.03(-) 32.82(-)
09.7111 1 0.43 (£0.16) 28.96(-) 31.04(-)
Class V
O3V 4 0.58 (£0.14) 30.85(+0.41) 32.33(+£0.26)
03.5V 1 0.52 (£0.18) 30.2(-) 31.96(-)
O5V 2 0.5 (£0.11) 30.11(#0.11) 31.83(+0.17)
05.5V 3 0.71 (£0.78) 30.85(%0.02) 31.72(40.5)
o6V 7 0.6 (£0.15) 30.24(%0.35) 31.74(+0.28)
06.5V 2 0.46 (£0.15) 29.92(£0.81) 31.74(%1.1)
o7v 8 0.51 (£0.17) 30.11(£0.55)  31.89(40.6)
07.5 2 0.59 (£0.06) 30.49(£0.88) 31.45(+£0.01)
o8V 7 0.53 (£0.24) 30.04(£0.45) 31.61(+£0.39)
08.5V 5 0.59 (£0.24) 29.84(+0.44) 31.32(+£0.59)
[O1°AY% 6 0.56 (£0.07) 29.73(£0.37) 31.32(£0.44)
09.5V 3 0.53 (£0.45) 29.91(£0.44) 31.37(+0.43)
BovV 1 0.64 (£0.28) 29.31(-) 30.88(-)
B2V 3 0.64 (£1.57) 29.57(£0.73) 31.08(+£0.75)
Transitional
0O5.5V-II1 2 0.46 (£0.14) 30.77(£0.49) 32.76(+0.38)
O6V-II1 1 0.88 (£0.23) 31.09(-) 32.18(-)

5.1.1.2 Magnetically Confined Wind Shock Emitters

One result from the analysis of the programme clusters is that the majority of
the detected early B-type stars seem to be MCWS emitters. Out of the 26 stars
with spectral type B0-B3, 19 of these, as well as several late O-type stars, have
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Figure 5.3: Plots of derived Lx values for the various spectral types and luminosity
classes, where spectral type 3 corresponds to O3, 4 to O4, 10 to B0, etc., emitting via
RDIS. The blue triangles represent the derived total band 0.5-8 keV Lx, whereas the red
inverted triangles represent the hard band 2-8 keV Lx. Points without errors refer to

spectral bins containing only one source.
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5.1 General Results of the Sub-Populations

hard derived thermal plasma temperatures consistent with this emission mechanism.
MCWS emission is regularly mentioned in cluster analyses from the literature as
being responsible for relatively low luminosity hard sources and thus, are quite
common. Detailed analyses of these sources are normally performed through high
resolution X-ray spectroscopy and thus restricted to nearby objects. Schulz et al.
(2003) suggest that OB stars likely retain some magnetic field when entering the
main sequence which is lost as the star ages. If this is the case, it is likely that
many of the late O and early B stars in the youngest programme clusters do indeed
have a magnetic field which is responsible for the observed emission. These authors
analyze three very young massive stars of the Orion trapezium, two B0.5V stars
and one 06.5V star, and determine that a MCWS is responsible for the observed
X-ray emission in all three cases, ruling out other possibilities such as unresolved
PMS companions. All apart from 4 of the apparent MCWS emitting stars in the
programme cluster analyses above are located in very young clusters with ages <
1.5 Myr. This suggests that the MCWS mechanism does indeed play an important
role in X-ray emission from the youngest OB stars in the sample. Nazé (2009) show
that many of the early B stars in the 2XMMi Serendipitous Source Catalogue require
moderately hard thermal components to achieve acceptable spectral fits. This author
also infers the presence of magnetic phenomena to explain these results however, the
age estimates for the stars are not given and so it is unclear whether these stars are
young or not. As such this analysis represents one of the first correlations of the
frequency of MCWS mechanism in OB stars of known age. The Lx /Ly relation for
the MCWS sources shows relatively little correlation. The observed Lx values are
dispersed across a wide range of Ly, values. Because of this, no Lx /Ly, correlation

is derived.

5.1.2 Colliding Wind Binaries

All of the detected CWBs are shown in Table 5.2. These sources are separated
into two categories, those CWBs where the primary is an O star and those where
the primary is a WR or LBV (I also include the unusual sgBle] source W9 in this
category). Also included are the two candidate CWBs detected in NGC 3603, which
we will call NGC 3603 Ul and U2, for which no spectral type has been assigned
to the primary but whose X-ray spectra and Lx values are consistent with other
detected CWBs in the programme clusters. A dedicated study of these sources at
other wavelengths is certainly warranted as, particularly for NGC 3603 U2, one of the
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stars is very likely a WR given it’s derived luminosity is comparable to known WR
CWRBs. It is difficult to compare CWB systems as, not only will the spectral types of
the component stars affect the spectral parameters, but binary system parameters
such as their separation, and observational issues, such as the viewing angle, can
also have an effect. However, both the 0.5-8 keV and 2-8 keV Lx/Ly, diagrams
(see Figure 5.1) indicate some correlation between the bolometric luminosity of the
primary and the observed X-ray luminosity. This is a results also in various surveys
of O stars populations (see Nazé, 2009; Sana et al., 2006, for example). The reasons
for this observed correlation are unclear but Nazé (2009) suggest that radiative
inhibition, where the radiation of one component decelerates the wind originating
in its companion is responsible. Using the Figure 5.1, values of —5.99(+£0.63) and
—6.77(40.64) for the 0.5-8 keV and 2-8 keV energy bands respectively are derived
for the Lx /Ly, relation of the CWB sample, approximately consistent with that of

Nazé (2009) who utilize the less deep survey data for this derivation.!

!These estimates omit 1 Carinae, due to uncertain Lx values, and W9 as no Ly value could

be found for this unusual source.
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Table 5.2: Detected Colliding Wind Binaries

O Star CWBs

Name Sp. Type Counts Ny kT kT log Lxh . log th o

(cmfz) (keV) (keV) (ergs™ 1) (ergs™1)
HD 93129 A O21f* 4421 0.819:87 0.58081 246278 32.24 33.24
Sh 22 O3III(f) 238 0.459'5 1.89%:%3 - 32.14 32.59
HD 15558 O4ITI(f) 2004 0.320-37 1.241:3 - 31.70 32.38
Sh 47 04v 426 0.993-39 1.381:5% -z 32.80 33.41
CEN 1b 04V 11781 2.33:39  0.933-2%  3.055:32 32.70 33.29
CEN 1la 04v 12323 1.947-92  0.9929  5.2535 32.65 33.20
MSP 183 04V 2110 1.481'5; 0.38039 3.063:82 32.73 33.51
MSP 188 O4V-1II 1413 1.235:82 0.655:8°  2.87:09 32.17 33.02
HD 242908 04V((f)) 4976 0.210:73  0.60:8%  6.175°2,  31.98 32.66
CEN 2 05V 1866  0.955:95 0.619-8T  3.789-3° 31.08 32.26
VI CYG 8A  O6If + O5.51I1(f) 38195 1.181:33 0.720:52 2.073%3 33.43 34.07
MSP 167 06111 777 192383 0548 2.83:5% 32.15 33.26
Sh 49 07.5V 52 1.082:32 1.595:07 -- 31.60 32.12
MJ 496 08.5V 1816 0.915:97 0.749-85  2.042-2% 31.94 32.66
W 30a 09-B0.5Ia 477 251515 1.42]-738 - 32.02 32.60

WR/LBV CWBs

Name Sp. Type Counts Ny kT kTo log LXh,c log LXt,c
(cmfz) (keV) (keV) (ergs™1)  (ergs™1)
NGC3603 C WN64-abs 7320  1.341-3% 0.6605. 1.85%2:99 34.66 35.41
n Car LBV 29603 - - - >35.00 > 35.00
w9 sgBle] 394 42835, 0.710:53 64 32.35 33.59
WR A WN7b 642 &53%;%2 02818;;4;* 3.683-52 32.45 33.68
WR B WNT7o 228 4.653°8%8 0.55%5 287, 32.15 33.15
WR 20b WN6ha 1504 4.023°9. 0.385'35 5.34593 32.83 33.74
WR 20a WN6ha+WN6ha 4123  2.332:38 0.42049  2.763-1§ 33.05 33.90
WR F wWC9d 99 4197 3.26° - 31.84 32.13
Candidate CWBs
Name Sp. Type Counts Ny kT kT log Lxh,c log LXt,C
(cmfz) (keV) (keV) (ergs™1)  (ergs™1)
NGC 3603 U1l - 892 1.23}:3% 2.092-27 -- 31.75 32.55
NGC 3603 U2 - 3880 1.962:19 0.719-82 4.977-23 32.92 34.53

5.1.3 PMS Stars

Overall, there is quite a large sample of PMS stars in the programme clusters.
Though the majority have to few photon counts to derive spectral parameters, there

are still a great number (~ 1000) for which such an analysis can be performed.

These data are first used to confirm the relation from the existing analysis of
a large PMS population, that of the COUP (Feigelson et al., 2005), which shows
the relation between the absorbing hydrogen column density (Ny) and the median

detected photon energy (FEmedian) above a certain threshold. For the brightest PMS
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stars in the sample, their spectrally derived Ny values were plotted against their
observed FEledian, shown in Figure 5.4, and is consistent with Figure 8 of Feigelson
et al. (2005) which contains only one stellar population. The plot shown in Figure 5.4
contains data for several stellar populations and thus suggests that this relation holds

across all clusters of various age and line of sight absorption.
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Figure 5.4: Plots of spectrally derived Ny against Eeqian for all of the PMS stars in

the programme clusters with > 50 counts.

The variation in the properties of the programme cluster PMS populations is
now investigated using the median cluster Fyeqian and Lx values of their PMS pop-
ulations. These values are calculated for the entire population and the quiescent
populations in order to inspect the effects the flaring population has on the derived
overall values. These quantities are plotted against the age of each cluster in Fig-

ure H.5.

The first readily noticeable feature of the plots is that in most clusters, the in-
clusion of the variable sources in the cluster values has only a minor effect on the
derived 2-8 keV Lx values. By far the most affected is Wd1l were the separation
in Ly is an order of magnitude. This is due to a low number of detected sources
and the fact that almost all of the brighter sources in the cluster showed signs of
variability. The overall trend of a reduction of median Lx with age of the clusters

is observed. This is to be expected given that the X-ray luminosity of PMS stars
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Figure 5.5: Left: Plots of median 2-8 keV Lx for all of the PMS stars (red) and
quiescent PMS stars (blue) against the age of the programme clusters. Right: Plots of
median Epedian for all of the PMS stars (red) and quiescent PMS stars (blue) against the

age of the programme clusters.

is found to decay following the relation of Preibisch and Feigelson (2005). There
is a very slight decrease in observed median FE,eqian With cluster age. It must be
noted however that the Feqian value is linked to the Ny value in the direction of
the sources, though a trend to higher Feqian With increasing plasma temperature is
observed by Feigelson et al. (2005). As such, it is likely that there is some reduction
in source kT values as the stars age. This can be explored further by considering
only the sources bright enough for a spectral analysis. The plots in Figure 5.5 are
recreated, this time with median spectrally derived Lx and kT values against the

cluster age, shown in Figure 5.6.

The left panel of Figure 5.6 shows that in general, the brightest PMS sources in
the programme clusters are of similar luminosity. The main exception is the low Lx
NGC 2362 data point, likely due to the relatively old age and thus the reduced Lx
of its PMS stars. In the median kT plot, there is a definite trend toward lower k7'
with age. This is likely due to a decreasing number of accretion disks in the PMS
population as the clusters age. In Section 1.4.5, the evolution of a YSO is described.
As these objects age their circumstellar disks are accreted or evaporated, leading
to a reduction in the material available for the X-ray emitting mechanism and a
reduction of the star-disk magnetic interaction. This may result in lower shocked

plasma temperatures than in younger stars, observed as a reduction in derived kT
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Figure 5.6: Left: Plots of median 2-8 keV Lx of the brightest PMS stars against age of
the programme clusters. Right: Plots of median k7T values against age of the programme
clusters. The NGC 3603, Wd1l and Wd2 data points are omitted here due to several of
their sources likely being OB stars.

If indeed this is the case, the trend in Figure 5.6 may be used to infer the cluster

age from an X-ray analysis of the bright PMS population of a cluster.

5.2 Evolution of X-ray Emission in the Clusters

Oskinova (2005) used the cluster wind model of Stevens and Hartwell (2003) together
with models of the stellar population to simulate the evolution of X-ray emission
in a cluster, and compare the results to observations. One of the main conclusions
of the analysis was that in massive clusters younger than 2 Myr, the X-ray lumi-
nosity of the cluster wind is low and the observed diffuse emission is dominated by
an unresolved PMS population. At ages above 2 Myr the massive stars enter the
evolved WR phase at which point their fast, dense winds increase the mass and
energy input to the cluster wind, driving up its luminosity. The wind begins to
dominate the unresolved PMS population at this stage. Following the cluster anal-
yses of Chapter 3 we have, not only observationally derived X-ray luminosities for
each of the programme clusters, but also quantitative estimates of the unresolved
PMS contribution to this emission and theoretical estimates of the contribution due
to a cluster wind. As such, this conclusion of Oskinova (2005) can be compared
to observations to determine whether the model holds to clusters across a range of

masses and ages.
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The results of the diffuse emission analyses are, for convenience, presented in
Table 5.3. During the analysis of some of the programme clusters it was obvious
that a cluster wind was contributing very little to the observed diffuse emission and
thus estimates of a cluster wind were not derived. For the purposes of this analysis

(and completeness), these small values were nevertheless calculated and are included
in Table 5.3.

Table 5.3: Properties of the Diffuse X-ray Emission of the

Programme Clusters

Cluster Age Observed log 2-8 keV Lx log 2-8 keV Lxuing log 2-8 keV Lxpms

(Myr) (erg s~1) (erg s~ (erg s~
Bica 1 2 32.2 30.8 32.3
Bica 2 2 32.1 31.5 31.8
IC 1590 4 31.3 27.8 32.0
IC 1805 1 32.0 29.8 32.2
NGC 1893 3 32.0 28.5 32.7
NGC 2362 5 30.6 28.0 30.8
NGC 3603 1 34.2 32.0 34.0
NGC 6611 2 33.1 29.8 32.9
NGC 6618 1 33.2 30.2 33.0
Tr 14 1 33.0 30.9 33.0
Tr 16 4 33.4 33.7 32.9
Wes 1 4 34.2 34.3 33.0

Wes 2 3 33.6 31.1 33.0-34.0

I define here the parameter X,, the ratio of the X-ray luminosity due to the

cluster wind to that of the unresolved PMS population, given as:

o LXwind

X, (5.1)

~ Lixpms
so that low values of X, indicate that an unresolved PMS population is the dominant
contributor to the diffuse emission. This parameter allows us to assess the interplay
between the cluster wind and the unresolved PMS sources across the various mass
and age ranges of the programme clusters. The X, values for each of the clusters

are plotted against cluster age, shown in Figure 5.7.
The predictions of Oskinova (2005) are largely confirmed for the clusters with

rich O star populations. In IC 1805, NGC 3603, NGC 6611, NGC 6618 and Tr 14
which are all younger than 2 Myr, the unresolved PMS population is the dominant
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Figure 5.7: Plot of the cluster X, values against age. Cluster names are marked. The
blue inverted triangles indicate ages below the 2 Myr threshold, red triangles > 2 Myr
and purple circles = 2 Myr.

contributor to the observed diffuse emission by 2-3 orders of magnitude. Bica 1 and
Bica 2, which are on the 2 Myr threshold, have an increased contribution from a
cluster wind. As well as main-sequence O stars, both of these clusters harbour early
O supergiants which inject more mass into the cluster wind. Though these clusters
are not very massive, they are physically small, meaning the contributing stars are
confined in a small region, which serves to increase the wind Lx. The diffuse emis-
sion is dominated by the cluster wind in Wd1 and Tr 16 (both of which are much
older than 2 Myr) due to the large amount of WRs in Wd1 and primarily n Carinae
in Tr 16. The location of Wd2 is somewhat strange. One would expect the cluster
wind to contribute much more to the diffuse emission in this cluster, particularly
as it hosts several evolved O stars including 3 WRs. This is likely due to the un-
certain estimate of the unresolved unidentified population contribution (see Section
3.12.1). The Wd2 data point in Figure 5.7 was determined using the midpoint of the
103373% erg s~! luminosity range determined for this clusters unresolved population.
Assuming the lower end of this range results in X, ~ 1071, which moves the Wd2
data point into a region consistent with the trend seen for the other rich clusters.
The diffuse emission in the remaining clusters (i.e. 1C 1590, NGC 1893 and NGC
2362) is dominated by an unresolved PMS population. These clusters have much
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less rich O star populations that the other programme clusters, consisting primarily

of late O stars which have relatively weak winds and take longer to evolve.

The X, parameter has proved to be a useful tool in assessing the model pre-
dictions of Oskinova (2005) but can it be used to predict properties of the diffuse
emission in clusters itself? If we wish to achieve this we must compare X, to a
measure of the contribution of either the cluster wind or the unresolved PMS pop-
ulation. Determining the unresolved PMS contribution is a somewhat long affair as
has been demonstrated in this thesis. However, Stevens and Hartwell (2003) define
the so called cluster wind scaling parameter (denoted X,;) which is proportional to
the X-ray luminosity of the cluster wind. X is given as:

M
"RV,

where M, is the total stellar mass wind injection rate, R¢ is the cluster radius, and

Xcl

(5.2)

V, is the mean weighted terminal velocity for the stellar winds. Following Stevens
and Hartwell (2003), X is calculated using the natural units with M, in Mg yrt,

R. in pc and V, in km s7'.

Thus, X, can be calculated using only the physical
parameters of the massive stars and the cluster radius. X, was calculated for each

cluster and plotted against X,., shown in Figure 5.8.

X, and X, are quite well correlated with increasing X, corresponding to an
increase in X,, which is expected. A regression analysis, excluding the uncertain

Wd2 data point, yields the following relation:

logX, ~ 0.8(logX,) + 8.6 (5.3)

The scatter around the best fit is likely due to a number of effects, such as
slight variations in the shape of the cluster XLFs as opposed to that of the COUP.
An additional reason for the scatter is the cluster model used to determine the
contribution of the cluster wind. As mentioned in Section 1.4.7.1, the model used
assumes no mass loading and a thermalization efficiency of 1 (i.e. - no radiative
losses in the conversion of the stellar wind energies to the cluster wind). This is
simplistic and it is noted here that a change in either parameter would serve to
increase the predicted cluster wind Ly and X, values. Using this empirical relation,
we can estimate the ratios of the contributions to diffuse emission in a cluster using

the physical parameters of the O or WR stars and the cluster radius. Additionally,
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Figure 5.8: Plot of the cluster X, values against X. The blue inverted triangles
indicate ages below the 2 Myr threshold, red triangles > 2 Myr and purple circles = 2
Myr. The best fit to the data is indicated by the solid black line.

if an X-ray spectrum is available, estimates of the actual Lx values for the wind and

unresolved population can be derived.

5.3 Probing the IMF using the XLF

As described in Section 1.2, the distribution of stellar masses in a stellar system is
described by the IMF. The IMF has observationally been determined to be generally
invariant from one stellar system to another, be they small open clusters or large
samples of Galactic field stars. As such, the distribution of X-ray luminosities in
stellar systems, described by the XLF, should also be invariant, once corrected for
temporal and incompleteness effects. Using the XLF's constructed during the earlier
cluster analyses, this postulate can be qualitatively tested for the programme clusters
studied by the comparison of the shape of the XLF for individual cluster stars (i.e.
-omitting binaries) to that of the well known ONC, corrected for aging effects of
the stellar population using the relation of Preibisch and Feigelson (2005) where
appropriate. This is essentially achieved in the 2-8 keV XLF comparison plotted for
each of the clusters in Chapter 3 which, for convenience, are gathered in Figure 5.9.

Inspection of the XLFs plotted in Figre 5.9 shows that in general, all programme
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clusters have a high end XLF shape consistent with the ONC. The most unusual
cluster XLF is that of Wd 2, which exhibits a slightly steeper slope. As discussed
in Section 3.12.1, this is likely due the assumed distance to the cluster which is still
a controversial issue. Another unusual XLF is that of Wd1 not because of its shape
but the underlying population it infers. This XLF indicates a surprisingly small
stellar population, suggesting the cluster IMF is truncated at the lower masses. The
generally consistent shape of the high end XLF of the programme clusters with that
of the ONC points to a similar underlying IMF, indicating approximately consistent
IMF slope.
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Figure 5.9: The PMS X-ray luminosity function (XLF) for all the programme clusters

is shown in comparison with the COUP XLF.
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Chapter 6

Conclusions and Future Prospects

The study of young star clusters remains one of the most important fields of astro-
physics. These objects, the most massive of which can have devastating impacts on
entire Galaxies, present an astrophysical laboratory where stellar evolution theories
can be tested as well as the evolution of stellar systems as a whole. Additionally,
these clusters are the engines by which material in the Universe is recycled. Their
stars form from molecular clouds, with the most massive stars quickly producing
heavy elements and redistributing them throughout the region via their winds and
supernovae. This is a process best observed at X-rays due to the temperature of the
winds, be they stellar or supernova or both. An unfortunate problem with these ob-
servations is that, in such clusters, large numbers of unresolved sources can mask the
emission from the winds themselves making them hard to trace and their strength

hard to quantify.

In this Ph.D. project I have investigated this issue by characterising the X-ray
emission from the youngest Galactic star clusters and determining the strength of
the relative contributions to the observed diffuse emission. This undertaking led to
a wealth of information on the various cluster sub-populations as well as the clusters
as a whole. Trends in the properties of the sub-populations with cluster age were
investigated verifying previous observational results from the literature as well as
demonstrating new trends, such as the frequency of magnetic wind sources in the
youngest clusters. Following this the resolved X-ray point source populations were
used to determine the contribution of the unresolved sources by invoking the univer-
sally observed stellar mass distribution, the Initial Mass Function, which is tightly
connected to the underlying X-ray luminosity distribution of a stellar population,

the X-ray Luminosity Function. To determine the contribution of a cluster wind
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to the diffuse emission, a theoretical model was used which determines the X-ray
luminosity of the cluster wind using the physical properties of massive stars in the
cluster. Both these derived quantities were then compared to the observations to de-
termine the nature of the diffuse emission in each of the clusters. These results were
compared to a theoretical model of the X-ray luminosity in massive stellar clusters,
which were largely verified. Additionally elements of the theoretical models used
were combined with the observational findings to derive an empirical relation which
can infer the ratio of the contributions to the diffuse emission using only the physical
properties of the massive stellar population and the cluster radius. Supplementary
to the these analyses, the universality of the Initial Mass Function was probed in
these clusters using the X-ray Luminosity Function. This was achieved by compar-
ing the derived cluster X-ray Luminosity Function to a well known and surveyed
stellar population. It was found that the shape of the X-ray Luminosity Function of
the clusters were generally consistent with that of the calibration cluster implying

a similar underlying Initial Mass Function.

So where does the future lie for this research? The obvious avenue is to extend
the cluster database, adding even more clusters and assessing the effect of their in-
clusion into the above analysis. In this thesis, clusters were selected from an optical
catalogue of open clusters based on age criteria. This catalogue does not include
all of the well known young Galactic clusters however with two notable exceptions
being the very massive Arches and Quintuplet clusters which are known to exhibit
strong diffuse emission. These clusters are very heavily obscured due to their po-
sition in the Galactic centre and are not optically visible. As such they escape
inclusion in the catalogue. Additionally, the cluster age limit could be extended to
include clusters with much more evolved stellar populations and potentially have
SNRs contributing to the cluster wind. One cluster population not considered at
all for this thesis is that of the Magellanic Clouds. These satellite galaxies harbour
rich massive clusters such as NGC 346 and R136. The addition of such clusters to
the current database would allow inspection of diffuse emission up to Super Star
Cluster scales. This would additionally allow the inspection of the Initial Mass
Function via the X-ray Luminosity Function in more extreme star forming regions.
By far the most massive cluster in the current sample is Wd1, the physical proper-
ties of which approach Super Star Cluster ranges. This cluster was found to have a
somewhat less that expected underlying stellar population inferred from the X-ray

Luminosity Function, suggesting truncation of the Initial Mass Function at lower
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masses. A similar effect (though determined via a different method) is also seen in
the Arches and Quintuplet with an X-ray derived deficiency of Young Stellar Objects
in the clusters (Wang et al., 2006). Is this normal in very massive clusters? Only

the addition of such massive clusters to the above analyses will answer this question.

During this analysis, several trends were observed such as the interplay of the
cluster wind and unresolved Pre-Main Sequence population, the variation in the
X-ray luminosities of OB stars and Colliding Wind Binaries and the variation in
the global properties of PMS populations with age. Such data can be used as the
foundation of an empirical cluster model. Using population synthesis techniques
(using the Starburst 99 code for example Leitherer et al., 1999), observational X-
ray luminosities and trends can assigned to the various X-ray emitting sources in
a simulated cluster. This model could then be used to predict the expected X-
ray luminosity from a cluster and its temporal evolution based on observationally
derived parameters. Before this can be achieved however, limitations of synthesis
codes such as Starburst 99 must be overcome, in particular the inclusion of binary
systems. Such techniques have already been used to simulate the X-ray emission
from clusters (see Norci et al., 2006; Oskinova, 2005, with the former including
a binary treatment) however, none of these models incorporate all of the X-ray
emitting sources, be they point-like or diffuse. Also, given that we additionally
have information on the trends in spectral parameters, synthetic spectra could be
generated for the various sources and the cluster as a whole, which could also be

directly compared to observations.
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Appendix A

Data Reduction and Analysis

Commands

A.1 Chandra Data Reduction

When reducing Chandra data, the data files contained in the datasets are named
according to a convention whereby observational values such as the instrument used
and data source are included in the filenames (e.g. - acisf123456789N000_evt1.fits is
the filename given to the Level 1 event file (evtl) taken in flight (f) using the ACIS
instrument (acis) starting at 123456789, etc.). These filenames are somewhat clumsy
so in the following section the names will be shortened to include only the instru-
ment used and data content (e.g. - acisf123456789N000_evtl.fits — acis_evtl.fits).

The goal of the Chandra data reduction is to produce a Level 2 event file from
the Level 1 data products, hence the ‘Reprocessing Data to Create a New Level=2
Event File’ thread from the CXC website is used (http://cxc.harvard.edu/ciao/
threads/createL2/). Before producing the Level 2 event file, the pipeline process-
ing software version used to produce the Level 1 data products must be checked to
ensure it was sufficiently recent so as to forego some preceding steps in the reduction.
The version of the pipeline software used is stored in the ‘ASCDSVER’ keyword in

the header of the Level 1 data products and is checked using the command:
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A.1 Chandra Data Reduction

unixy dmkeypar acis_evtl.fits ASCDSVER echo+

Providing the value returned by this command was ‘7.6.7” or later (which it was
for all of the retrieved datasets), the data reduction could proceed. The next step
was to determine the ‘eventdef’ parameter, to be used later in the reduction, which
specifies the format of the input and output event files and is related to the obser-
vation mode used in acquiring the data. The observation mode is determined by
viewing the ‘READMODE’ and ‘DATAMODE’ keywords in the Level 1 event file.

This is achieved using the commands:
unixy% dmkeypar acis_evtl.fits READMODE echo+
unix’% dmkeypar acis_evtl.fits DATAMODE echo+

For each of the reduced datasets in this project, the READMODE” and ‘DATA-
MODE’ keywords showed either ‘TIMED’ and ‘FAINT’ respectively or ‘TIMED’
and ‘VFAINT’ respectively. The table in the ‘Determine the eventdef’ section of
the analysis thread shows that the ‘eventdef’ parameter that corresponds to these

modes is ‘stdlevl’.

The next step in the reduction is to use the acis_process_events command
to create a new Level 1 event file by correcting the Level 1 event file in the re-
trieved dataset for bad pixels (using the ‘acis_bpix1.fits’ Level 1 file), applying the
aspect solution (using the ‘acis_asoll.fits’ Level 1 file) and applying the latest cal-
ibrations from the CALDB. The calibrations are applied by default and include
charge transfer inefficiency correction, gain correction and PHA and pixel random-
ization. The ‘eventdef’ parameter above is also supplied. The new Level 1 event file

‘acis_.new_evt1.fits’ is produced by issuing the following commands:
unixy, punlearn acis_process_events
unixy pset acis_process_events infile=acis_evtl.fits

unixy, pset acis_process_events outfile=acis new evtl.fits
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unixy pset acis_process_events badpixfile=acis_bpixl.fits
unixy, pset acis_process_events acaofffile=acis_asoll.fits
unixy, acis_process_events

The final steps in the data reduction involve filtering the ‘acis_new_evtl.fits’
event file. The first filtering step removes events with bad grades and/or bad status
columns from the event file. Grades are assigned to every event during an observa-
tion and can be thought of as the shape an incoming photon makes on the ACIS
CCD array. Certain grades indicate a real photon event whereas others may indi-
cate a cosmic ray detection for example. Limited grade filtering is applied on board
Chandra to limit the telemetry bandwidth whereas the remaining bad grades are
removed in this reduction step. This step also filters for a ‘clean’ status column. The
status column in the data file consists of 32 bits, each of which indicates a potential
issue with each event and thus, those events with a bad status column are removed.

This filtering step is run using the following commands:
unix’ punlearn dmcopy

unix’, dmcopy ‘‘acis_new_evtl.fits[EVENTS] [grade=0,2,3,4,6,status=0]
acis_flt evtl.fits

where ‘acis_flt_evt1.fits’ is the cleaned event list. The next step involves filtering
this cleaned event list for Good Time Intervals (GTIs). GTIs are supplied in the
Level 1 ‘acis_flt1.fits’ produced by the pipeline. This file indicates the periods of the
observation when the mission time line parameters (all time series data that affect
the quality of the event data) fall within acceptable levels. Essentially this filtering
step removes periods of the observation that are deemed not to produce quality
event data (such as the first few frames of the observation, gaps in the aspect solu-
tion, etc.). The cleaned event file is filtered for GTIs to create a Level 2 event file

(‘acis_evt2.fits’) using the command:
unixy, punlearn dmcopy

unixy dmcopy ‘‘acis_flt_evtl.fits[EVENTS] [@acis_fltl.fits]
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cols -phas

’? acis_evt2.fits

The penultimate step in the data reduction is to filter this Level 2 event file into
a desired energy range, i.e.- the 0.5-8 keV energy range at which the ACIS instru-

ment is most sensitive. To achieve this the following commands are run:

unix’ punlearn dmcopy

unix’% dmcopy ¢ ‘acis_evt2.fits[energy=500:8000]"’
acis_0.5-8keV_pre-evt2.fits

The final step is to clean this Level 2 event file of flaring periods that may have
contaminated the observation. For this we must define a region of the image free
from point sources that may be exhibit strong flares themselves during the obser-
vation. This region was defined on the ACIS image using the DS9 visualization
software and saved as ‘flare.reg’. An event file was extracted for this region using

dmcopy :

unixy, punlearn dmcopy

[4

unix’, dmcopy ‘‘acis_0.5-8keV_pre-evt2.fits[sky=region(flare.reg)]’’

acis_flare.fits

Following this, a lightcurve is created for this extracted region using the follow-

ing commands:

unixy, punlearn dmextract

unixY, dmextract ‘‘acis_flare.fits[bin time=::259.28]’°

outfile=acis_flare.lc opt=ltcl

This lightcurve is now analysed using the deflare algorithm which outputs a

GTT file identifying periods of the observation unaffected by flares:
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unixy% punlearn deflare
unixy, deflare acis flare.lc acis flare.gti method=clean

Finally the all FOV Level 2 event file is filtered for the GTI’s defined by the

deflare algorithm:

unix’, punlearn dmcopy

4

unix’% dmcopy ‘‘acis_0.5-8keV_pre-evt2.fits[Q@acis_flare.gti]’’

acis_0.5-8keV_evt2.fits

The calibrated and filtered Level 2 event file ‘acis_0.5-8keV _evt2.fits is the final

output of the data reduction and the subject of the data analysis.

A.1.1 Diffuse Emission

Diffuse emission spectra are extracted from the calibrated and filtered Level 2
event file ‘acis_0.5-8keV_evt2.fits. Before this however, appropriate ‘blank sky’ back-
grounds must be defined. To do this the ‘ACIS Blank Sky Background’ thread is
followed!. The first step is to identify ‘blank sky’ files within the CALDB that
match the observation. This is achieved via the acis_bkgrnd lookup CTAO task:

unixy% acis_bkgrnd_lookup acis_0.5-8keV_evt2.fits

This command outputs appropriate ‘blank sky’ files for each individual ccd
chip active during the observation which for convenience we will call ‘acis_il.bkg’,
‘acis_i2.bkg’, etc. These files are copied to the working directory and merged to

produce a full field ‘blank sky’ background file using the dmmerge task:

unix’, punlearn dmmerge

4

unixy% dmmerge ‘‘acis_il.bkg, acis_i2.bkg, acis_i3.bkg, acis_i4.bkg’’

merged_acis_bkgrnd.fits

!See http://cxc.harvard.edu/ciao/threads/acisbackground/index.py.html
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Unfortunately this process suffers from a bug which is due to the fact that the
dmmerge task was designed to combine multiple observations. Because of this,
dmmerge sums the exposure related keywords when combining files. Given that
each of the ced ‘blank sky’ files has an associated exposure time, the dmmerge task
sums these values and assigns the resulting exposure time to the output merged
file. This, of course, is incorrect and thus must be fixed. This is achieved by de-
termining the actual values of the exposure related keywords from one of the ccd
‘blank sky’ files, using the dmlist task with egrep, and editing these into the corre-

sponding merged file header , using the dmhedit task. The commands are as follows:

unix’% punlearn dmlist

unix’% dmlist acis_iO.bkg header | egrep ‘(ONTIM | EXPOS | LIV)’

This will yield the same value for each of the keywords, e.g. - 1500000.0, to be
edited into the merged background file header:

unixy punlearn dmhedit

«¢

unixy, dmhedit merged_acis bkgrnd.fits filelist=
key=EXPOSURE value=1500000.0 unit=s

’? op=add

unixy, punlearn dmhedit

[4N1

unix’ dmhedit merged_acis_bkgrnd.fits filelist=
key=0ONTIME value=1500000.0 unit=s

>’ op=add

unixy, punlearn dmhedit

«c¢

unixy, dmhedit merged_acis bkgrnd.fits filelist=
key=LIVTIME value=1500000.0 unit=s

’? op=add

An additional adjustment to the merge background file header is the adding of
the pointing header keyword (PNT) which indicates the where the optical axis was
during the observation. For the ACIS ‘blank sky’ files, this keyword is set to zero

as they are generic files. Thus this value in the merged background file should be
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adjusted to that of the observation file to avoid problems later in the analysis. This

is achieved using the following commands:
unix’, punlearn dmmakepar
unix’% dmmakepar acis_0.5-8keV_evt2.fits event_header.par
unix’), grep _pnt event_header.par > event_pnt.par
unixy, chmod +w merged acis_bkgrnd.fits
unix), punlearn dmreadpar

unixy dmreadpar event_pnt.par ‘‘merged_acis_bkgrnd.fits[events]’’

clobber+

A final check of the merged background file is made to ensure the gain file used
to produce the ‘blank sky’ backgrounds matches that of the observation, achieved
via the dmkeypar command:

unixy, punlearn dmkeypar

unix’% dmkeypar acis_0.5-8keV_evt2.fits GAINFILE echo+

unixy% punlearn dmkeypar

unix’% dmkeypar merged_acis_bkgrnd.fits GAINFILE echo+

If the outputs of these commands are the same (which they were for each of the
cluster analyses) then the analysis can proceed. If not the background file must be
reprocessed with the new gain file using acis_process_events!. The final correc-

tion to the merged background file is to reproject the data to match the aspect of

the observation. This is done using the CIAO task reproject_events as follows:

!See http://cxc.harvard.edu/ciao/threads/acisbackground/index.py.html for details.
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unix’, punlearn reproject_events

unixy, reproject_events infile=merged acis bkgrnd.fits
outfile=rep_acis_bkgrnd.fits aspect=acis_asoll.fits
match=acis_0.5-8keV_evt2.fits random=0

To ensure the reprojected background matched the aspect of the observation,
both are plotted in DS9 and visually inspected. With the creation of this repro-
jected ‘blank sky’ background file we are ready to extract the diffuse spectra and
backgrounds, and generate the response files. All of this is achieved using the CIAO
task specextract. An extraction region is defined and saved in CIAO format as
‘diffuse.reg’ using DS9, which is used to extract the diffuse spectrum from the ob-
servational data and background spectrum from the ‘blank sky’ background data.

This is performed using the commands:
unix), punlearn specextract

unix), specextract infile=‘‘acis_0.5-8keV_evt2.fits[sky=region
(diffuse.reg)]’’ outroot=diffuse bkgfile=‘‘rep_acis_bkgrnd.fits[sky=
region(diffuse.reg)]’’ pbkfile=acis_pbkO.fits grouptype=NUM_CTS
binspec=15

This task creates all of the files required to spectrally fit the diffuse spectrum in

as well as grouping the spectra and linking the response files.

A.2 ACIS FExtract Setup and Usage

As mentioned in Section 2.1.2, ACIS Extract (AFE) is written in the IDL language
and incorporates several other analysis softwares. Table A.1 lists the software pack-

ages and versions of all those used by AF and AF itself.
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Table A.1: ACIS Extract Dependent Softwares and Versions

Software Package Version
ACIS Extract* 08.08.2006
IDIL? 6.4
CIAO? 4.0
CALDB* 3.4.2
SAOImage DS9® 5.0
MARXS 4.3.0
FTOOLS" 6.5
XSPEC? 12.3.1
IDL Astronomy Users Library® 12.2006
TARAY 01.2007

1 - http://www.astro.psu.edu/xray/docs/TARA/ae_users_guide.html
2 - http://www.ittvis.com/ProductServices/IDL. aspx

3 - http://cxc.harvard.edu/ciao/

4 - http://cxc.harvard.edu/caldb/

5 - http://hea-www.harvard.edu/RD/ds9/

6 - http://space.mit.edu/cxc/marx/

7 - http://heasarc.gsfc.nasa.gov/lheasoft/ftools/ftools_menu.
html

8 - http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/

9 - http://idlastro.gsfc.nasa.gov/

10 - http://www.astro.psu.edu/xray/docs/TARA/

For this project, these softwares were run on the Ubuntu 8.04 LTS! operat-
ing system and were installed according to the instructions given on the AFE website
(http://www.astro.psu.edu/xray/docs/TARA/ae_users_guide/node36.html#sec:
install). While using AF, it is very convenient to have two terminals open simul-
taneously, one tcsh (a member of the shell family required by AE) and one with
IDL. In the following descriptions of the setup and usage of AE, commands written
to the tcsh terminal are preceded with unixy whereas commands written to the IDL
terminal will be preceded by id1>. The AF commands and procedures which follow
were obtained from the AE Users Guide http://www.astro.psu.edu/xray/docs/
TARA/ae_users_guide.html.

! Available at http://releases.ubuntu.com/8.04/
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A.2 ACIS Extract Setup and Usage

A.2.1 Setup

Prior to running the AF tasks on observational data, some preparatory work is
required to facilitate AE’s automated analysis capabilities. This entails the setting
up of a standard directory structure containing some of the Level 2 data files from
the Chandra data reduction. However, before this is done, there are two further
data files that must be created which are not produced in a standard Chandra data
reduction, namely the Analysis Reference Data Library parameter file (‘ardlib.par’)

and the exposure map.

The ‘ardlib.par’ file is used by several CIAO tools as an interface to instrument
specific calibration data and contains pointers to some of the Level 1 data files from
each observational dataset, in particular the bad pixel files. As such, each obser-
vational dataset requires its own specific ‘ardlib.par’ file to be produced. This is
achieved via the CIAO task acis_set_ardlib:

unix’% punlearn acis_set_ardlib
unix), acis_set_ardlib acis_bpixl.fits

This amends the default ‘ardlib.par’ file in the users CIAO installation directory.
This file is then simply copied to the working data directory.

The exposure map is an image of the effective area associated with each sky po-
sition averaged over the aspect motion of the telescope during the observation. The
exposure map is used to convert a counts image into an image in flux units and is
especially important near detector edges and near bad pixels and columns where the
effective area may vary quite dramatically over the course of the observations. Since
the effective area is energy dependent so is the exposure map. Although an energy
dependent exposure map can be created, it was decided to calculate the exposure
map at one specific energy (1 keV) for each of the clusters as an energy dependent
exposure map is typically calculated adopting the spectrum from a source in the
FOV to weight the exposure map and is thus very dependent on the chosen source.
Hence, the ‘mono-energetic’ exposure map is more suited to our needs since we re-
quire a generic analysis for the programme clusters. To generate an exposure map,

the AF accessory tool ae_make_emap is used and is run from the directory containing
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the Level 1 and Level 2 data files used in the Chandra data reduction.
idl> .run acis_extract_tools

idl> ae_make_emap, ‘acis_0.5-8keV_evt2.fits’ , ‘obs.emap’, CCD_LIST
=0123’, ARDLIB FILENAME=‘./ardlib.par’, ASPECT FN=‘acis_asoll.fits’,
PBKFILE=‘acis_pbk0.fits’, MASKFILE=‘acis_mskl.fits’, MONOENERGY=1.0

This command produces the 1 keV exposure map ‘obs.emap’ for the ACIS-I ar-
ray (set using the CCD IDs 0,1,2 and 3 which are adjusted appropriately for an S
array exposure map). In addition, this command produces the ‘asphist’ directory

which contains files required later by AF.

Now that all of the required files have been created, the AE standard directory
structure can be set up. For each cluster directory, at least two subdirectories are
required (depending on the number of observations for the cluster). These are the
observational data directory(ies) and the point source directory. Fach data directory
will contain the appropriate Level 2 event file, the aspect solution file and the param-
eter block file (renamed to ‘spectral.evt’; ‘obs.asol” and ‘obs.pbkfile’ respectively),
and will also contain the ‘ardlib.par’ file, ‘obs.emap’ exposure map and ‘asphist’
files produced above. The point source directory will initially contain the results
file of the point source detection (i.e. - the positions, etc. of sources in the FOV)
‘wavdetect.fits’ and the AE XSPEC scripts which are used later in the analysis to
fit source spectra. As the analysis proceeds, the point source directory is used to
house data files and results for each individual source in the FOV. A schematic of

the standard directory structure and required files is shown in Table A.2.

A.2.2 Usage

The AE analysis can now proceed. From here on, all AEF commands are issued
from the ‘point_sources’ directory. The first step in the AE analysis is to read
the detected point sources from the ‘wavdetect.fits’ file and create subdirectories in
‘point_sources’ for each of the sources. Additionally this step sorts the sources into

ascending RA and writes the source list to the ascii file ‘all.srclist’ which is used in
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Table A.2: ACIS FExtract Standard Directory Structure and Initial Files

cluster/
obsXXXX/
ardlib.par
asphist/
ccd0.asphist
ccdl.asphist
ccd2.asphist
ccd3.asphist
obs.asol
obs.emap
obs.pbkfile
spectral.evt
obsXXXY/

point_sources/
xspec_scripts/

wavdetect.fits
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most of the following steps. The commands are as follows:

idl> bt

mrdfits(‘wavdetect.fits’,1)

idl> RA

bt.RA
idl> DEC = bt.DEC
idl> .run ae_recipe

id1> ae_source_manager, /ADD, RA=ra, DEC=dec, POSITION_TYPE=

‘wavdetect’
id1> ae_source_manager, /SORT_RA
id1> ae_source manager, /SET_LABEL_AS SEQUENCE

The next step in the analysis is to define source extraction and mask regions.
Although CIAOs wavdetect task (run earlier in the analysis, see Section 2.1.2) gives
estimates of source dimensions and properties, it does so without any explicit knowl-
edge of the Chandra PSF. As such it is not uncommon for wavdetect to determine
extraction apertures which differ substantially from the PSF. AE circumvents this
issue by deriving extraction regions from the local PSF via ray-trace simulations
with MARX (the Chandra ray-trace simulation software). The extraction regions
defined by AFE are sized to enclose 90% of the local PSF but, in crowded regions,
this is iteratively reduced to avoid overlapping extraction apertures. (In cases of
extreme crowding, even this reduction in aperture may be insufficient to stop con-
tamination by the PSF wings of nearby sources. However, this is addresses later
in the analysis). Mask regions are also constructed for use later in the analysis to
exclude all point source photons from the FOV. These source masks are circular
regions with radii 1.1 times that of the radius that encloses 99% of the PSF. These
extraction and mask regions are defined in the ‘CONSTRUCT_REGIONS’ stage of

AF using the following command:

id1> acis_extract, ‘all.srclist’, ‘XXXX’, ‘../obsXXXX/spectral.evt’,
/CONSTRUCT_REGIONS, EMAP_FILENAME=‘../obsXXXX/obs.emap’, ASPECT_FN=
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¢../obsXXXX/obs.asol’(, /S_AIMPOINT)

where ‘XXXX’ refers to the Obs. Id. assigned to the data subdirectory ‘ob-
sXXXX’ in the AE directory structure. The ‘/S_AIMPOINT” option is provided if
the data were taken with the ACIS-S array.

Now that extraction apertures have been defined for each of the sources, source
spectra and associated calibration files can be produced. This is achieved using the
‘EXTRACT_SPECTRA’ stage of AE. During this step, source statistics are also
computed and written to appropriate files in their respective subdirectories. The

command is as follows:

id1> acis_extract, ‘all.srclist’, ‘XXXX’, ‘../obsXXXX/spectral.evt’,
/EXTRACT_SPECTRA, ENERGY_RANGE=[0.5,8], EMAP_FILENAME=°‘../obsXXXX/ obs.
emap’, ASPHIT_DIR=‘../obsXXXX/asphist’, ARDLIB_FILENAME=‘../obsXXXX/
ardlib.par’, PBKFILE=‘../obsXXXX/ obs.pbkfile’, ASPECT FN=°../obsXXXX/

obs.asol’

After the ‘EXTRACT_SPECTRA’ stage is run, each of the source subdirectories
contains (among other things) a source event list, a source spectrum file, a source
redistribution matrix file (RMF) and an ancillary response file (ARF) which are
required for photometric and spectroscopic analysis. However, before these analyses
can be undertaken, background spectra must be produced for each of the sources. To
facilitate this, a background event file and background exposure map are required.
These files can be constructed using a combination of CIAO and DS9 commands to
filter the existing event file and exposure map for point sources using a DS9 region
file containing the mask regions produced in the ‘CONSTRUCT_REGIONS’ stage
of AFE. These mask regions were saved in the ‘extract.reg’ files of each of the source
subdirectories. The DS9 region file ‘mask.reg’ is produced with the following UNIX

commands, issued from the ‘obsXXXX’ directory:
unixy% echo ‘#Region file format: DS9 version 3.0’’ > mask.reg

unixy grep -h background ../point_sources/*/XXXX/extract.reg | awk ‘{print
"-" $1}’ >> mask.reg
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The ‘mask.reg’ region file is in DS9 format but, for use in CIAO, must be con-
verted to CIAO format. This is done by simply loading the regions in DS9, changing
the region file format and saving. For clarity, this is saved as ‘mask_ciao.reg’. This
region file could now be used to filter the exposure map using CIAOs dmcopy com-

mand to create the background exposure map ‘background.emap’:

unix’, punlearn dmcopy

¢

unixy, dmcopy ‘‘obs.emap[exclude sky=region(mask ciao.reg)] [opt full,

update=no’’ background.emap

This background exposure map was in turn be used to discard events in the event
file where the background exposure map is zero to create the background event file

‘background.evt’:

unixy, punlearn dmimgpick

unix), dmimgpick ‘‘spectral.evt[cols time,ccd_id,chip,det,sky,pi,

energy]’’ background.emap temp.evt method=closest

unixy, punlearn dmcopy

unix’% dmcopy ‘¢ ‘temp.evt[#8>1]’’ background.evt

The ‘background.emap’ and ‘background.evt’ files were then loaded with the
mask regions in DS9 and visually inspected to identify any unmasked source events.
If any source events were missed, the mask regions were adjusted appropriately and
saved and new ‘background.emap’ and ‘background.evt’ files were produced with

this new region file.

With these new background files, the ‘EXTRACT_BACKGROUNDS’ stage of
AF could be run. During this stage, AF identifies a local annular background to
each of the sources using criteria such as a minimum number of events. Once the
background regions are defined, background event lists and spectra are extracted

and scaled according to the integrated exposure map in the region. This stage is

171



A.2 ACIS Extract Setup and Usage

run by executing the following command:

id1> acis_extract, ‘all.srclist’, ‘XXXX’, ‘../obsXXXX/background
.evt’, /EXTRACT_BACKGROUNDS, EMAP_FILENAME=°. ./obsXXXX/background .emap’,
MIN_NUM_CTS=20

At this point, each of the point source subdirectories contains a background
spectrum file. However, they are not yet ready for spectral fitting. In observations
where there is significant source crowding (which was encountered several times in
this project) these background spectra may, in addition to the normal background,
be significantly contaminated by the PSF wings of neighbouring sources. AF con-
tains a very complex tool to correct for this known as ‘ae_better_backgrounds’ and

is run as follows:

id1> ae_better_backgrounds, ‘XXXX’, EMAP_ENERGY=1, EVTFILE_BASENAME

=‘spectral.evt’

where the ‘EMAP_ENERGY’ option is set to that energy at which the exposure
maps ‘obs.emap’ (and thus ‘background.emap’), was calculated. This command
produces the final background spectra and associated files ready for photometric

and spectroscopic analysis.

In addition to a photometric and spectroscopic analysis, AE also has the ability
to perform a temporal analysis, which is done in the “TIMING’ stage. During this
stage, AF creates lightcurves and quantifies the time variability of each source by
comparing a uniform count rate model to the observed count times and computing
the 1-sample Kolmogorov-Smirnov statistic. This stage is executed with the follow-

ing command:
id1> acis_extract, ‘all.srclist’, ‘XXXX’, ‘../obsXXXX/spectral.evt’,

/TIMING, ENERGY_RANGE=[0.5,8], SNR_RANGE=[2,20], NUM_GROUPS_RANGE=[2,100]

The commands to this point were run for each individual observation of a given

cluster. The results and files for each individual source from each observation must
now be combined. This is handled in the ‘MERGE_OBSERVATIONS’ stage of AF.
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During this stage, individual source spectra, background spectra, lightcurves, source
statistics, etc. are combined and weighted RMFs and ARFs are computed. In ad-
dition, photometry is performed over a set of energy ranges including the 0.5-2 keV
(soft), 2-8 keV (hard) and 0.5-8 keV (total) ranges. Even if there is only one obser-
vation for a given cluster, ' MERGE_OBSERVATIONS’ is run:

idl> acis_extract, ‘all.srclist’, /MERGE_OBSERVATIONS

After the ‘MERGE_OBSERVATIONS’ stage is competed, all the files necessary
for a spectral analysis on each source are present in their respective subdirectories.
The ‘FIT_SPECTRA’ stage of AE can now be run to perform automated spectral fit-
ting for each of the sources. As a first run, each spectrum is fitted with an absorbed
thermal plasma model (the APEC model in XSPEC). AE provides the XSPEC
fitting scripts which are in the ‘xspec_scripts’ directory of the standard directory
structure. Any source for which the absorbed thermal plasma mode gives a poor

fit can either manually be fit with more complex models or can be fit with a more
complex AE XSPEC model script. The ‘FIT_SPECTRA’ stage can is run as follows:

idl> acis_extract, ‘all.srclist’, /FIT_SPECTRA, CHANNEL_RANGE=[35,548],
MODEL_FILENAME=‘xspec_scripts/thermal/tbabs_vapec.xcm’

Plots of source spectra and fit results from the ‘FIT_SPECTRA’ stage are saved
to appropriate files in the source subdirectories. The final stage of AF is the ‘COL-
LATED_FILENAME’ stage. This stage collates the temporal, photometric and
spectroscopic results, statistics and properties for all of the sources into one file

which can be used as a database for further analysis and is executed as follows:

idl> acis_extract, ‘all.srclist’, /COLLATED_FILENAME=‘all.collated’

The file ‘all.collated’ now contains all of the information for each individual

source output by all of the preceding stages of AF.
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Figure B.1: Bica 1 2MASS J vs J-H colour magnitude diagram. The blue triangles
indicate the known high mass stars, the light green triangles indicate the candidate OB
stars, the dark green circles indicate the ambiguous sources and the red inverted
triangles indicate low mass sources. The black dashed dotted line is the 2 Myr main
sequence isochrone with spectral types marked calculated for Ay = 0 . The purple
dashed dotted line is the 2 Myr PMS isochrone with spectral types marked. The light
blue dashed line is the 8 M, reddening vector with the crosses marking every Ay = 5.
The light purple dashed line marks the reddening vector of the maximum J value of the
PMS evolutionary track. Sources between this and the 8 M reddening vector may be

above or below 8M and are hence labelled as ambiguous sources.
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Table B.1: Bica 1 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV)  (keV) (erg cm™2s71) (erg cm™2s71)  (ergsT1)  (ergsTY)
203308.76+411318.7 Schulte 22 03I + 06V 1336 2.097:25  0.603:€8 - 1.20/57 -13.36 -11.95 31.23 32.64
203309.584411300.8 V2188 Cyg o9V 101 1.5739% 077948 - 0.86/3 -14.45 -13.09 30.13 31.50
203313.244411328.8 ALS 15148 o6V 105 1.245:88  o0.6839% - 0.86/5 -14.62 -13.34 29.97 31.24
203313.664411305.8 ALS 15128 o8V 103 17221 059898 - 0.93/5 -14.59 -13.16 30.00 31.43
203317.394411238.7 2MASS J2033174044112387 BOV 14 - - - - - - - -

High mass sources identified using the high mass source lists of Wright and Drake (2009) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.

Table B.2: Bica 1 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/l/ log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg ecm 257 1) (erg em™2s71) (ergs™!) (ergs™!)
203307.44+411226.7 2MASS J20330746+4112266 - 175 1.28° 28.1° - 0.75/7 -13.45 -13.31 31.14 31.28
203309.14+411343.5 2MASS J20330915+4113434 - 46 - - - - - - - -

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.2: Plots of derived source parameters for the bright PMS population of Bica
1. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best fit
thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen

column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg

< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against

best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx

against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fedian)-
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Figure B.3: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the Bica 1 PMS population divided according to Epedian (left) and
variability (right). Left: the red arrows mark Fegian < 1.7 keV (indicating an upper
limit of log Ny < 22.0 cm™~?2), blue inverted triangles 1.7-3 keV (indicating the lightly
obscured population) and purple triangles > 3 keV (indicating the heavily obscured
population. Right: Inverted red triangles refer to non-variable sources, blue stars
representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.3: Bical Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z/Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th’c
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
total  1.155:39  0.599:53 5.395,, 0.143:37 0.99/176 -12.47 -11.76 32.20 32.57
1.41 0.96 - 0.99
core  1.231-3%  0.768:25 10.037 0.270:95 0.90/87 -12.84 -12.13 31.49 32.20

2
Energy (keV) Energy (keV)

Figure B.4: Bica 1 total cluster diffuse emission spectrum (left) and cluster core diffuse
emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 1-5 keV energy range is shown as the

spectra approach background levels outside this range.
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Figure B.5: Bica 2 2MASS J vs J-H colour magnitude diagram. The blue triangles
indicate the known high mass stars, the light green triangles indicate the candidate OB
stars and the red inverted triangles indicate low mass sources. The black dashed dotted

line is the 2 Myr main sequence isochrone with spectral types marked calculated for
Ay =0 . The purple dashed dotted line is the 2 Myr PMS isochrone with spectral types

marked. The light blue dashed line is the 8 M reddening vector with the crosses

marking every Ay = 5.
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Table B.4: Bica 2 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT Xz/u log Fxh,c log FXt,c log Lxh,c log LXt,c
(CX0 J) (1022cm?)  (keV) (keV) (erg cm™2s71) (erg em™2s71)  (ergsT!) (ergs™1)
203302.894+411743.3 ALS 15131 o8v 96 1.622:3%  0.65%-18 - 0.22/1 -14.55 -13.23 30.04 31.36
203314.104+412022.0 VI CYG 7 0O31f 1786 1.751-81  0.619-87 - 1.53/74 -13.28 -11.87 31.31 32.71
203314.314+411933.5 ALS 15175 B5 52 1.6~ 0.55~ - 2/4 -14.98 -13.48 29.60 31.11
203314.754411841.9 VI CYG 8B 06.5111 280 0.724:38  0.550-77 - 1.65/10 -14.37 -12.90 30.22 31.69
203315.054411850.6 VI CYG 8A OS6If + O5.5I11(f) 38195  1.181:43  0.720:73 2.073:33 1.93/239 -11.16 -10.52 33.43 34.07
203315.69+412017.5 VI CYG 23 09.5V 44 - - - - - - - -
203316.33+411902.1 VI CYG 8D 08.5V 26 - - - - - - - -
203317.454411709.4  Schulte 24 07.5V 125 1.36~ 0.54~ - 0.87/3 -14.72 -13.13 29.87 31.45
203317.974+411831.3 VI CYG 8C 051 397 1.523-8¢  0.489-3% - 1.55/19 -14.06 -12.34 30.53 32.24
203321.004+411740.2  ALS 15123 08.5V 43 - - - - - - - -

High mass sources identified using the high mass source lists of Wright and Drake (2009) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.

Table B.5: Bica 2 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fxh,c log FXt,c log Lxh,c log th’c
(CX0 J) (1022cm?)  (keV) (keV) (erg cm™2s7 1) (erg em™2s71) (ergsT!) (ergs™1)
203308.57+411915.3 2MASS J20330859+44119154 - 16 - - - - - - - -

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.6: Plots of derived source parameters for the bright PMS population of Bica
2. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best fit
thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen

column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg

< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against

best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx

against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fedian)-
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Figure B.7: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the Bica 2 PMS population divided according to Epedian (left) and
variability (right). Left: the red arrows mark Fegian < 1.7 keV (indicating an upper
limit of log Ny < 22.0 cm™~?2), blue inverted triangles 1.7-3 keV (indicating the lightly
obscured population) and purple triangles > 3 keV (indicating the heavily obscured
population. Right: Inverted red triangles refer to non-variable sources, blue stars
representing variable sources and the purple triangles representing strongly variable

flaring sources.

183


Appendix3/Appendix3Figs/bica2-pms-comp.eps

B.1 Bica 1 and Bica 2

Table B.6: Bica 2 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z/Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th’c
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
total  0.7198%  0.548:¢3 2.45%:2T 0.150:23 0.92/230 -12.25 -11.41 32.09 32.93
core  1.221:3%  0.239-3% 1.391-58 0.280-93 1.10/142 -12.61 -11.90 31.72 32.43
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Figure B.8: Bica 2 total cluster diffuse emission spectrum (left) and cluster core diffuse
emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 1-5 keV energy range is shown as the

spectra approach background levels outside this range.

184


Appendix3/Appendix3Figs/bica2_diffuse_spectra.eps

B.2 IC 1590

B.2 1IC 1590

L e e e e e B s e e
L IC 1590 i
I 4 Known High Mass
i 4 Candidate OB
1 v Low Mass
I
i
i
BOV 4
LN
1ofF .
M A
1
+
- Ve
VoLl
! S S
- S A
\_‘4 % o
AOV*. va‘; yvv'Vv\l-\
FOV™s vy VY .
15+ * . ""‘\:‘ ‘ -
GOV\* \Y.vv'vv;",' VVW v . .
v ~
KOV‘*\MW* vy \"M=8M®
N\ S
N S
1
L 7
/
200 v v v b e e e

Figure B.9: 1C 1590 2MASS J vs J-H colour magnitude diagram. The blue triangles
indicate the known high mass stars, the light green triangles indicate the candidate OB
stars and the red inverted triangles indicate low mass sources. The black dashed dotted

line is the 3.5 Myr main sequence isochrone with spectral types marked calculated for

Ay =0 . The purple dashed dotted line is the 3.5 Myr PMS isochrone with spectral
types marked. The light blue dashed line is the 8 M reddening vector with the crosses

marking every Ay = 5.
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Table B.7: IC 1590 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log Lthc log LXt,c
(CXO J) (10%2cm?)  (keV)  (keV) (erg ecm™2s71) (erg em™2s7 1) (ergs™!) (ergs™!)
005244.78+563706.4  CDS 103 B 8 - - - - - - - -
005248.96+563731.0 BD+55 191D 09.5 92 0.01~ 0.70~ - 4.9/5 -14.63 -14.07 30.38 30.95
005249.10+563907.8 GT 65 B1.5V 15 - - - - - - - -
005249.25+563739.5 BD+55 191B o8 607 0.25010 031825 - 1.45/23 -14.68 -13.08 30.33 31.94
005249.57+563736.8 BD+55 191C o9V 88 0.215 4,  0.40085 0.81/5 -14.92 -13.65 30.09 31.36

005249.82+4-563936.7 BD-+55 191A 0O6.5V((f)) 19 - - - - - - - -

High mass sources identified using the SIMBAD database. Only those sources with > 50 counts were fit

in XSPEC.

Table B.8: IC 1590 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log FXh,c log FXt,c log LXh,,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg ecm 257 1) (erg cm™2s™ 1) (ergs 1) (ergs™ 1)
005218.884-563305.8 - - 31 - - - - - - - -
005222.23+563242.8 - - 4 - - - - - - - -
005222.43+563426.6 - - 16 - - - - - - - -
005223.17+563319.5 - - 6 - - - - - - - -
005227.32+563403.1 - - 6 - - - - - - - -
005238.83+563737.0 - - 19 - - - - - - - -
005240.60+563550.2 - - 40 - - - - - - - -
005243.47+563711.6 - - 7 - - - - - - - -
005257.64+563838.8 - - 58 0.01" 1.78" - 2.01/2 -14.56 -14.09 30.45 30.93

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.10: Plots of derived source parameters for the bright PMS population of IC
1590. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best fit
thermal plasma temperature (k7). (c¢) Distribution of best fit absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg
< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against
best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx
against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Np) against median photon energy (Fiedian)-
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Figure B.11:

2-8 keV Ly (erg/s)

WOSS
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1 028

Plot of the 2-8 keV Lx against the

1 2 3 4 5
Eresion (KEV)

median detected photon energy

(Fmedian) for the IC 1590 PMS population divided according to Epedian (left) and

variability (right). Left: the red arrows mark Fedian < 1.6 keV (indicating an upper

limit of log Ny < 22.0 cm~2), blue inverted triangles 1.6-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.9: IC 1590 Diffuse Emission X-ray Spectral Parameters

Region Ny kT Z/ZQ Xz/u log Fxh,c log Fxt,c log Lxh,c log th,c
(1022cm?2)  (keV) (erg em ™ 257 1) (erg em™2s™ 1)  (ergsT1) (erg s 1)
‘total’  0.65%:9%  0.764:33 121925 0.75/36 -13.57 -12.31 31.35 32.71
0.05
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Figure B.12: IC 1590 total cluster diffuse emission spectrum. The spectrum was
rebinned for plotting purposes using XSPEC’s ‘setplot rebin’ command. Only the 0.9-1.5
keV energy range is shown as the spectrum approaches background levels outside this

range.
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Figure B.13: NGC 1893 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars and the red inverted triangles indicate low mass sources. The black
dashed dotted line is the 3 Myr main sequence isochrone with spectral types marked
calculated for Ay =0 . The purple dashed dotted line is the 3 Myr PMS isochrone with
spectral types marked. The light blue dashed line is the 8M, reddening vector with the

crosses marking every Ay = 5.
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Table B.10: NGC 1893 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s7 1) (erg cm™2s71) (ergsT!) (ergs™1)
052218.44+332820.8 HOAG 14 B2V 246 0.189:37  1.93%:72 - 0.61/10 -14.48 -14.04 30.86 31.30
052229.30+333050.2 HD 242908 O4V((f)) 4976 0.219:22  0.608:8% 6.173:°2, 1.13/126 -13.36 -12.70 31.98 32.66
052236.74+332312.4 - B1.5V 30 - - - - - . - _
052239.01+332626.6 CUF 3113 B5IV 133 0.299:5%  2.053:%5 - 0.22/5 -14.76 -14.34 30.59 31.01
052239.69+332218.1 HOAG 4 08 816 0.199:28  0.640 7% - 1.59/34 -14.87 -13.52 30.48 31.83
052240.014+331909.5 HD 242926  O8V((f)) 161 0.4398%  0.278:39 - 0.54/4 -14.93 -13.38 29.41 31.97
052243.99+332626.5  Hoag 5 o7V 364 0.319:3%2  0.479:38 - 0.57/17 -15.54 -13.80 29.80 31.54
052244.77+332636.4 - B0.5V 56 0.169-76 213582 - 1.13/6 -15.12 -14.71 30.23 30.64
052245.114332423.1  Hoag 16 B2.5V 34 - - - - - - . _
052246.54+332511.2 HD 242935 O7.5V((f)) 578 0.01%97  0.639-25 - 0.92/23 -15.23 -13.90 31.11 31.44
052257.53+332600.0 HOAG 21 B2V 134 0.07%-27  2.25%-29 - 0.99/5 -14.69 -14.30 30.65 31.04
052258.59+332402.3 HOAG 25  B1.5V 67 0.02” 1.8~ - 2.58/5 -15.27 -14.80 30.08 30.55
052300.81+332947.5 - B1.5V 20 - - - - - - - -
052302.25+333137.5  Hoag 11 B0.2V 410 0.379:38  3.843-2% - 1.55/21 -14.07 -13.79 31.28 31.55
052307.52+332837.3 - B2.5V 29 - - - - - - - -
052314.32+333350.5  Hoag 7 B0.2V 35 - - - - - - - -
052319.414332707.9  Hoag 9 B0.2V 18 - - - - - - . _
052319.724333211.2  Hoag 12 B0.3V 24 - - - - - - - -

High mass sources identified using the high mass source lists of Massey et al. (1995) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.
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Table B.11: NGC 1893 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT x2/1/ log FXh,c log FXt,c log LXh,c log LXt,c
(CXO0 J) (10%2cm?)  (keV) (keV) (erg cm ™ 2s71) (erg ecm™2s71') (ergs™ 1) (ergs™1)

052214.85+332907.3  2MASS J05221483+3329075 - 110 0.05~ 0.7~ - 1.42/6 -15.77 -14.52 29.57 30.82
052216.32+333140.7  2MASS J05221635+3331410 - 137 0.269-88  1.073-32 . 0.53/5 -14.99 -14.32 30.36 31.02
052221.52+332851.0  2MASS J05222153+3328515 - 223 0.569:93  1.773:37 - 0.57/9 -14.47 -14.00 30.87 31.35
052225.01+333106.2  2MASS J05222153+3328515 - 21 - - - - - - - -

052230.64+332454.5 - - 49 - - - - - - : -

052232.88+332420.1 - - 50 - - - - - - - -

052237.35+332005.3 - - 419 0.379:39 2.013:8y - 1.04/19 -14.16 -13.74 31.18 31.61
052238.20+332152.6 - - 241 048372  2.43%:75 - 0.44/10 -14.32 -13.95 31.03 31.40
052238.23+333202.9  2MASS J05223822+3332032 - 19 - - - - - - - -

052238.34+332141.8  2MASS J05223832+3321420 - 92 0.119-46 392239 . 0.37/5 -14.71 -14.44 30.63 30.90
052238.41+333136.9  2MASS J05223840+3331370 - 138 - - - - - - - -

052241.51+332050.0 - - 79 0.09~ 5.447 - 2.08/5 -14.62 -14.39 30.72 30.95
052241.94+332218.7 - - 39 - - - - - - - -

052242.48+332313.0 - - 149 0.279:8%  2.02%:2] - 0.6/6 -14.61 -14.19 30.73 31.16
052243.32+332845.7  2MASS J052243314-3328459 - 21 - - - - - - - -

052243.77+332525.5  2MASS J05224378+3325257 - 145 19255 24837, - 0.61/6 -14.19 -13.82 31.16 31.52
052244.29+332443.2 HOAG 29 - 33 - - - - - - - -

052244.61+332517.1 [MJD95] J052244.61+332517.9 - 376 0.2501; 233398 - 1.32/18 -14.21 -13.82 31.14 31.52
052245.76+332816.2  2MASS J05224578+3328162 - 8 - - - - - - - -

052246.15+332520.7 [MJD95] J052246.15+332521.2 - 695 0.39:42 544731 - 0.94/36 -13.75 -13.52 31.60 31.82
052246.37+332612.3 - - 52 0282 1.93383 - 0.09/5 -15.23 -14.79 30.11 30.56
052246.83+332927.9  2MASS J05224683+3329279 - 69 0.269-67 1.210-85 - 0.48/5 -15.32 -14.62 30.02 30.72
052247.14+332228.9 - - 90 0.19%%% 1613, - 0.33/5 -15.07 -14.55 30.27 30.79
052247.84+332639.3  2MASS J05224784+43326394 - 291 0.240:%; 2.88397 - 0.46/14 -14.33 -14.01 31.01 31.34
052249.19+332548.2  2MASS J05224920+3325482 - 282 0.280:3% 1.481: 71 - 1/13 -14.64 -14.07 30.71 31.27
052249.25+332541.8  2MASS J05224924+3325421 - 349 0.249-37  2.683:32 - 1.14/17 -14.29 -13.95 31.06 31.40
052249.35+332902.0 - - 81 0.290-7%  1.452:37 - 1.14/5 -15.21 -14.63 30.14 30.71
052249.36+332555.4 - - 183 021938 2.8613; - 1.31/8 -14.56 -14.23 30.78 31.11
052249.59+333001.8  2MASS J05224957+3330015 - 13 - - - - - - - -

052250.02+332602.2  2MASS J05225003+3326023 - 225 0.199:3%  1.6199 - 1.1/10 -14.70 -14.18 30.64 31.17
052252.29+332407.2  2MASS J05225229+3324074 - 314 023337  3.175325 - 0.5/15 -14.24 -13.93 31.11 31.42
052252.74+332207.7 - - 169 0.079-27 251337 - 0.71/6 -14.64 -14.28 30.70 31.06
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Table B.12: NGC 1893 Candidate OB Star X-ray Spectral Parameters (Cont.)

Chandra Source Name Sp. Type Net Cts. Ny kT kT> X2/u log FXh,c log FXt,c log Lxh,c log th,c
(CX0 J) (1022cm?)  (keV)  (keV) (erg cm™2s7 1) (erg cm™2s71) (ergsT!) (ergs™!)
052253.14+333116.3 2MASS J05225315+3331164 - 435 0.133:22  4.22§4% - 1.49/22 -14.07 -13.81 31.28 31.54
052253.42+333032.3 2MASS J05225338+3330326 - 164 042082 8.635%7 - 0.87/6 -14.18 -13.99 31.17 31.36
052253.52+333124.9 2MASS J05225352+3331248 - 332 0.199:3%  2.953:3% - 1.25/17 -14.25 -13.93 31.09 31.42
052253.96+332927.8 2MASS J0522539743329277 - 12 - - - - - - - -
052254.07+332632.8 - - 188 0.413:3% 1558 - 0.54/8 -14.71 -14.15 30.63 31.19
052257.36+332822.4 2MASS J05225734+3328226 - 13 - - - - - - - -
052300.05+333038.9 - - 74 0.14%-47 2271 - 0.44/5 -15.03 -14.63 30.32 30.72
052300.85+332817.0 2MASS J0523008743328169 - 102 0.01~ 7.28” - 1.02/5 -14.66 -14.46 30.68 30.89
052302.51+332709.4 - - 30 - - - - - - - -
052302.94+333214.6 2MASS J05230293+3332146 - 20 - - - - - - - -
052303.16+332704.5 - - 83 0.28~ 3.13° - 2.1/5 -14.85 -14.54 30.49 30.80
052303.304-332925.0 2MASS J0523033143329251 - 23 - - - - - - - -
052303.82+332923.8 2MASS J0523038243329241 - 65 0.725:82  1.492:33 - 0.1/6 -14.82 -14.26 30.52 31.08
052304.20+332858.2 2MASS J0523042243328582 - 108 0.329°87  4.0437:8 - 0.87/5 -14.60 -14.36 30.74 30.98
052305.37+332313.7 2MASS J05230537+3323138 - 316 0.209:1¢  1.251-45 - 1/15 -14.60 -13.92 30.75 31.42
052306.724332432.6 2MASS J0523067143324327 - 173 0.01~ 1.527 - 3T -14.89 -14.34 30.46 31.00
052308.37+332837.6 - - 316 225277 25333 - 0.76/15 -13.86 -13.50 31.48 31.84
052308.92+332831.3 NMI E17 - 540 0.460:§2 239292 - 0.64/28 -14.03 -13.66 31.31 31.69
052309.47+332425.0 2MASS J05230948+3324251 - 131 0.16%% 228371 - 1.05/5 -14.73 -14.34 30.61 31.00
052309.914+332908.2 2MASS J05230995+3329087 - 23 - - - - - - - -
052311.63+332408.6 2MASS J05231160+ 3324082 - 83 0.4553% 16431, - 0.23/6 -14.98 -14.47 30.37 30.88
052311.76+332832.2 2MASS J05231175+3328321 - 37 - - - - - - - -
052311.85+332845.4 2MASS J05231187+3328454 - 114 0.06~ 1.07~ - 1.3/5 -15.40 -14.60 29.95 30.75
052312.62+333040.0 - - 73 0.55:85  1.881:9% - 0.92/6 -14.97 -14.51 30.38 30.83
052315.714332419.8 2MASS J05231568+3324192 - 33 - - - - - - - -
052319.36+333231.7 - - 352 - - - - - - - _
052321.20+332944.5 2MASS J05232121+3329447 - 827 - - - - - - - -

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.14: Plots of derived source parameters for the bright PMS population of
NGC 1893. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg
< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against
best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx
against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fiedian)-
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B.15: Plot of the 2-8 keV Lx against the

Eresion (KEV)

median detected photon energy

(Emedian) for the NGC 1893 PMS population divided according to Epedian (left) and

variability (right). Left: the red arrows mark Fegian < 1.9 keV (indicating an upper

limit of log Ny < 22.3 cm™2), blue inverted triangles 1.9-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.13: NGC 1893 Diffuse Emission X-ray Spectral Parameters

Region Ny kT Z/Z7q X2 /v log Fxh,c log Fx, . log Lxh,c log Lx, .
(1022cm?2)  (keV) (erg em ™ 257 1) (erg em™2s™ 1) (erg sT1)  (ergs™1)
all FOV  0.182:60  0.88972 0.043:92 1.05/137 -13.33 -12.41 32.02 32.94
core  0.203:35  0.90499 0.053:93 0.92/239 -13.54 -12.64 31.80 32.71
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Figure B.16: NGC 1893 total cluster diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.8-1.5 keV and 0.8-2 keV energy ranges are
shown for the all FOV and core spectra respectively, as they approach background levels

outside these ranges.
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Figure B.17: NGC 2362 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars and the red inverted triangles indicate low mass sources. The black
dashed dotted line is the 5 Myr main sequence isochrone with spectral types marked
calculated for Ay =0 . The purple dashed dotted line is the 5 Myr PMS isochrone with
spectral types marked. The light blue dashed line is the 8M, reddening vector with the

crosses marking every Ay = 5.
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Table B.14: NGC 2362 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (10%2cm?)  (keV)  (keV) (erg ecm™2s71) (erg em™2s71) (ergs™!) (ergs™!)
071838.37-245819.9 2MASS J07183841-2458200 B2 121 0.50130  0.54%-92 - 0.27/2 -15.82 -13.26 29.61 31.14
071841.04-250011.3 CD-24 5175 B2 18 - - - - - : . -
071842.45-245715.7 7 CMa 09Ib 7181 0.02_ 0.22°  0.66_ 3.79/108 -13.74 -12.21 30.69 32.22
071846.17-245747.3 2MASS J07184619-2457476 B3 5 - - - - - - - -
071858.39-245741.1 2MASS J07185844-2457410  B3Vw 261 0.01%9%  0.96%:20 - 1.54/13 -14.39 -13.68 30.04 30.75
071913.09-245721.2 MX CMa B2V 71 0.05270  0.649:78 - 0.38/4 -15.63 -14.21 28.80 30.22

High mass sources identified using the SIMBAD database. Only those sources with > 50 counts were fit

in XSPEC.
Table B.15: NGC 2362 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/l/ log FXh . log Fx, . log LXh . log LXf, .
(CXO J) (1022cm?)  (keV)  (keV) (erg cm™2s71) (erg cm™2s71) (erg sT1) (ergsT!)
071829.87-245438.2 2MASS J07182989-2454385 - 75 0.711:64 072333 - 0.94/2 -14.73 -13.65 29.70 30.77
071848.49-245656.0 2MASS JO7184853-2456559 - 8 - - - - - - - -
071851.58-250537.9 - - 51 0.03%2:24  0.528:98 - 0.60/2 -15.48 -14.33 28.95 30.10

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.18: Plots of derived source parameters for the bright PMS population of

NGC 2362. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best

fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen

column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg

< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit

thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against

best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx

against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fiedian)-
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Figure B.19: Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the NGC 2362 PMS population divided according to Epedian (left) and

variability (right). Left: the red arrows mark Fedian < 1.4 keV (indicating an upper

limit of log Ny < 21.9 cm~2), blue inverted triangles 1.4-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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B.4 NGC 2362

Table B.16: NGC 2362 Diffuse Emission X-ray Spectral Parameters

Region Ny kT Z/Z¢ X2/7/ log FXh,c log Fxt,c log Lxh,c log th’c
(1022cm?2)  (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
1.04 0.84 3.78
all FOV  0.372 0.769'g7 0.125: 06 0.75/43 -13.83 -12.33 30.60 32.10
0.50 0.62 1.52
core 0.445'38  0.585°53 0.495°55 0.83/86 -13.99 -12.37 30.44 32.06

0.02
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0.01 -

5x10-°
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| 2x10°
001 |
2 I |

J ]
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Figure B.20: NGC 2362 total cluster diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.8-1.5 keV and 0.7-2 keV energy ranges are
shown for the all FOV and core spectra respectively, as they approach background levels

outside these ranges.
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Figure B.21: NGC 3603 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars and the light green triangles indicate the
candidate OB stars. The black dashed dotted line is the 1 Myr main sequence isochrone
with spectral types marked calculated for Ay = 0 . The purple dashed dotted line is the
1 Myr PMS isochrone with spectral types marked. The light blue dashed line is the 8 M,
reddening vector with the crosses marking every Ay = 5. The light purple dashed line
marks the reddening vector of the maximum J value of the PMS evolutionary track.

Unlike in most other clusters, only the two candidate OB stars in NGC 3603 had high

quality 2MASS photometry. The known high mass sources shown here were plotted using

low quality 2MASS photometry to offer a relative indicator to the candidate OB stars.

202


Appendix3/Appendix3Figs/ngc3603_J_J-H.eps

€0¢

Table B.17: NGC 3603 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT Xz/u log FXh,c log FXt,c log Lxh,c log th’c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s7 1) (erg em™2s71)  (ergsT!)  (ergs™1)
111506.21-611536.6 103 03V((f)) 68 1.582:39  0.649:92 - 1.36/5 -14.50 -13.16 31.34 32.68
111506.61-611524.0 Sh 50 - 14 - - - - - - - -
111506.81-611535.6 111 - 238 0.460:7%  2.132:83 - 1.61/11 -13.61 -13.20 32.23 32.64
111506.83-611544.6 Sh 63 03.5111(f) 25 - - - - - - - -
111507.24-611534.8 104 O3III(f) 70 0.4557%  0.85:9% - 1.42/6 -14.92 -13.84 30.92 32.00
111507.27-611538.3 A1,A2,A3,B WN6,03V,03I1I(f*),WN6 2854 1.481-35  0.608:89 2.893-85 1.59/154 -12.33 -111.24 33.51 34.60
111507.49-611546.0 Sh 56 O3III(f)+07? 46 - - - - - - - -
111507.56-611537.9 @ WN6-+abs 7320 1.341:3%  0.66089 1.852:93 1.02/238 -11.18 -10.43 34.66 35.41
111507.59-611530.2 117 o6V 23 - - - - - - - -
111507.78-611527.8 Sh 64 03V ((f)) 25 - - - - - - -
111508.16-611547.1 Sh 57 O3III(f) 115 1.542%,  0.624:31 - 0.06/1 -14.30 -12.91 31.54 32.93
111508.46-611537.1 108 05.5V 69 - - - - - - : _
111508.68-611559.9 Sh 18 03.51f 80 1.852:22  0.983%¢ - 0.29/5 -13.79 -12.91 32.05 32.93
111509.09-611533.2 Sh 49 07.5V 52 1.082:22  1.593-97 - 0.76/5 -14.24 -13.72 31.60 32.12
111509.33-611601.9 Sh 47 04V 426 0.994-29  1.381-64 - 0.54/22 -13.04 -12.43 32.80 33.41
111509.82-611530.0 Sh 23 0C9.7Ia 8 - - - - - - -
111510.05-611538.0 Sh 22 O3III(f) 238 0.45959  1.89%2:42 - 0.98/11 -13.70 -13.25 32.14 32.59
111511.28-611555.6 Sh 19 03V((f)) 14 - - - - - - - -

High mass sources identified using the high mass source lists of Melena et al. (2008) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.

Table B.18: NGC 3603 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT Xz/u log Fxh,c log FXt,c log LXh,c log th’c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s7 1) (erg em™2s71) (ergsT!) (ergs™1)
111521.30-611504.2 - - 892 1.23}3%  2.09%3:37 - 1.02/46 -12.68 -11.88 31.75 32.55
2.10 0.84 7.24
111459.47-611433.7 - - 3880  1.967°40  0.54Q8% 4.975:23 1.21/169 -11.93 -11.31 33.92 34.53

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.22: Plots of derived source parameters for the bright ‘unidentified’ source
population of NGC 3603. (a) Distribution of absorption corrected 2-8 keV Lx. (b)
Distribution of best fit thermal plasma temperature (k7). (c) Distribution of best fit
absorbing hydrogen column (Nyg). (d) Distribution of Kolmogorov-Smirnov variability
statistic with log Pxg < 0.05 indicating variability. (e) Plot of absorption corrected 2-8
keV Lx against best fit thermal plasma temperature (k7). (f) Plot of median photon
energy (Emedian) against best fit thermal plasma temperature (k7). (g) Plot of
absorption corrected 2-8 keV Lx against median photon energy (Epedian). (h) Plot of

best fit absorbing hydrogen column (Ny) against median photon energy (FEmnedian)-
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Figure B.23: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the NGC 3603 ‘unidentified’ source population divided according to Emedian
(left) and variability (right). Left: the red arrows mark Epeqian < 1.8 keV (indicating an

upper limit of log Ny < 22.2 cm™?), blue inverted triangles 1.8-3 keV (indicating the
lightly obscured population) and purple triangles > 3 keV (indicating the heavily
obscured population. Right: Inverted red triangles refer to non-variable sources, blue
stars representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.19: NGC 3603 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z/Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th,C
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
total  1.111-39  0.638:89 4.283:55 0.57072 1.13/288 -11.60 -11.05 34.24 34.78
core  0.95532  0.729-83 3.303:32 0.403:53 1.02/180 -12.05 -11.55 33.79 34.29

Energy (keV)

Figure B.24: NGC 3603 total cluster diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.8-7 keV energy range is shown as the

spectra approach background levels outside this range.
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Figure B.25: NGC 6611 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars and the red inverted triangles indicate low mass sources. The black
dashed dotted line is the 1.5 Myr main sequence isochrone with spectral types marked
calculated for Ay = 0. The purple dashed dotted line is the 1.5 Myr PMS isochrone
with spectral types marked. The light blue dashed line is the 8M, reddening vector with

the crosses marking every Ay = 5.
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Table B.20: NGC 6611 Known High Mass Star X-ray Spectral Parameters

80¢

Chandra Source Name Sp. Type  Net Cts. Ny kT kT X2/V log FthC log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?) (keV) (keV) (erg cm™2s71) (erg cm™2s71)  (ergsT1)  (ergsTY)
181809.30-134654.7 GMD 1194 B0.5V 65 0.66_ 1.77° - 0.5/4 -14.25 -13.77 30.18 30.66
181826.19-135005.4 BD 13 4920 B1V 31 - - - - - - - -
181830.95-134307.9 029 08.5V 206 0.26~ 0.82~ - 2.40/8 -14.34 -13.42 30.33 31.26
181832.24-134847.9 017 o9V 146 0.815:38  0.283:$7 - 1.25/4 -15.40 -12.65 29.27 32.03
181832.74-134511.8 BD 13 4923  05.5V 1213 0.649:79  0.56):2 - 0.96/48 -13.82 -12.31 30.86 31.37
181833.71-134058.9  GMD 592 BOV 39 - - - - - - - -
181836.05-134736.3 003 06-7((f)) 981 0.26~ 0.62~ - 2.08/40 -14.20 -12.82 30.47 31.86
181836.43-134802.3 002 OAIII((f+)) 744 0.669:7¢  0.640-89 - 0.81/33 -13.76 -12.25 30.92 32.43
181837.05-134529.3 GMD 678 B 1207 0.450:3%  9.672%87 - 1.01/61 -12.87 -12.51 31.99 32.16
181837.48-134339.4 080 o7V ((£)) 172 1.521:9%  0.428:38 - 1.02/7 -14.65 -12.71 30.03 31.97
181837.66-134512.9  GMD 666 B8Ve 63 0.428 o9 227933 - 1.04/5 -14.37 -13.98 30.06 30.45
181838.15-134425.4  GMD 664 B2V 196 0.843:3%  3.597 g5 - 1.11/6 -13.50 -13.23 31.18 31.44
181838.40-134708.9 066 B2V 136 0.965:29  0.85589 - 1.80/4 -14.43 -13.20 30.25 31.47
181838.46-134556.0 GMD 712 B1V 157 0.60:9;  2.541:9% - 1.44/7 -13.90 -13.54 30.53 30.89
181840.10-134518.6 008 OTII(f) 260 0.37110 0.473-28 - 1.20/9 -14.62 -13.05 30.06 31.63
181840.37-134618.1  GMD 1152 B2Ve 47 - - - - - - - -
181840.93-134529.5  PPM 73 BOV 18 - - - - - : . _
181841.62-134247.7 GMD 1250 B1.5V 16 - - - - - - - -
181842.78-134650.7 015 09.5V 62 0.599-9%  0.559-89 - 1.34/5 -14.85 -13.32 29.83 31.36
181844.67-134756.1 042 B1.5V 40 - - - - - - . _
181845.86-134630.6 011 o9V 95 0.30%:°0  0.550:94 - 0.27/5 -15.38 -13.83 29.30 30.85
181849.20-134804.1 085 B5III 8 - - - - - B . _
181850.68-134812.8 027 B1V 15 - - - - - : . _
181852.68-134942.4 006 09.7111p 117 0.25%52  0.439-52 - 1.05/3 -15.72 -13.64 28.96 31.04
181855.83-134654.0 GMD 227 BOIII 79 0.925:32  0.763-95 - 0.4/5 -14.70 -13.56 29.73 30.87
181856.20-134830.9 004 08.5V 403 0.53957  0.279:1% - 0.57/15 -15.35 -12.50 29.33 32.18
181904.93-134818.4 020 B0.5Vn 12 - - - - - - - -

High mass sources identified using the high mass source lists of Dufton2006 and the SIMBAD database.

Only those sources with > 50 counts were fit in XSPEC.
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Table B.21: NGC 6611 Candidate OB Star X-ray Spectral Parameters

60¢

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (10%2cm?)  (keV)  (keV) (erg ecm™2s71) (erg em™2s7 1) (ergs™!) (ergs™!)
181820.12-134532.5 GMD 610 - 132 1.047 3.06~ - 2.26/5 -13.68 -13.36 30.75 31.07
181830.89-133958.6  GMD 599 - 37 - - - - - - . -
181833.30-134928.2  GMD 259 - 27 - - - - - - - -
181834.69-134548.8  GMD 709 - 82 0.83)5¢ 2.7$28 - 0.32/5 -14.06 -13.71 30.37 30.72
181834.99-134218.4 GMD 583 - 29 - - - - - - . -
181835.37-134548.0 GMD 138 - 70 0.259-67  313:22 - 1.37/6 -14.34 -14.02 30.09 30.41
181835.43-134512.8 GMD 634 - 92 142893 0.935-41 - 0.86/5 -14.34 -13.41 30.09 31.02
181837.29-134156.2 GMD 587 - 122 1.89~ 1.20~ - 2.14/3 -13.81 -13.46 30.62 30.97
181837.43-134607.9 GMD 281 - 49 - - - - - - - -
181838.89-134612.4 GMD 1132 - 530 0.739:98 242382 - o.77/27 -13.34 -12.97 31.09 31.46
181839.79-134735.1 GMD 958 - 381 0.579:%7  1.531-78 - 0.88/19 -13.64 -13.09 30.79 31.34
181839.83-134744.0 GMD 1139 - 184 0.559:8%  3.263:42 - 1.15/8 -13.71 -13.41 30.72 31.02
181840.12-134631.1 GMD 301 - 32 - - - - - - - -
181840.28-134558.8  GMD 703 - 35 - - - - - - . -
181841.81-134615.1 GMD 1023 - 343 0.350:9% 206342 - 1.31/16 -13.45 -13.10 30.98 31.33
181842.96-135215.5 GMD 1049 - 12 - - - - - - . .
181842.97-134310.4 GMD 572 - 23 - - - - - - - -
181843.03-134402.1  GMD 560 - 12 - - - - - - . -
181846.90-134916.2 GMD 306 - 49 - - - - - - . -
181847.22-134114.7  GMD 390 - 64 2.8~ 58.24~ - 1.88/3 -13.47 -13.33 30.96 31.10
181847.81-134815.2  GMD 267 - 728 0.4~ 3.4° - 2.53/15 -13.20 -12.91 31.23 31.52
181847.98-134836.1 GMD 274 - 32 - - - - - - . -
181848.23-134908.0 GMD 293 - 80 019947 257383 . 0.29/6 -14.29 -13.94 30.14 30.49
181848.48-134346.5 GMD 565 - 173 1.319:3%  59.36~ - 1.11/5 -13.30 -13.10 31.13 31.33
181849.16-134230.0 GMD 688 - 39 - - - - - - - -
181849.48-134845.3 GMD 869 - 86 1.17° 32,517 - 2.71/3 -13.58 -13.08 30.85 31.35
181849.67-134418.7 GMD 1235 - 71 224335 316505 - 0.36/6 -13.84 -13.54 30.59 30.89
181849.91-134659.5 GMD 204 - 106 0.68539 2.88174 - 0.45/5 -13.99 -13.66 30.44 30.77
181851.68-134759.5 GMD 763 - 33 - - - - - - - -
181852.40-134407.7  GMD 52 - 88 1.47~ 52.57 - 3.39/3 -13.68 -13.55 30.75 30.88
181852.47-134415.6  GMD 535 - 13 - - - - - - - -
181852.89-135705.9 GMD 1203 - 70 6.75" 59.36_ - 3.19/3 -13.13 -12.99 31.30 31.44
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Table B.22: NGC 6611 Candidate OB Star X-ray Spectral Parameters (Cont.)

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log FXh,c log FXt,c log Lthc log LXt,c
(CXO J) (1022cm?) (keV) (keV) (erg cm™ 257 1) (erg ecm™2s71) (ergs™ 1) (ergs™1)
181858.57-134534.3 GMD 34 - 32 - - - - - . . -
181900.22-134539.8 GMD 476 - 56 0.36%8  2.34%-91 - 0.79/6 -14.45 -14.07 29.98 30.36
181901.61-134515.9 GMD 386 - 319 0.319-48 22-48 - 1.14/16 -13.72 -13.29 30.71 31.14
181903.16-134510.8 GMD 486 - 261 0.499°78  2.16%:8% - 0.88/13 -13.69 -13.29 30.74 31.14
181904.57-134358.1 GMD 438 - 73 0.455:93  3.471%§2 - 1.07/5 -14.08 -13.79 30.35 30.64
181906.62-134536.3 GMD 33 - 93 1.56~ 2,427 - 0.72/3 -13.86 -13.49 30.57 30.94

Source names determined from the

XSPEC.

SIMBAD database. Only those sources with > 50 counts were fit in
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Figure B.26: Plots of derived source parameters for the bright PMS population of
NGC 6611. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg
< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against
best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx
against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fiedian)-
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Figure B.27: Plot of the 2-8 keV Lx against the

Eresion (KEV)

median detected photon energy

(Emedian) for the NGC 6611 PMS population divided according to Epedian (left) and

variability (right). Left: the red arrows mark Fegian < 1.7 keV (indicating an upper

limit of log Ny < 22.0 cm™~2), blue inverted triangles 1.7-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.23: NGC 6611 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z[Z¢ X2/u log Fxh,c log Fxt,c log Lxh,c log th,C
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s7 1)  (ergsT1)  (erg s 1)
all FOV  0.420:39  0.710:73 10.85§%27 1.032:25 1.53/288 -11.33 -11.08 33.10 33.35
core 0.379:9%  0.809:28  4.523:3%  0.358:93 1.09/280 -11.95 -11.60 32.48 32.83

2
Energy (keV)

Figure B.28: NGC 6611 all FOV diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.7-5 keV energy range is shown as the

spectra approach background levels outside this range.
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Figure B.29: NGC 6618 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars, the dark green circles indicate the ambiguous sources and the red
inverted triangles indicate low mass sources. The black dashed dotted line is the 1 Myr
main sequence isochrone with spectral types marked calculated for Ay =0 . The purple
dashed dotted line is the 1 Myr PMS isochrone with spectral types marked. The light
blue dashed line is the 8 M, reddening vector with the crosses marking every Ay = 5.
The light purple dashed line marks the reddening vector of the maximum J value of the
PMS evolutionary track. Sources between this and the 8 M reddening vector may be

above or below 8M and are hence labelled as ambiguous sources.
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Table B.24: NGC 6618 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT x2/u log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?) (keV) (keV) (erg cm™2s71) (erg cm™2s7)  (erg sT1)  (ergsT1)
182021.43-160939.0  CEN 35 09.5V 146 1.732:32  2.737:58 - 1.47/5 -13.78 -13.46 30.70 31.02
182022.10-161021.1  CEN 13 B3V 39 - - - - - - - -
182022.70-160833.9  CEN 16 09V 179 0.359:92  2.39%:84 - 1.04/8 -14.21 -13.84 30.27 30.65
182022.85-160814.3  CEN 75 B2V 12 - - - - - - - -
182024.38-160843.2  CEN 31 09.5V 38 - - - - - - - -
182024.59-161139.1 IRS 5 o6V 76 3.167192  2.9433;56 - 1.65/4 -13.88 -13.58 30.59 30.69
182024.83-161135.9  UC1 posl BOV 15 - - - - - - - -
182025.07-161133.8  UC1 pos2 BOV 31 - - - - - - - -
182025.31-160939.5  CEN 36 09.5V 47 - - - - - - - -
182025.34-161021.8  CEN 49 B2V 134 077527 7.543%59 - 1.11/5 -13.92 -13.73 30.56 30.76
182025.87-160832.3  CEN 18 o6V 188 1.752:9¢  0.80§-2% - 1.12/7 -14.12 -12.84 30.41 31.61
182026.03-161104.4  CEN 26 B3V 86 0.89% 7% 2.593:5, - 0.14/4 -13.43 -13.21 31.06 31.16
182026.65-160708.7 H 6500 B2V 61 2.59%:S.  0.433:5¢ - 0.73/5 -14.84 -12.93 29.65 31.56
182026.79-160749.3 B 240 BOV 18 - - - - - - . _
182027.30-161025.2  CEN 23 B3V 12 - - - - - - - -
182027.42-161330.8 OI 345 o6V 900 115527 0.628 78 - 1.92/38 -14.04 -12.67 30.44 31.82
182028.65-161211.3 IRS 15 B0.5V 125 1.952:75  2.983-72 - 0.47/5 -13.94 -13.61 30.55 30.87
182028.68-160925.9  CEN 30 o9V 94 2.25%-85  2.391-27 - 0.73/5 -14.03 -13.66 30.45 30.83
182029.13-161054.1 CEN 55 BOVe 175 1.803:3%  1.61%:28 - 0.72/6 -13.84 -13.33 30.64 31.16
182029.20-161110.6  CEN 42 B2V 16 - - - - - - - -
182029.81-161045.3  CEN 1b 04V 11781 2.303:39 093035 3.053:32 0.86/236 -11.79 -11.20 32.70 33.29
182029.90-161044.3 CEN 1la 04V 12323 1.942:32  0.900:29 5.205:35 0.83/233 -11.83 -11.29 32.65 33.20
182029.96-161137.0  CEN 27 09V 15 - - - - - - . _
182030.22-161034.7  CEN 61 09V 104 1.962:74  1.15§-3° - 0.41/5 -14.31 -13.57 30.17 30.91
182030.43-161052.8  CEN 37 06V 250 0.761-91  1.803-5% - 1.38/7 -13.97 -13.77 30.51 31.72
182030.48-161034.5 CEN 61 pos2 ~ O9V 98 208395 2.9434,32 - 1.85/4 -13.92 -13.60 30.57 30.88
182030.84-161007.4  CEN 25 o7V 77 248322 0.28)-%8 - 0.32/5 -15.30 -12.52 29.19 31.96
182031.11-160929.7 B 159 B1 1000 1.303:38  5.44917 - 0.98/52 -12.96 -12.74 31.52 31.75
182031.69-160945.7 B 152 B2 98 1.013:82  1.66%5% - 1.03/4 -13.83 -13.33 30.65 31.15
182031.84-161138.1  CEN 28 B2V 31 - - - - - . . _
182032.87-161239.4 B140 B3V 36 - - - - - - . _
182033.06-161121.3  CEN 43 o5V 98 1.013:82  1.663-33 - 1.03/4 -13.83 -13.33 30.64 31.15
182034.49-161011.7 CEN 2 o5V 1866 0.955:95  0.610:87 3.783:32 0.87/76 -13.41 -12.23 31.08 32.26
182035.24-160842.4  H 12556 B3V 130 0.995°79  4.443%93 - 1.31/4 -13.95 -13.67 30.55 30.81
182035.38-161048.4 CEN 3 09V 383 0.810:37  0.56-59 - 0.93/18 -14.67 -13.16 29.81 31.33
182035.61-161055.2  CEN 45 B2V 108 0.469-8 33732 - 0.55/5 -14.26 -13.96 30.23 30.53

High mass sources identified using the high mass source lists of Hoffmeister et al. (2008) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.
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Table B.25: NGC 6618 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log Lthc log LXt,c

(CXO J) (1022cm?) (keV) (keV) (erg cm™2s71) (erg cm™2s71)  (erg sT!) (ergsT1)
181957.54-161204.8 2MASS J18195753-1612049 - 233 0.28§:3  1.95373 - 1.35/10 -14.15 -13.71 30.34 30.78
182001.69-160529.0 2MASS J18200174-1605288 - 186 0.03~ 1.96~ - 0.44/7 -14.34 -13.91 30.14 30.58
182002.98-160206.5 2MASS J18200299-1602068 - 338 172218 0.549:%% - 1.44/14 -14.25 -12.68 30.24 31.81
182016.30-160225.2 - - 159 1.025:29  6.492:96 - 1.66/3 -13.69 -13.49 30.79 31.00
182026.94-160347.2 2MASS J18202695-1603473 - 482 1.401-%8  5.10%27 - 0.85/24 -13.18 -12.94 31.31 31.55
182027.20-160419.9 2MASS J18202721-1604202 - 92 1.602:33  3.2477;18 0.64/4 -13.95 -13.68 30.53 30.80
182028.15-161049.1 - - 369 2.242:73 22478 - 1.01/18 -13.35 -12.95 31.14 31.53
182030.45-161009.8 B 171 - 157 1.632:28  3.265°32 - 0.53/6 -13.87 -13.57 30.62 30.92
182031.96-160925.0 B 147 - 109 0.864 59 5.833%3°5 - 0.88/4 -14.00 -13.74 30.49 30.74
182033.21-161058.4 B 133 - 113 3.243-51 1.763:33 - 0.13/5 -13.74 -13.24 30.74 31.24
182033.76-161304.8 B 125 - 54 248433 1.783:3L - 0.11/5 -14.29 -13.82 30.20 30.67
182035.86-161542.9 2MASS J18203586-1615431 - 4200 0.975:9%  2.893-1% - 1.49/153 -12.58 -12.26 31.90 32.23
182039.71-161312.6 B 42 - 299 113437 4.028:98 - 0.83/13 -13.55 -13.29 30.93 31.20
182043.41-161245.9 B7 - 495 0.964:22  1.597:17 - 0.90/24 -13.57 -13.05 30.92 31.44

Source names determined using the SIMBAD database. Only those sources with > 50 counts

XSPEC.

were fit in
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Figure B.30: Plots of derived source parameters for the bright PMS population of
NGC 6618. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability statistic with log Pkg
< 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx against best fit
thermal plasma temperature (k7). (f) Plot of median photon energy (Eedian) against
best fit thermal plasma temperature (k7). (g) Plot of absorption corrected 2-8 keV Lx
against median photon energy (Fiedian)- (1) Plot of best fit absorbing hydrogen column

(Ng) against median photon energy (Fiedian)-
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Figure B.31: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the NGC 6618 PMS population divided according to Epedian (left) and
variability (right). Left: the red arrows mark Fedian < 1.6 keV (indicating an upper
limit of log Ny < 22.0 cm™~2), blue inverted triangles 1.6-3 keV (indicating the lightly
obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars
representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.26: NGC 6618 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT kT3 Z[Z¢ X2/u log Fxh,c log Fxt,c log Lxh,c log th’c
(1022cm?2)  (keV) (keV) (keV) (erg em™ 257 1) (erg em™2s7 1)  (ergsT1)  (erg s 1)
0.71 0.17 0.60 10.06 4.25
all FOV  0.679°75  0.15317 0.589:82 10.8519:96 2.21%:2% 1.61/210 -11.26 -10.06 33.22 34.43
0.99 0.70 4.24 0.23
core 091999 0.64379 3.724-24 - 0.169:23  0.98/399 -11.94 -11.39 32.55 33.10
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Figure B.32: NGC 6618 all FOV diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.8-4 keV and 0.8-2 keV energy ranges are
shown for the all FOV and core spectra respectively, as they approach background levels

outside these ranges.
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Figure B.33: Trumpler 14 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars, the dark green circles indicate the ambiguous sources and the red
inverted triangles indicate low mass sources. The black dashed dotted line is the 1 Myr
main sequence isochrone with spectral types marked calculated for Ay =0 . The purple
dashed dotted line is the 1 Myr PMS isochrone with spectral types marked. The light
blue dashed line is the 8 M, reddening vector with the crosses marking every Ay = 5.
The light purple dashed line marks the reddening vector of the maximum J value of the
PMS evolutionary track. Sources between this and the 8 M reddening vector may be

above or below 8M and are hence labelled as ambiguous sources.
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Table B.27: Trumpler 14 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT Xz/u log FXh,c log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg em™2s7 1) (erg em™2s7 1) (ergs™!) (ergs™1)
104330.88-592924.0 MJ 61 - 49 - - - - - - - -
104333.48-593511.3 MJ 71 BOIIL-IV 7 - - - - - B . _
104341.32-593548.6 MJ 92 - 45 - - - - - : . _
104344.16-593348.4  MJ 102 09V 11 - - - - - - - -
104346.69-593254.8  MJ 115 06V((f)) 162 0.55:32  0.373:3° - 0.71/7 -15.23 -13.09 29.57 31.71
104348.70-593324.3  MJ 127 o9V 79 0.06%-59  0.84:92 - 0.18/5 -15.04 -13.96 29.76 30.85
104353.11-593259.6  MJ 149 B0.5IV-V 42 - - - - - : - _
104354.40-593257.5  HD 93128 03V((f)) 506 0.349:%2  0.483:3° - 1.36/22 -14.40 -12.69 30.40 32.12
104355.19-593314.7  MJ 163 BOV 22 - - - - - - - -
104355.35-593248.9  MJ 165 o8V 84 0.01~ 0.59 - 0.55/5 -15.32 -13.88 29.49 30.92
104356.74-593240.6  MJ 173 - 69 - - - - - : . _
104357.46-593251.4 HD 93129 A O21f* 4421 0.810-87  0.58)-81 246275 1.57/129 -12.52 -11.56 32.24 33.24
104357.65-593253.8 HD 93129 B O3.5Vf+ 623 0.229:58  0.529:53 - 0.84/24 -14.60 -12.80 30.20 31.96
104357.55-593338.7  MJ 178 B1V 15 - - - - - - - -
104359.87-593524.3  MJ 195 09V 34 - - - - - - - -
104359.91-593225.5  MJ 192 06.5V((£)) 95 0.01~ 0.52~ - 2.86/5 -15.45 -13.84 29.35 30.96
104400.95-593545.8  MJ 200 09V 33 - - - - - - - -
104402.43-592936.7  MJ 203 09111 19 - - - - - - - -
104405.83-593511.7  MJ 224 B1V 117 0.15~ 2.03° - 2.98/5 -14.16 -13.73 30.64 31.07
104407.26-593430.7  HD 93160 OBIII(f) 627 0.339-15  0.649:72 - 1.69/27 -14.22 -12.88 30.58 31.92
104408.90-593434.6 HD 93161A O8V + 09V 490 0.079:23  0.719-I8 - 1.18/20 -14.38 -13.16 30.42 31.64
104409.07-593435.5  HD 93161 o6V 332 0.299-42  0.549-52 0.71/13 -14.56 -12.99 30.25 31.81

High mass sources identified using the high mass source lists of Massey

SIMBAD database. Only those sources with > 50 counts were fit in XSPEC.

and Johnson (1993) and the

$1 dordwniy, 8'q
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Table B.28: Trumpler 14 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kTy X2 /v log Fthc log FXt,c log Lthc log LXt,c
(CXO J) (1022cm?) (keV) (keV) (erg cm™2s7 1) (erg em™2s71)  (ergsT!) (ergs™ 1)
104341.57-593206.5 DETWC Tr 14 J104341.6-593206 - 109 0.251:64  o.71474 - 0.79/3 -14.68 -13.57 30.12 31.23
104346.01-593329.0 DETWC Tr 14 J104346.0-593329 - 23 - - - - - _ . .
104346.36-593113.9 2MASS J10434636-5931138 - 451 0.360:37 8.283%1 . 0.93/23 -12.95 -12.73 31.85 31.99
104346.78-593356.3 DETWC Tr 14 J104346.8-593356 - 27 - - - - - : - -
104349.96-593656.0 - - 14 - - - - - : - -
104352.25-593659.0 Y 491 - 17 - - - - - _ . B
104353.89-592823.3 2MASS J10435391-5928232 - 36 - - - - - - . .
104355.04-593624.0 DETWC Tr 14 J104355.0-593624 - 9 - - - - - : - -
104355.77-593106.6 DETWC Tr 14 J104355.0-593624 - 52 1.222%  0.784:87 - 0.72/5 -14.62 -13.51 30.18 31.29
104358.71-592809.4 - - 17 - - - - - _ . .
104406.84-593611.6 2MASS J10440683-5936116 - 135 0.09%-28  2.731:97 - 0.54/5 -13.94 -13.60 30.86 31.20
104416.48-593510.1 2MASS J10441648-5935100 - 77 0.03%27  1.812:92 - 0.65/5 -14.42 -13.95 30.39 30.85

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.34: Plots of derived source parameters for the bright PMS population of

Trumpler 14. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of

best fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing

hydrogen column (Ng). (d) Distribution of Kolmogorov-Smirnov variability statistic

with log Pks < 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx

against best fit thermal plasma temperature (kT'). (f) Plot of median photon energy

(Eedian) against best fit thermal plasma temperature (k7). (g) Plot of absorption

corrected 2-8 keV Lx against median photon energy (Eiedian). (h) Plot of best fit

absorbing hydrogen column (/Vy1) against median photon energy (Epedian)-
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Figure B.35: Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the Trumpler 14 PMS population divided according to Eiyedian (left) and

variability (right). Left: the red arrows mark Fegian < 1.8 keV (indicating an upper

limit of log Ny < 22.2 cm™2), blue inverted triangles 1.8-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.29: Trumpler 14 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT kT3 Z[Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th’c
(1022cm?2)  (keV) (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
0.14 0.15 0.77 4.15 0.78
total  0.100:57  0.183:35 0.740: 77 3.83535 0.540-7% 1.11/355 -11.80 -11.09 33.00 33.71
core  0.05%11 078982 3.473-52 - 0.149-3%  1.05/243 -12.22 -11.79 32.58 33.01

normalized counts s~ keV-!
normalized counts s~ keV-'

2L

2
Energy (keV)

2
Energy (keV)

Figure B.36: Trumpler 14 total cluster diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.7-6 keV energy range is shown for the

spectra as they approach background levels outside this range.
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Figure B.37: Trumpler 16 2MASS J vs J-H colour magnitude diagram. The blue

triangles indicate the known high mass stars, the light green triangles indicate the

candidate OB stars and the red inverted triangles indicate low mass sources. The black

dashed dotted line is the 4 Myr main sequence isochrone with spectral types marked

calculated for Ay =0 . The purple dashed dotted line is the 4 Myr PMS isochrone with

spectral types marked. The light blue dashed line is the 8M, reddening vector with the

crosses marking every Ay = 5.
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Table B.30: Trumpler 16 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/l/ log FXh.c log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg cm ™25 1) (erg em™2s71)  (ergsT!) (ergsT!)
104432.36-594431.0 HD 93204 05V((f)) 505 0.179:37  0.519:52 - 1.05/21 -14.80 -13.16 30.08 31.71
104433.77-594415.4 HD 93205 03V 2843 0.2202%  0.629-58 - 1.93/77 -13.87 -12.49 31.01 32.39
104437.71-593959.2 MJ 357 BO0.5V 25 - - - - - - - -
104447.34-594353.2 MJ 408 O7V((f)) 188 0.12937  0.669-%5 - 0.52/8 -14.75 -13.45 30.12 31.43
104454.09-594129.5 MJ 427 B1V 152 0.30~ 2.61° - 2.01/4 -13.95 -13.22 30.92 31.66
104459.92-594314.9 2MASS J10445990-5943149 B1 8 - - - - - - - -
104503.59-594104.3 n Car LBV 29603 - - - - > —11.00 > —10.00 > 34.00 > 35.00
104505.82-594519.7 MJ 484 orv 204 0.55:38  0.520-52 - 1.16/9 -14.96 -13.36 29.92 31.52
104505.88-594307.8 MJ 481 09.5V 76 0.511-80  0.343-39 - 0.20/2 -15.35 -12.07 29.52 31.80
104505.93-594005.9 HDE 303308 03V((f)) 1617  0.1793%  0.579:62 - 1.46/59 -14.22 -12.73 30.66 32.14
104506.72-594156.4 MJ 488 08.5V 89 0.01~ 0.53~ - 2.18/3 -15.10 -14.11 29.77 30.76
104508.25-594049.4 MJ 493 B0 68 0.32270  0.649-78 - 1.45/3 -14.56 -14.00 29.31 30.88
104508.26-594606.9 MJ 496 08.5V 1816 0.915-97  0.748:85 2.043:3% 0.94/81 -12.93 -12.21 31.94 32.66
104512.26-594500.5 HD 93343 O7V(n) 478 0.38%-7L  0.715-98 - 1.19/20 -14.31 -13.08 30.56 31.80
104512.75-594446.2 MJ 516 08.5V 382 0.2994¢  0.639:13 - 0.45/18 -14.63 -13.27 30.24 31.60
104512.91-594419.3 MJ 517 o8V 561 0.4435, 0.669:I2 - 0.79/26 -14.33 -13.02 30.55 31.85
104516.55-594337.1 MJ 535 06V ((f)) 626 0.559°8%  0.569-5% - 1.05/28 -14.30 -12.71 30.57 32.16
104520.59-594251.1 MJ 554 08.5V 73 0.01~ 0.68~ - 1.76/4 -15.46 -14.06 29.51 30.79

High mass sources identified using the high mass source lists of 77?7 and the SIMBAD database. Only

those sources with > 50 counts were fit in XSPEC.
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Table B.31: Trumpler 16 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT> X2/l/ log Fxh,c log FXt,c log LXh,c log th’c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s71) (erg em™2s71) (ergsT!) (ergs™1)
104455.46-594453.3 DETWC Tr 16 J104455.5-594453 - 101 0.65:82  1.64232 - 027/5 -14.28 -13.77 30.59 31.10
104457.05-593827.1 2MASS J10445706-5938268 - 140 0.290:3% 0.580%7 - 1.51/3 -14.88 -13.42 29.99 31.45
104500.13-594701.8 - - 18 - - - - - - . _
104506.83-594446.1 DETWC Tr 16 J104506.8-594446 - 67 0.419:9%  3.613%° - 0.24/6 -14.24 -13.96 30.63 30.92
104510.56-594512.2 DETWC Tr 16 J104510.6-594512 - 22 - - - - - . B, _
104511.12-594533.4 - - 66 0.725:87 124871 - 0.86/5 -14.61 -13.93 30.27 30.95
104517.19-594701.1 - - 42 - - - - - . . _
104518.89-594217.8 DETWC Tr 16 J104519.0-594218 - 39 - - - - - - . _
104520.86-594013.3 DETWC Tr 16 J104520.9-594013 - 31 - - - - - . B, _
104521.01-594548.6 2MASS J10452096-5945488 - 49 - - - - - . B, _
104522.08-594145.7 2MASS J10452206-5941458 - 68 0.06~ 7.18 - 2.05/4 -14.27 -14.06 30.61 30.82
104528.26-594556.1 - - 21 - - - - - . . _
104528.90-594347.7 [ARV2008] 210 - 176 0.40~ 3.07° - 218/5 -13.86 -13.55 31.01 31.32
104531.29-594113.5 DETWC Tr 16 J104531.4-594113 - 41 - - - - - . B, _
104535.47-594544.9 - - 48 - - - - - . B, _
104536.93-594619.8 - - 34 - - - - - . . _
104538.37-594207.6 DETWC Tr 16 J104538.4-594207 - 53 11282 358, - 0.45/6 -14.10 -13.81 30.78 31.06
104538.55-594513.4 DETWC Tr 16 J104538.7-594513 - 38 - - - - - . B, _
104543.74-594148.4 2MASS J10454366-5941481 - 83 0.625:2> 292568 - o0.07/1 -14.10 -13.77 30.77 31.10

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.38: Plots of derived source parameters for the bright PMS population of

Trumpler 16. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of

best fit thermal plasma temperature (k7). (c) Distribution of best fit absorbing

hydrogen column (Ng). (d) Distribution of Kolmogorov-Smirnov variability statistic

with log Pks < 0.05 indicating variability. (e) Plot of absorption corrected 2-8 keV Lx

against best fit thermal plasma temperature (kT'). (f) Plot of median photon energy

(Eedian) against best fit thermal plasma temperature (k7). (g) Plot of absorption

corrected 2-8 keV Lx against median photon energy (Eiedian). (h) Plot of best fit

absorbing hydrogen column (/Vy1) against median photon energy (Epedian)-
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Figure B.39: Plot of the 2-8 keV Lx against the

Eresion (KEV)

median detected photon energy

(Emedian) for the Trumpler 16 PMS population divided according to Epyedian (left) and

variability (right). Left: the red arrows mark Fegian < 1.8 keV (indicating an upper

limit of log Ny < 22.2 cm™2), blue inverted triangles 1.8-3 keV (indicating the lightly

obscured population) and purple triangles > 3 keV (indicating the heavily obscured

population. Right: Inverted red triangles refer to non-variable sources, blue stars

representing variable sources and the purple triangles representing strongly variable

flaring sources.
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Table B.32: Trumpler 16 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT kT3 Z/Z¢ Xz/u log FXh . log Fix, log Lxh . log Lx, .

(1022cm?2)  (keV) (keV)  (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (ergs™1)

total  0.113:3%  0.310:33 0.643:87 64~ 1 (frozen) 1.33/417 -11.52 -10.89 33.35 33.98
core  0.110-3%  0.309:35 0.68)%3 64 1 (frozen) 1.56/424 -11.68 -10.89 33.20 33.98

s ke'
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normalized counts

0.01 |

x
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Figure B.40: Trumpler 16 total cluster diffuse emission spectrum (left) and cluster core
diffuse emission spectrum (right). The spectra were rebinned for plotting purposes using
XSPEC’s ‘setplot rebin’ command. Only the 0.8-7 keV energy range is shown for the

spectra as they approach background levels outside this range.
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Figure B.41: Westerlund 1 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars and the light green triangles indicate the
candidate OB stars. The black dashed dotted line is the 3.6 Myr main sequence
isochrone with spectral types marked calculated for Ay = 0 . The purple dashed dotted
line is the 3.6 Myr PMS isochrone with spectral types marked. The light blue dashed
line is the 8 M reddening vector with the crosses marking every Ay = 5. Unlike in most
other clusters, only the candidate OB star in NGC 3603 had high quality 2MASS
photometry. The known high mass sources shown here were plotted using low quality

2MASS photometry to offer a relative indicator to the candidate OB star.
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Table B.33: Westerlund 1 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log Lthc log LXt,c
(CXO J) (1022cm?) (keV) (keV) (erg cm™ 257 1) (erg ecm™2s71') (ergs™ 1) (ergs™ 1)
164654.30-455154.8  CO7-X7 BOlab 9 - - - - - - . -
164658.81-455302.1  'W228b 09Ib 12 - - - - - : . -
164658.86-455146.2  W56b 09.51Ib 15 - - - - - - . B
164659.05-455028.4 W84 09.51Ib 12 - - - - - - . B
164659.39-455047.1 W1 - 10 - - - - - - . -
164700.39-455132.0 W53 - 56 3.743-87  0.460-53 - 0.89/5 -14.36 -12.59 30.82 32.59
164401.26-455130.7 W52 Bl1.5la 13 - - - - - - . -
164701.40-455150.8 W59 - 10 - - - - - - - B
164701.44-455234.8  W232 Bllab 10 - - - - - - - .
164702.14-455113.1 W24 O9lab 13 - - - - - - . -
164702.49-455137.9  W62a B0.5Ib 15 - - - - - - . -
164702.60-455118.1 W47 - 15 - - - - - - - B
164702.68-455050.6 ~ W40a OB SG 30 - - - - - - . .
164702.71-455057.7 W4l O9lab 11 - - - - - : . -
164702.79-455213.1  CO7-X4 09-9.51a 10 - - - - - - . -
164702.88-455046.4 W38 O9lab 10 - - - - - - - -
164703.04-455023.6 W6  B0.5lab + O9.5I11 10 - - - - - - - .
164703.22-455157.9  W63a BOlab 21 - - - - - : . -
164703.64-455051.6  W42a Bola(H) 11 - - - - - B . .
164703.74-455058.4  W43c 09Ib 24 - - - - - - - .
164704.02-455125.1  WR G WN7o 84 2.243-3L 4172398 - 0.58/5 -13.60 -13.35 31.58 31.82
164704.11-455039.2  W30a 09-B0.5Ia 477 251318 1.42}72 - 1.11/24 -13.16 -12.58 32.02 32.60
164704.14-455031.4 W9 sgBle] 394 428529 071082 64 0.72/18 -12.83 -11.59 32.35 33.59
164704.20-455107.1  WR L WN9h 80 247372 3.2834:98 0.72/4 -13.57 -13.28 31.61 31.90
164704.59-455008.2  CO7-X3 09-9.5Ia 13 - - - - - - . .
164705.08-455055.1 W36 - 42 - - - - - - . B,
164705.16-455041.4 W27 09I + OI 35 - - - - - - . -
164705.20-455225.1 WR F wcCod 99 4.19° 3.26° - 1.37/5 -13.34 -13.05 31.84 32.13
164705.37-455104.9 WR B WN7o 228 4.655:38  0.508:35 2.875,, 0.26/6 -13.03 -12.02 32.15 33.15
164705.78-455033.4 W25 O9lab 10 - - - - - - . B
164705.99-455208.1 WR B wWC9 8 - - - - - - . -
164706.10-455022.5 WR R WN50 15 - - - - - - - -

T PUn[Ie)som 01°d



Table B.34: Westerlund 1 Known High Mass Star X-ray Spectral Parameters (Cont.)

VEC

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log LXh,c log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s7 1) (erg em™2s71) (ergsT!) (ergs™1)
164706.25-455126.7 WR D WN7o 13 - - - - - - - -
164706.45-455026.2 W13 BO0.5Ia + OB 21 - - - - - - - -
164706.55-455039.2 WR U WN6o 144 2,17 0.26_ 217" 0.90/3 -13.55 -12.43 31.62 32.74
164706.64-455029.7 W15 O91b 9 - - - - - - - -
164707.09-455013.3 W74 09.5Iab 10 - - - - - - - -
164707.51-455228.9 W243 LBV 7 - - - - - - - -
164707.64-454922.3 WR W WN6h 22 - - - - - - - -
164707.66-455236.2 WR O WN6o 54 1.37 1.53~ - 1.29/5 -14.07 -13.67 31.10 31.51
164708.35-455045.5 WR A WN7b 642 353338 0.289:3% 3.683°92 1.32/31 -12.72 -11.50 32.45 33.68
164709.21-455048.6 W71 B2.51a 9 - - - - - - - -
164710.06-455050.1 W70 B3la 21 - - - - - - - -

High mass sources identified using the high mass source lists of Clark et al. (2005); Negueruela et al.

(2010) and the SIMBAD database. Only those sources with > 50 counts were fit in XSPEC.
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Table B.35: Westerlund 1 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/1/ log FXh,c log Fxt,c log LXh,c log LXt,c
(CXO J) (1022¢m?)  (keV) (keV) (erg cm™2s71) (erg em™2s71) (ergsT!) (ergs™1)
164714.46-454755.0 2MASS J16471442-4547549 - 10 - - - - - - - -

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.42: Plots of derived source parameters for the bright ‘unidentified’ source
population of Westerlund 1. (a) Distribution of absorption corrected 2-8 keV Lx. (b)
Distribution of best fit thermal plasma temperature (k7). (c) Distribution of best fit
absorbing hydrogen column (Ny). (d) Distribution of Kolmogorov-Smirnov variability
statistic with log Pxg < 0.05 indicating variability. (e) Plot of absorption corrected 2-8
keV Lx against best fit thermal plasma temperature (kT). (f) Plot of median photon
energy (Epedian) against best fit thermal plasma temperature (kT). (g) Plot of

absorption corrected 2-8 keV Lx against median photon energy (Epedian). (h) Plot of

best fit absorbing hydrogen column (Ny) against median photon energy (FEmnedian)-
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median detected photon energy

(Emedian) for the Westerlund 1 ‘unidentified’” source population divided according to

Epedian (left) and variability (right). Left: the red

(indicating an upper limit of log N < 22.2 cm™?),

arrows mark Fpedian < 1.8 keV

blue inverted triangles 1.8-3 keV

(indicating the lightly obscured population) and purple triangles > 3 keV (indicating the

heavily obscured population. Right: Inverted red triangles refer to non-variable sources,

blue stars representing variable sources and the purple triangles representing strongly

variable flaring sources.
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B.10 Westerlund 1

Table B.36: Westerlund 1 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z/Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th,C
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (ergsT1)  (ergs™1)
total  1.591-8¢  0.600-82  9.557 217397 1.56/525 -11.02 -10.62 34.16 34.56
core  1.851:2%  0.638:73 9.551%45 1.020:88 1.16/408 -11.46 -10.86 33.72 34.32
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Figure B.44: Westerlund 1 total cluster diffuse emission spectrum (left) and cluster
core diffuse emission spectrum (right). The spectra were rebinned for plotting purposes
using XSPEC’s ‘setplot rebin’ command. Only the 1-5 keV energy range is shown as the

spectra approach background levels outside this range.
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Figure B.45: Westerlund 2 2MASS J vs J-H colour magnitude diagram. The blue
triangles indicate the known high mass stars, the light green triangles indicate the
candidate OB stars and the red inverted triangles indicate low mass sources. The black
dashed dotted line is the 2.5 Myr main sequence isochrone with spectral types marked
calculated for Ay = 0. The purple dashed dotted line is the 2.5 Myr PMS isochrone
with spectral types marked. The light blue dashed line is the 8M, reddening vector with

the crosses marking every Ay = 5.
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Table B.37: Westerlund 2 Known High Mass Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT X2/V log Fthc log FXt,c log Lthc log LXt,c
(CXO J) (1022cm?)  (keV) (keV) (erg cm™2s™1) (erg cm™2s71) (ergsT!) (ergsT!)
102355.18-574526.9 MSP 165 o7 112 252358 0.36):33 - 1.01/4 -14.27 -12.04 31.05 33.29
102356.22-574530.2 MSP 182 O4V-III 43 - - - - - - - -
102358.01-574548.9 WR20a WN6ha+WN6ha 4123 2.332:3%  0.42039 2.76215 1.22/174 -12.27 -11.43 33.05 33.90
102358.45-574513.0 MSP 120 09.5V 15 - - - - - - . .
102359.17-574540.6 MSP 233 08.5V 31 - - - - - : . .
102400.46-574445.0 MSP 44 09.5V 48 - - - - - - - -
102400.48-574523.9 MSP 151 o7l 41 - - - - - - - -
102400.79-574525.8 MSP 157 05.5V 105 1.475:8%  0.863-33 - 1.62/5 -14.49 -13.25 30.83 32.07
102401.20-574531.0 MSP 188 04V-II1 1413 1.230°53  0.659:8% 2.803-95 1.01/64 -13.15 -12.31 32.17 33.02
102401.39-574529.8 MSP 175 05.5V-111 138 175248 0.309-44 - 1.03/3 -14.91 -12.30 30.42 33.03
102401.52-574557.0 MSP 263 06.5V 76 277338 0.399:38 - 0.96/7 -14.83 -12.82 30.49 32.51
102402.06-574527.9 MSP 167 OBI1L 77 1.92%2:48 0.543:91 2.805:3% 1.37/37 -13.18 -12.07 32.15 33.26
102402.32-574535.3 MSP 203 O6V-III 218 117539 0.88%: 48 - 0.73/9 -14.23 -13.15 31.09 32.18
102402.37-574530.5 MSP 18 05.5V-111 266 1.752:27  0.6278 - 0.92/12 -14.22 -12.84 31.11 32.49
102402.43-574436.1 MSP 183 04V 2110 1.48189  0.389-37 3.065:82 0.86/104 -12.60 -11.81 32.73 33.51
102402.67-574534.4 MSP 199 03V 45 - - - - - - - -
102404.88-574528.0 MSP 171 o5V 39 - - - - - - . -
102406.63-574715.9  Src3 09.5V 16 - - - - - - . .
102416.24-574343.8  Src2 08.5111 174 2.037:37  0.563:59 - 1.58/7 -14.25 -12.51 31.08 32.82
102418.40-574829.8  WR 20b WN6ha 1504 4.023-99  0.383:39 5.347-92 0.93/76 -12.50 -11.58 32.83 33.74

High mass sources identified using the high mass source lists of Rauw et al. (2007) and the SIMBAD

database. Only those sources with > 50 counts were fit in XSPEC.

Table B.38: Westerlund 2 Candidate OB Star X-ray Spectral Parameters

Chandra Source Name Sp. Type Net Cts. Ny kT kT Xz/u log FXh.c log FXt,c log Lxh.c log th,c

(CXO J) (1022cm?)  (keV)  (keV) (erg crrl’zéfl) (erg cm™2s7 1)  (erg s’i) (erg s~ 1)
102334.02-574703.8 2MASS J10233400-5747038 - 148 3.593 7% 078592 - 0.56/6 -13.90 -12.78 31.43 32.54
102345.62-574802.7 2MASS J10234564-5748027 - 68 1.673:27  1.31242 - 1.06/5 -14.38 -13.63 30.95 31.70

Source names determined using the SIMBAD database. Only those sources with > 50 counts were fit in

XSPEC.
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Figure B.46: Plots of derived source parameters for the bright ‘unidentified’ source
population of Westerlund 2. (a) Distribution of absorption corrected 2-8 keV Lx. (b)
Distribution of best fit thermal plasma temperature (k7). (c) Distribution of best fit
absorbing hydrogen column (Ny). (d) Distribution of Kolmogorov-Smirnov variability
statistic with log Pxg < 0.05 indicating variability. (e) Plot of absorption corrected 2-8
keV Lx against best fit thermal plasma temperature (k7). (f) Plot of median photon
energy (Epedian) against best fit thermal plasma temperature (k7). (g) Plot of

absorption corrected 2-8 keV Lx against median photon energy (Epedian). (h) Plot of

best fit absorbing hydrogen column (Ny) against median photon energy (FEmnedian)-
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(Emedian) for the Westerlund 2 ‘unidentified’” source population divided according to

Eredian (left) and variability (right). Left: the red arrows mark Epeqian < 1.8 keV

(indicating an upper limit of log N < 22.2 cm™2), blue inverted triangles 1.8-3 keV

(indicating the lightly obscured population) and purple triangles > 3 keV (indicating the

heavily obscured population. Right: Inverted red triangles refer to non-variable sources,

blue stars representing variable sources and the purple triangles representing strongly

variable flaring sources.
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Table B.39: Westerlund 2 Diffuse Emission X-ray Spectral Parameters

Region Ny kT kT Z/Z¢ Xz/u log FXh,c log Fxt,c log Lxh,c log th,C
(1022cm?2)  (keV) (keV) (erg em™ 257 1) (erg em™2s71)  (erg sT1)  (erg s 1)
total  1.013:89  0.670:85 4.103-85 0.363:35 0.94/772 -11.71 -11.26 33.61 34.06
core  1.1443%  0.683:7% 3.383:85 0.270:39 1.18/652 -11.9 9 -11.50 33.33 33.82
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Figure B.48: Westerlund 2 total cluster diffuse emission spectrum (left) and cluster

core diffuse emission spectrum (right). The spectra were rebinned for plotting purposes

using XSPEC’s ‘setplot rebin’ command. Only the 1-5 keV and 1-7 keV energy ranges

are shown for the total cluster and core spectra respectively, as they approach

background levels outside these ranges.
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