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Abstract

Stellar clusters are vitally important laboratories for agophysical re-
search. These clusters, some of which have populations nwerig in
the hundreds of thousands, comprise a coeval stellar poptita of sim-
ilar chemical composition at the same distance, the analgsbf which
can confront stellar evolution theory as well as o ering inghts into the
distribution of stellar masses in the Galaxy, the so callednitial Mass
Function. Additionally, these clusters are the engines by kich mate-
rial in the Universe is recycled through the evolution and dstruction

of massive stars which redistribute material throughout aegion via a
cluster wind. This is a process best observed at X-ray wavetghs due
to the temperature of the winds, however the actual strengtlof a clus-
ter wind can be masked by apparent di use emission from unrelsed
sources in the region. In this Ph.D. project | have investigad this
issue by characterising the X-ray emission from the youndgeGalactic
star clusters and quantifying the strength of the relative entributions

to the observed di use emission. These observational resulvere found
to be in agreement with theoretical models in the literature Addition-

ally, this analysis provided a wealth of information on the arious cluster
sub-populations as well as the clusters as a whole. Trendsthe prop-
erties of the sub-populations with cluster age were invegtted verifying
previous observational results from the literature as wells demonstrat-
ing new trends, such as the frequency of magnetic wind sousc@ the
youngest clusters. Supplementary to these analyses, theivarsality of
the Initial Mass Function was probed in these clusters usinthe distri-

bution of X-ray luminosities in a population known as the X-ay Lumi-

nosity Function. This was achieved by comparing the derivedluster
X-ray Luminosity Functions to a well known and surveyed stédr popu-
lation. It was found that the shape of the X-ray Luminosity Function of
the clusters were generally consistent with that of the cddration 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 agrophysical research. These
clusters, some of which have populations numbering in the hdreds of thousands,
contain stars with a wide range of masses, all of which formé&®dm the same parent
molecular cloud at about the same time. As such, these clustecomprise a coeval
stellar population of similar chemical composition at the ame distance, the anal-
ysis of which can confront stellar evolution theory as wellsao ering insights into
the distribution of stellar masses in the Galaxy, the so cat Initial Mass Function
(IMF), which is crucial for the understanding of the evoluton of stellar systems.
Massive young star clusters will, depending on their initlamass, harbour a mas-
sive star population. Such clusters could be argued to be additional importance
as, not only do they allow investigation of the IMF to higher nasses, but also can
have dramatic e ects on their surroundings due to massive etar winds and later
Supernovae (SNe) ejecta driving a cluster out ow, known as eluster wind. This
process enriches the local InterStellar Medium (ISM), as Weas potentially trigger-
ing further star formation in the region. The pinnacles of yong stellar clusters are
the extragalactic Super Star Clusters (SSCs). SSEare young (1-10 Myr), mas-
sive (1¢ 10" M ) objects with extremely dense cores. ( 1® M pc 2). Such
objects can not only drive star formation in the region but ca drive, or potentially
kill, star formation in entire galaxies when several of SSGntribute to a galactic
scale superwind. Due to its temperature, this cluster windsibest observed in the
X-ray regime. Advances in X-ray imaging and spectroscopy ewv the last decade

There exists some ambiguity in the literature as to the classcation of SSCs. One of the
many sets of classi cation criteria is adopted here, as inWhitmore (2000
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have allowed observations of cluster winds from Galactic yng stellar clusters, as
well as extragalactic SSCs. The problem with many of these sdrvations is that,
particularly for distant clusters, the observed di use X-ay emission cannot be un-
ambiguously attributed to a cluster wind. In such stellar disters, huge numbers
of unresolved X-ray emitting sources can also contribute tdi use emission. Often
in analyses of stellar clusters the contribution of these gces is not quantitatively
determined or, in some cases, is completely ignored and thiln contribution of a
cluster wind can be overestimatedOskinova (2005 model the X-ray emission from
a massive stellar cluster considering both the stellar pofation and the cluster wind.
This author nds that for massive clusters younger than 2 Myr the cluster wind
contributes little to the di use emission. Only after this time when evolved stars
with powerful stellar winds appear, does the cluster wind lggn to dominate the
di use X-ray emission, a con guration which is maintained ly the addition of SNe
ejecta later in the cluster's life. Model predictions wereampared to several Large
Magellanic Cloud (LMC) clusters as well as three massive Galtic clusters and
agreement was found with observation. This result demonsties the overwhelming
importance of including an unresolved stellar populationni such analyses. Quan-
titating its contribution however relies on certain assumpons, 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 itphysical parameters.
This value essentially determines the remainder of its lifggoverning its movement
around the Hertzsprung-Russell diagram. As such, knowleel@f the distribution of
initial masses in a cluster population is hugely importantri 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 unabl® predict its form. Rather,
the IMF is an empirically derived quantity. What makes it mygerious is that the
IMF is seen to be universal, meaning it describes some unknownderlying process
that governs the conversion of interstellar matter to star§Lada and Ladg 2003.
Mathematically the IMF is the number of stars formed per unitlogarithmic mass
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interval. The slope of the IMF is then:

= dlogF (logM )=dogM (1.1

Several studies of the IMF for Galactic stars and open clusteexist in the lit-
erature (see Meyer et al, 200Q for a review). In general, estimates of the slope
of the IMF for stars with M > 1M are consistent with 1:3 (in the IMF
formulation above), similar to the original IMF estimate ofSalpeter(1955 for eld
stars. For stars withM < 1M the function breaks from the Salpeter slope and
attens ( Kroupa et al., 1993. For the lowest mass stars however, there is consider-
able debate as to the shape of the IMF. For illustrative purpses, the Salpeter and
Kroupa IMFs are shown in Figurel.l
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Figure 1.1: Salpeter (S55) and Kroupa (KTG93) Initial Mass Functions derived from
eld stars in the Solar neighbourhood. (Figure 1 of Meyer et al., 2000

The implication of these results with regard to X-ray obsemtions is that if there
are various X-ray emitting sub-populations in a cluster anéssuming for a moment
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that all X-ray sources in a cluster have derived X-ray luminsities (Lx), these Ly
values must also conform to some distribution. This is knowas the X-ray Luminos-
ity Function (XLF) which, like the IMF, should be universally observed. As X-ray
observations of clusters su er less from observational isss like source contamina-
tion and obscuration e ects, the XLF provides a probe of the niversality of the
IMF given the relative ease of deriving the XLF and the abiliy to observe deeply
embedded stellar populations. In practice not all of the Xay emitting sources in
a cluster will be detected with non-detection resulting fro limiting ux sensitivi-
ties, etc. In addition, age e ects must also be considered asurces, such pre-main
sequence stars, have decaying X-ray luminosities. Howevérshould be the case
that the high luminosity end of the XLF for clusters of a givenage have the same
shape. Thus, if we have one cluster of a well known age, withGP@® completeness
and know the decay rates of the X-ray emitting populations, & can infer the total
populations of other observed clusters based on a comparisaf the high luminosity
end of their respective XLFs. This postulate holds only forisgle stellar systems
in the clusters however. The number of binary systems emitiy X-rays, such as
colliding wind binaries, depend on further parameters suchs the binary fraction
and binary separations, etc, which are di erent for each chkter and each system.

In their X-ray/NIR study of the Cepheus B star forming region Getman et al.
(2009 investigate the link between the IMF and XLF of the stellar ppulation
and nd that these quantities are tightly connected. They adiitionally use the
well known Orion Nebular Cluster (ONC) data, taken during tre Chandra Orion
Ultradeep Project (COUP) to scale the ONC XLF to the Cepheus BXLF and derive
the numbers and contributions of the undetected stellar papation. Various authors
use this method (seeBroos et al, 2007 Wang et al, 2007, for example) to derive
the properties of the stellar population which all assume,ral subsequently nd, a
common shape to the high luminosity end of the XLFs, thus infeng a common
shape to the IMF of these clusters, that of the standard IMF fomasses> 0:5M
found for the ONC Hillenbrand (1997. Thus, this technique not only provides a
guantitative estimate of the X-ray emission from the unredwed stellar population
of these clusters, but also serves to test the universalityf the IMF.
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1.3 Rationale and Plan of the Thesis

Considering the preceding discussions, the scienti ¢ gofdr this Ph.D. project is
three fold:

1. First and foremost, to facilitate points 2 and 3, | will cary out an X-ray cen-
sus of the youngest Galactic star clusters. To this end | wjllusing archival
Chandra data, identify the X-ray emitting point source population in each of
the clusters and use these data to quantify the unresolvededfar population
contribution to observed di use emission as well as determing the contribu-
tion due to a cluster wind. Though some of these clusters haatready been
subject to detailed X-ray treatments, the data reductions ad analyses are
repeated to ensure homogeneity in the results.

2. | will investigate the predictions of the “ideal' massiveluster model ofOski-
nova (2005 and how they pertain to Galactic clusters of all sizes with ges
up to 5 Myr, when the overall di use cluster emission is expéed to slowly
decline.

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

The remainder of this introduction describes the various Xay emitting sources
expected in these clusters including classi cation critéa and quantitative methods.
I will then give a brief history of X-ray astronomy and theChandratelescope before
discussing the programme cluster selection.

Chapter 2 - Data Reduction and Analysis
Of prime importance in the analysis of theChandra 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 wudters. A detailed
account of the analysis of one cluster is given before sumnzarg those of the
remaining clusters.
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Chapter 4 - Di use Thermal X-ray Emission in the Core of Weste rlund 1

Data reduction and analysis in this project were carried outvith speci ¢ goals
in mind, namely the characterisation of the X-ray emitting ppulations of the pro-
gramme clusters. However, on occasion, additional resdaevenues presented them-
selves and, where time allowed, these were investigated teetfull with a view to
publication. In this chapter, one of those results is prestad, namely the identi ca-
tion of hard thermal X-ray emission in the core of Westerlund usingXMM-Newton
observational data.

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

In this results chapter | will rst describe the various cluser sub-populations
and their global properties before discussing the result$ the nature of the di use
emission in each of the clusters and how they t with the modepredictions of
Oskinova (2009. Finally, I will detail the variation in the cluster XLFs an d how
they t with a universal IMF.

1.4 X-ray Emission from Across the Mass Spec-
trum

Given the distribution of stellar masses in young clusters variety of X-ray sources
emitting via various mechanisms will be present in these dters. | will now de-
scribe the various X-ray emitting subpopulations we can exget in the clusters and
highlight the observationally derived properties of the sarces which will be used to
classify detected sources during the cluster analyses.

1.4.1 Massive Stars - Radiatively Driven Instability Shock S
(RDIS)

Strong X-ray emission from single hot stars was one of the trscienti ¢ results
from observations with theEinstein Observatory. Lucy and White (1980 and Lucy
(1982 attributed the observed emission from these stars to shodikeated gas re-
sulting from radiatively driven instabilities in their powerful stellar winds, a model
which has changed little to this day. Early surveys of massavstars and star form-
ing regions with Einstein identi ed the so called “canonical' relationL x=L,, 10 ’
(seeSeward and Chlebowski1982 for example). A systematic study of the X-ray
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emission from hot stars detected in th&ROSAT All-Sky Survey by Berghoefer et al.
(1997 con rmed this relation showing it to hold down to stars of B3spectral type,
see Figurel.2 Stars of later spectral type do not have su cient radiation elds to

radiatively accelerate a wind out of their gravitational elds and thus cannot emit
X-rays via this mechanism.

28 - - ;LOW v . o detections
- + upper limits

35 36 37 38 39 40
Iog ( LBDI)

Figure 1.2: X-ray luminosity against bolometric luminosity for a ux li mited sample of
OB stars observed during theROSAT 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 10 7 of the bolometric luminosity of these massive OB stars is ettad
via X-rays, absorption correctedLy values in the 10** 10% erg s ! luminosity
range are expected for RDIS emitters. In additionBerghoefer et al(1997 nd that
all of the detected massive stars are soft X-ray emitters witvalue ofkT ~ 0:5keV.
Thus, classi cation criteria for massive stars emitting v@ RDIS mechanism okT . 1
keV and 0.5-8 keVLy 10°* 10*®ergs?! are set.

1.4.2 Massive Stars - Magnetically Con ned 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 stavaded this classi ca-
tion and presented with peculiar hard and/or periodic X-rayemission which could
not be explained using the RDIS model (sedBabel and Montmerle 1997h Gagne
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et al., 1997 for example). To explain this emissionBabel and Montmerle (1997H

devised a model which supposes the presence of a magnetid #lat channels the
stellar wind down to the equatorial plane where the winds fra the two hemi-

spheres collide producing a hot shocked plasma with temparees exceeding 10
K (see Figurel.3), su cient for the production of moderately hard X-ray emission

with luminosities comparable to those achieved in the RDIS adel. This model was
successfully applied to many sources including the O7V stat Ori C (Babel and
Montmerle, 19973, an O star with a known magnetic eld. However, in these OB
stars the ability of the magnetic elds to channel the winds ¢ the magnetic equa-
tor is expected to fall quickly as the stellar mass loss ratescrease Gchulz et al,

2003. Consequently, it is likely that only later O or early B stars will emit via this

mechanism. Thus, classi cation criteria for massive staremitting via the MCWS

mechanism have been chosen &3 & 1 keV and 0.5-8 keVLx 10 10°2 erg

s 1.

postshock region
emitting X-rays

\\
». disk formation "

Figure 1.3: Schematic of Magnetically Con ned Wind Shock model to explan X-ray
emission from magnetic early type stars. (Figure 7 of Babel and Montmerle, 19970

1.4.3 Massive Stars - Wolf Rayets

Wolf-Rayet (WR) stars are evolved massive O-type stars in adnced nuclear burn-
ing stages. These sources are characterized by their extedynpowerful metal rich
winds that enrich the ISM. WRs are subdivided based on the damant features in
their spectra, i.e.- nitrogen rich (WN), carbon rich (WC) ard oxygen rich (WO).


Introduction/IntroductionFigs/mcws.eps

1.4 X-ray Emission from Across the Mass Spectrum

WRs have long been known to be X-ray emitters with the rst de¢ctions coming
from the Einstein observatory. WN stars are strong X-ray emitters yet the emis
sion processes are not well understoodkinner et al. (2010 perform an analysis
of several apparently single WN systems and nd that the spé@a are well t with

a heavily absorbed (due to local absorption by the winds) twéemperature model
with one cool kT < 1 keV) and one hot KT > 2 keV) component, with derivedL x
values in the 16* 2 erg s ! range. The soft component is consistent with RDIS in
the stellar winds, as in OB stars. However, the hard componers not consistent
with this picture. As such, these authors discuss alternate sources for the hot
plasma including MCWS emission. Though they determine MCW$ be a good
candidate, they highlight the fact that no magnetic eld hasever been detected from
a WR star. WC stars on the other hand are found to be X-ray fain{or perhaps
X-ray quiet) by several authors (seeOskinova et al, 2003 Skinner et al, 201Q for
example) with no conclusive detections to date. This is modikely due to much
larger wind opacity than the WN stars, an idea tested byskinner 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 rag to escape the dense
wind. X-ray emission has been detected from WO stars which V& even denser
winds. Oskinova et al. (2009 detect hard (10 keV) faint (Lx  10®° erg s ?)
X-ray emission from the WO star W142. Thus X-rays from this sarce are su -
ciently hard to penetrate the circumstellar material, thowgh, 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 contathin binary systems.
Observationally derived binary fractions for high mass sta in clusters range from
about 10-80% Mermilliod and Garca, 200J). In addition, the mass ratio in massive
binaries approaches unity meaning these binary systems st of two high mass
stars. When such stars are in close proximity, their powerfwinds collide forming
a hot shocked plasma which radiates at X-ray energies. Thigsqress was initially
proposed byPrilutskii and Usov (1976 and Cherepashchuk(1979 and was later
cited to be the mechanism responsible for WRs in binary syste being more X-ray
luminous than in single systems Rollock, 1987. Now, these so called Colliding
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Wind Binaries (CWBSs) are relatively common with several var well known exam-
ples including the enigmatic Carinae and the “canonical' CWB WR 140. These
source typically exhibit two temperature spectra with a sdafthermal component
(< 1 keV) describing the shock stellar wind of one or both the sta (RDIS) and a
hot component & 2 keV) to describe the shock heated material due to the coliith
wind zone. In addition, these sources can be extremely brighvith  Carinae hav-
ing an Lx well in excess of 18 erg s '(see Leutenegger et al.2003 Seward et al,
2001, for example). On the lower scale, these sources hdwe values& 10*? erg s .

1.45 Low Mass Pre-Main Sequence Stars

Low mass starsi1 . 2M ) while still in their Pre-Main Sequence (PMS) evolution-
ary phase are collectively called Young Stellar Objects (YX&&). The very youngest
YSOs (Class 0, 10" yr) are completely embedded in their parental molecular clml
core, undetectable at optical or even Near InfraRed (NIR) weelengths. As the star
evolves it accretes material from the surrounding cloud, deicing the amount of
absorbing material until the star is visible at NIR wavelenths (Class I, 10 yr).
Once the star emerges from the gaseous envelope it entersTit$auri phase. Ini-
tially, the surrounding material settles into an accretiondisk forming a classical T
Tauri system (Class II, 10° 7 yr). Finally, when the disk has been either accreted
or dispersed, the star enters the weak lined T Tauri phase (&s Ill) and though it
may resemble a main sequence star, is still in a contractiomase.

Class | to Class Ill YSOs are known to be moderately bright Xay emitters
(Favata and Micelg 2003 Feigelson and Montmerlg 1999 with signs of strong
non-periodic aring. Class | YSOs will, due to the surroundag material, be more
absorbed at X-ray wavelengths than Class Il or 1l YSOs unlssthe viewing angle
of the Class Il YSO is such that it is hidden behind its accretin disk (see Figure
1.4). The X-ray emission from YSOs is largely due to the presencé a magnetic
eld ( Feigelson and Montmerlg1999. In Class | and Class Il YSOs, the observed
quiescent X-ray emission (or part thereof in the case of Cas$l YSOSs) is thought to
be due to the stars accreting material from the surroundinglaud or disk along the
magnetic eld lines onto con ned regions of the stellar sudce, so called hot-spot
accretion zones. At these points, the infalling material ishocked and heated to
X-ray emitting temperatures. Emission from Class Ill YSOss fundamentally dif-
ferent given these objects are not accreting. The X-ray emsisn from these objects

10



1.4 X-ray Emission from Across the Mass Spectrum

is thought to be a scaled-up Solar corona like activity, dueotthe same emission
mechanisms but 3-4 orders of magnitude brighter than the Suihis emission pro-
cess likely contributes to emission from Class Il YSOs alstn addition to quiescent
emission, YSOs are observed to undergo aring eventslontmerle et al. (2000 pro-
pose that interactions in the star-disk magnetosphere ar@sponsible of the aring
events in accreting objects. This model suggests that magdite eld lines anchored
to both the star and the disk become twisted due to the di eretial rotation. Mag-
netic energy builds up and is released and converted to theaimenergy in powerful
magnetic reconnection events which heat the con ned plasntaving rise to a burst
of X-ray emission.

Classical Weak-lined
T Tauri T Tauri
Star Star

Infalling Evolved

ROPERT!
rROVENINS Protostar Protostar

AGE 4 5 6 7 6 7
(YEARS) 10 10 10 -10 10 -10
syt I Class | Class II Class Il
Thin or

Disk Yes Thick Thick | Non-existent
X-RAY ? Yeas 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 sate that is not a
high mass source is likely a low mass PMS object. As such, amusce without a
high mass stellar counterpart is labelled as a PMS source. & PMS sources are
expected to have 0.5-8 ke\Lyx values from 16° 32 erg s ! though strongly aring
sources may be brighter. Additionally, their plasma tempetures are expected to
cover a broad range ( 0.1-1.5 keV) for quiescent sources, increasing during ag
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 staroducing SNe after

11
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3 Myr, it is unlikely that post-SN objects will be detected ofen given that only
a small number of the clusters to be studied are of su cient agto host a SN (see
Sectionl.7) and that only the most massive of these would have containgdde most
massive stars which undergo a SN event after 3 Myr. Nevertheless, potential
X-ray sources resulting from these events are briey discesd 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 scXleay luminosity
and emission mechanisms vary considerably. The rst, mospsctacular stage is the
shock breakout burst. SNe produce no electromagnetic ratan until the explosion
shock reaches the stellar surface. At this point the shock daks through the surface
producing a brilliant burst of X-ray or extreme ultraviolet photons. If a total of 1¢**
erg of energy is released in the supernova explosion, som&0* 4’ erg are expected
to be released in X-rays during shock break-outCalzavara and Matzney 2009.
After the break-out burst, the X-ray luminosity reduces cosiderably. The dominant
emission mechanism after the break-out is the ejecta/CircuStellar Medium (CSM)
interaction. The X-ray luminosities from this phase can rage from 10°° “lerg
s ! depending on the wind properties of the SN progenitor and théme after SN
event. Inverse Compton cooling of relativistic electronsrpduced in the explosion
can also contribute to the X-ray emission from some young SNé&Jpscattering of
optical or UV photons to X-ray energies can, depending on theorentz factor and
the e ective temperature of the photospheric emission, prhuce a detectable X-ray
ux for the rst few days after the outburst. A further contri bution to the X-ray
emission comes from the radioactive decay of the ejectarays due to the radioactive
decay of isotopes of Fe, Ni and Co are produced. After a few hired years the
ejecta reach the boundary between the CSM and the Interstal Medium (ISM).
The same interaction occurs as with the CSM but the reductioin ejecta velocity
and density over time causes the X-ray luminosity to be soméat reduced. This
is known as a SuperNova Remnant (SNR). SNRs can also interagith the stellar
winds of nearby massive stars in the clustersvéhzquez et al, 2003. Although
SNRs are very bright objects in the X-ray regime ( 10°** 3¢ erg s ! or brighter
depending on their environment) they are somewhat short kad lasting only a few
tens of thousands of yearslifymler 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 mas, produce either
a neutron star or black hole. As one might expect, isolated &tk holes are not
X-ray emitters, however neutron stars in their normal, pular and magnetar variety
are. Emission can either be a product of synchrotron emisei®f charged parti-
cles due to the immense magnetic elds or due to the surfacemerature of the
stars themselves, particularly from the polar caps where ¢hstar is bombarded with
relativistic particles returning from the magnetosphere @ the surface (seeKaspi
et al., 2004 for a review). In reality, X-ray emission from single collpsed objects
results from a combination of the aforementioned processe3bservationally, these
X-ray emitting objects would present as bright objectsl(x> 10*? erg s 1) without
a stellar counterpart and have featureless X-ray spectragdcribed 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 sy&in, the primary
star will eventually undergo a supernova event. Providingte system is not disrupted
by a SN kick, this will leave one high mass star with a compacbmpanion (either
neutron star or black hole) known as a High Mass X-ray Binary{MXB). In such
a system X-rays will be produced via the relativistic accr&gn of material onto
the compact object. This mechanism can, depending on the lairy con guration,
produce large X-ray luminosities 10® erg s?! (Liu et al., 2009. In the wider
con gurations, the luminosity is reduced ( 10*® % ergs?! Liu et al., 2009 as the
transfer of material to the compact object is via the stellawind of the high mass
star, which is known as wind-fed accretion.

1.4.7 Diuse Sources

It is likely that there will be di use emission observed in may of the clusters to be
studied in this project. This emission may be truly di use reulting from a cluster
wind for example, or maybe due to unresolved point sourcestime cluster. However,
it can be dicult to determine the true nature of di use emission and models of
possible sources must be used to assess the strength of eadividual contributor.

13



1.4 X-ray Emission from Across the Mass Spectrum

The possible sources of di use cluster emission are desedbbelow 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 @ssive star popula-
tion. These massive stars are the source of large amounts pérgy and mass being
injected into the cluster volume via stellar winds. The wind collide and thermal-
ize, lling the cluster core volume with a hot, shocked plasian After some time,
the out ow from these thermalized winds becomes stationargnd a steady state
cluster wind ensues Canb et al., 200Q and references therein). The temperature
of this hot, di use plasma in the cluster volume is su ciently high to radiate at
X-ray energies and hence, depending on the strength and nuembof stellar winds,
may contribute to the observed di use emission in the clusts. Canb et al. (2000
describe an analytic model for this process with individuastars in a spherically
symmetric cluster injecting mass and energy into a clusterimd, see Figurel.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 Canb et al., 2000

Stevens and Hartwell(2003 re ned this model, incorporating lower thermaliza-
tion e ciencies and mass loading, to predict the propertieof the cluster wind for
some Galactic and Magellanic Cloud clusters and comparedetim to observations
nding some trends in the input model parameters with obse®d 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 contrilbort from an unresolved
population in their analysis. To predict the contribution o a cluster wind to any
observed di use emission in the clusters, th€anb et al. (2000 model is used here
in combination with the mass and energy input equations dbtevens and Hartwell
(2003 to derive theoretical cluster wind parameters, namely theentral ion number

density and the central plasma temperature. These are givess:
!

1 2
Ngo ML Vi Rc
=0:1IN —< 1.2
cm 3 105M yr !  10kms? pc (1.2)
TO V, 2
— =155 10 —% 1.3
K 1Bkm s ! (1-3)

where N is the number of stars contributing to the thermalized clusgr wind, M is
the average mass loss rate per stav,, is a weighted average wind velocity of the
stars andRc is the radius of the region containing the stars. To determaM. and
vy, the known spectral types of the high mass population were e to determine
the O star wind terminal velocities fromKudritzki and Puls (2000 and mass loss
rates from Howarth and Prinja (1989. Similarly, WR wind terminal velocities and
mass loss rates were adopted fro@rowther (2007). To determine an estimate for
the X-ray luminosity due to a cluster wind, the method ofMuno et al. (20060 is
used. The derived central ion densityr{p) is used in combination with the cluster
radius (Rc¢) to calculate an emission measure using the equation:

4
3

This emission measure is then used to calculate a normalizat for a thermal
plasma model INXSPEC (see SectiorR.2), which, in combination with the derived
central plasma temperature KTy), is used to extract X-ray uxes and derive X-ray
luminosities. One must be aware however that the model usedrfthese cluster
analyses does not incorporate the thermalization e ciencyand mass loading of the
cluster wind described byStevens and Hartwell(2003. In practice, the adopted
model assumes no mass loading and a thermalization e cienof 1 (i.e. - no radia-
tive losses in the conversion of the stellar wind energies tioe cluster wind). This
may be simplistic and it is noted here that a change in eithergrameter would serve
to increase the predicted overall X-ray luminosity and redete thekT, value.

Kem = - R &ng (1.4)
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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 one will fall below the
detection threshold of the observation. These sources, tngh point-like in nature,
will manifest as di use emission in the cluster volume. To &ess the contribution of
unresolved PMS population, the methods adopted bgroos et al. (2007; Getman
et al. (2009; Wang et al. (2007; and others are used. An XLF is constructed for
the brighter low mass PMS sources in each of the clusters anongpared to that of
the ONC using data from the COUP. Assuming that the clusters &wve similar IMFs
which infers similar PMS XLFs, the shape of the high end PMS XEs for each of
the clusters should be similar to that of the ONC. As such, th©NC XLF can be
somewhat reliably scaled to that of the cluster, illustratd 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 Figue 1.6) thus provides
an estimate for the contribution from the unresolved sourse

1000 prrrrprrrrrrrrrrrrTTTTE RARRAISRRINASEAS RIS RARRAIRRAI CaRsaLe q

dN/d(Log (L, )

R LTI PUVTT/A000 | PUPPTVVU FOTYVVORTN TTOTETY FOVRTTTY 1N IOTUPTTR

ninm bianaliig
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 saled COUP XLF. The
diagonal lines mark the “missing' PMS population region wheh is integrated to
determine an estimate of the X-ray luminosity due to an unre®lved 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 astiomy. X-ray radiation
is absorbed by the Earth's atmosphere so detectors must benséo high altitudes
or to space itself. The rst cosmic X-ray source was detecteldy accident in the
sixties with a detector mounted on a rocket sent high into th@tmosphere. Subse-
quent experiments were mounted on balloons which could obge at the top of the
atmosphere for longer periods but still su ered from atmodperic absorption. Even-
tually X-ray telescopes were built into satellites and plaad into orbit high above
the atmosphere where the entire X-ray spectrum could be olvged. Past satellites
such asEinstein, ASCA, BeppoSaxand ROSAT gave observers the rst insight into
cosmic X-ray production. The current generation of imagingX-ray observatories
(XMM-Newton, Chandra and Suzaky are capable of high spatial and spectral reso-
lutions and as such have led to the discovery of new classeselestial objects and
processes. Of these current generation telescop€sandra, with its very high spa-
tial resolution, is most suited to the requirements of this R.D. project. Chandrais
capable of resolving individual sources in clusters froméhdi use emission. Though
the other telescopes such asMM-Newton are incredible instruments in their own
right, for the study of stellar clusters they are slightly lss suited thanChandra
In the following section | will give a description of theChandra satellite and the
instrument of choice for this project, the Advanced CCD Imamg Spectrometer.

1.6 Chandra

Chandrais a space observatory that is used to study a variety of X-rgghenomena
in the Universe in the 0.1-10 keV energy range. At the front dhe X-ray telescope is
the High Resolution Mirror Assembly (HRMA), which is capabé of focussing X-ray
photons to sub-arcsecond spatial resolution. Chandra'steygrated Scienti ¢ Instru-
ment Module (ISIM) houses two focal plane instruments (the dvanced CCD Imag-
ing Spectrometer (ACIS) and the High Resolution Camera (HRJJ along with two
transmission grating spectrometers (the Low Energy Transission Grating (LETG)
and the High Energy Transmission Grating (HETG)), see Figuw 1.7. These instru-
ments can be placed in various con gurations and/or run in vaous modes to suit
the needs of the observer be they spatial, spectral or tem@br Chandra along with
the Hubble Space Telesco@nd the Spitzer Space Telescopés one of NASA's Great
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1.6 Chandra

Observatories still operational. The satellite was laun&d by the shuttle Colom-
bia (STS-93) on 23rd July, 1999, into a high elliptical orbitallowing uninterrupted
observing times of over 48 hours.

Solar Array (21 Sunshade Door

Spacecraft
Madule

Aspect Camara
Stray Light Shade

H
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High Resolution
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Spectrometer Antenna {2}
|ACas|

Figure 1.7: A rendered image ofChandra and its instruments

Chandra has now been collecting data for some 11 years, the majoritywhich
is publicly available via the Chandra Data Archive {ttp://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 maitains the Chandra In-
teractive Analysis of Observations (CIAO) data reduction sftware, and the Chandra
CALibration 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 # HRMA o ers sub-
arcsecond resolution (allowing point sources to be resalvérom the di use back-
ground) with moderate spectral capabilities (allowing resonable spectral analysis
of point and extended sources). Hence, | limit the descrin of Chandra's scienti ¢
payload to the HRMA and the ACIS instrument.

1.6.1 HRMA

The HRMA consists of four pairs of concentric, grazing-indence Wolter Type-I
mirrors (see Figurel.8) with a total focal length of 10.07 m. The mirrors were
fabricated from Zerodur glass, a material that chemically rad thermally is highly
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1.6 Chandra

stable (thus suited to the harsh environment of space), whiccan be polished to a
very high accuracy (seedschenbach 1985 for a discussion of the X-ray optics and
fabrication techniques). The mirror assembly has a ghostele FOV of 30' diameter
and, depending on the focal plane instrument used, has an awis 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 o -axis angle of any sowe focussed by the
HRMA (see Figuresl.10and 1.17).

Mirror
Zerodur support
mirrors sleeves

Inner
support
eylinder

Flexures

Farward 0 Canter

aperture l retra— . aperture plate

plate reflectar Aft aperture
1\ eallimatar Plate

|
/o

Thermal Outer Thermal
pre— eylinders HRMA post—
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/POG/html/ACIS.html )
onboard Chandra consists of two CCD arrays, the ACIS-1 and thACIS-S, which are
capable of imaging the sky with high spatial resolution whal simultaneously taking
moderate resolution spectraf—E =20 50) in the 0.3-10 keV energy range. The
ACIS-I consists of four CCDs in a square arrangement and li@arigent to the focal
surface of the telescope. The ACIS-S consists of 6 CCDs in melr arrangement
and lie tangent to the HETG Rowland circle used during the griang readout mode
(see Figurel.9). The ACIS-I has a 16.9' 16.9' FOV whereas the ACIS-S has a
8.3' 50.6' FOV in imaging mode.

The spatial resolution for both ACIS arrays is 0:49" on-axis and increases with
increasing incident photon energy and o -axis angle (seedtiresl.10and 1.11). The
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1.7 Programme Clusters Selection

ACIS-I Array

30 S1 52 33 sS4 S5

ACIS-S Array

Figure 1.9: A Schematic Drawing of the ACIS chip arrays. The shaded arearidicates
the active CCDs during ACIS-I observations. (From the Chandra Proposers'
Observatory Guide)

e ective area (the ability of the telescope mirrors to collet radiation at di erent pho-
ton energies folded through the detector response) also s with incident photon
energy and o -axis angle (see Figur&.12. The primary di erence, apart from chip
arrangement, between the ACIS-I and ACIS-S arrays is theirperating con gura-
tions. The ACIS-I1 CCDs are front illuminated chips (the surhce containing the gate
structures facing the HRMA) whereas the ACIS-S CCDs are badkuminated (the
depletion layer (the sensing region of the pixels) are expaabto the photon beam
from the HRMA). The e ect of these two con gurations is that the ACIS-S has a
lower spectral resolution than the ACIS-I array while in imging mode but is more
sensitive to lower energy photons. Because of this, the ACE array is typically
used while observing faint extended objects, such as distaor heavily absorbed
stellar clusters, over limited exposure times. However, rfahe 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 studyn this PhD thesis, a well
established and frequently updated catalogue of open cless is required. For this
reason | have selected the Catalogue of Optically Visible @p 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 @bgue was released
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Figure 1.10: Plot of the variation of fractional encircled energy (de ned as the two
dimensional integral of the PSF) with radius calculated for an on-axis point source at
selected energies. (From theChandra Proposers' Observatory Guide)
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Figure 1.11: Plot of the variation of encircled energy radius for circlesenclosing 50%
and 90% of the power at 1.49 keV and 6.40 keV with source o -axd 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 e ective area against photon energy and
vignetting (the ratio of o -axis to on-axis e ective area) a gainst photon energy at
selected angles. Each of these plots clearly indicates theasiation of e ective area with
photon energy and o -axis angle. (From the Chandra Proposers' Observatory Guide)

in 2002 (seehttp://www.astro.iag.usp.br/ ~wilton/whatsnew.txt ). Not only
do the maintainers of the catalogue continually update claer properties (such as
ages, distances, etc.), they also examine the data from drent authors on the same
object for inclusion. As this catalogue is maintained so ragously, it is well recog-
nised by the astronomical community and, prior to the Februgy 2009 release, had
been used and cited in more than 100 papers (which does notlude references to
WEBDA, the web interface of the BDA database of stellar clugrs in the Galaxy
and Magellanic Clouds, on which this catalogue is based, d&i#p://www.univie.
ac.at/'webda/ ). The latest version of this catalogue (Version 2.10) whichontains
1787 clusters can be obtained via the online catalogue weabsiavailable athttp://
www.astro.iag.usp.br/  ~wilton/clusters.txt . | have chosen this optically visi-
ble open cluster catalogue over catalogues from other waegldls (particularly IR)
for several reasons. First of all, optically visible clusts tend to be studied in de-
tail across all wavebands making it much more likely that thestellar populations
(particularly high mass) have had spectral types derived thier spectroscopically or
photometrically. In addition, it is also quite probable tha X-ray observations of the
clusters have been performed with the current generation &fray 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 tudied. Combine this
with the limited cluster property data of the IR catalogues {n general, only cluster
positions and dimensions are given) and the advantages ofngsthe 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 gble clusters,
shown in Table1.1). To make the nal selection of clusters for study in this prgect,
those clusters in Tablel.1that have archived Chandra observations need to be iden-
ti ed. To this end the searched theChandra Data Archive was searched for publicly
available observational data for each of these clusters. iBhsearch yielded a nal
number of 15 programme clusters with one or moi@handra observation. Tablel.2
lists the resulting clusters and their corresponding arcixed 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 161018 1.0 |Berkeley 7 015412 +622200 4.0

IC 5146 215324 +47 16 00 1.0|/Roslund 4 200454 +291300 4.0
NGC 3603 111507 611536 1.0 |Bical 203310 +411307 4.0
NGC 6611 181848 134824 1.3 |Bicaz2 203315 +411845 4.0
Collinder 232 1044 39 593336 2.0 |ASCC75 134710 622512 45
Stock 8 0528 07 +34 2524 2.0|ASCC 117 220459 +621612 4.7

Trumpler 14 104356 593300 2.0 |Bochum 2 06 48 54 +00 2300 4.7
Westerlund 2 1024 02 5746 00 2.0 |Bochum 1 06 2525 +1946 00 4.9
IC 1805 02 3242 +61 27 00 3.0|Trumpler 16 104510 594300 5.0
NGC 1893 052244 +332442 3.0/NGC 2362 071841 245718 5.0
NGC 6823 194309 +2318 00 3.2|Westerlund1 16 4704 455036 5.0
IC 1590 00 52 49 +56 37 42 3.5|Collinder 69 053506 +0956 00 5.0
Feigelson 1 115951 781227 4.0 |NGC2367 072006 215254 5.0
Havlen-Mo at 17 18 54 384900 4.0
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1.7 Programme Clusters Selection

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 Tablel.2 are of young age, one can assume that each is
a site of a recent star formation burst. Indeed most of thesdusters are likely still
forming stars (which would be evident if the clusters contaia PMS population). It
is well known that star formation regions in spiral galaxiesuch as the Milky Way
are localised in the spiral arms on or near the galactic plar(ee. - in the Galactic
disk), given that these regions are subject to the tidal foes required to initiate the
gravitational collapse of dense regions of molecular claid Hence, it is expected
that those clusters in Tablel.2 are located in the Galactic disk. To illustrate this
the locations of the clusters in Tablel.2 were plotted on an all-sky Aito projection
in Galactic coordinates along with those clusters youngehan 5 Myr without X-ray
observations and those clusters older than 5 Myr from the Dsaet al catalogue,
Figure 1.13

Figure 1.13 clearly shows that all of the programme clusters lie, as exgted,
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1.7 Programme Clusters Selection

Figure 1.13: All-sky Aito projection of the clusters listed in Table 1.2 obtained from

Dias et al. Catalogue (red), the clusters listed in Table1.1 without Chandra observations

(blue) and the clusters from the Dias et al. Catalogue older han 5 Myr (grey). This plot
clearly shows that all of the programme clusters lie in or neathe Galactic disk.
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in or near the Galactic disk. One very noticeable feature ohe distribution of the
programme clusters in Figurel.13is the grouping of Collinder 232, NGC 3603,
Trumpler 14, Trumpler 16 and Westerlund 2. This is in fact unarprising as these
clusters are all situated in the Carina spiral arm. Collinde232, Trumpler 14 and
Trumpler 16 are all contained in the Carina Complex star fornmg 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 a6.9 kpc (see Tablel.1).

1.7.3 Cluster Completeness

The Dias et al. Catalogue used for the selection of programmkisters in the project
contains approximately 1800 clusters, the furthest beingta distance of 14 kpc.
However, within this distance the catalogue is incompletew# to e ects such as
clusters being faint or heavily obscured. To estimate the ompleteness of the age
ordered cluster table (Tablel.1l), we must rst know how complete the entire sample
is. Unfortunately, there are no completeness estimates fibre Dias et al. Catalogue.
There are, however, much more detailed studies of total nurabs of Galactic open
clusters in the literature that incorporate the clusters inthe Dias et al. Catalogue
as well as several others. Two such studies are thosePagkunov et al. (2009 and
Bonatto et al. (20063 which take into account factors such as the disk scale heigh
and scale length, the variation in stellar density due to thepiral arms, etc. Each of
these studies estimates 1 open clusters in the Galaxy. Given that 27 of the 982
clusters with ages in the Dias et al. Catalogue are youngerah5 Myr ( 3%) and
assuming this cluster age distribution scales to the estirted Galactic population,
it is expected that there are 3 10° clusters with ages. 5 Myr. Hence, it
follows that the sample of 27 clusters listed in Tabl&.1is 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, corstent reduction and anal-
ysis procedures are required to ensure each cluster is azaly in an identical manner.
The following sections outline the reduction procedures gioyed for Chandra data
for the analysis of both point sources and di use emission.

2.1.1 Observational Data Processing

The Chandra datasets for those program clusters whei@handra data are available
were obtained via theChandra Data Archive (CDA). Only datasets with the highest
exposure times and suitable observation modes were reteevto reduce data pro-
cessing and analysis times. For example, Trumpler 16 was ebged by Chandra's
ACIS instrument 7 times: one exposure of 14 ks, 4 of 15 ks, one2@ ks and one
of 90 ks. Only the 90 ks observation was retrieved for analgsas the addition of
the shorter exposure datasets greatly increases analysimé without adding signif-
icantly to the results. Although this would increase the toal counts for each source
with some improvement in source statistics, etc., given theumber of clusters to be
analyzed, a limit to the amount of data analyzed per cluster st be imposed to
keep the analysis timescales reasonable. In the case of Wdshd 1, which was also
observed with the ACIS instrument 7 times, 5 of these obsertvans were taken in
the “continuous clocking' observation mode which providesry high temporal res-
olution at the expense of 1 dimension of spatial resolutiomd are thus not suitable
for analysis in this project. Table2.1 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-| 151
NGC 3603 1 200058 633 ACIS-| 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- 40,50,50
IC 1805 1 900449 7033 ACIS-I 80
NGC 1893 3 200383,200383,200383 6406,6407,6408 ACIS-1 ,108,128
IC 1590 1 200357 5425 ACIS-| 62
Bica 1 1 200280 4511 ACIS-| 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 @andary' data product
directories. The primary data product directory contains d of the necessary data
les required for most analyses. Included in these les is advel 2 event le which
has been produced by Standard Data Processing, an automatddta processing
pipeline run at the CXC. The "Level' of a data product refersd the stage of the
pipeline reached in processing the data. Level 2 event leseacalibrated and |-
tered event les and are of su cient quality for data analysis. In principle one could
extract these pre-processed Level 2 event les and use theor further analysis.
However it was decided not to take this approach, for two reass. First of all, when
the Level 1 observational data les (les with only instrument-dependent correc-
tions applied) are processed in the pipeline, a default set processing parameters
is used which may or may not be conducive to the users requirents. Essentially
the user must relinquish some control of the data processing the pipeline, which
could cause problems later in the analysis. Secondly, thevet 2 event le produced
by the pipeline has been calibrated using the most recentlwailable calibration

1This table of retrieved datasets does not include all of the tusters marked for analysis in
Table 1.2. Reasons for the omission of two of these clusters, namely Gioder 232 and Feigelson
1, are given at the beginning of Chapter3
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les and pipeline software. Hence, the primary products intte datasets listed in
Table2.1 may have had di erent calibrations applied with di erent versions of the
pipeline software. This is problematic for two reasons. Fstly, when analyzing
clusters with more than one dataset, this can lead to le coricts when trying to
merge data les from each of the observations. Such mergedtaales are required
for tasks such as source detection and are thus very importafor the rest of the
cluster analysis. Secondly, to ensure homogeneity in theaysis of clusters in this
project, it is preferable to have the same calibrations andrpcessing applied to each
of the data sets. For these reasons it was decided to reproxéise datasets locally
using the CIAO software. The data les required for this processing (the hel 1
data products) are contained in the primary and secondary da directories of the
retrieved datasets.

Data processing was performed usinglAO 4.0 with version 3.4.2 of theCALDB.
The Level 2 event les were produced following the ACIS Data feparation thread
on the CIAO website'. Actual software commands used are deferred to Appendix
A.l. These Level 2 event les were ltered to the 0.5-8 keV energynge (the energy
range at whichChandra is most sensitive). The processed and energy ltered Level
2 event les are then ready for further analysis.

2.1.2 Point Source Analysis
2.1.2.1 Source Detection

The rst step in any point source analysis is to identify the surces in the FOV. This
was achieved usin@ClAO's wavdetectwavelet source detection algorithmKEreeman
et al.,, 2002. wavdetectworks by detecting probable source pixels in a dataset by re-
peatedly correlating it with \Mexican Hat" wavelet functio ns of di erent scale sizes.
wavdetectthen uses the results of these correlations to generate a smulist includ-
ing estimates of source dimensions and propertiegiavdetectis a computationally
heavy task and in general is only run for sub-regions of the RO However, wavde-
tect can be applied to the entire ACIS array by implementing the Lege detect.pl
Perl script of T. Maed& which runs wavdetecton a series of regions within the

1Seehttp://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 analsis guide for the current version of the
software. The processing steps have not changed apart fronhé introduction of the ACIS TGAIN

calibrations in version 4.1.
2Available at http://www.astro.psu.edu/xray/acis/recipes/wavdetec t.html
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FOV, the results of which are consolidated in a master sourdist. The wavdetect
Perl script was run for each of the clusters with wavelet radii (sdes) of 1,2,4,8
and 16 pixels, and with a signi cance threshold of 1 10 8 which corresponds to
about 1 spurious source in the ACIS FOV. Additionally, the nal source lists were
visually inspected using theSAOImage DS9data visualization softwaré to identify
and remove any further spurious sources (due to detector d#cts, etc.) and to
supplement the source list with obvious point sources thawvavdetecthas missed.
In those clusters with more that one dataset, it was rst necgsary to merge the
separate Level 2 event les into one combined event list be® running wavdetect
This was achieved using theCIAO 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 mergedieproject eventswas used to change the sky coordinate
tangent point of the other observation(s) to match that of tre base observation. This
allows the recalculated event les to be merged with the basgbservation using the
dmmergetask to create a master Level 2 event le.

2.1.2.2 Source Extraction, Photometry, Spectroscopy and T emporal Anal-
ysis

The primary goal of point source extraction is to produce pat source spectra with
associated backgrounds and ancillary les for every detest source in the FOV
by extracting events from source and background regions. &ke les can in turn
be used to perform photometric, spectroscopic and temporahalyses for each of
the sources. Given that the FOV of a particular observation &y contain a few
tens to several thousand point sources, this at rst seems &my daunting and time
consuming task. ACIS Extract (AE) is a software package that contains the tools
required to perform both point source extraction and the phimmetric, spectroscopic
and temporal analysis for each of the sources in a semi-autat@d fashion, greatly
reducing analysis timescales. ThAE package is written in theIDL language and
incorporates many other analysis software includinGlIAO, SAOImage DS9MARX
(the Chandra ray-trace simulation software), FTOOLS (the ts le manipulation
tools), XSPEC (the X-ray spectral tting package), the IDL Astronomy User's
Library (a set ofIDL procedures for astronomical data analysis) andARA (a set
of IDL procedures for the analysis of ACIS data), see Tabke1 for software versions,

LAvailable at http://hea-www.harvard.edu/RD/ds9/
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etc. The setup and usage oAE is quite involved and thus, the descriptions and
commands used are deferred to Append&.2. When the AE point source analyses
are completed, the combined results for each of the sourcashe FOV are collated

into one master le that contains point source and backgroush properties, source
photometry, results of spectral ts, source statistics, at., 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 identi ed and dataroducts for each
have been produced, we wish to determine whether or not eachtbe sources has
a stellar counterpart. As such, an all-sky catalogue of soees is required to match
our detected X-ray sources. For the purposes of this projeabptically identi ed
sources are of limited use due to some of the programme clustsu ering from
heavy foreground extinction. Thus it was decided to use the Kicron All-Sky Sur-
vey (2MASS) which is an all-sky IR catalogue and is not as a ¢ed by foreground
absorption as much as other wavebands. However, there arensolimitations to us-
ing the 2MASS. First of all, identifying stellar counterpats to X-ray sources beyond
1 kpc is not easy due to cluster members being faint and/or pdg resolved. For
clusters within this distance, the 2MASS catalogue is su ant to identify almost
all Chandra stellar sources (seefFeigelson and Lawson2004 Getman et al, 2009.
Secondly, some of the programme clusters are embedded in ecalar clouds or are
located in HIl regions thus limiting the detection of fainte stars. For these reasons,
it is impossible to assess the completeness of the determgif stellar counterparts
of the X-ray sources in these clusters but it is very likely, ith very few exceptions
(e.g. - IR luminous AGNs and foreground sources), that all dhe stellar counter-
parts identi ed are cluster members. In addition, the 2MASSphotometry of the
identi ed stellar counterparts may be used to supplement ta X-ray data in deter-
mining cluster properties and to identify candidate OB stas.

The 2MASS All-Sky Point Source Catalogue (PSC) was accessed the NASA/IPAC
Infrared Science Archive Gator catalogue interfaée The 2MASS PSC was searched
around each of the programme clusters and the output, whichsually contained
several thousand sources, was saved accordingly. This auttde was used in con-
junction with the results of the X-ray source detection abo and the "matchxy.pro’

LAvailable at http://irsa.ipac.caltech.edu/applications/Gator/
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catalogue matching tool in theTARA packagé to match sources from each cata-
logue. Rather than using a xed matching radius as is commoyldone, the TARA
catalogue matching algorithm employs the positional unctinties for individual
sources and a match signi cance threshold. This is particatly useful given the
Chandra PSF would require a varying match radius should that technige be used.
This catalogue matching tool, when completed, provides thmatched 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 assaaied with the cluster.
As such, estimates of possible contaminants are requiredivén the large distances
to some of the programme clusters, it is very likely that thex 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 areletected in the Chan-
dra observations. To estimate the contamination due to these sices, techniques
similar to those described in the COUP membership study anché Chandra study
of the Cep B star forming region were useddetman et al, 2006 2009. Simulations
were run based on the stellar population synthesis model ofatactic disk stars by
the Besarcon group Robin et al,, 2003, using their web-based model interface
centered on the coordinates of the programme clusters for alid angle of 0.08 deg
(which roughly corresponds to the ACIS-I1 FOV) out to the cluger distances. The
simulated foreground stellar populations often numberedhithe thousands, as was
expected, and the simulation output includes spectral type distances, reddening,
etc., for all of the stars in the cluster line of sight. Of the isnulated sources, the
likely contaminants are main sequence stars of spectral tgg=,G,K and M and late
type giant stars. OB stars were almost never produced in thensulations, whereas
A type stars are very weak or none X-ray emitters and were thugnored.

In order to assign X-ray luminosities to these simulated soces, the XLFs de-
termined from ROSAT observations for main sequence K-M starsS¢hmitt 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 adagt. Monte Carlo simu-
lations were then run by placing these simulated stars acr®$he ACIS background.

1Seehttp://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 tK6PEC “fakeit '* command
assuming an absorbed thermal plasma model with the absorbimydrogen column
(Ny) derived from the Ay value? for each simulated source an#T derived using
the relation kT (4d%Fx 55 10 2%)%2=11:34 keV (Gudel et al, 1999 where
the 4d ?Fx term is the X-ray luminosity assigned from the XLFs in theROSAT
PSPC 0.1-2.4 keV energy range. Background spectra from thearest real sources
were then assigned to each of the simulated sources. Sourgmisance for each
of the simulated sources was then calculated using the thdseal backgrounds and
compared to a detection threshold of signi cance to determe whether or not the
source would be detected by handra

The number of detectable foreground stars determined usiriis method was
typically low for each cluster (at most a few tens of stars). &h foreground sources
may sometimes be distinguished from cluster sources by hagirelatively bright
stellar counterparts or, if they are su ciently bright in th e X-ray band, having spec-
tra that have low absorption. Where such sources could be wieed, they were
removed from the analysis. Even then there will easily be sentontamination from
foreground stars however, without further information, itis not possible to remove
them. As such, any remaining foreground contamination is mgpred in the cluster
analyses which, given the low numbers of detectable foregral stars following from
the Monte Carlo simulations, is statistically safe. It was dcided not to run similar
simulations for background Galactic source contaminatioas, due to the large dis-
tances to the clusters, such already faint sources would bgbgect to the even larger
absorption with ISM, intra-cluster medium and possibly a HI region or molecu-
lar cloud all contributing. Because of this there would be fe, if any, background
Galactic sources detected.

2.1.2.5 Extragalactic Contamination

In addition to Galactic contamination, Active Galactic Nudei (AGN) can be signif-
icant extragalactic contributors to the X-ray sources deteted in a given Chandra
observation. The expected contamination due to backgroundGNs can be esti-
mated using a similar technique to that used in the foregrowhcontamination anal-
ysis, which again is similar to that described in the COUP mebership study and

1See http://heasarc.nasa.gov/xanadu/xspec/xspecll/manual /node33.html#

SECTION006325000000000000000
2Ny / Ay =1:6 10 cm 2mag ! (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 A8s randomly across
the ACIS background with the AGNs numbers and uxes followig the logN{log S
distribution of Moretti et al. (2003. Synthetic source spectra were again generated
using the XSPEC “fakeit ' command. Each source was modeled using an absorbed
power law with the photon index () ranging between 1.5-2.5which is the accepted
range for the hard emission from AGN Ighibashi and Courvoisiey 201Q , and refer-
ences therein), and thé\y value set to the sum of the absorption to the programme
cluster, taken as the mediarNy of the spectral ts of the OB stars, and theH,
column density through the entire Galactic disk in the diretton of the programme
cluster (Dickey and Lockman 199Q!. As with the foreground contamination sim-
ulations, background spectra from the nearest real source®re then assigned and
source signi cances for each of the simulated sources weadcalated and compared
to a detection threshold to determine whether or not the soge would be detected
by Chandra

Potential extragalactic sources can be distinguished frorluster members via
their source properties. Typically, background AGN wouldhibit hard X-ray spec-
tra (Emedian > 2:0 keV) and not have a 2MASS counterpart. Thus, any hard sourse
in the FOV without a 2MASS counterpart were tentatively labdled as extragalactic.
However, at the distance of some of the programme clusters,is also likely that
some of the PMS population will not have a stellar counterpain addition to having
similarly hard spectra. To separate these actual cluster mibers from background
AGNSs, a source lightcurve analysis was employed. In generdétected PMS stars in
the clusters will, at some point during the exposure, undeega aring period. AGN
in contrast show relatively consistent X-ray lightcurves.To keep those variable hard
sources without 2MASS counterparts (i.e. - PMS stars) for @ cluster analysis, the
results of the temporal analysis oAE was used. During the temporal analysis of
each source, a uniform count rate model is compared to the glibution of source
counts in time and a 1l-sample Kolmogorov-Smirnov statisti€Pxs) is computed.
The value ofPks indicates the likelihood that a source is variable with vales ofPkg
near O suggesting variability. As such, a variability limitof Pxs < 0:1 was set and
sources withPxs > 0:1 are agged as potential extragalactic sources and removed

LCalculated 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 Diuse Emission Analysis

X-ray di use emission analysis is somewhat more involved #m point source anal-
ysis. Diuse emission is not con ned to a small region as is thcase with a point
source but rather can cover much, or sometimes all of the deter. This presents
some problems for the analysis, particularly with backgrond selection. In some
cases, the program clusters take up the entire ACIS FOV. Beagse of this there are
no background “sky' regions one can de ne and thus, any extted di use spectrum
has not been corrected for background. A further problem witdi use emission anal-
ysis is that the extraction regions cover so much of the detees that instrumental
uorescence becomes a signi cant contaminant in the speetrwhich manifests as
strong emission lines characteristic of the detector mateis. While these appear
at well de ned energies, coupled with the lack of an availablbackground for sub-
traction they are a blight on the extracted spectra. Anothemproblem with a di use
emission treatment is the selection of an extraction regiatself. This is not such a
problem for the analyses of the programme clusters howeves spectra will simply
be extracted where possible from the total cluster regionsnd the cluster cores.
Taking all these considerations into account, we must assethe potential methods
of di use emission analysis.

In general, there are three approaches. The rst is the setemn of a background
region from within the FOV and correct this for the position cependent e ects due
to the variation in the instrumental e ects which are particularly pronounced for
large di use emission regions. While this may be possiblerfeome of the programme
clusters it is not adequate for the others due to a lack of a bieground “sky' region
in the FOV. Given we wish to apply the same analysis technigseto each of the
clusters, it was decided not to use this method for any of theugable programme
clusters. Similarly, one can de ne a background extractionegion from within the
FOV but rather than correct for variation in the instrumental response, one can
de ne a background model in a spectral tting program, such a XSPEC, which
explicitly models each of the contributions to the backgroud and simultaneously
t this model to the source and background with an additionalmodel t the in-
trinsic source emission. This again is not suited to our needb it again requires a
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background “sky' region. The nal method, which was adoptetbr the forthcoming
analyses, is the use of "blank sky' background les. Theseeaa set of observations
of the blank sky (i.e. - free from sources) distributed with ie Chandra CALDB!.
In this method, appropriate "blank sky' les are determinedand corrected to match
the observational data aspect. This method has the advantag that it removes the
need for a background “sky' region in the observational FOWhd that it eliminates
the e ect of the variation in instrumental performance acres the FOV providing
backgrounds are extracted from the same instrument regiors the di use sources
in the observational data. However, it has the disadvantagthat it assumes that
the background in the “blank sky' observations matches thaif the observation. In
addition it assumes the instrumental background does not wain the time between
the source and background observations. However, this lattcaveat has been shown
to be somewhat unimportant with an analysis of the stowed dasets from 2002-2004
showing only a minor variation in the instrumental backgrond?. This leaves only
the assumption of the "blank sky' background being consistewith that of the ob-
servation. This is reduced to some degree by the matching dfet observational data
to appropriate "blank sky' backgrounds in the analysis pradure, however there is
still no guarantee that the observation and “blank sky' badgounds are consistent.
What can be said is that above 2 keV, the instrumental backgumd dominates the
“blank sky' backgrounds and so should match the observatidrackground well. As
the majority of the programme clusters su ers from quite lage foreground absorp-
tion, their respective di use emission analyses are limiteto the hard band. For
these clusters at least, the “blank sky' backgrounds shoufitovide an ideal back-
ground spectrum.

To extract the diuse emission spectra for each of the clusts, extraction re-
gions were de ned and saved irfCIAO format using DS9. Spectra, backgrounds
and response les were created using th@€lAO task specextract . Prior to this,
the "blank sky' backgrounds were prepared according followy the guidelines on the
Chandra website®. Following the specextract runs the data are ready to be spec-
trally tin XSPEC. (Actual software commands and steps to extract these speat
are given in AppendixA.1.1)

1Seehttp://cxc.harvard.edu/ciao/threads/acisbackground/ index.py.html
2Seehttp://cxc.harvard.edu/contrib/maxim/stowed/
3Seehttp://cxc.harvard.edu/ciao/threads/acisbackground/ index.py.htmi
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2.2 Spectral Fitting and XSPEC

One of the main goals of the data reduction and analysis prat#es described thus
far has been the creation of spectra and detector responses $ources, be they
point-like or di use. However, these are not the true sourcepectra but rather pho-
ton counts in speci ¢ instrument channels (a count spectruirelated to the source
spectrum via the instrumental response les. Ideally one wibd use these response
les to derive the original source spectrum, however, in pdice this is not possible
as such a derivation leads to non-unique answers as well agbehighly sensitive to
variations in the instrumental channel photon counts. The @ammonly adopted al-
ternative is to de ne a model spectrum with various parametss, fold it through the
response les to produce a predicted count spectrum and coame it to the observed
count spectrum. The model parameters can then be varied uhf "best- t' to the
data is found. Several softwares packages exist that peniojust such a task but the
one used in this Ph.D. thesis is theXSPEC software (which has been already been
mentioned in the text). XSPEC takes as input the observed source and background
spectra, response les and a user de ned spectral model andopeeds to derive a
best- t model spectrum. XSPEC starts with a set of model parameters which are
used to predict a count spectrum. This is compared to the obsed count spectrum
and a t-statistic is calculated. The model parameters arehen systematically var-
ied until the best t-statistic is found, at which point XSPEC outputs the best t
model and its associated parameters. The most commonly adeg ‘goodness of t'
criteria is the 2 statistic with a ( =) = 1 (where is the number of degrees of
freedom in the t) indicating a good t to the observed count gpectrum. It must
be noted that very often more than one spectral model will ge&za good t to the
data. Itis up to the user to decide which is the more physicallrepresentative model.

Spectral tting of the vast majority of the point sources in this Ph.D. project was
performed using the tting scripts of the AE software. These tting scripts derive
spectral parameters by tting the spectra inXSPEC using either absorbed one or
two temperature thermal plasma models. Essentially these adels consist of two
components, thetbabs or Tuebingen-Boulder ISM absorption model\(Vilms et al.,
2000*! and the apec or Astrophysical Plasma Emission Code (APEC)$mith et al.,

1Seehttp://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manu al/XSmodelTbabs.html for
a description of the model implementation in XSPEC.
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200). The APEC model(s) represents the intrinsic X-ray emittingplasma(s) of
the source while thetbabs model simulates the e ect the line-of-sight ISM has on
the source X-rays. The combination of these models allowsetlderivation of equiv-
alent absorbing hydrogen column densityNy), X-ray plasma temperatures KT)
and elemental abundances if desired. For most of the sourdesthe programme
clusters, these models are su cient, however, some sourcesjuire more detailed
models, namely the WRs and sources su ering from photon pigp.

WRs have more complex spectra that can be t by the models in hAE tting
scripts due to them having more chemically complex atmospites than less evolved
stars. To t these sources, the models ofkinner et al. (2010 were adopted which
are absorbed one or two temperature APEC models with geneMgR abundances
apart from those elements with prominent emission lines whe abundances were
allowed to vary.

Photon pileup is a serious issue when observing very brighitsceg. This prob-
lem is not due to the source but rather due to the limitations bthe detector. Photon
detections in the ACIS CCD are not instantaneously logged. &her, 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 su ciently bright that morehan one photon arrives
at the same region of the detector in one integration time, # many photons are
logged as one single event, usually with the combined energfythe many photons.
This leads to a loss of information from lower energy photorad an apparent excess
of high energy events resulting in an unreliable count speam. There are several
ways to treat photon pileup, one of which is to simulate its azsses when de ning an
XSPEC model to t the observed data, which is adopted in these anabes. This
is achieved through the inclusion of thepileup modef to account for pileup, the
contribution of which is subsequently removed leaving a mermrepresentative source
spectrum.

1Seenttp://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manu al/XSmodelApec.html fora
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/manu al/XSmodelPileup.html

for a description of the model implementation in XSPEC.

38


http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelApec.html
http://cxc.harvard.edu/ciao/ahelp/acis_pileup.html
http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/XSmodelPileup.html

Chapter 3

Programme Cluster Results

In the forthcoming sections | will rst give a brief introduction to each of the clusters
including their known properties and any previous X-ray angses. Following this
I will present the results of my analysis of the clusters. Du# the large amount
of data and results for each of the clusters, a detailed degition of the analysis
and results is only given for one sample cluster, namely IC @8 The results for
the remaining clusters are summarized in their respectivedions without repeating
the descriptions of the analysis methods given in the samptduster section and, to
reduce clutter, selected gures and tables will be deferrdd Appendix B. However,
over the course of the analyses it was found that some of theusers with X-ray
data available (see Tablel.2) were not suitable for analysis, namely Feigelson 1 and
Collinder 232. The observations of Feigelson 1 were simplgtrdeep enough for any
meaningful analysis. The combined 6 k€handra observations of the cluster was
only su cient to detect < 10 of the brightest cluster sources, For these reasons, it
was decided not to proceed with the analysis of Feigelson 1olhder 232 su ers
from a di erent issue. This cluster is located in the Carinatar forming region very
close in projection to both Trumpler 14 and Trumpler 16 thouf it is much less
massive. The cluster is contained in the Trumpler 1£handra observation, how-
ever, the centre of the clusters lies at the very edge of the A& FOV. As such, only
a handful of the cluster's sources are observed. In additioa study of the stellar
population of the Carina region byTapia et al. (2003 showed Collinder 232 not to
be a true cluster but rather a random collection of a handful fobright stars with
no underlying faint population so it's classi cation as an pen cluster is tenuous at
best. For these reasons it was decided to forego the X-ray dyss of Collinder 232.
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A note on naming conventions:

During the remainder of the thesis, in tables and gures, vales of X-ray ux and
luminosity will be quoted in the standardChandra soft, hard and total energy bands
corresponding to the 0.5-2 keV, 2-8 keV and 0.5-8 keV energgnges respectively.
Thus, where appropriate, quantities are denoted by the subspts s, h and t to
indicate the range for which they have been determined. Adtbnally, quantities
that have been corrected for line of sight absorption will ab be denoted by the
subscript c. For example, the X-ray luminosity (Lx) of a source in the 2-8 keV
energy range that has been corrected for absorption will beritten as 'Ly, ', etc.

3.1 IC 1805

IC 1805, better known as the Heart Nebula, is located in the GaOB6 association.
At the centre of the nebula is a rich open cluster whose massistars are responsible
for exciting the surrounding molecular cloud. The cluster &s been known for quite
some time and there have been many analyses published in titerhture. Massey
et al. (1999 performed a detailed spectroscopic and photometric anaig of the clus-
ter, identifying 45 stars with spectral types earlier than B. These authors obtained
spectra for the 38 brightest stars in the cluster and derivedalues ofAy t 2:7 andd

t 2:3 kpc for the reddening and distance, respectively. In addin, they determine
a slope for the cluster IMF of 1:3( 0:2), consistent with a Salpeter IMF, and an
age for those stars withM > 25 M of 1-3 Myr (noting that less massive stars are
of younger age). For the following analysis, an age of 1 Myr &lopted. 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 laster is thought
to have once contained the well known HMXB LS | +61 303, whichsia candidate
microquasar. Mirabel et al. (2009 show that this HMXB system was likely ejected
from the cluster by the “kick' imparted by the supernova exmision 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 ime literature. Given
the rich population of OB stars found by bothMassey et al.(19995 and Shi and
Hu (1999 it is reasonable to expect that the cluster harbours a rich Xay emitting
population and potentially intracluster di use emission. Interestingly, multiplicity
studies of several suspected binary systems in the clustey Bauw and De Becker
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3.1 1C 1805

(2009 and De Becker et al.(20069 con rmed the presence of two high mass binary
systems (one being a potential triple system), leading to éhpossibility of CWBs in
the cluster.

Figure 3.1: DSS Image of IC 1805.

3.1.1 Analysis

The 79 ks IC 1805Chandra dataset was aimed at the centre of the cluster. How-
ever, given the cluster's angular size, this was inadequate observe the entire
cluster (R¢ = 139 but was enough to resolve the cluster coreRi, = 69. Overall,
the ACIS-I FOV includes just over half of the total cluster aea. The data were
reduced with CIAO and AE as outlined in Section2.1. Background aring periods
were removed leaving 77ks of useable data. Thewavdetectalgorithm detected
348 sources in the FOV and due to the size of the cluster in rélan to the FOV, all
were tentatively labelled as cluster sources. The 0.5-8 keACIS-I image is shown
in Figure 3.2

Cross-correlation with the 2MASS Bright source catalogueigids counterparts
for 205 of the 348 detected sources. Foreground and extragaic contamination
simulations yielded 4-10 potential foreground sources antb-52 potential extra-
galactic sources in the FOV. The number of potential foregtomd contaminants in
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Figure 3.2: Chandra 17° 17' ACIS-I 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 detted in the cluster
and, because there is no way to discern these from cluster sms, these are not con-
sidered in the rest of the analysis. As of the background saas, individual source
data and source statistics were analysed as outlined 1 to identify 50 candidate
extragalactic sources in the FOV, in line with the simulatio predictions, and were
removed from consideration. This left 298 cluster sourceshase basic source prop-
erties are given in Table3.1!, which was produced using theAE task hmsfr_tables

A preliminary assessment of potential di use emission in # cluster was per-
formed by adaptively smoothing the entire image in the hard2-8 keV) and soft
(0.5-2 keV) bands using the CIAO taskcsmooth (Ebeling et al, 2009. The com-
bined hard/soft adaptively smoothed image is shown in Fig@3.3with the minimum
value of the color scale adjusted to reduce the backgroundntdbution 2.

There is little evidence for cluster wide di use emission ifrigure 3.3, however

1This is only a sample of the basic source properties table ofQ 1805, shown here to give
an example of the data that were available for analysis. Sinlar tables were created for each of
the programme clusters however, due to their very large sizetheir inclusion in this thesis is not
feasible.

2As in http://nea-www.harvard.edu/RD/ds9/user/rgb/index.ht ml
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Table 3.1: IC 1805 Chandra Catalogue: Basic Source Properties
Source Position Extraction Characteristics

Seq. No. CXou J (J2000.0) (J2000.0)  Error C tnet tnet B¢ Chnet PSF Frac. Signif. log Pg Anom. Var. E. Exp. E median

(deg) (deg) (arcsec) (arcmin) (counts) (counts) (counts) ( counts) (ks) (keV)
[©) ) (3) 4 (®) (6) ) ®) (9) (10) 11) (12) (13 (14) (1) (16) a7
1 023113.75+613045.7  37.807307 61.512718 0.9 10.9 33.9 8.4 241 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 1 6.2 5.9 0.89 2.9 -4.7 60.2 1.7
3 023121.82+613021.4  37.840947 61.505946 0.7 9.8 39.7 8.8 2 5.3 245 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 1 2.5 0.2 0.91 2.0 -2.6 63.6 13
5 023134.89+613022.0  37.895407 61.506121 0.6 8.4 26.9 7.0 1 3.1 6.0 0.91 3.6 <-5 a 59.3 15
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 15
7 023139.73+613125.0  37.915582 61.523621 0.5 8.3 34.6 7.5 1 2.4 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 13 -1.6 64.6 11
9 023145.58+612854.7  37.939935 61.481864 0.4 6.7 324 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 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 6.3 175 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 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 -1.5 715 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 35 <-5 g... - 65.3 15
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 -1.2 723 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 16
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 16
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 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 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 4.7 105 4.0 15 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 12 -1.8 65.0 0.8
28 023208.08+612203.5  38.033685 61.367640 0.1 6.5 216.4 15 4.6 25.0 0.89 13.6 <-5 c 68.6 12
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 sequenceqnumber, sorted by RA. (2): TAU des

of the position error,

2
><+

extracted. (6): O -axis angle. (7) and (8): Net counts extra
extraction region (total band). (10): Net counts extracted
fraction (signi cantly below 90%) may indicate that the sou
Logarithmic probability that extracted counts (total band
can rise during the nal extraction iteration after sources

source on eld edge; (p) source piled up; (s) source on readou
1005 <P gs < 0:05); (c) de nitely variable (

variable (0

}%. The single-axis position errors,

ignation. (3) and (4): Right ascension and declination for ep

x and

och (J2000.0). (5): Estimated standard deviation of the ran
the PSF inside the extraction region and the number of counts

y» are estimated from the single-axis standard deviations of

cted in the total energy band (0.5{8 keV); average of the uppe
in the hard energy band (2-8 keV). Col. (11): Fraction of the P

rce is in a crowded region. (12): Photometric signi cance co
) are solely from background. Some sources have
are removed from the catalog. (14): Source anomalies: (g) fr

time: approximate time the source would have to be observed o
reported number of counts. (17): Background-corrected med

t streak. (15): Variability characterization based on K-S s
Pks < 0:005). No value is reported for sources with fewer than four co

n-axis (no telescope vignetting) on a nominal region of the d

r and lower 1
SF (at 1.497 keV) enclosed within the extraction region. A re
mputed as net counts divided by the upper error on net counts.

Pp values above the 1% threshold that de nes the catalog becaus

dom component

errors on (7). (9): Background counts expected in the source

duced PSF
(13):

e local background estimates

actional time that source was on a detector (FRACEXPO from

tatistic (total band): (a) no evidence for variability (0
unts or for sources in chip gaps or on eld edges. (16): E ecti

mkarf ) is < 0.9. (e)

:05 <P ks ); (b) possibly

etector (no dithering over insensitive regions of the detec
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ve exposure
tor) to obtain the
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3.1 1C 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 di use emission in the laster centre, possibly
due to the combined e ect of winds from the massive stars in tb region. It is
important to note however that there still may be cluster wiag di use emission.
As the entire FOV is taken up by the cluster, the background adribution to the
emission may be overestimated and may contain some clustetated emission. In
any case, a di use emission analysis is warranted.

3.1.1.1 Known High Mass Stars

High mass sources in the detected X-ray population were idead using the high

mass source lists oMassey et al.(1995 and the SIMBAD database. All of the
known O stars in the FOV were detected, whereas only 5 of the &wn B stars were
detected. The spectra of each of the high mass sources withoegh counts were
t in XSPEC with absorbed thermal plasma models during th&E reduction and
analyses procedures. The results of the spectral ts are givin Table 3.2

The t results for sources with > 50 counts (Table3.2) seem to indicate three
di erent emission mechanisms at work in the high mass, OB staegime. First of
all, the brightest source, HD 15558, exhibits a moderatelyand 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. Ny kT kT2 2= log Fx . log Fx . log Lx hic log Lx .

(CX0 J) (1022cm?2)  (keV)  (keV) (ergem  2s 1) (ergem 2s 1) (ergs 1) (ergs 1)
023210.80+613307.9 BD+60498 BO0.2V 37 - - - - - - - -
023236.31+612825.7 BD+60501 O7V((f)) 259 0 :48372  0:623:1% - 0.91/12 -14.58 -13.20 30.22 31.60
023240.80+612800.2 - B1V 170 0:555:99  3:13[:43 - 1.64/8 -13.46 -13.15 31.34 31.65
023242.58+612721.7 HD 15558 O4lII(f) 2904  0:360:38 0:743:83 2:052:32 0.79/95 -12.98 -12.29 31.82 32,51
023243.58+612632.0 Hoag 125  B2.5V 127 0:503:88  2:563:22 - 0.89/5 -13.70 -13.34 31.46 31.10
023243.96+612720.6 - BO.5V 60 0:973:37  1:.08}:%¢ - 0.76/5 -14.63 -13.83 30.18 30.97
023249.47+612242.2 HD 15570  OA4lf 1521 1:18128  0:653:%% - 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 0:328:39  0:483:53 - 1.39/19 -14.57 -12.85 30.23 31.95

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

Table 3.3: IC 1805 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT2 2= log Fx . log Fx . log Lx hic log Lx .

(CX0 J) (1022cm?) (keV) (keV) (ergem  2s 1y (ergem 2s 1) (ergs 1) (ergs 1)
023314.69+612402.7 Hoag 118 - 63 084 1:49 - 1073 -14.53 -13.65 31.16 30.27
023201.93+612649.1 Hoag 123 - 21 - - - - - - - -
023230.63+612121.8 - - 20 - - - - - - . .

Source names determined using the SIMBAD database. Only tho se sources with > 50 counts were tin
XSPEC.
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3.1 1C 1805

with KT > 1 keV. This is higher than would be expected for emission vidacks
in the stellar wind. Given this high plasma temperature andts brightness, it is
very likely that HD 15558 is a CWB. Indeed, HD 15558 was deteiimed to be
a massive binary system consisting of O5.511I(f)+O7V stardy De Becker et al.
(20063. The remaining O-type stars BD+60501, HD 15570 and HD 1562&hibit
cooler X-ray spectra all of which have plasma temperatures 1 keV attributable to
emission via the RDIS mechanism The remaining stars brighheugh for a spectral
analysis are all early B-type stars. Each of these sourcesidze described by thermal
plasmas withkT > 1 keV. However, unlike HD 15558, their absorption corrected
X-ray luminosities are relatively low. Thus, it is very likdy that a MCWS emission
mechanism is responsible for the X-ray emission from theseusces. This is not a
surprising result as in a cluster of the age of IC 1805 it is psible that the early B
stars still retain a fraction of magnetic eld of their parertal molecular cloud core.

3.1.1.2 Candidate OB Stars

The correlated 2MASS data were ltered to leave only sourcesith high quality

photometry, i.e. - with good S/N ratio and free from contamimtion ags. The

resulting data were used to produce & vsJ H colour-magnitude diagram. A 1
Myr main sequence isochrorfeand a 1 Myr pre-main sequenceSjess et al. 2000

isochrone were also plotted on this colour magnitude diagrato give an indication
of the the current evolutionary stage of the cluster (Figure3.4). In addition, an

8 M reddening vector was calculated and plotted along with theeddening vector
of the peak of the PMS isochrone. This plot highlights ve cadidate OB stars,
however, the candidate sources' coordinates were subsetlyesearched in the SIM-
BAD database and 2 were found not to be cluster members but meers of the
surrounding Cas OB6 association and were thus removed froimet analysis.

As with the known high mass stars, the spectrum for each of theandidate OB
stars with a high enough photon count was tinXSPEC. The results of the spectral
ts are given in Table 3.3along with some parameters of the less bright sources. The
one candidate OB star with enough counts for spectral ttinghas similar derived
spectral parameters to the known early B-type stars in Tabl8.2 and thus its X-ray
emission is likely the result of the MCWS mechanism. Due to adk of counts it is
unclear as to the nature of the emission from the remaining edidate OB stars.

1Obtained 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 sowes and the red inverted
triangles indicate low mass sources. The black dashed-dad line is the 1Myr main
sequence isochrone (with spectral types indicated as blacktars) calculated forAy =0 .
The purple dashed-dotted line is the 1 Myr PMS isochrone (wit spectral types
indicated as purple stars). The light blue dashed line is the8M reddening vector with
the crosses marking everyAy = 5. The light purple dashed line is the reddening vector
of the maximum J value of the PMS evolutionary track. Sourcesbetween this and the
8M reddening vector may be above or below 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 starsid the extragalactic
contaminants, the point sources in the FOV are most likely l@ mass PMS stars.
As with the known high mass and candidate OB stars, some of theMS stars
are bright enough to be t spectrally in XSPEC. The global results of these ts
are given in graphic form in Figure3.5. As expected, most of the brightest PMS
sources in the FOV exhibit hard spectra and absorption coreged 2-8 keVLy. 10%
erg s 1. However, one source stands out as being particularly brigtvith 2-8 keV
Lx 10*ergs®. This source was identi ed as CXO J023309.98+612459.5. frec-
tion of this source's lightcurve shows that it underwent a temendous are during
the observation with at least a factor of 4 increase in photorux at the are's
peak compared to the quiescent level, shown in Figu®6. The derived plasma
temperatures of the sources range from 1-5 keV, with the digiution peaking at

2.5 keV. The majority of these sources su ers from slight feground absorption
(log Ny . 220cm 2), similar to the high mass sources in the cluster. None of the
bright PMS stars are subject to heavy absorption (lodNy & 225 cm ?). Also, the
mayjority of these shows no sign of variability over the couesof the observation with
only a few variable or aring objects. The trend in the variaton of Eegian With
KT is similar to that found by Feigelson et al. (2009 with a slight increase inkT
With Emegian. 1IN addition, a similar E pegian-Nn relation at low values ofE yegian 1S
seen as irFeigelson et al(2009. However, due to a lack of bright, heavily absorbed
sources, theirEegan-Nn relation at higher values ofE pegian iS absent. For sources
With Enedian < 1.7 keV, an upper limit of logNy. 220 cm 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 analy$is the faint sources,
much can still be derived from the data (see Tabl&.1 as well as Sectior8.1.1.5
for a discussion of the derivation of 2-8 ke\Lx's) about the PMS population as a
whole. For this purpose it was decided to utilize 2-8 ke\Ly against the median
detected photon energy Enedian) plots. The Enegian data are being used as they
are a reliable estimator of absorbing hydrogen colummg, Feigelson et al. 2009.
Sources with largeE vegian (@and by consequence largBly) likely have an accretion
disk (Class | or Il YSOs) causing the excess absorption. FoWing similar PMS
population treatments from the literature (see Getman et al, 2006 Wang et al,
2007 for example)E nedian=3 keV (which corresponds to log\Ny 225 cm 2) was
set as the divider between lightly and heavily obscured sawgs. For those sources

48



3.1 1C 1805

100.0 ‘(a)

27 28 29 30 31 32 33 34
log 2—8 keV Ly, (erg/s)

100.0
©

33.0
(e)
325} 3
32.0F
31.5F

31.0F

log 2—8 keV Ly (erg/s)

30.5¢

30.0

33.0 "
@

3251 bl
32.0F
31.5F

31.0p B
4

log 2—8 keV Ly (erg/s)

Figure 3.5:

30.5¢

30.0

A‘i}:‘

0

T2 3 4
Ernesin (kEV)

5

100.0
(b)
10.0F
=z
1.0
0.1 ‘ (w ‘
0 2 4 6 8 10
KT (keV)
100.0 ‘
(d)
10.0F

st (0

10.00
(h)

N, (10%cm™)
g

Epesen (kV)

Plots of derived source parameters for the bright PMS populéon of IC

1805. (a) Distribution of absorption corrected 2-8 kevLyx. (b) Distribution of best t
thermal plasma temperature (KT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pgs
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 kev Ly against best t
thermal plasma temperature (KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (kT). (g) Plot of absorption corrected 2-8 kev L x
against median photon energy Emedian). (h) Plot of best t absorbing hydrogen column

(Ny) against median photon energy E median)-
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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 aring event earlyin the observation,
indicated in blue. The lightcurve does not extend to the startt or end of the observation
as the Kolmogorov-Smirnov test is insensitive in these regins (Broos et al,, 2010.

With Emedian < 1:7 keV, an upper limit of logNy. 220 cm 2 is inferred from Figure
3.5h). The sources separated in this way according to absorpti levels are plotted
on the 2-8 keVLy against Eegian plot, shown in Figure 3.7(a). The sources were
next divided according to their Kolmogorov-Smirnov variabity statistic ( Pxs). The
standard variability limit of 0.05 was de ned with all sources with Pxs below this
value classi ed as variable and sources witRxs < 0:005 classi ed as strongly vari-
able. The resulting 2-8 keVLx against Eegian plot is shown in Figure3.7(b).

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

The distribution of sources in Figure3.7(a) indicates that the majority of
sources in the cluster su ers little or no local absorption.This implies that
the majority of PMS stars in the cluster is either Class Il or Il YSOs.

In addition there are 3 heavily obscured sources. These aikely either Classl|
or Class Il YSOs viewed from an unfavourable angle.

Figure 3.7(b) shows that the brightest PMS source CXO J023309.98+6129.5
is strongly variable, resulting from a bright are during the observation. The
other strongly variable sources scattered throughout thelqt are likely due to
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Plot of the 2-8 keV Ly against the median detected photon energy

(Emedian) for the IC 1805 PMS population separated according toE negian (I€ft) and
variability (right). Left: the red arrows mark Epegian < 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 ragsenting strongly variable

aring sources.

less prominent aring events. Similarly, the less variablsources are scattered
throughout the plot.

The most obscured sources show no signs of variability. Givéhis, and their
relatively high Ly values, it is reasonable to assume that these most probably
represent the high luminosity tip of the heavily obscured gescent sources.

The majority of the quiescent sources is localised in the hiy obscured region
of the plot and exhibit a general trend to higher_yx with increasing E megian -

These conclusions that the IC 1805 PMS population consistsastly of Class Il
or Il YSOs and relatively few Class | YSOs are to be expectedifa cluster of the
age of IC 1805. The study oMassey et al.(1995 showed the low mass stars. ( 3
M ) in the cluster to have ages of 1 Myr. Assuming the PMS population is of
approximately similar age, one can expect the majority of ats to be either Class Il
or Il ( Feigelson and Montmerlg1999. It must also be noted that the classi cation
of YSO classes here is based solely on X-ray data and uses afigorption values as
an indicator of the presence of a disk or natal cloud. This iseftter done with deep
NIR observational data which use speci c tracers (e.g. - fos on infrared excess
due to an accretion disk) to classify YSOs.
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3.1.1.4 Diuse Emission

As previously mentioned in the preliminary di use emissiorassessment (see Fig-
ure 3.3 there is some evidence for faint di use emission in the clies centre. To
obtain a better image of the di use emission the more detaitetreatment described
in Section2.1.3was employed. The resulting masked and adaptively smooth&d-
age is shown in Figure3.8.

Figure 3.8: Masked and adaptively smoothed 0.5-8 keV image of IC 1805 duse
emission. The apparently bright points are likely the unmased wings of the PSF of the
brightest sources in the FOV which are artifacts due to the séected image binning.

There is faint di use emission in the cluster centre and litte obvious but dis-
cernible di use emission throughout the IC 1805 cluster. Heever, a spectral anal-
ysis is still required as, due to the size of the cluster in cqrarison to the Chandra
ACIS-I FOV, the apparent lack of di use structure may simply be due to emission
pervading the FOV. Without a background sky region to compag to, this cannot be
disproved. Following the procedure outlined in Sectio.1.3 spectra were extracted
from the entire ACIS-1 FOV and the cluster core region while xdracting corre-
sponding background spectra from the appropriate ACIS “hbhk-sky' background
les. These spectra were t in XSPEC with various spectral models and it was
found that an absorbed thermal plasma model witkkT 1 keV yields a good t
for each of the two IC 1805 spectra. The results of these ts armgiven in Table3.4
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and the spectra are shown in Figur&.9.

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

Region Ny KT Z=Z 7= log Fy . log Fx log Ly, log Ly
(102 cm?)  (keV) (ergem  ?s ') ergem  %s 1) (ergs 1) (ergs 1)
all FOvV 0 :320:48  1:003:2% 0:073:3% o.88/84 -12.83 -12.00 31.97 32.80
cluster core 0 :345:3f  1:011:27 0:080:4 0.98/84 -13.14 -12.31 31.66 32.49

normalized counts s-' keV-*

normalized ts 5 kel
4’i
—

LA
\J\;\ T TT T |

L o - n

Figure 3.9: IC 1805 all FOV di use emission spectrum (left) and cluster core di use
emission spectrum (right). The spectra were rebinned for pbtting 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 tresults in Table 3.4that there is indeed faint di use emission
throughout the cluster. In addition, the shape of the spect in Figure 3.9 does not
vary between the core and the total FOV spectrum which, alongith the 1 keV
best t thermal plasma, suggests that winds due to massive a&ts in the cluster are
not responsible for the faint di use emission. Indeed, thepectral parameters and
X-ray luminosities point to a more widespread source as bgmostly responsible
for the faint di use emission, probably an unresolved low mes PMS population.

3.1.1.5 XLF

To construct an XLF we require estimates for the unabsorbed-Xay luminosity for
each of the sources detected in the cluster. However, onlyetbrightest sources may
be reliably tin XSPEC leaving a substantial fraction of the cluster sources with
no estimate. However, we can use outputs of th®E 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 sowes using only photomet-
rically derived parameters. To determine a rst estimate othe photometric X-ray
luminosity, Equation 9 of Broos et al. (2010 was used, namely:

I—X 4d 2 thoton Emedian (3-1)

where Fpnoton is the incident photon ux in units of photon cm 2 s 1 and Eedian IS
the median photon energy. Sinc&E outputs Fpnoton® @nd Emedian for each of the
sources, their photometric X-ray luminosities can be derd. To limit the e ect of
foreground absorption on the derived.x values, only the hard band is considered.
Getman et al.(201Q nd some systematic o set between the photometrically daxed
X-ray luminosity and the spectrally derived X-ray luminosiies of sources bright
enough for spectral tting using this approach. Photometrc X-ray luminosities
were calculated for each of the IC 1805 PMS sources with spescopically derived
Lx values. A plot of photometricL x against spectroscopid x for these bright PMS
sources (Figure3.10 showed the expected o set.

10%2 ———y ———y

10°"

10

Photometric 2—-8 keV Lx (erg/s)

29
10 N | A

10% 10% 103 - ‘H%Osz
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 aphotometric/spectroscopic
Lx ratio of unity.

1AE actually outputs two estimates for the incident photon ux Fphoton Calculated by di erent
means. The more statistically stable estimate via divisionof the net count rate in a given energy
band by the detector response over that band (seeBroos et al, 2010 is used in these analyses.
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This systematic o set for all of the faint cluster sources ws corrected using the
median ratio of photometrically to spectroscopically devied Ly values in Figure
3.1¢5. The faint source photometricLy values were used in conjunction with the
spectroscopically derived bright sourcé x values to construct the total cluster 2-8
keV XLF for IC 1805, shown in Figure3.11 Similarly, a 2-8 keV XLF was con-
structed for the PMS population which could be compared to tht of the well known
Orion Nebular Cluster (ONC) 2-8 keV XLF determined in the COWP, shown in Fig-
ure 3.12

100.0

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: IC 1805 total cluster 2-8 keV XLF.

Figure 3.12indicates that the observed X-ray emitting PMS population 61C 1805
is slightly smaller than that observed in the COUP. The highuminosity end of the
IC 1805 and COUP low mass XLFs have approximately the same gk but the IC
1805 XLF peaks at logLx = 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 vas 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-I FOV is estimated to be 750 which is 3 times larger than the detected

1This method of correcting the o set assumes that a "best t' line through the data points runs
through the origin. This is not the case however but, since tte 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 bothMassey et al.(1999

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% difie cluster area.
This unresolved low mass X-ray population is likely the soae of the faint di use

emission discussed in Sectidhl1.1.4 To o er a comparison to the spectrally derived
unabsorbed 2-8 keV lod_x of 320 erg s?! (see Table3.4), the part of the XLF

due to the unresolved sources was integrated to determine @8XeV logLy of 32.2
erg s ! (see Figurel.6). This is very close to the observed 2-8 keWx and reinforces
the earlier conclusion that the faint di use X-ray emissionthroughout 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 detded of which one
was found to be a CWB while the rest exhibit the soft spectra esistent with RDIS
emission. Only the brighter B type stars in the FOV were detded, most of which ex-
hibit moderately hard spectra, consistent with MWCS emissin. A 2MASS-Chandra
source correlation and) vs J-H colour magnitude diagram analysis identi ed a fur-
ther 3 candidate OB stars, with the brightest of these likelyan early B star emitting
via a MCWS. A moderate population of PMS stars was detected. he majority of
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these is Class Il or Il YSO, with a few Class | sources also iteed. Faint soft
di use emission is found to pervade the FOV after analysis dhe total FOV and
cluster core di use spectra and is attributed to an unresokd PMS population. A
2-8 keV cluster XLF was constructed and compared to that of #n COUP. Similari-
ties at the high luminosity end of the XLFs were found, in keapg 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 sensitiwitlimit of the observation.
Integration of the XLF in this ‘'missing’ region yields anLy comparable to that of
the faint di use emission detected in the FOV, supporting tle idea that this di use
emission is due to an unresolved PMS population.

3.2 Bica 1 and Bica 2

Bica 1 and Bica 2 are quite interesting objects in that they ha only recently been
identi ed as open cluster candidatesBica et al., 2003. They are located in the rich
Cyg OB2 association which has been studied extensively inetlpast making their
recent discovery all the more surprising.Bica et al. (2003 identi ed the clusters
while visually inspecting the structure of the Cyg OB2 assdattion using Digitized
Sky Survey images and proceeded to use the 2MASS point sowatalogue to derive
the cluster parameters for each of the newly identi ed objeés. These authors derive
values of 66( 0:2) and 56( 0:2) for interstellar reddening @Ay ) for each cluster,
1:8( 0:2) kpc for the distance to each cluster and 1 4 Myr for the age of each
cluster. They also determine a projected separation of 2.2 pf the clusters at their
derived distance. This is a very small separation and indites that these clusters
may form a physical pair. Knedlseder (2000 performed a detailed 2MASS analysis
of Cyg OB2 as a whole and derived values for core radius of thesaciation and a
census of the OB populationBica et al. (2003 note that both Bica 1 and Bica 2 lie
within the Cyg OB2 core radius with Bica 1 located at the coreGiven that the OB
population analysis ofKnedIseder (2000 revealed 2600 ( 400) OB stars, with 120
( 20) of these being O stars, it is reasonable to assume that nyaof these objects
may be members of Bica 1 or Bica 2 and as such. the clusters mayrtour a rich
X-ray emitting population and potentially di use emission. (I note here that a later
NIR spectroscopic study of the Cyg OB2 O star populationGomepn et al., 2002
revised the number of O stars in the population to the 90-10@Gnge which is still a
very large O star population).
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Both Chandra and XMM-Newton have observed the Cyg OB2 regionXMM-
Newton has observed the region several times with exposure timesging from 2
- 32 ks. Chandra observed Cyg OB2 twice, however only one ofeie pointings
(a deep 98 ks observation) contains the Bica 1 and Bica 2 cless in the FOV.
Albacete Colombo et al.(2007 use this deepChandra observation to characterize
the rich X-ray emitting population in the core region of Cyg 2, in particular
the low mass population which, until then, was unknown. A lagr study by Wright
and Drake (2009 used this 98 ks observation with a 49 ks observation (centte
northwest of the Cyg OB2 core) to analyze the broader X-ray eitting population
in the region. There have yet to be studies of the di use emigs in and around
the Cyg OB2 association. It is important to note here that theX-ray population
studies published in the literature thus far have focussednoCyg OB2 as a whole
and not the Bica 1 and Bica 2 clusters. As such, an analysis dfa X-ray properties
of the candidate cluster populations may (or may not) provid evidence that these
are indeed physical clusters.

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

3.2.1 Summary

The 98 ks Cyg OB2Chandra dataset was aimed at the centre of the Bica 1 cluster
which was su cient to cover the entire cluster areas of Bica {R¢ = 29 and Bica 2
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(Rer = 2:59 Bica et al. (2003. No background aring periods were identi ed leaving
the full 98 ks of useable data. Thevavdetectalgorithm detected 856 sources in the
FOV, 120 of which were within the Bica 1 cluster bounds with 12within the Bica 2
cluster bounds. Foreground and extragalactic contaminain 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 assumirthe contaminants are
evenly distributed throughout the FOV, this corresponds to< 2 and 5-7 Galactic
and extragalactic contaminants in the Bica 1 cluster area ah< 2 and 8-12 Galactic
and extragalactic contaminants in the Bica 2 cluster area.ndividual source data
and statistics were analysed, as outlined i.1, to identify 2 and 8 candidate extra-
galactic sources in the Bica 1 and Bica 2 source populatiorsspectively, roughly in
line with the simulation predictions, which were removed tim consideration. This
left 118 Bica 1 sources and 116 Bica 2 sources, including fpoaind contaminants,
which are all labelled as cluster sources. The adaptively swthed image of the Cyg
OB2 region revealed faint di use emission in both clusters kich, along with the
unsmoothed 0.5-8 keV ACIS-I image, is shown in Figurg14

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 smoothedChandra 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 idead 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 lgaB stars were
detected. The spectra of each of the high mass sources witlb0 counts were tin
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XSPEC with absorbed one and two temperature thermal plasma modetdisiring the
AE reduction and analyses procedures (results given in Tali#el). All of the known
high mass sources exhibit soft spectra likely due to a RDIS &sion mechanism.
The brightest source (0.5-8 keV lod-x > 32 erg s?'), Schulte 22, is classi ed in
the SIMBAD database as a double star, consisting of O3I and ®6type stars. If
these stars formed a physical system with a reasonable bigaeparation, one would
expect such a system form a CWB. However, the X-ray spectruni ihis source does
not suggest a CWB system given the lack of signi cant hard ersgion. As such, it
is likely that the these stars form an optical double ratherttan a physical system.

The correlated high quality 2MASS data were used to produce AvsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (FigureB.1). This plotidenti es only 2 candidate OB stars in the cluste (see
Table B.2 for results of spectral ts). Only one of these sources wasight enough
to be tin XSPEC and was best t with an absorbed one temperature thermal
plasma model. However, the t was not well constrained prodiing an extremely
hard best t thermal plasma temperature kT = 28.1 keV). This is likely not an
accurate result given the derived 90% con dence interval otne result exceeds the
t 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 aMCWS mechanism.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in FigueB.2. The brightest PMS
source in Bica 1 has a 2-8 keV logy < 31 erg s, well within the expected range.
The derived plasma temperatures of the sources range fronb@® keV, peaking at

2 keV. The majority of these sources su ers from slight to maatate foreground
absorption (logNy. 223 cm ?), with a small number of sources subject to quite
heavy absorption (logNy& 225 cm 2), possibly due to an accretion disk or natal
cloud. The majority of the sources shows no sign of variakitiover the course of the
observation, with a small number of variable sources and erinely variable, likely
aring objects. The trend in the variation of Eqegian With KT is similar to that
found by Feigelson et al(2009 with a slight increase inkT with Epegian. There are
too few lightly obscured sources to investigate thBl,-Eqegian relation of Feigelson
et al. (2009 fully but most of the sources likely fall in the obscured reign of the
plot and show a general trend toward increasing megian With increasing Ny. For
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sources WIthE megian< 1.7 keV, an upper limit of logNy. 220 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thus-
ter and were used to produce the the 2-8 kel/x against Emegian plots, shown in
Figure B.3. These plots indicate that the majority of the PMS sources iBica 1 is
lightly obscured, most probably Class Il or Class Il YSOs wih 5 heavily obscured
sources, likely Class | YSOs or Class Il YSOs viewed from anfawourable angle.
The brightest of the heavily obscured sources are variable @ring with a the re-
maining 3 showing no signs of variability. These sources dily represent the high
luminosity tip of the heavily obscured source population.

Given the evident faint di use emission in Figure3.14it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
entire cluster and cluster core regions (the core radius gy de ned as R¢/2) and
t in XSPEC. The spectra with the best t model are shown in FigureB.4 with
t results given in Table B.3. Both the core and the all-FOV spectra are well t
with absorbed two temperature thermal plasma models but indith cases, the hard
component plasma temperature is poorly constrained. Apaftom an increase in
ux, there is little di erence between the core and total cluster spectra indicating
no variation in di use emission sources throughout the clusr. Given the presence
of a hard component and the number of O stars con ned to the ralively small Bica
1 cluster volume (5 O stars in 5 ptassuming the cluster is spherically symmetric),
a cluster wind may be the source of the hard di use emission.s&uming the model
of Canb et al. (200Q see Sectionl.4.7.] and considering the O stars to be the
dominant contributors to the cluster wind, a hot component fasma temperature of

11:6 keV and a 2-8 keV logLx of 308 erg s?! are derived meaning a cluster
wind can account for only a fraction of the observed logyx 323 erg s?.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that Bica 1 is slightly oler than the ONC, the
COUP data were scaled according to the scaling relation Bfeibisch and Feigelson
(2009. These XLFs are shown in Figure3.15 The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLH®ws the same slope
as the COUP PMS population. Scaling the COUP population to tht of Bical and
integrating the "missing' PMS population region yields anstimate of the unresolved
PMS population 2-8 keV logLx of 323 erg s! meaning an unresolved PMS can
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account for the vast majority of di use emission in the cluser 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 idead 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 gl stars were de-
tected. Strangely however, a B5 star was identi ed as an X-yasource. The spectra
of each of the high mass sources with 50 counts were t in XSPEC with absorbed
one and two temperature thermal plasma models during th&E reduction and anal-
yses procedures (results given in TablB.4). All apart from one of the known high
mass sources exhibit soft spectra likely due to a RDIS emissi mechanism. The
extremely bright source (0.5-8 keV lod_x > 34 erg s?!), VI Cyg 8A, exhibits the
X-ray spectrum of a CWB. Indeed, this is a well known high maskinary system
consisting of O6If and O5.511I(f) stars whose CWB status ha®ng been known De
Becker et al, 20068H.

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutiongy tracks and reddening
vectors (Figure B.5). This plot identi es only 1 candidate OB star in the cluster
(see TableB.5). Unfortunately this source is not bright enough to spectrily derive
reliable source properties iXSPEC 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 objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figue B.6. The brightest
PMS source in Bica 2 has a 2-8 keV ldgy < 32 erg s?, within the expected range.
The derived plasma temperatures of the sources range froni keV, peaking at

1 keV. All of these sources su er from slight to moderate foggound absorption
(log Ny. 223 cm 2). About half of these sources show no signs of variability,
with a small number of variable sources and a few extremely nable, likely aring
objects. The trend in the variation of Eegian With KT is similar to that found by
Feigelson et al.(2009 with a slight increase inkT with Eegian. There are too few
lightly obscured sources to investigate théNy-Eegian relation of Feigelson et al.
(2009 fully but most of the sources likely fall in the obscured regn of the plot
and show a general trend toward increasing megian With increasingNy. For sources
With Emegian< 1.7 keV, an upper limit of logNy. 220 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thtus-
ter and were used to produce the the 2-8 kel/x against Emegian plots, shown in
FigureB.7. These plots indicate that the majority of the PMS sources iBica 2 is
lightly obscured, most probably Class Il or Class 111 YSOs, ith no heavily obscured
sources. The brightest of these PMS sources show strong saiiity and likely un-
derwent a aring period during the observation. The absencef heavily obscured
sources may result be due to a lack of Class | YSOs in the clusta, more likely,
the brightest of these are below the detection limits.

Given the evident faint di use emission in Figure3.14it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
entire cluster and cluster core regions (the core radius gy de ned as R¢,/2) and
tin XSPEC. The spectra with the best t model are shown in FigureB.8 with t
results given in TableB.6. Both the core and the all-FOV spectra are well t with
absorbed two temperature thermal plasma models the tempeuaes of which are
slightly higher for the total cluster spectrum than for the ore. Given the presence
of a hard component and the number of O stars con ned to the ralively small
Bica 2 cluster volume (10 O stars in 9 ptassuming the cluster is spherically sym-
metric), a cluster wind may be the source of the hard di use erssion. Assuming
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the model of Canb et al. (200Q see Sectionl.4.7.]) and considering the O stars
to be the dominant contributors to the cluster wind, a hot conponent plasma tem-
perature of 8:6 keV and a 2-8 keV log.x of 315 erg s?! are derived meaning
a cluster wind can only account for about a third of the obserd logLyx 32 erg s?.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that Bica 2 is slightly oler than the ONC, the
COUP data were scaled according to the scaling relation Bfeibisch and Feigelson
(2009. These XLFs are shown in Figure.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 th®QGP population
to that of Bica 2 and integrating the "missing' PMS populatio region yields an es-
timate of the unresolved PMS population 2-8 keV lod x of 31:8 erg s ! meaning
an unresolved PMS can account for most of di use emission ité cluster. Thus,
the combined emission from the unresolved PMS population drthe cluster wind
can account for the di use emission in the cluster, with the nresolved 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 1C 1590

IC 1590 is a young open cluster located in the NGC 281 star foimg region also
known as the Pac Man Nebula lirtle et al., 200§ Moore, 2008§. This region has
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long been known as a rich, active star forming region with 3 @hti ed sites of recent
and/or ongoing star formation, IC 1590 being one. Interestgly, given its location
several hundred parsecs above the Galactic plane, it is thght a supernova in the
region some 6 Myr ago triggered the star formation in NGC 281 ¢ass et al, 2007).

The IC 1590 cluster itself has had very little dedicated angsis with only one read-
ily identi able in the literature. This is likely due to the c luster lying behind two
dust clouds one of which is in the immediate foreground of th&uster. Guetter and
Turner (1997 present a photometric analysis for many of the stars in theluster

with a spectroscopic analysis of 20 of the brighter sourcescluding 4 O-type (which
form a trapezium similar to that of the ONC), several B-type tars 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 chtier is determined ask;

= 6.6' however no estimate is o ered for the cluster core. Tlsitotal cluster radius
is consistent with that from the catalogue of open cluster mperties ofKharchenko
et al. (2005 and thus the catalogue's core radiusRc, = 3.6") 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 catre 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 thoudn, the O star trapezium
in the core of the cluster is observed. As yet an analysis ofabeChandra data, with
respect to IC 1590 or NGC 281, have not been published in théeliature. Given the
presence of high mass stars in close proximity and a PMS poatibn is it reasonable
to expect a rich X-ray emitting population and potentially di use emission in the
IC 1590 cluster.

3.3.1 Summary

The 62 ks NGC 281Chandra dataset, due to the aimpoint, observed about 70%
of the IC 1590 cluster. No background aring periods were ité ed leaving the
full 62 ks of useable data. Thevavdetectalgorithm detected 310 sources in the
FOV, 218 of which were within the cluster bounds. Foregroundnd extragalactic
contamination simulations yield 3-10 potential foregroud sources and 90-150 po-
tential extragalactic sources in the entire FOV. Given the eea of the cluster and
assuming the contaminants are evenly distributed througha the FOV, this corre-
sponds to< 4 and 45-75 Galactic and extragalactic contaminants in the IC 15D
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3.3 IC 1590

Figure 3.17: DSS Image of IC 1590.

cluster area. Individual source data and statistics were afysed, as outlined in2.1,
to identify 51 candidate extragalactic sources in the clust source population, in
line with the simulation predictions, which were removed &m consideration. This
left 167 sources, including foreground contaminants, wiicare all labelled as clus-
ter sources. The adaptively smoothed image of the NGC 281 reg revealed faint
di use emission in the cluster which, along with the unsmodted 0.5-8 keV ACIS-I
image, is shown in Figure3.18

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

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (Figure B.9). This plot identi es 9 candidate OB stars in the FOV (see
Table B.8 for results of spectral ts). Only one of these sources wasight enough
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3.3 IC 1590

Figure 3.18: Chandra ACIS-1 0.5-8 keV image of IC 1590 with detected sources markk
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 tin XSPEC and was best t with an absorbed one temperature thermal
plasma model. However, the tis formally bad with a reduced 2 > 2. The result-
ing plasma temperature okT  1:8 keV indicates the source is likely emitting via
a MCWS mechanism.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figue B.10. The brightest
PMS source in IC 1590 has a 2-8 keV Idgy ~ 31 erg s?, well within the expected
range. The derived plasma temperatures of the sources rarfgem 1-4 keV, peaking
at 3 keV. The majority of these sources su ers from slight to maatate foreground
absorption (logNy. 223 cm 2), with no sources subject to heavy absorption. Also,
the majority of sources shows no sign of variability over theourse of the observa-
tion, with a only one variable source and 2 extremely variab| likely aring objects.
The trend in the variation of Eegian With KT is similar to that found by Feigelson
et al. (2009 with a slight increase inkT with Eegan. There are too few heavily
obscured sources to investigate th&ly-Enegian relation of Feigelson et al.(2009
fully but most of the sources fall in the lightly obscured reign of the plot and show
no trend betweenE negian and Ny as expected. For sources Witht negian< 1.6 keV,
an upper limit of log Ny. 220 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thkister
and were used to produce the the 2-8 kel againstE pegian plOts, shown in Figure
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3.4 NGC 1893

B.11. These plots indicate that the majority of the PMS source inC 1590 is lightly
obscured, most probably Class Il or Class Il YSOs with 9 hedy obscured sources,
likely Class | YSOs or Class Il YSOs viewed from an unfavourbbangle. Five of
the nine heavily obscured sources, including the two brigbst, are either variable
or aring. These sources likely represent the high luminasi tip of the heavily ob-
scured source population.

Given the evident faint di use emission in Figure3.18it was deemed unneces-
sary to mask and adaptively smooth the image again. Spectraeve extracted from
the entire cluster and cluster core regions and t ilXSPEC however only the total
cluster spectrum had enough counts for a meaningful t. Thispectrum with the
best t model are shown in FigureB.12 with t results given in Table B.9. The
spectrum is well t with an absorbed single temperature thenal plasma model with
a soft plasma temperature yielding a 2-8 ke/x of 2 10*? ergs®. This suggests
an unresolved PMS population as the source of the di use ersien.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that IC 1590 is older than lhe ONC, the
COUP data were scaled according to the scaling relation Bfeibisch and Feigelson
(2009. These XLFs are shown in Figure3.19 The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLFhows the same
slope as the COUP PMS population. Scaling the COUP populatioto that of IC
1590 and integrating the "missing' PMS population region glds an estimate of the
unresolved PMS population 2-8 ke\L.x of 1 10*? erg s ! meaning an unresolved
PMS can account for about half the observed di use emission the resolved cluster
area.

3.4 NGC 1893

NGC 1893 is a massive young stellar cluster notable due tosittocation at the edge
of the Galaxy some 11 kpc from the Galactic centre. The clustés contained in
the Aur OB2 association and associated with the HII region IG10 and conse-
guently is obscured. Limited optical photometric studies fothe cluster have existed
for many decades (se€u ey, 1973 for e.g.) but the more recent works offapia
et al. (1990 and Massey et al.(1999 presented NIR and spectroscopic analyses

68



3.4 NGC 1893

100.0 ¢ IC 1590 4 100.0 F '7\77“7 77"‘ IC 1590 —— |
E ] Eo_r- [ CouP ---- 7§
10.0F E 10.0 E
z 7 ] z 7

1.0 E 1.0 E

0.1 I I I I 1 I 0.1 I 1 I
27 28 29 30 31 32 33 34 27 28 29 30 31 32 33 34

log 2-8 keV Ly, (erg/s) log 2—8 keV Ly, (erg/s)

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 identi ed high mass stars in the clusteincluding several O stars.
Later still, Marco et al. (200]) identify 50 cluster stars with spectra type earlier
than AO, with some PMS stars and two candidate Herbig Be starsThis implied
the presence of a large PMS population, which was subsequgrmton rmed through
observation, led to a slew of studies on the NGC 1893 stellaojpulation (seeMarco
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 Myis adopted for
this analysis based on the presence of two O5V stars in the sler. The distance
estimates to the cluster also vary somewhat, ranging betwee 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 byrapia et al. (199]), is adopted as it is at the
centre of the range of distance estimatesSharma et al.(2007 use various source
lists to determine the extent of the cluster, the results of hich vary considerably.
Instead of selecting one of these estimates it was decidedaidopt the total (Rc| =
12") and core radius R¢o = 4.8") from the catalogue of open cluster properties of
Kharchenko et al. (2003.

Chandra observed NGC 1893 ve times over late 2006 and early 2007 astpa
of a combinedChandra-Spitzer observing programme to investigate the prevalence
of circumstellar disks in the population. TheChandra data were collected for a
combined exposure time of 440 ks. Caramazza et al.(200§ use these data to
identify 1000 sources in the FOV and perform a detailed X-ray analyse the
clusters PMS population speci cally the fractions of the vaous classes of YSOs
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3.4 NGC 1893

in the cluster. Though this detailed analysis of the PMS X-na sources has been
published, no analysis of other cluster subpopulations du@s the high mass stars
or potential di use emission exists in the literature.

Figure 3.20: HST Image of NGC 1893.

3.41 Summary

Three Chandra observations of NGC 1893 that exceeded 100 ks were used fas th
analysis giving a total exposure time of 353 ks. Each of the sdrvations was centered
a few arcmins north of the cluster centre, however, this wasi sient to observe a
substantial fraction of the cluster with only outer clusterregions lying outside the
FOV. No background aring periods were identi ed leaving the full 353 ks of use-
able data. Thewavdetectalgorithm detected 797 sources in the FOV, 448 of which
have a 2MASS counterpart. Foreground and extragalactic ctamination simula-
tions yield 15-30 potential foreground sources and103-116 potential extragalactic
sources in the entire FOV. Individual source data and statiss were analysed, as
outlined in 2.1, to identify 110 candidate extragalactic sources in the céter source
population, in line with the simulation predictions, which were removed from con-
sideration. This left 687 sources, including foreground s@aminants, which are all
labelled as cluster sources. The adaptively smoothed imagéthe NGC 1893 re-
vealed bright di use emission in the cluster which, along wh the unsmoothed 0.5-8
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3.4 NGC 1893

keV ACIS-I image, is shown in Figure3.21

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 idead using the
sourcelist ofMassey et al.(1995 and the SIMBAD database. All of the known O
stars were detected whereas 13 of the 18 early B stars wereedttd. The spectra
of each of the high mass sources with 50 counts were t in XSPEC with ab-
sorbed one and two temperature thermal plasma models durifge AE reduction
and analyses procedures (results given in TabR.10). All apart from one of the
known O stars are best t with an absorbed one temperature threnal plasma model
and show the spectral signatures of RDIS emitters. The renmang O star, namely
the O4V((f)) star HD 242908, requires a two temperature thenal plasma model,
with one soft and one hard thermal components, and has an Xyrduminosity that
indicates a CWB system. All of the known early B-type stars éxbit moderately
hard spectra and have 2-8 ke\L x values consistent with MCWS emission.

The correlated high quality 2MASS data were used to produce dAvsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (FigureB.13). This plot identi es 59 candidate OB stars in the FOV. The
brightest of these sources were spectrally t irKSPEC (see TablesB.11 and B.12

1Given this very deep observation we would expect all of the edy B stars to be detected,
however, because the roll angles of the three observationgeanot the same, some of the regions
in the FOV are exposed at a fraction of the on axis exposure tire of 353 ks, resulting in a poorer
detection limit.
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3.4 NGC 1893

for results of spectral ts). Almost all of the candidate OB s$ars in the cluster are
well t with thermal plasma models with plasma temperaturesand derived X-ray
luminosities on par with the known early B stars in the cluste As such, if these
are indeed early B-type stars, they are emitting via a MCWS nolanism.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figuwr B.14. The brightest
PMS source in NGC 1893 has a 2-8 keV Idgx > 32 erg s*?, which is quite bright
for a PMS star. Analysis of this source's lightcurve shows #t the object under-
went a period of enhanced emission in each of the thr€mandra observations that
is almost periodic in appearance, which is also suggested ity derived variability
statistic of Pxs = 0.028. The derived plasma temperatures of the sources rang
from 0.1-10 keV, peaking at 0.5 keV. The majority of these sources su ers from
slight to moderate foreground absorption (lodNy. 223 cm ?), with a few subject
to heavy absorption. Many of sources shows no sign of varibilyi over the course
of the observation, however there are a large number of vabia or aring sources
also identied. The trends in the variation of Epegian With KT and E pegian With
Ny is similar to those found byFeigelson et al.(2009 with a slight increase inkT
With Eegian @and increasingNy with Eegian @above 1.9 keV. For sources with
Emedian< 1.9 keV, an upper limit of logNy. 22:3 cm ? is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thiister
and were used to produce the the 2-8 kel againstE egian plots, shown in Figure
B.15. These plots indicate that the majority of the PMS sources ilNGC 1893 is
lightly obscured, most probably Class Il or Class Il YSOs Wi several heavily ob-
scured sources, likely Class | YSOs or Class Il YSOs viewedrfr an unfavourable
angle. Many of these heavily obscured sources are eitherighie or aring. The
rather deep observation leads to an increased number in thetdction of heavily
obscured sources as compared to other clusters. These sesirikely represent the
high luminosity end of the heavily obscured source populain.

Given the obvious diuse emission in Figure3.21 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
entire cluster and cluster core regions from each of the tleeobservations and t
simultaneously inXSPEC. Both spectra with the best t models are shown in Figure
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3.5 NGC 2362

B.16 with t results given in Table B.13. The spectra are well t with an absorbed
cool thermal plasma model. There is little variation in spdcal parameters of ux
between the core and all-FOV spectra suggestion the same ase emission process
throughout the cluster, likely an unresolved PMS populatin.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that NGC 1893 is older tharthe ONC, the
COUP data were scaled according to the scaling relation Bfeibisch and Feigelson
(20095. These XLFs are shown in Figure3.22 The total cluster XLF shows no
outliers. This is unusual given that one of the sources, namgeHD 242908, was
identi ed as a CWB which would be expected to have a relativgl high 2-8 keV
Lx. As such, it is likely that HD 242908 is a wide binary system esulting in a less
luminous colliding wind zone. The high luminosity end of thd®MS XLF shows the
same slope as the COUP PMS population. Scaling the COUP poptibn to that of
NGC 1893 and integrating the ‘missing’' PMS population regioyields an estimate
of the unresolved PMS population 2-8 keV lod.x of 327 erg s® meaning an
unresolved PMS can easily account for the observed di use &sion 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 o&trion-Cygnus
arm of the Galaxy. The cluster is dominated by the quadruple CMa star, an
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3.5 NGC 2362

09 supergiant and the only cluster member on the post-mainaence, and several
B-type main sequence stars. The cluster has been known formsotime and was
long thought to consist almost entirely of early-type stargJohnson 1950. Later
studies of the clusters stellar population have shown thisohto be the case and that
the mass spectrum extends much lower than the previous eatlype limit ( Kroupa
et al.,, 1992. Recently the cluster has been the subject of many analyses the
it su ers from low extinction meaning the stars in NGC 2362 hee a low uniform
reddening which make it an ideal cluster for the study of PMStsllar evolution.
Moitinho et al. (200]) performed aUBVRI photometric analysis of the cluster fo-
cussing on the PMS population. These authors determine a ster 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 drived an upper limit
of . 500 M for the cluster mass. In some of the analyses in the literateyy authors
attempt to determine the physical size of the cluster howeveghese estimates, which
di er somewhat, are invariably derived using a subpopulatin of the cluster. Be-
cause of this, the clusters total radiusRc| = 15') and core radius Rc, = 3.6') are
adopted from the catalogue of open cluster properties &harchenko et al.(2009.

Chandra performed a deep 100 ks observation of NGC 2362 in late 2003.
Damiani et al. (2009 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 propertied the PMS sources.
These data were also used byelgado et al.(200§ who perform a multiwavelength
analysis of the cluster. These authors obtain similar redsl to those of Damiani
et al. (2009 and again focus mainly on the PMS population.

3.5.1 Summary

The 100 ks NGC 236Zhandra dataset was only su cient to resolve the central re-
gions of the cluster area given it's rather large size on th&ys The observation event
list was ltered for background aring periods leaving 96 ks of useable data. The
wavdetectalgorithm detected 449 sources in the FOV, 271 of which havéMASS

counterparts. Foreground and extragalactic contaminatio simulations yield 16-23
potential foreground sources and 75-84 potential extragalactic sources in the FOV.
Individual source data and statistics were analysed, as duted in Section 2.1, to
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Figure 3.23: DSS Image of NGC 2362.

identify 56 candidate extragalactic sources in the clustesource population, lower
than the simulation predictions. This implies a further 20 extragalactic sources
may be contaminating the NGC 2362 cluster population. Withot further informa-
tion however, there is no way to identify these sources anduk only the 56 candi-
date extragalactic sources were removed from consideratioThis left 393 sources,
including foreground contaminants, which are all labelleés cluster sources. The
adaptively smoothed image of the NGC 2362 region showed nadance of di use
emission in the cluster which, along with the unsmoothed 08 keV ACIS-I image,
is shown in Figure3.24

High mass sources in the detected X-ray population were idead using the
SIMBAD database. The one known O star in NGC 2362 was detectethereas only
5 of the 9 early B stars were detected. The spectra of each oethigh mass sources
with > 50 counts were t in XSPEC with absorbed one and two temperature ther-
mal plasma models during theAE reduction and analyses procedures (results given
in Table B.14). All of the known early B-type stars exhibit soft spectra lkely due to
a RDIS emission mechanism. The spectrum of the brightest soe CMa, an O91b
star, has a somewhat more complex spectrum with both a one atwib temperature
thermal plasma models giving poor ts. This is unsurprisinghowever as CMa is
a well known multiple star with at least 3 components of whichone is a known
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3.5 NGC 2362

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 ths system) is likely emit-
ting X-rays. As such, this(these) star(s) may be contaminatg the O supergiant
X-ray spectrum of CMa. The derived spectral parameters from the two temper-
ature thermal plasma of this source are shown in TabE.14 for descriptive purposes.

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutiongy tracks and reddening
vectors (FigureB.9). This plot identi es 3 candidate OB stars in the FOV (see Ta-
ble B.15 for results of spectral ts). Two of these sources were briglenough to be
tin XSPEC and were best t with an absorbed one temperature thermal pkma
model. Both these sources exhibit soft X-ray spectra with ptma temperatures and
X-ray luminosities in line with the known early B-type starsin the cluster. As such,
these sources are likely emitting via a RDIS mechanism.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figwe B.18. The brightest
PMS source in NGC 2362 has a 2-8 keV logy 32 erg s?', within the ex-
pected range. The derived plasma temperatures of the souwceange from 0.1-5
keV, peaking at 1 keV. The majority of these sources su ers from slight to mod
erate foreground absorption (lodNy. 223 cm ?), with no sources subject to heavy
absorption. Many of the sources shows no sign of variabilitgver the course of the
observation, with a small number of variable and several exdmely variable, likely
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aring objects. The trend in the variation of E egian With KT is similar to that found
by Feigelson et al.(20095 with a slight increase inkT with Eegian, @s is the trend
in increasingNy with Eeqian @bove a threshold level. For sources with egian< 1.4
keV, an upper limit of logNy. 21:9 cm 2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in thkister
and were used to produce the the 2-8 kel againstE pegian plOts, shown in Figure
B.19. These plots indicate that the majority of the PMS source in K6C 2362 is
lightly obscured, most probably Class Il or Class Il YSOs wih 3 heavily obscured
sources, likely Class | YSOs or Class Il YSOs viewed from anfawourable angle.
Two of the three heavily obscured sources show signs of vaildy. These sources
likely represent the high luminosity tip of the heavily obsared source population
which, given the age of NGC 2362, is likely relatively smalhicomparison to other
programme clusters.

There is little evidence for di use emission in the clusterentre (see Figure3.24)
however there may still be faint di use emission throughouthe FOV. To obtain a
better image of the di use emission a point source masked amdaptively smoothed
image, shown in Figure3.25 was created.

Figure 3.25 shows faint di use emission in the cluster core. Spectra werex-
tracted from the entire FOV and cluster core region and t inXSPEC. This spec-
trum with the best t model are shown in Figure B.20 with t results given in
Table B.16. The spectra are well t with an absorbed cool thermal plasmanodel.
There is little variation in spectral parameters of ux between the core and all-FOV
spectra suggestion the same di use emission process thrbagt the cluster, likely
an unresolved PMS population, with a 2-8 keV lod x of 306 erg s* derived for
the all-FOV di use emission.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that NGC 2362 is older tharthe ONC, the
COUP data were scaled according to the scaling relation Bfeibisch and Feigelson
(2009. These XLFs are shown in Figure3.26 The total cluster XLF indicates no
outliers as expected. The high luminosity end of the PMS XLFhows the same
slope as the COUP PMS population. Scaling the COUP populatioto that of NGC
2362 and integrating the ‘missing' PMS population region glds an estimate of the
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3.6 NGC 3603

Figure 3.25: Masked and adaptively smoothed 0.5-8 keV image of NGC 2362 dise
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 séected image binning.

unresolved PMS population 2-8 keV lodix of 30:8 erg s * meaning an unresolved
PMS can easily account for the observed di use emission ingtresolved cluster area.

3.6 NGC 3603

NGC 3603 is a giant HIl region located in the Carina spiral arnand is famous for
being the most luminous optically visible HII region in the Glaxy (Ndrnberger,
2003. At the heart of this giant HII region is the massive young cetral cluster also
commonly referred to as NGC 3603. The NGC 3603 cluster has hebe subject
of many studies over the years not only because of its size asigllar population
but in particular the fact that it su ers from low foreground extinction (A, = 4:5,
Stolte et al., 2004 and references therein) making it easy to observe the stglipop-
ulation in all wavebands down to low masses. There have beegveral studies of
the stellar content of the NGC 3603 cluster which have iden&d a large high mass
stellar population consisting of WRs and early and late O sta at various stages of
evolution (see Melena et al, 200§ Mo at et al. , 1994 for example). In addition
Stolte et al. (2009 and Sung and Bessel(2009) 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 rga from 1-4 Myr but is
mostly quoted at 1 Myr. Distance estimates to the cluster vary between 6-10 kp
but as noted by Melena et al.(2008, this variation arises due to the uncertain red-
dening correction. The most recent distance estimate is kpc (Melena et al, 2009.

Chandra observed the NGC 3603 cluster for 50 ks in its rst year of obs&-
tions. Mo at et al. (2002 presented the rst analysis of this observational data.
They identify almost 400 sources in the FOV, at least 40 of wth are associated
with optically identied WRs and OB stars, most of the remainng sources likely
being PMS stars. The three WR stars in the cluster were foundtbe anomalously
bright in X-rays which the authors indicate may be due to a cdiling wind emission
mechanism. In addition, these authors identify weak di useemission in the centre
of the cluster which they attribute to a cluster wind. Sung and Bessel(2009 also
use this dataset to determine the X-ray emission from the PM§$opulation in the
cluster and highlight the problem of crowding in the clustercore. The rich X-ray
emitting stellar population and di use emission present inthe NGC 3603 cluster
make it very suited for study in this project.

3.6.1 Summary

The 50 ks NGC 3603Chandra dataset was su cient to resolve the entire cluster
area. The observation event list was Itered for backgroundaring periods leav-

ing 48 ks of useable data. Thevavdetectalgorithm detected 352 sources in the
FOV, 165 of which are within the cluster bounds. 57 of these siwe were found to
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Figure 3.27: HST Image of NGC 3603.

have 2MASS counterparts. Foreground and extragalactic camination simulations
yield 2-8 potential foreground sources and 90-103 potential extragalactic sources
in the FOV. Given the actual area of the cluster and assuminghe contaminants are
evenly distributed throughout the FOV, this corresponds td0-1 Galactic and 15-18
extragalactic contaminants in the NGC 3603 cluster area. thvidual source data
and statistics were analysed, as outlined i.1, to identify 39 candidate extragalac-
tic sources in the cluster source population, higher than ghsimulation 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 exgalactic sources were
removed from consideration. This left 126 sources, includj foreground contami-
nants, which are all labelled as cluster sources. The adaply smoothed image of
the NGC 3603 region showed obvious di use emission in the ster which, along
with the unsmoothed 0.5-8 keV ACIS-I image, is shown in Figer3.28

High mass sources in the detected X-ray population were idead using the
source list ofMelena et al.(2009 and the SIMBAD database. Unfortunately, given
the incredibly rich population high mass stars, their locabn in the core and the
distance of NGC 3603, source crowding is a serious issuéelena et al. (2009
identify 50 main sequence and evolved O stars stars in the cluster co@nly
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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 waes consisting of
up to 4 known high mass stars. In addition, two extremely brigt sources were
detected in the heart of the cluster which are almost 2 orded magnitude brighter
than surrounding cluster sources. These e ectively drownhe emission from less
bright sources in the vicinity resulting in some non-deteabns. Stars with spec-
tral type as early as O3 were not detected for this reason. UWtunately there
is little that can be done about this. Image reconstruction lgorithms may un-
cover these as contributing X-ray sources hidden in the dise 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 thetdetion threshold of
the observation. The spectra of each of the high mass sourcggh > 50 counts
were, nevertheless, t inNXSPEC with absorbed one and two temperature thermal
plasma models during theAE reduction and analyses procedures (results given in
Table B.17). Of the single known high mass stars 4 show spectra consrgtevith
RDIS emission mechanisms. A further 3, namely Sh 49, Sh 47 a8t 22, show
moderately hard and bright spectra and are likely relativgl low luminosity CWBSs.
Source CX0J11150727611538.3 was found to consist of 4 veghhmass sources
including 2 WRs. The spectrum of this source was well t with a absorbed two
temperature thermal plasma corrected for photon pileup. Téderived 0.5-8 ke\
is quite bright and it is very likely that one or more of these .e CWB systems. The
remaining source is the so called NGC 3603 C, another WR, wieaderivedL x value
is extraordinarily high. This is almost de nitely a close CWB system.
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3.6 NGC 3603

The correlated high quality 2MASS data were used to produce dAvsJ H
colour-magnitude diagram with the appropriate evolutiongy tracks and reddening
vectors (FigureB.9). This plot identi es 2 candidate OB stars in the FOV (see Ta-
ble B.18 for results of spectral ts). As well as being in the very highmass region of
the 2MASS colur-magnitude diagram, they are very bright in Xays (also reported
by Sung and Bessell2009, yet no spectral types exist for these sources. Indeed,
for many of the optical or IR surveys of the clusters (selélelena et al, 200§ for ex-
ample) observations have focussed primarily on the centré the cluster leaving the
outer regions largely unexplored. One of these sources idlwewith absorbed hot
thermal plasma models and have 0.5-8 kely values well in excess of #derg s !,
consistent with CWB emission or possibly a WR. The second sme is the second
brightest detected in the cluster. It's spectrum is well t with a two temperature
thermal plasma with anLy > 10°** erg s 1. As such, this source is almost certainly
a massive CWB system.

It is unclear as to the nature of the remaining cluster sourse 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 unidentied O-typer @arly B-type stars.
Thus, for the remainder of the analysis, | will refer to them isnply as "unidenti ed'
cluster sources. The unidenti ed stars with> 50 counts were t in XSPEC with
an absorbed thermal plasma model. The global results of tleests are given in
graphic form in Figure B.22. Only 3 sources satis ed this brightness criteria. Two
of these sources exhibit soft spectra with X-ray luminosityalues of 2-8 keV lod-x

32 erg s!. In addition, these sources show no signs of variability. Asuch, it is
entirely possible that these are early O-type stars. The remming source has about
the same derived X-ray luminosity is well t with a very hot thermal plasma model
has aPgs value consistent with a aring source. Indeed, inspectionfdhe lightcurve
reveals the source underwent a strong aring event, increiag to almost 5 times it's
quiescent count rate, during the observation. Because tteers likely only one bright
PMS star in the cluster, the relations ofFeigelson et al.(2009 cannot be investi-
gated. An upper limit of log Ny. 222 cm 2 is set for sources WithE yegian< 1.8
keV, consistent with similar programme clusters.

2-8 keV Ly values were calculated for the remaining inidenti ed souss in the

cluster and were used to produce the the 2-8 kel against E egian plots, shown
in Figure B.23. These plots consolidate the earlier conclusion that manyf ¢these
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3.6 NGC 3603

sources are likely as yet unidenti ed massive stars. Compad to similar plots for
the other programme clusters, the peak luminosity “plateais located at about the
10°2 erg s ! level. In addition, many of the sources on or near this levehew no
signs of variability, consistent with high mass star emissn. There can be no doubt
however that PMS sources also occupy this region of the plotitiv several moder-
ate to highly absorbed sources showing signs of variabilignd in some cases aring.

Figure 3.28 shows di use emission in the cluster. Spectra were extractdrom
the entire FOV and cluster core region and t in XSPEC. These spectra with the
best t models are shown in FigureB.24 with t results given in Table B.19. The
spectra are well t with an absorbed two temperature thermaplasma model. There
is little variation in spectral parameters or ux between the core and all-FOV spectra
suggesting the same di use emission processes throughol tcluster which, given
the rich high mass stellar population, may be a cluster windAssuming the model
of Canb et al. (200Q see Sectionl.4.7.) and considering the all of the known
high mass stars to be contributing to the cluster wind, a hot @amponent plasma
temperature of 9 keV and a 2-8 keV logLyx of 323 erg s?! are derived for
the di use emission in the core where the all of the known higmass stars reside.
The determined X-ray luminosity is signi cantly smaller than the observed lod-x

338 erg s ! for the core, meaning this cluster wind may only account for frac-
tion of the observed diuse emission in NGC 3603. However, must be noted
that this value is likely underestimated given only the brigptest stars in core with
known spectral types are considered. Even in the source latMelena et al.(2009,
spectral types are derived for only 38 of the 50 brightest smes. In addition, this
does not include the multitude of late O-type stars yet to bedenti ed in the cluster.

The cluster and unidenti ed source 2-8 keV XLFs were constated and the
unidenti ed source XLF compared to that of the PMS XLF of the smilarly aged
COUP. Though this may not be explicitly correct, it can o er an estimate to the
contribution of an unresolved unidenti ed source populatn. These XLFs are shown
in Figure 3.29 The total cluster XLF indicates several outliers which cosist of the
CWB candidates and the multiple source CXO J 11150727611538 The high lu-
minosity end of the unidenti ed source XLF shows roughly thesame slope as the
COUP PMS population. Scaling the COUP PMS population to thatof the NGC
3603 unidenti ed source population and integrating the "nsising' unidenti ed source
population region yields an estimate of the unresolved pofaion 2-8 keV log L x
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3.7 NGC 6611

of 34 erg s! meaning an unresolved population can account for about hadff
the observed di use emission in cluster. It is very likely tat both an unresolved
population and a cluster wind are responsible for the di usemission with the un-
resolved sources dominating, though it is noted that the cier wind estimate is
likely underestimated.
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Figure 3.29: Left: NGC 3603 total cluster 2-8 keV XLF. Right: NGC 3603 unidenti ed
source 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashd line).

3.7 NGC 6611

NGC 6611 is a young open cluster embedded in the HIl region M, lifetter 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 massivéass, over 50 of which
are of spectral type B5 or earlier. A more recent study of the assive stellar content
of NGC 6611 was carried out bypufton et al. (200§ who supplement and re ne the
massive stellar parameters. Winds from these massive stan® responsible for ex-
citing and shaping the Eagle Nebula which has given rise to Imgosity features such
as the now famous \Pillars of Creation". Given the identi edstellar population, age
estimates for stars in the cluster are typically quoted in ta 1-6 Myr range Bonatto
et al.,, 2006k 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 hang ages
of 0.1 Myr. Distance estimates to the cluster are somewhat meconsistent with
most being 2 kpc (Belikov et al., 1999 Bonatto et al., 2006k Guarcello et al,
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2007 Hillenbrand et al., 1993.

Chandra has performed a 78 ks observation centered on the NGC 6611stéu.
Linsky et al. (2007 present an analysis of these data which discussed the Young
Stellar Object (YSO) population in and near the Pillars of Ceation. Guarcello
et al. (2010 use this same observation along with two additional obseations of
di erent parts of M 16 to assess the chronology of star forman in M 16 and its
relation to the presence of the massive stars in NGC 6611. $usingly no other
analysis of the X-ray properties of the cluster exists in théterature to date. Given
the populations of OB and PMS stars, it is reasonable to ass@nthat cluster exhibits
di use emission in addition to the a rich X-ray emitting popuation.

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 6611Chandra dataset was aimed at the centre of the cluster. The
17'x17" ACIS-I FOV was only su cient to cover  50% of the entire cluster area
(Rer = 13:29 but was enough to resolve the cluster coreR(, = 4:89%. Background
aring periods were removed leaving 76 ks of useable data. Thevavdetectalgo-
rithm detected 893 sources in the FOV, 620 of which were fourtd have 2MASS
counterparts. Foreground and extragalactic contaminatio simulations yield 5-12
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3.7 NGC 6611

potential foreground sources and 40-56 potential extragadtic sources in the FOV.
Individual source data and statistics were analysed, as dinted in 2.1, to identify 51
candidate extragalactic sources in the FOV, in line with thesimulation predictions,
which were removed from consideration. This left 842 sousce the FOV including,
including foreground contaminants, which are all labelleés cluster sources. The
adaptively smoothed image of the cluster revealed bright dise emission through-
out the cluster core which, along with the unsmoothed 0.5-8eK ACIS-I image, is
shown in Figure3.31

Figure 3.31: Chandra 17° 17° ACIS-l 0.5-8 keV image of NGC 6611 with detected
sources marked in blue (left) and adaptively smoothedChandra 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 idead using the
source lists ofDufton et al. (200§ and the SIMBAD database. All of the known
O stars in the FOV were detected whereas only 16 of the 22 eaf/ stars were
detected. The spectra of each of the high mass sources with50 counts were t
in XSPEC with absorbed one and two temperature thermal plasma modethiring
the AE reduction and analyses procedures (results given in TabB20). All of the
known O stars and two of the early B stars exhibit soft spectrain keeping with a
RDIS emission mechanism. The remaining early B-type starseawell t by mod-
erately hard thermal plasma models. Given the relatively i@ Ly values of these
sources, it is likely that they are MCWS emitters.

The correlated high quality 2MASS data were used to produce dvsJ H

colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (Figure B.25). This plot identi es 38 candidate OB stars in the FOV (see
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Tables B.21 and B.22 for results of spectral ts). All of the bright candidate OB

sources were best t with an absorbed one temperature thermplasma model, all
having derived hardkT values and all withLxy< 10°? erg s 1. If indeed these are
OB stars, they have the signatures of MCWS emission.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figue B.26. The brightest
PMS source in NGC 6611 has a 2-8 keV Idgx < 32 erg s?!, within the expected
range. The derived plasma temperatures of the sources rarigem 1-10 keV, peaking
at 2 keV. The majority of these sources su ers from slight foregund absorption
(log Ny. 220 cm 2), with a few sources subject to quite heavy absorption (log
Ny& 225 cm 2), possibly due to an accretion disk or natal cloud. Similay) the
majority of the sources shows no sign of variability over theourse of the observa-
tion. However, there is a sizable fraction of variable sows with a few extremely
variable, likely aring objects. Trends in the variation of Eegian With KT and Ny
are similar to those found byFeigelson et al.(20095 with a slight increase inkT
With Eqedgian @nd increasingNy with Eneqian @bove 1.7 keV. For sources with
Emedian< 1.7 keV, an upper limit of logNy. 220 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thiister
and were used to produce the the 2-8 keVWx against Eegian plots, shown in Fig-
ureB.27. These plots indicate that the majority of the PMS source in &C 6611 is
lightly obscured, most probably Class Il or Class Ill YSOs wh > 20 heavily ob-
scured sources, likely Class | YSOs or Class Il YSOs viewedrfr an unfavourable
angle. Many of these heavily obscured sources are variable aring with a few
guiescent objects. These likely represent the high lumintstip of the heavily ob-
scured source population.

Given the obvious di use emission in Figure3.31 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
cluster core region and the entire FOV and t inXSPEC. The spectra with the best
t models are shown in FigureB.28 with t results given in Table B.23. Both the
core and the all-FOV spectra are best t with absorbed two terperature thermal
plasma models. There is a noticeable increase in the hard quonent kT from the
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core to the all-FOV spectrum. This may be due to hard emissiom the cluster be-
ing localized in the core causing its brightness in relatioto the soft emission to be
lessened by the cluster wide soft emission resulting in a ptyoconstrained hard t
component. If this is the case it is likely that some of the haremission in the core
of NGC 6611 is due to a cluster wind. Assuming the model @fanb et al. (200Q
see Sectiorl.4.7.) and considering the O stars to be the dominant contributor$o
the cluster wind, a hot component plasma temperature of 9:5 keV and a 2-8 keV
log Lx of 30 erg s?! are derived meaning a cluster wind can only account for a
fraction of the observed di use emission.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the COUP. Given that NGC 6611 is slightly @er than the
ONC, the COUP data were scaled according to the scaling relah of Preibisch and
Feigelson(2005. These XLFs are shown in Figure3.32 The total cluster XLF
shows no high luminosity outliers as expected. The high lumsity end of the PMS
XLF shows the same slope as the COUP PMS population. Scalinget COUP pop-
ulation to that of NGC 6611 and integrating the "missing' PMSpopulation region
yields an estimate of the unresolved PMS population 2-8 ke¥dd Ly of 329 erg
s 1. Thus the unresolved PMS population can account for the maijity of the di use
emission in the FOV of logLx 33 erg s?.
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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).
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3.8 NGC 6618

NGC 6618 is the central exciting cluster of M 17, one of the lyhtest giant HIl
regions known, located at the northeast edge of one of the dgst giant molecular
clouds in the Galaxy Elmegreen et al, 1979. The cluster itself has been known for
some time but because it su ers from substantial absorptiodue to the obscuring
material of the molecular cloud A, 8, Hanson et al, 1997, studies of the stellar
content were limited until recent observations in the IR andX-ray bands. Lada
et al. (199) performed a NIR survey of the cluster region and identi ed Q0 stars
earlier than B9 including 14 O stars and 34 B0-B3 stars (numbb® quoted account
for re ned spectral types in more recent studies)Broos et al. (2007 used aChan-
dra observation to identify a further 100 candidate OB stars intte M 17 region,
some of which are associated with the NGC 6618 cluster. In atidn to the high
mass population, rich PMS and protostellar populations hay also been identi ed
in the cluster (Broos et al, 2007 Ho meister 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 evolutignaacks range from
0.5< 3 Myr (Ho meister et al., 2008 Jiang et al, 2002. Distance estimates range
from 1.3 kpc Hanson et al, 1997 to 2.4 kpc (Russei|] 2003 with recent thorough
studies of the region byNielbock 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 wher&agM-Newton
has observed the region once, the analysis of which has yebtreported. As already
mentioned, Broos et al. (2007 used a 40 k€Chandra observation to characterize the
X-ray emitting point sources in the M 17 region, including N& 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 classi ed some of
the high mass cluster sources as being members of collidinmpdvbinary systems.
Townsley et al. (2003 use this same observational data to analyse the diuse X-
ray emission throughout the M17 region. These authors nd aery complex di use
emission morphology and attribute the emission to a thermalked cluster wind. Since
these publications,Chandrahas performed a very deep observation of the M17 region
lasting 151 ks. Given the studies oBroos et al. (2007 and Townsley et al. (2003
have identi ed rich X-ray emitting point source populations and di use emission
using a substantially shorter 40 ks observation, it is reasable to assume that the
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deeper observation will greatly add to the known X-ray prop#ies 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 661&handra dataset was aimed at the centre of the cluster. The
17'x17" ACIS-1 FOV was only su cient to cover  50% of the entire cluster area
(Rc) = 13:29 but was enough to resolve the cluster coreRg, = 4:89. However,
two other stellar populations are known in the eld, namely he 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 wereemoved from consider-
ation as, without further information, there is no way to identify which population
they actually belong to. No background aring periods weredenti ed leaving the
full 151 ks of useable data. Thevavdetectalgorithm detected 1068 sources in
the FOV with 57 of these falling in the bounds of M 17 N or the KWOcluster.
2MASS counterparts were identi ed for 408 of the remainingasirces. Foreground
and extragalactic contamination simulations yield 21-35qential foreground sources
and 50-70 potential extragalactic sources in the FOV. Indidual source data and

1The 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 ir2.1, to identify 107 candidate extragalac-
tic sources in the FOV. This implies as many as 47 of the idergid extragalactic
sources may actually be members of the NGC 6618 cluster pogidbn. Without
further information however, there is no way to identify thee sources and thus only
all 107 candidate extragalactic sources were removed fromnsideration. This left
904 sources in the FOV, including foreground contaminantsyhich are all labelled
as cluster sources. The adaptively smoothed image of the stier revealed bright dif-
fuse emission throughout the cluster in addition to a strearof soft di use emission
eastward of the cluster which, along with the unsmoothed 0-5 keV ACIS-I image,
is shown in Figure3.34

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 cluser regions are
identi ed in the north and southwest of the left image respedively.

High mass sources in the detected X-ray population were idead using the
source lists ofHo meister et al. (2009 and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 18 of the 4érly B stars
were detected. The spectra of each of the high mass sourcethwi 50 counts were
tin XSPEC with absorbed one and two temperature thermal plasma modetkir-
ing the AE reduction and analyses procedures (results given in TabB24). The
results of the spectral ts show that three di erent X-ray emission processes are at
work in the high mass sources of NGC 6618. Three sources stand as being likely
CWB systems, namely CEN 1a, CEN 1b and CEN 2, each of which areslv t
with two temperature thermal plasma models and have derivedalues 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 t with hard thermal plasma
models and have.x values consistent with MCWS emission. Unsurprising giverné
extreme youth of this cluster. The remaining known high massources are well t
with soft thermal plasma models and havé x values consistent with RDIS emission.

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (FigureB.29). This plot identi es 14 candidate OB stars in the FOV (see
Table B.25 for results of spectral ts). AlImost all of the candidate OB surces were
best t with a hard one temperature thermal plasma model, mdshaving derived
hard kT values and all withLy< 10°? erg s !. If indeed these are OB stars, they
derived parameters consistent with MCWS emission. Only ord# the candidate OB
stars is well t with a cool thermal plasma model and hat x values consistent with
RDIS emission.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figue B.30. The brightest
PMS source in NGC 6618 has a 2-8 keV Idgy < 32 erg s?, within the expected
range. The derived plasma temperatures of the sources rarfgem 0.1-10 keV, peak-
ing at 3 keV. Many of these sources su er from slight foreground atagption (log
Ny. 220 cm 2) however several sources are subject to quite heavy absadopt (log
Ny& 225 cm 2), possibly due to an accretion disk or natal cloud. Similay) many
sources shows no sign of variability over the course of thesabovation. However,
there is a sizable fraction of variable sources with a few egmely variable, likely
aring objects. Trends in the variation of Epegian With KT and Ny are similar to
those found byFeigelson et al.(2009 with a slight increase inkT with Eegian @and
increasingNy with Enegianabove 1.6 keV. For sources WIthE egian <1.6 keV, an
upper limit of log Ny. 220 cm 2 is found.

2-8 keV Lx values were calculated for the remaining PMS sources in thkister
and were used to produce the 2-8 kel/yx against Enegian plOts, shown in Figure
B.31. These plots indicate that the majority of the PMS source in K6C 6618
is lightly obscured, most probably Class Il or Class Il YSOsith a substantial
amount of heavily obscured sources, likely Class | YSOs orask 1l YSOs viewed
from an unfavourable angle. Many of these heavily obscuredwsces are variable or
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aring with a few quiescent objects. These likely represerthe high luminosity end
of the heavily obscured source population.

Given the obvious diuse emission in Figure3.34 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
cluster core region and the entire FOV and t inXSPEC. The spectra with the best
t models are shown in FigureB.32 with t results given in Table B.26. Due to the
stream of soft di use emission from the cluster core, a threemperature thermal
plasma was required for an acceptable t to the all-FOV specim. The soft region
of the spectrum is best t with 0.15 keV and 0.58 keV thermal @smas, in addition
to a much harder 10 keV plasma to account for the relatively fat hard emission.
The core region is somewhat di erent however with only a twoemperature thermal
plasma model required with soft and hard plasma component§&iven the number
of high mass stars in the region, a cluster wind may be party sponsible for the
di use emission, particularly in the core. Assuming the moel of Canb et al. (200Q
see Sectiorl.4.7.) and considering the O stars to be the dominant contributor$o
the cluster wind, a hot component plasma temperature of 105 keV and a 2-8 keV
log Lx of 307 ergs?! are derived meaning a cluster wind can only account for a
fraction of the observed log_x 325 erg s lin the core. It is noted that the bright
stream of soft di use emission seen in the FOV has little conbution to the hard
band 2-8 keVLyx values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the similarly aged COUP. These XLFs are slwn in Figure
3.35 The total cluster XLF shows two high luminosity outliers, ramely the two
brightest CWB candidates. The high luminosity end of the PMSXLF shows the
same slope as the COUP PMS population. Scaling the COUP popatibn to that of
NGC 6611 and integrating the "missing' PMS population regioyields an estimate
of the unresolved PMS population 2-8 keV logtx of 33 erg s!. Thus the unre-
solved PMS population can account for the majority of the hat di use emission in
the FOV of 2-8 keV logLx 333 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 ithe Great Carina
Nebula, one of the most active star forming regions in the Gaty. The cluster
su ers from relatively low optical extinction (Ay 2.6, Ascenso et al. 2007H
and this, coupled with its moderate distance ( 2.8 kpc, Tapia et al., 2003, have
made Trl4 one of the most studied clusters in the GalaxyMassey and Johnson
(1993 and Vazquez et al.(1999 performed studies on the stellar content of the
cluster and identi ed some 13 O type and 18 B type stars in the gpulation with
one of the O stars later being classi ed as a rare O2If* statalborn et al., 2002).
Even with this high mass population,Ascenso et al. (20070 nd that the cluster
is less dense than other clusters of similar size and stellewntent. In addition to
the high mass population,DeGioia-Eastwood et al.(200])) and later Sanchawala
et al. (20078, identify a PMS population. The presence of high mass and PM
population indicate an age of 1-5 Myr which is con rmed by seral authors (eg. -
Ascenso et al.2007h DeGioia-Eastwood et al. 200, 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
Tr1l4. Townsley (2009 use a 60 ksChandra observation centered on the cluster to
identify 1600 point sources in the FOV embedded in large scale di useission.
These authors identify the brightest point sources as beirapincident with the known
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O type stars in the cluster, some of which show hard spectraingssion, consistent
with CWB or MCWS emission. They also note that the di use emision in the region

is soft and seemingly not associated with the massive stars the cluster. While

not completely disregarding some contribution from the masve stellar winds, these
authors favour one or more cavity supernovae not associatedth the cluster as

being responsible for the diuse emission.Albacete Colombo et al.(2003 used

a 44 ks XMM-Newton observation, centered on Carinae (located in the nearby
Trumpler 16 cluster, see Sectiol.10 to identify 80 point sources in the FOV with

those in the northwest associated with Trl4. These authorsrgceeded to derive
spectral properties for these sources. Unfortunately, due the large o -axis angle

of Tr14, only a limited cluster analysis could be performedra hence, the analysis
presented focuses on the global properties of the sourceshia 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 populaton 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 Tr1l4 Chandra dataset was aimed at the centre of the cluster and was
su cient to cover the entire cluster area. No background aing periods were iden-
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ti ed leaving the full 60 ks of useable data. Thevavdetectalgorithm detected
1154 sources in the FOV, 868 of which fall within the cluster dunds. 2MASS
counterparts were identi ed for 562 of these sources. Fomegind and extragalactic
contamination simulations yield 15-22 potential foregroud sources and 70-80 po-
tential extragalactic sources in the FOV. Assuming the comatminants are distributed
evenly across the FOV, this corresponds to 4-6 and 19-22 Gatla and extragalactic
contaminants in the cluster area. Individual source data ah statistics were anal-
ysed, as outlined in2.1, to identify 27 candidate extragalactic sources in the cltesr.
This implies a few of the identi ed extragalactic sources maactually be members
of the Trl4 cluster population. Without further information however, there is no
way to identify these sources and thus all 27 candidate exwgalactic sources were
removed from consideration. This left 841 sources in the slier bounds including,
including foreground contaminants, which are all labelleés cluster sources. The
adaptively smoothed image revealed bright di use emissiotinroughout the cluster
in addition to a region of soft di use emission in the southest of the FOV which,
along with the unsmoothed 0.5-8 keV ACIS-I image, is shown iRigure 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 idead using the
source lists ofMassey and Johnsor{1993 and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 5 of the 18rly B stars were
detected. The spectra of each of the high mass sources with50 counts were t
in XSPEC with absorbed one and two temperature thermal plasma modethiring
the AE reduction and analyses procedures (results given in TaldBe27). In general
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3.9 Trumpler 14

the known high mass sources exhibit soft spectra, in keepimgth a RDIS emission
mechanism. The one early B-type star bright enough to be sgeally t shows the
spectral signatures of MCWS emission. One source, namely HI3129 A, which
is a very rare O2| star, requires a two temperature thermal pkma model for an
acceptable t. This, coupled with its derived 0.5-8 keV logLx of 332 erg s?
suggests that HD 93129 A is a CWB system. Indeed this systemhas already been
con rmed as a CWB through radio observations Benaglia and Koribalskj 2004.

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutiongy tracks and reddening
vectors (FigureB.33). This plot identi es 12 candidate OB stars in the FOV (see
Table B.28 for results of spectral ts). Five of the candidate OB source were bright
enough to be tin XSPEC. Three of these are best t with an absorbed one tem-
perature thermal plasma model having derived hardT values and all with log
Ly< 32erg s?!, the signatures of MCWS emission. The remaining bright caidhte
OB stars are well t with a cool thermal plasma model and have.yx values consis-
tent with RDIS emission.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figwe B.34. The brightest
PMS source in Trl4 has a 2-8 keV logx < 32 erg s?, within the expected range.
The derived plasma temperatures of the sources range from-®@ keV, peaking at 2
keV. Many of these sources su ers from slight foreground atrgtion (log Ny. 220
cm 2) with a couple of sources subject to heavy absorption (Io§y& 225 cm ?),
possibly due to an accretion disk or natal cloud. Similarlynany sources shows no
sign of variability over the course of the observation withesveral variable sources and
a few extremely variable, likely aring objects. Trends in he variation of E yegian
with kT and Ny are similar to those found byFeigelson et al.(2009 with a slight
increase iNKT with Eegian @nd increasingNy with Eegian @above 1.8 keV. For
sources WithE megian< 1.8 keV, an upper limit of logNy. 222 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thiister
and were used to produce the the 2-8 kel againstE egian plots, shown in Figure
B.35. These plots indicate that the majority of the PMS sources ifr14 is lightly
obscured, most probably Class Il or Class Il YSOs with about2 heavily obscured
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sources, likely Class | YSOs or Class Il YSOs viewed from anfawourable angle.
Most of these sources show no signs of variability with a fevawable sources. These
likely represent the high luminosity tip of the heavily obsared source population.

Given the obvious di use emission in Figure3.37it was deemed unnecessary to
mask and adaptively smooth the image again. Spectra were extted from the clus-
ter core and cluster regions and t iINXSPEC. The spectra with the best t model
are shown in FigureB.36 with t results given in Table B.29. Due to the region
of soft di use emission in the southwest of the FOV, a three taperature thermal
plasma was required for an acceptable t to the total clustespectrum. The soft
region of the spectrum is best t with 0.18 keV and 0.74 keV thenal plasmas,
in addition to a harder 3.83 keV plasma to account for the retavely faint hard
emission. GivenTownsley (2006 indicate that the region of soft di use emission
is not associated with the cluster, it is not discussed furér here. The core region
does not required the very soft component with a two temperate thermal plasma
model with soft and hard plasma components yielding a good. tGiven the number
of high mass stars in the region, a cluster wind may contribatto the hard di use
emission, particularly in the core. Assuming the model ofanb et al. (200Q see
Section1.4.7.] and considering the O stars to be the dominant contributorso the
cluster wind, a hot component plasma temperature of 12 keV and a 2-8 keV log
Ly of 313 erg s! are derived meaning a cluster wind can only account for a
fraction of the observed di use emission in the core. It is ried here that the bright
region of soft di use emission seen in the FOV has little conbution to the hard
band 2-8 keVLyx values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the similarly aged COUP. These XLFs are slwn in Figure
3.38 The high luminosity end of the PMS XLF shows the same slope #s COUP
PMS population. Scaling the COUP population to that of Tr14 and integrating the
‘missing' PMS population region yields an estimate of the wesolved PMS popu-
lation 2-8 keV logLyx of 33 erg s!. Thus the unresolved PMS population can
account for all of the hard di use emission in the cluster of B keV logLx 33 erg
s 1.
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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 ithe Great Carina
Nebula, one of the most active star forming regions in the Gaty. The cluster well
known as it harbours the enigmatic Carinae, a LBV in a high mass binary system.
However, the cluster is also known to host many more massivars with popula-
tion studies revealing many O stars including 2 O3V stars (seDeGioia-Eastwood
et al,, 2003 Massey and Johnson1993 Tapia et al., 2003 for example). More
recent IR surveys of the cluster have revealed a rich PMS pdption (Albacete-
Colombo et al, 200§ Sanchawala et al. 2007gb). Many of the existing studies of
the Trl6 derive a cluster distance of between 2-3 kpc. For thianalysis, the most
common distance of 2.5 kpc is adopted. Similarly age estinest range from 1-5
Myr depending the subpopulation, with the detected high massources suggesting
a cluster age of about 4 Myr DeGioia-Eastwood et al. 2001, Sanchawala et al.
2007k for example) while estimates from the low mass populatioruggest an age
of 1-3 Myr (Sanchawala et al.20070. An cluster age of 4 Myr is adopted for this
analysis, consistent with the age determined from the high a&ss 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 resmn-
able agreement with the estimate from the catalogue of opetuster properties of
Kharchenko et al.(2009 and thus the catalogue's core radiusR¢;=3.6') is adopted.

Both Chandraand XMM-Newton have observed Tr16, primarily due to the pres-
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ence of Carinae. Most recentlyAlbacete-Colombo et al.(2009 used a 90 kChan-
dra observation of the cluster to survey the low mass stars in thegion, identifying
over 1000 sources in and around the cluster. Though these haots focus primarily
on the low mass population, they also characterize the X-ramission from the high
mass sources. Previous studies also utilize this obserestal data with Sanchawala
et al. (20079 performing a multiwavelength survey of the region and thetsdies of
Evans et al.(2003 and Evans et al.(2009 focussing on the bright high mass sources
in and around Trl16. Albacete Colombo et al.(2003 used a 44 ks XMM-Newton
observation, centered on Carinae to identify 80 point sources in the FOV and per-
form an X-ray photometric analysis of the detected populatin as well as spectral
analysis for the brightest high mass sources. Only X-ray gfies of the cluster as a
whole are mentioned here. There is also a vast number of X-rajudies which use
Chandra and XMM-Newton to analyze the X-ray emission from Carinae available
in the literature (for example Corcoran et al, 201Q 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 su cient to cover the entire cluster area. No backgroundaring periods were
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identi ed leaving the full 90 ks of useable data. Thevavdetectalgorithm de-
tected 895 sources in the FOV, 549 of which fall within the cier bounds. 2MASS
counterparts were identi ed for 326 of these sources. Fomegind and extragalactic
contamination simulations yield 20-27 potential foregroud sources and 75-85 po-
tential extragalactic sources in the FOV. Assuming the comatminants are distributed
evenly across the FOV, this corresponds to 6-9 and 25-28 Gatla and extragalac-
tic contaminants in the cluster area. Individual source da and statistics were
analysed, as outlined in2.1, to identify 25 candidate extragalactic sources in the
cluster which were removed from consideration. This left 82sources in the cluster
area including, including foreground contaminants, whiclare all labelled as cluster
sources. The adaptively smoothed image of the cluster relea soft di use emission
throughout the cluster in addition to localised hard di useemission surrounding
Carinae which, along with the unsmoothed 0.5-8 keV ACIS-I iage, is shown in
Figure 3.40Q

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 idead using the
source lists ofMassey and Johnsor{1993 and the SIMBAD database. All of the
known O stars in the FOV were detected whereas only 4 of the 28rky B stars were
detected. The spectra of each of the high mass sources with50 counts were t
in XSPEC with absorbed one and two temperature thermal plasma modetiring
the AE reduction and analyses procedures (results given in Talie30). In general
the known high mass sources exhibit soft spectra, signifgira RDIS emission mech-
anism. One of the early B-type stars is best t with a hard themal plasma model
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indicating a MCWS emission. One source, namely MJ 496, an G¥. star, requires
a two temperature thermal plasma model for an acceptable tThis, coupled with
it's derived 0.5-8 keVLy value of> 10* erg s ! suggests that MJ 496 is a CWB
system. One source with no spectral tis the incredible brigt Carinae which is
a known CWB consisting of an LBV and probably an evolved O staverner et al.
(2009. This remarkable source has a multitude of publications dicated to the
study of its X-ray emission. Its spectrum is so complex thatteempts at tting with
simplistic absorbed one or two thermal plasma models fail tgield acceptable ts.
Several authors have determined best ts to Carinae in various observations (see
Leutenegger et al.2003 Seward et al, 2001, for example), with the best ts usually
consisting of two temperature models with the addition of sgctral lines. Carinae
is also known to vary substantially on both long and short tirescales {lo at and
Corcoran 2009 and references therein) and as such, this 90 ks observatisronly a
snapshot of in this periodic emission. In addition, the Carinae spectrum, extracted
in this observation su ers from quite serious photon pileugurther complicating a
spectral analysis. For these reasons it was decided not totlie spectrum. However,
lower Ly limits for this source were estimate which are consistent thivalues quoted
in the literature.

The correlated high quality 2MASS data were used to produceavsJ H
colour-magnitude diagram with the appropriate evolutiongy tracks and reddening
vectors (FigureB.37). This plot identi es 19 candidate OB stars in the FOV (see
Table B.31 for results of spectral ts). Eight of the candidate OB soures were
bright enough to be t in XSPEC. All apart from one of these are best t with
an absorbed one temperature thermal plasma model having ded hard KT values
and all with Lx< 10% erg s !, the signatures of MCWS emission. The remaining
bright candidate OB star is well t with a cool thermal plasma model and has an
Ly value consistent with RDIS emission.

The remaining cluster sources are likely low mass PMS objsctThe PMS stars
with > 50 counts were t in XSPEC with an absorbed thermal plasma model. The
global results of these ts are given in graphic form in Figue B.38. The brightest
PMS source in Tr 16 has a 2-8 keV lofyx < 32 erg s?, within the expected range.
The derived plasma temperatures of the sources range fronl{.5 keV, peaking
at 2 keV. Many of these sources su ers from slight foreground sdwption (log
Ny. 225 cm ?) with no sources subject to heavy absorption (lojly& 225 cm 2).
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Most sources shows no sign of variability over the course dfet observation with
some variable sources and a several extremely variableglik aring objects. Trends
in the variation of Eegian With KT and Ny are similar to those found byFeigelson
et al. (2009 with a slight increase inkT with Eegian and increasingNy with E egian

above 1.8 keV, though not many sources fall in this region of the ploFor sources
With Emegian< 1.8 keV, an upper limit of logNy. 222 cm 2 is found.

2-8 keV Ly values were calculated for the remaining PMS sources in thrister
and were used to produce the the 2-8 kel againstE egian plots, shown in Figure
B.39. These plots indicate that the vast majority of the PMS soure in Tr 16 is
lightly obscured, most probably Class Il or Class Ill YSOs wi only 2 heavily ob-
scured sources, likely Class | YSOs or Class Il YSOs viewedrfr an unfavourable
angle. Most of these sources show no signs of variability, wever, many sources,
including several of the brightest sources and the heavilybscured sources, show
signs of strong variability. These heavily obscured soursdikely represent the high
luminosity tip of the heavily obscured source population.

Given the obvious diuse emission in Figure3.40 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
cluster core and cluster regions and t inXSPEC. For each of the spectra, the entire

Carinae region (i.e.- including the homunculus) was maskedrhe spectra with
the best t model are shown in FigureB.40 with t results given in Table B.32
Both spectra are well t with three temperature thermal plasnas with two soft and
one hard component. However, in both the total cluster and ater core spectra,
the hard component plasma temperature very high and not wetlonstrained. Inter-
estingly, the soft di use emission that pervades the regiomay not be associated
with the cluster. Given Trl6 is very close to southeast of Td and that the Tr14
observation showed a region of bright di use emission extdimg southeastward, the
soft di use emission in the Tr16 observation is likely an exdnsion of the emission
in the Tr14 observation. Indeed, the temperature of the vergoft component in the
best t to the Trl6 soft di use emission in both the core and tdal cluster spec-
tra is in reasonable agreement with that of the very soft comgnent in the Tr14
emission. As such, this very soft component is likely not assiated with Tr16 and
is not discussed further. Given the number of massive stans rl16, in particular

Carinae, it is likely a cluster wind contributes to the obsered emission in the
cluster. Assuming the model ofCanb et al. (200Q see Sectiorl.4.7.]), considering
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the O stars and Carinae' to be the dominant contributors to the cluster wind,
a hot component plasma temperature of 4 keV and a 2-8 keV log_x of 337
erg s ! are derived meaning a cluster wind can easily account for timbdserved dif-
fuse emission in the core. The dominant contributor to the akter wind by far is
Carinae. Its signi cant mass loss supplies the required matial to push the cluster
wind's Ly so high. However, it must be noted that not all of the materiakhed by
Carinae would be available to fuel a cluster wind, with somefats wind likely
impeded by that of its companion. As such, the derived clustevind log Ly 337
erg s ! represents an upper limit. It is noted here that the soft di uise emission seen
in the FOV has little contribution to the hard band 2-8 keV L« values discussed here.

The cluster and PMS star 2-8 keV XLFs were constructed and theMS XLF
compared to that of the similarly aged COUP. Given that Trl6 $ older than the
ONC, the COUP data were scaled according to the scaling reiah of Preibisch
and Feigelson(2009. These XLFs are shown in Figure8.41 The total cluster XLF
shows one high luminosity outlier, namely Carinae. The high luminosity end of the
PMS XLF shows the same slope as the COUP PMS population. Scajithe COUP
population to that of Tr 16 and integrating the "missing' PMS population region
yields an estimate of the unresolved PMS population 2-8 ke¥dLx 329 ergs?’.
Thus the unresolved PMS population can account for about hiabf the hard di use
emission in the cluster of log.x 333 erg s*. Overall, these results suggest that
an unresolved PMS population constitutes about half of thelserved hard di use
emission in the cluster, with the cluster wind responsiblef the remaining emission.

3.11 Westerlund 1

Westerlund 1 (Wd1) was discovered in the early sixties and wanitially classi ed as
an open cluster Westerlund, 1961). The cluster su ers from signi cant reddening
(Ay t 129 mag, Piatti et al., 1998 and, because of this, only recently detailed
photometric and spectroscopic analyses have been perfoch{€lark and Negueru-
ela, 2002 2004 Clark et al., 2005 Negueruela and Clark2009. Clark et al. (2009
found a rich population of evolved OB stars, including over @ WRs, and, using a
standard Kroupa (Kroupa, 200]) initial mass function (IMF), inferred a cluster mass

IPhysical wind properties for Carinae ofv=500kms *andM-=1 10°M 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 Ly of 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 certainlynade
Wd1 the most massive young cluster in the Galaxy. A more recedeep IR study,
however, revises this mass estimate somewhat downwards tet5 10* M (Brand-
ner et al, 2009. Although this is still bigger than any other known Galactic open
cluster, it is smaller than extragalactic SSCs. In additiorBrandner et al. (2009
revised previous estimates of age and distance t®3 0:7 Myr and 355 0:17 kpc
respectively, which are adopted for this analysis. Unlikelleof the other programme
clusters, Wd1 is known to contain at least one post-supern@wbject, namely the
well known magnetar CXOU J164710.2-455216/(no et al., 2006 2007. Though
this is the only known post supernova object, a further Z0SNae are thought to
have occurred in the cluster already based on the clusterseagnd extrapolation of
its IMF ( Clark et al., 2008 Muno et al., 2006. A recent study of Negueruela et al.
(2010 focussed on the OB supergiants in the cluster, increasingd number to over
50.

Both Chandraand XMM-Newton have observed Wd1. A series of four papers on
the X-ray properties of Wd1 (point sources and di use emissn) has been published
which analyzes data from a jointChandra/ XMM-Newton observation programme
(Clark et al., 2008 Muno et al., 2006a 2007, 2006h. Clark et al. (2008 performed
an analysis of the X-ray point source population. These autins identify many of
the known high mass stars in the cluster, including many of #tnWRs. Muno et al.
(200680 used the sameChandra data to assess the di use emission in the cluster
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nding bright emission throughout the cluster dominated bya hard component and
discuss both thermal and non-thermal origins for the emigsa.

Figure 3.42: 2MASS Image of Westerlund 1.

3.11.1 Summary

The combined 60 ks Wd LChandraobservations were centered on the cluster and was
su cient to cover the entire cluster area. Background aring periods were identi ed
and removed leaving 57 ks of useable data. Thevavdetectalgorithm detected 231
sources in the FOV, 159 of which fall within the cluster bounsl 2MASS counterparts
were identi ed for 31 of these sources. Foreground and exgralactic contamination
simulations yield 6-17 potential foreground sources and -5 potential extragalactic
sources in the FOV. Assuming the contaminants are distribedd evenly across the
FOV, this corresponds to< 5 and 10-18 Galactic and extragalactic contaminants
in the cluster area. Individual source data and statistics @are analysed, as outlined
in 2.1, to identify 29 candidate extragalactic sources in the cltsr. This implies
as many as 10 of the identi ed extragalactic sources may aclly 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 exgalactic sources were
removed from consideration. This left 130 sources in the FOMcluding, including
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foreground contaminant$ which are all labelled as cluster sources. The adaptively
smoothed image revealed bright di use emission throughotite cluster which, along
with the unsmoothed 0.5-8 keV ACIS-S image, is shown in FigeiB.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 idead using the
source lists ofClark et al. (2009; Negueruela et al(2010 and the SIMBAD database.
Due it's size and age, Wd1 contains a zoo of evolved massivarst Their are some
25 known WRs and over 50 supergiants in the cluster, of whicll bf the WRs and
23 of the supergiants are detected. Unfortunately, the lifing detection threshold
ux falls in the region of the emission from the evolved popaltion. In addition,
due to the high absorbing hydrogen column in the direction dfvdl, soft sources
su er from substantial absorption which a ects their dete¢ability, resulting in many
non-detections. The majority of the detected sources havasu cient counts for a
spectral analysis. The spectra of each of the high mass sasgavith > 50 counts
were tin XSPEC with absorbed one and two temperature thermal plasma models
during the AE reduction and analyses procedures (results given in TablBs33 and
B.34). Interpretation of the results of these spectral ts is sorawhat of a problem in
Wd1 due to its high foreground absorption. Only one of the detted supergiants in
the cluster, namely W30a, was bright enough for spectral ithg. The spectrum is
well t with an absorbed moderately hard thermal plasma mode We would expect
a late O supergiant to have a soft spectrum. As such, it is like that this is a

10One extremely bright foreground source, namely HD 151098, as identi ed and removed from
the analysis.
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CWB, a conclusion which is strengthened by the derivedy value of> 10°? erg s 1.
One source, namely W53, is a known high mass star that has yet be spectrally
classi ed. This source exhibits a soft spectrum and it x value suggests that it is a
single high mass star, likely a late O or early B supergiant\ggn the amount present
in the cluster. If this is the case, it is the brightest singlenon-WR X-ray emitter in
the stellar population. An obvious CWB candidate is a rare $§je] star W9. It is
well t with an absorbed two temperature thermal plasma modeand, though the
hard component is poorly constrained, is one of the brightesources in the cluster.
The remaining bright high mass sources are all WR stars. SiegWR of nitrogen
class (WN) stars are known to be well t with two temperature thermal plasma
models andLy values in the 16' 10° erg s ! range Skinner et al, 201Q. In the
wdl WN sample, the brighter sources are well t with a two temgrature model
with soft and hard components, whereas the less bright soes are well t with
single temperature models with hard components only. For #se latter sources, it is
likely that much of the soft component is absorbed and is coeguently missed in the
spectral tting process. With regard to the brighter sourcs, the two temperature
nature of their spectra makes it di cult to determine whether or not they are CWB
systems. However, based on the WN analysis 8kinner et al. (2010 who suggest
the only source withLy > 10® erg s ! is in fact a binary system, this lower limit
to WN CWB systems used to identify WR A and WR B as candidate CWB. The
remaining WR stars are the carbon rich WR (WC) stars WR E and WRF. This is
unusual as single WC stars are known to be very weak X-ray er@ts with little, if
any, X-ray detections Gkinner et al, 201Q and references therein). As such, these
sources may be binary systems. Though WR F is a modestly brighource and
could be a CWB, WR E is very weak and it is hard to assign CWB stais to this
source and as such, it may be one of the rst X-ray detectiond @ single WC star.

The correlated high quality 2MASS data were used to produce avsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (FigureB.41). This plot identi es 1 candidate OB star in the FOV however
it was not su ciently bright to perform a reliable spectral tin XSPEC (see Table
B.35) and thus, the nature of the X-ray emission from this objects unknown.

It is unclear as to the nature of the remaining cluster sourese Many of them are

likely bright PMS stars but it is just as likely that the sources are as yet unidenti ed
late O-type or early B-type stars. Thus, for the remainder othe analysis, | will

108



3.11 Westerlund 1

refer to them simply as "unidenti ed’ cluster sources. The nidenti ed stars with >
50 counts were t in XSPEC with an absorbed thermal plasma model. Only two
sources satis ed this brightness criteria whose t resultgare given in graphic form in
Figure B.42. One of the sources exhibits a soft spectrum and low absomti and is
likely an unidenti ed massive star. The second source on thather hand is heavily
absorbed and could be a bright Class | YSO. Because there lgely only one bright
PMS star in the cluster, the relations ofFeigelson et al.(2005 cannot be investi-
gated. An upper limit of log Ny. 222 cm 2 is set for sources WithE pegian< 1.8
keV, consistent with similar programme clusters.

2-8 keV Ly values were calculated for the remaining unidenti ed souss in the
cluster and were used to produce the the 2-8 kelMy against Enegian plots, shown
in Figure B.43. These plots indicate that the majority of the unidenti ed sources
in Wd1 is lightly obscured with about 15 heavily obscured sooes. Most of the less
bright sources show no signs of variability with a few varidb sources. However,
almost all of the brighter sources are either variable or ang. This suggests that
most of these are PMS sources. In addition, late O and early Bigergiants, which
dominate the upper Wd1 HR diagram, are expected to have sofpactra with little
emission in the 2-8 keV band. As such, these stars would be ¢wd to the lower
regions of the plots in FigureB.43. If indeed these are mostly PMS sources, the
data suggests that most are Class Il or Class Il YSOs with avieClass | YSOs or
Class 1l YSOs viewed from an unfavourable angle.

Given the obvious di use emission in Figure3.43 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
cluster core and total cluster regions for each observati@nd simultaneously t in
XSPEC. The spectra with the best t model are shown in FigureB.44 with t re-
sults given in TableB.36. Both the total cluster and cluster core spectra require two
temperature thermal plasmas for an acceptable t. There isary little variation in
the derived total cluster and cluster core spectra paramatesuggesting the emission
mechanisms responsible for the emission throughout the star are the same. Given
the number of WR stars in the region, a cluster wind will de niely contribute to the
di use emission, particularly in the core. Assuming the moel of Canb et al. (200Q
see Sectiorl.4.7.) and considering the WR stars to be the dominant contributas
to the cluster wind, a hot component plasma temperature of 3.keV and a 2-8 keV
logLyx of 34 ergs?! are derived meaning a cluster wind can easily account for all
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3.12 Westerlund 2

of the observed hard di use emission in the core.

The cluster and unidenti ed source 2-8 keV XLFs were constated and the
unidenti ed source XLF compared to the PMS XLF of the COUP to dtain an esti-
mate of the contribution of an unresolved population to the duse emission. Given
that Wd1 is older than the ONC, the COUP data were scaled accding to the
scaling relation ofPreibisch and Feigelsor{2005. These XLFs are shown in Figure
3.44 The total cluster XLF shows no high luminosity outliers, ursurprising given
the large number of luminous sources. The high luminosity drof the unidenti ed
source XLF shows roughly the same slope as the COUP PMS popida. Scaling
the COUP population to that of Wd1l and integrating the "misshg' population re-
gion yields an estimate of the unresolved population 2-8 kedg Ly of 33 erg s?.
Thus the unresolved PMS population can account for only a fcéion of the hard
di use emission in the FOV of logLx 34 erg s!. Interestingly, if indeed the high
2-8 keV luminosity sources in the unidenti ed population ae actually PMS sources
(as suggested above), the Wd1 PMS population derived fromadimg of the COUP
XLF, is surprisingly small. Brandner et al. (2009 extrapolate the observed interme-
diate mass population to lower masses and determine 1(° stars in the PMS mass
range. Comparing the total Wd1 PMS population (both resolve and unresolved)
to that of the COUP infers 2000 sources down to 0.1 M which is substantially
smaller than the number determined byBrandner et al. (2009 and may indicate
the cluster IMF is truncated at the lower masses. If this is th case, their derived
cluster mass ot 45 10* M may be overestimated.

One source that has not been discussed or included in the aysa$ thus far is the
well known magnetar CXOU J164710.2-455216 which has beesatissed in great
detail in the literature (Muno et al., 2006a 2007 and is this only brie y described
here. The source in it's quiescent state is well t with an absrbed soft black body
model (Clark et al., 2008 Muno et al., 2007, which is veri ed in this analysis. An
absorption corrected 0.5-8 keV lofyx 327 erg s ! is derived, which di ers slightly
from the previous analyses due to a di erent assumed clustéistance.

3.12 Westerlund 2

Westerlund 2 (Wd2) is a massive stellar cluster located in #égiant HIl complex
RCW 49. The cluster was discovered in the early sixtied\esterlund, 1961 and for
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Figure 3.44: Left: Westerlund 1 total cluster 2-8 keV XLF. Right: Westerl und 1
unidenti ed 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 citer been the subject
of intense study due to the presence of the very high mass bipasystem WR20a,
which is a double WR system and possibly the most massive bigan the Galaxy,
and extended -ray emission @haronian et al.,, 2007 in the region. Early spectro-
scopic studies of the cluster revealed several mid O-typeass in the cluster as well
as two WR stars (seeMo at et al. , 1991, for example). A more recent combined
photometric and spectroscopic survey birauw et al. (2007 assigned spectral types
as early as O3V to stars in the core of the cluster though suggdehat many more
O-type stars were likely missed due to high foreground abgdtion in the region.
In the intervening years, several photometric surveys of éhcluster were performed
to derive cluster parameters such as age and distance (séescenso et al. 20073
Carraro and Munari, 2004 Piatti et al., 1998 for example). Age estimates from the
various photometric and spectroscopic analyses are someawvitonsistent ranging
from 2-3 Myr given the high mass stellar population. An age &.5 Myr is adopted
for this analysis. Unfortunately, the distance to the clustr is much more controver-
sial with estimates ranging from 2-8 kpc. This is due to Wd2 Ing tangential to
the Carina spiral arm resulting a large range of possible lematic distances, the so
called kinematic distance ambiguity. In this analysis, an@opted distance of 4.2 kpc
is selected following the reasoning dfsujimoto et al. (2007 who adopt the distance
of Churchwell et al. (2009 as a compromise since the estimate lies roughly in the
centre of the range of distances in the literature. A clusteradius of 4°is adopted
from the NIR survey of Ascenso et al(20073. Unfortunately there is no Wd2 entry
in the catalogue of open cluster properties dfharchenko et al. (2009 and thus a
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3.12 Westerlund 2

simplistic core radius ofRc,=Rc|/2 is adopted.

Chandra has observed the Wd2 region on three occasiond.sujimoto et al.
(2007 use the rst of these, a 40 ks observation, to assess the Xyramitting popu-
lation in the region, detecting emission from the known mas& stars (some of which
are likely CWB systems), several candidate massive starscha PMS population.
Townsley (2009 use these same data to perform an analysis of the di use ermsisn
in the Wd2 region. These authors nd di use emission to pervde the cluster core
that is well t with a two component model. They do not, howeve, discuss poten-
tial sources for this emission.Naz et al. (2008 use these data with a further two
50 ks observations to perform a deeper analysis of the cluspopulation, assessing
emission from high mass stars as well as bright, aring PMS gmces and discuss the
observed di use X-ray emission in relation to the extended-ray emission Aharo-
nian et al.,, 2007). These authors nd that it is unlikely that the -ray emission is
related to the di use X-ray emission seen in the cluster.

Figure 3.45: Spitzer Image of Westerlund 2.
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3.12 Westerlund 2

3.12.1 Summary

The combined 140 ks Wd Zhandra observations were centered on the cluster and
were su cient to cover the entire cluster area. Background aring periods were
identi ed and removed leaving 136 ks of useable data. Thevavdetectalgorithm
detected 588 sources in the FOV, 399 of which fall within thdwster bounds. 2MASS
counterparts were identi ed for 196 of these sources. Fomegind and extragalactic
contamination simulations yield 23-35 potential foregroud sources and 110-135 po-
tential extragalactic sources in the FOV. Assuming the coatminants are distributed
evenly across the FOV, this corresponds to 4-6 and 20-25 Getla and extragalactic
contaminants in the cluster area. Individual source data ah statistics were anal-
ysed, as outlined in2.1, to identify 56 candidate extragalactic sources in the cltesr.
This implies as many as 30 of the identi ed extragalactic saues may actually be
members of the Wd2 cluster population. Without further infeamation however,
there is no way to identify these sources and thus only all 5@edidate extragalactic
sources were removed from consideration. This left 343 soes in the cluster area,
including foreground contaminants which are all labelled sacluster sources. The
adaptively smoothed image of the cluster revealed bright dise emission which,
along with the unsmoothed 0.5-8 keV ACIS-I image, is shown iRigure 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 idead using the
source lists ofRauw et al. (2007 and the SIMBAD database. All of the known O
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3.12 Westerlund 2

stars and WRs in the FOV were detected. As yet no B stars have & spectroscop-
ically identi ed in the cluster. The spectra of each of the lgh mass sources with
> 50 counts were t in XSPEC with absorbed one and two temperature thermal
plasma models during theAE reduction and analysis procedures (results given in
Table B.37). All of the known high mass sources well t with a one tempeitare
thermal plasma model exhibit soft spectra, in keeping with DIS emission mecha-
nism. The remaining O stars, namely MSP 167, MSP 183 and MSP8.&re best t
with two temperature thermal plasma models and have derive@d.5-8 keVLx values
> 10% erg s ! suggesting that these sources are CWB systems. Both of the WR
systems in the cluster are best t with two temperature thernal plasma models and
have derived 0.5-8 keM_x values well in excess of 29 erg s ! indicating both are
CWB systems.

The correlated high quality 2MASS data were used to produce dAvsJ H
colour-magnitude diagram with the appropriate evolutionsy tracks and reddening
vectors (Figure B.45). This plot identi es 2 candidate OB stars in the FOV (see
Table B.38 for results of spectral ts). Both candidates were bright enugh to be t
in XSPEC. One of the sources is best t with an absorbed one temperatithermal
plasma model having a derived har#T value andLyx< 10°*? erg s , the signatures
of MCWS emission. The remaining bright candidate OB star is @l t with a cool
thermal plasma model and ha& x values consistent with RDIS emission, suggesting
it is a single OB star.

It is unclear as to the nature of the remaining cluster sourse Many of them are
likely bright PMS stars but it is just as likely that, particu larly in the outer cluster
regions, the sources are as yet unidenti ed O-type or early-§pe stars. Thus, for
the remainder of the analysis, | will refer to them simply asunidenti ed' cluster
sources. The unidenti ed stars with> 50 counts were t in XSPEC with an ab-
sorbed thermal plasma model. The global results of these w&re given in graphic
form in Figure B.46. The brightest unidenti ed source in Wd2 has a 2-8 keV lody x
< 32 erg s!. The derived plasma temperatures of the sources range froml.-® keV,
peaking at 3 keV. Many of these sources su er from slight foreground atption
(log Ny. 225 cm 2) with no sources subject to heavy absorption (lodNy& 225
cm 2). About half of these sources show no sign of variability ov¢he course of the
observation with the remaining sources either variable oxegemely variable, likely
aring objects. Trends in the variation of Epegian With KT and Ny are similar to
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those found byFeigelson et al.(2005 with a slight increase inkT with Eegian and

increasingNy with Enegian @bove 2 keV. Due to a lack of sources belo® megian

= 2 keV, an upper limit of log Ny. 222 cm 2 is set for sources WithE megian< 1.8
keV, consistent with similar programme clusters. These reks show that some of
the sources exhibit soft thermal spectra and havey values consistent with RDIS
emission in massive stars.

2-8 keV Ly values were calculated for the remaining unidenti ed souss in the
cluster and were used to produce the the 2-8 kely against E egian plots, shown
in Figure B.47. These plots indicate that the majority of the unidenti ed sources in
Wd2 is lightly obscured with several heavily obscured sowss, likely Class | YSOs
or Class Il YSOs viewed from an unfavourable angle. Most of ése sources show
no signs of variability with the remaining sources (includig the brightest and most
absorbed sources) being either variable or strongly vari The heavily absorbed
sources likely represent the high luminosity end of the heifw obscured source pop-
ulation.

Given the obvious diuse emission in Figure3.46 it was deemed unnecessary
to mask and adaptively smooth the image again. Spectra wergteacted from the
cluster core and the total cluster regions from each of the sérvational datasets
and simultaneously t in XSPEC. The spectra with the best t model are shown in
Figure B.48 with t results given in Table B.39. Both the total cluster and cluster
core spectra are well t with absorbed two temperature therral plasma models.
There is little variation from the core to the total cluster gpectrum apart from an
increase in ux suggesting similar emission processes thghout the cluster. Given
the number of O-type stars in the cluster and the 3 WR stars, alaster wind likely
contributes to the di use emission. Assuming the model ofanb et al. (200Q see
Section 1.4.7.7 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 logLx of 31 erg s?! are derived meaning a cluster wind can only
account for a fraction of the observed di use emission in theore. It is noted here
that this model only includes the known high mass stars. It ifkely that there are
more unidenti ed high mass stars contributing to the cluste wind and thus this
estimate represents a lower limit to the emission.
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3.12 Westerlund 2

The cluster and unidenti ed source 2-8 keV XLFs were constaied and the
unidenti ed XLF compared to the PMS XLF of the COUP. Given that Wd2 is
older than the ONC, the COUP data were scaled according to thgcaling relation
of Preibisch and Feigelsor{2005. These XLFs are shown in Figure3.47. The total
cluster XLF shows several high luminosity outliers which isinsurprising given the
number of likely CWBs in the cluster. The high luminosity endof the unidenti ed
source XLF shows a dierent slope to the COUP PMS population.This is likely
due to the assumptions of the distance to Wd2, which as alreadnentioned, is
still somewhat controversial. This makes scaling the COUPgpulation to that of
Wd2 somewhat di cult. However, it is clear that the stellar population of Wd2
is substantially bigger than that of the ONC. A very rough schng of the COUP
population to that of Wd2 was performed. Integrating the ‘mssing' unidenti ed
source population region yields an estimate of the unresely population 2-8 keV
Ly 33 34 ergs! Thus the unresolved population is likely the source of most
of the hard di use emission in the cluster of log.x 336 erg s *.
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Figure 3.47: Left: Westerlund 2 total cluster 2-8 keV XLF. Right: Westerl und 2
unidenti ed source 2-8 keV XLF (solid line) and the COUP 2-8 keV XLF (dashed line).
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Chapter 4

Di use Thermal X-ray Emission in
the Core of Westerlund 1

Data reduction and analysis in this project were carried outvith speci c goals
in mind, namely the characterisation of the X-ray emitting mpulations of the pro-
gramme clusters. However, on occasion, additional resdaevenues presented them-
selves and, were time allowed, these were investigated toetfull with a view to
publication. In this chapter, one of those results is prestad, namely the identi ca-
tion of hard thermal X-ray emission in the core of Westerlund usingXMM-Newton
observational data, which is an adapted version of the scien paper submitted for
publication.

4.1 Introduction

Refer to Section3.11for a brief introduction and description of Wd1. As noted in
that section, a series of four papers on the X-ray propertied Wd1 (point sources
and di use emission) has been published which analyzes datam a joint Chan-
dra/ XMM-Newton observation programme Clark et al., 2008 Muno et al., 20063
2007 20060. Muno et al. (20060, henceforth MUOG6, used the Chandra data to
perform a diuse emission analysis and found that the emigsa throughout the
cluster is dominated by a hard component. These authors weumable to identify
the nature of this emission due to the absence of hard emissilines and discussed
both thermal and non-thermal origins for the hard component However, to date,
no di use emission analysis had been performed using tdM-Newton observa-
tional data. As yet these data have only been used in an analyf the well known
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magnetar CXOU J164710.2-455216Muno et al., 2006a 2007 in the cluster. It is
reasonable to assume that an analysis of the Wd1 di use emiss using the XMM-
Newton observation data may allow the identi cation of hard emissin lines that
are undetected by Chandra given the larger throughput and ssitivity to di use
emission o’ XMM-Newton and the comparable exposure times of th€MM-Newton
and Chandra observations.

4.2 Observations and Analysis

XMM-Newton observed Wd1 on 16 September 2006 fo#8 ks (Obs. 1D 0404340101,
Revolution 1240). The event les were processed using thké@MM-Newton Science
Analysis Software SAS, Version 7.1.0) meta-taskeemproc and epproc The data
were then lItered for good gradesin the energy band 0.3-10 keV (the energy range
at which all 3 of the EPIC instruments are most sensitive) andmages for each of
the three EPIC cameras, namely the PN, MOS1 and MOS2, were ated. The
PN and MOS2 images were found to contain single re ection afacts which are
due to X-rays from a source outside the eld of view (20'-80" eaxis) reaching the
sensitive area of the focal plane detectors by single re éah from the rear end of
the hyperboloid component of the XMM-Newton mirror shells This object was
identi ed as the low mass X-ray binary 4U 1642-45. Images fno the three EPIC
instruments were combined to produce the false colour imaghown in Figure4.1

4.2.1 Point Sources

Point source detection was performed over three standardMM-Newton energy
bands (0.5-2 keV, 2-4.5 keV and 4.5-7.5 keV) on the three EPI{hages using
the SAS meta-taskedetect-chain In total, 90 sources with a minimum maximum-
likelihood detection threshold of 10 were found; 7 of theseeaassociated with the
re ection and were thus ignored. A further 8 sources were resved after visual in-
spection showed them likely to be spurious, leaving 75 soardetections in the eld.
By correlation with the comprehensiveChandra source list inClark et al. (2008, 4
of our XMM-Newton sources appear to have high mass X-ray emitting counterpart
in the cluster with a further 8 having Pre-main Sequence (PMSounterparts. One
source was found to have no counterpart in the source list Gfiark et al. (2009 or

1See SectiorA.1 for a discussion of grade Itering.
2Seehttp://xmm.esa.int/external/xmm_user_support/docume ntation/uhb/node23.html
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4.2 Observations and Analysis

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 ke¥nergy bands,
respectively. The FOV is approximately 30' in diameter. Both the Wd1 cluster di use
emission and several point sources are seen at the centre dfet FOV. The X-ray binary
4U 1642-45 re ection is seen in the upper right of the image.

in the SIMBAD database and is likely a newly detected aring RIS star. Table 4.1
gives our detected cluster sources and their correspondi@pandra designations,
along with spectrally derived source parameters.

4.2.2 Diuse Analysis

It is obvious from Figure 4.1 not only that the re ections could contaminate the
di use emission in Wd1 but also that they are more prominentn the harder ener-
gies which are of particular interest to our analysis. To adéss this various analysis
techniques were considered including théMM-Newton Extended Source Analysis
Software ESAS) and “blank sky' background event les but found that none cold
adequately account for the re ection emission. Instead it as decided to adopt the
more traditional method of background extraction from regins within the FOV.
By de ning background regions that are as contaminated by th re ection as the
cluster, the contribution of the re ection to the cluster spectra can be reduced. It
was decided not to use the PN data for the di use emission angls as detector
gaps mask some of the Wd1 cluster core. Therefore, the follog analysis is based
on the MOS data only. To assess rst the di use emission in th&OV 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 Mo  del Ny kT kT2 2= F ;(’“abs L&”abs
(cx03) (10%2cm 2)  (keV) (keV) (10 2 ergem 2s 1) (108 ergs 1)
(@) (b) (c) (d) (d)
164704.1-455039 W 30 09-B0.5la CwB
1 164704.1-455031 W9 sgBle] CcwB 2157 2T 2:5 07 29 2170 4.37 6.59
164705.1-455041 W 27 OB SG RDIS
2 164705.0-455225 WRF  WC9d cwB 509 T 0:773:38  4723%8°  {  0.909 0.23 0.26
3 164708.3-455045 WR A  WNT7b cwB 988 1T 2:375:8  148L78  { 1.967 0.89 1.34
4 164710.2-455217 { { Magnetar 1708 BB 0:905:%  0:633&  { 1.084 0.36 0.54
Pre-Main Sequence Stars
No. Chandra Source Opt. ID Sp Type X-ray Type MOS Net Counts Mo  del Ny kT kT2 2= F ;(’“abs L&”abs
(cx03) (10%2cm 2)  (keV) (keV) (10 2 ergem 2s 1) (108 ergs 1)
(@) (b) (c) (d) (d)
5 164640.8-454834 { { PMS Flare 34 { { { { { { {
6 164648.8-455307 { { PMS Flare 39 T 1:36222 08637t { 0.959 0.04 0.05
7 { { { PMS Flare 62 1T 0:765:38 407798 {1992 0.01 0.02
8 164652.6-455357  { { PMS Flare 210 1T 05138 7644, { 1.057 0.06 0.09
9 164703.2-455157 { { PMS Flare 397 T 1:285:38 24943 { 0954 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 detect or gaps. (c) - Best t X-ray spectral model each of which was convolved wit h an absorbing hydrogen column. Only those sources with
> 100 combined MOS and PN net counts were spectrally analysed. All spectral ts were performed in XSPEC 12.3.1. 1T = one temperature thermal plasma, 2T = two tempera ture thermal plasma,
BB = black body. The spectrum of Source 2 is approximated by a 2 T thermal plasma model however the true spectrum is likely de scribed by a more complex model given it is an amalgam of sever
unresolved bright sources. In addition, Sources 3 and 4 are | ikely described by a 2T thermal plasma model however the soft components are poorly constrained and thus only the 1T appro ximation is

given. (d) - Absorption corrected X-ray uxes 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 emissionrgvereated usingeSAS
(Version 2)t. To exclude the point sources from the image a source mask veasated
to exclude not only the point sources detected in thiXMM-Newton analysis but
also those detected byClark et al. (20092, using 30" and 10" diameter exclusion
regions respectively. The resulting image is shown in Figai#.2

Figure 4.2: Smoothed, non-background subtracted, combined MOS1/MOS2mage
with the CCDs most a ected by the re ection omitted. Again th e FOV is approximately
30' in diameter.

Figure 4.2 clearly shows that the di use emission in the FOV is dominate by the
re ection. Extracting background spectra from within the FOV would mean that
any contributing sources of background photons will be coained in these spectra,
including the re ection itself. Hence, each contaminant wa rst assessed as some of
these can vary across the FOV. The ESAS manual identi es 4 sames of background
contamination. These are Solar Wind Charge Exchange (SWCEpntamination,
instrumental uorescence lines, residual soft proton coamination and the cosmic
background. In the case of this observation, the SWCE and omastrumental uo-
rescence line can largely be ignored as they only signi céyntcontaminate spectra
below 1.5 keV (given the absorbing hydrogen column in the @iction of Wd1, any
emission below this energy is likely foreground emissionJhe second uorescence

1Software available at http://xmm2.esac.esa.int/external/xmm_sw_cal/\backg round/

epic_esas.shtml
2Electronic catalogue accessed via the Vizier service
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line (E = 1:75 keV) may contaminate the spectra especially in larger exction

regions. Soft proton contamination blights almost all obsgations. Periods of high
contamination are screened out in the data reduction proce$ut residual contam-
ination can still a ect the observational data. However, itis assumed that the
level of contamination is constant across the FOV and hencéauld be contained
in the backgrounds. Similarly it is assumed that the cosmicdekground is constant
across the FOV and is also contained in the backgrounds. Thaal source of con-
tamination, unique to this observation, is the 4U 1642-45 rection. This can be

compensated for by the selection of appropriate backgroumegions that are equally
contaminated as the cluster, determined using Figuré.2

The cluster core coordinates determined by MUO6 as, = 16 47 04.3, ( = -45
50 59 were adopted and spectra extracted from the central Hdius 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 deted below 1.5 keV
are likely foreground emission and because of the two instnental uorescence lines
at 1.49 keV and 1.75 keV, we have restricted our spectral agais to the 2-8 keV
energy band which conforms to the standar@handra hard band as used by MUOQ6.
The MOS 1 and MOS 2 spectra and ancillary les for each annulusere combined
and the resulting spectra were adaptively binned so that elachin has a S/N of
5. MUO6 found that the cluster di use emission spectra are et with either an
absorbed two-temperature thermal plasma model (the hardeghermal component
with sub-solar abundance to explain the lack of hard emissidines) or an absorbed
thermal plasma plus power law model. Hence, the combined MG$ectra were t
in XSPEC? with these models. The results of both model ts for each exaction
region are presented in Tablel.2 The abundance parameter of the cool thermal
component in the ts was poorly constrained due to the majoty of this emission
falling below 1.5 keV, however it was xed at 2 Z to be consistent with MUOG6.

The tresults are in general agreement with those of MUO6. Té outer annulus
exhibits only a hard component adequately t by either an abgrbed thermal plasma
or absorbed power law model. There is little di erence betvem the absorbed two
temperature thermal plasma and absorbed thermal plasma @uyower law models

YFollowing 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 ts in this analysis
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4.2 Observations and Analysis

in the inner annuli with the same absence of hard emission é&s found by MUOG.
This is somewhat surprising as, for a cluster such as Wd1 with large, centrally
located WR population, the hard di use emission is expectetb be thermal in origin
due mostly to a thermalized cluster wind Qskinova 2005. To assess this further
MOS spectra from the inner 2' radius region were extractedombined and adap-
tively binned so that each bin has a S/N of 3 to make any possi#dweak and narrow
emission lines more obvious. The resulting combined MOS sp@m is shown in
Figure 4.3,

Figure 4.3: Combined MOS inner 2' spectrum binned with S/N=3 and t with a n
absorbed two temperature thermal plasma model. The blue anded lines indicate the
individual thermal components of the model, representing he hard and soft components
respectively.

With these choices of extraction region and spectral binngj the He-like Fe 6.7
keV line, which is used as a diagnostic for thermal di use hdremission, is now
seen in the combined MOS spectrum. A conservative estimaté the signi cance
of this emission line was determined using the F-test probdity for the addition
of a 6.7 keV Gaussian line to a power law t of the combined MOSpgctrum in
the 4-8 keV range (in view of an absence of other emission Bje This yields an
F-test probability of 7:6 10 ¢ (  4:3 ). The 2-8 keV core MOS spectra were t
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4.2 Observations and Analysis

Table 4.2: Diuse Spectral Fits.

Original extraction region spectral ts
Two temperature thermal plasma

Region Ny kTy (Z=Z )1® kT, (Z=Z ), 2= F gnabs b L ynabs b
(102 cm 2)  (kev) (kev) (10 2egem 25 1) (10% egs 1)
<l 2:03:12  0:6278 2 34359 0:400:3% 0:758 041 062
1-2' 1:73E8  0:600 2 2 28653% 0:16335 1:203 Q75 112
235" 2:803Y 0:8138 2 52138 05003 1111 116 175
3.5-5'¢ 2:4 { { 3:4 02 1078 136 205
Thermal plasma plus power law
Region Ny kT 7=7 @ { 2— F)l(mabs b L;J(nabs b
(102 cm 2)  (kev) (10 2 egem 25 1) (108 egs 1)
<1 2:0554  0:73:88 2 21938 { 0:848 043 065
1-2' 1:814% 078 2 2:405:32 { 1:249 Q78 117
2'-3.5'°  2:973:2¢ 0:83%3 2 2002:3] { 1:107 110 166
3.5-5'¢ 2:8 { { 2:3 { 1:034 165 249
Core spectral t with re ned binning
Two temperature thermal plasma
Region Ny kTy (Z=Z )12 kT, (Z=Z ), 2= F gnabs L ynabs b
(102 em 2)  (kev) (10 2 ergom 25 1) (108 egs 1)
<2 2:03:1¢  0:6838 2 30733 0658 0971 171 256

a(Z=Z ), for both models is xed at 2.

bAbsorption corrected X-ray uxes and luminosities quoted in the 2-8 keV energy range, con-
sistent with the analysis of MUOG.

€In the outermost annulus, the re ection emission becomes aigni cant part of the background
subtracted spectrum. Since we cannot adequately account fahis in XSPEC the spectral param-
eters listed above for this region are less reliable. In adtion, as MU06, we nd that the di use
X-ray emission in this region of the cluster consists only ofa hard component.

124
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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 t with an absorled two temperature
thermal plasma model as this can account for the He-like Fe76keV line and the
softer emission lines below 3 keV due to He-like S and He-lis& The results of
the core two temperature thermal plasma t are also given in @ble 4.2 The fact

that the line is accounted for by this model demonstrates thaat least in the inner

2' radius region, the hard component is predominantly theral in origin. A similar

treatment was applied to both the outer extraction annuli, lowever this failed to
reveal any line emission in the hard continuum so it is still @batable as to whether
thermal or non-thermal processes are responsible for thertlaemission in these
regions.

4.3 Discussion

4.3.1 Origin of 6.7 keV Emission Line

To con rm that the emission line at 6.7 keV is a feature of the laster di use emis-

sion other potential sources for this line must be ruled outsuch as point source
contamination, the re ection, cosmological background ah those other contribu-

tions mentioned above.

4.3.1.1 Point Source Contamination

Although exclusion regions were de ned to mask the point soces it is possible
that these masks did not completely exclude point source ptoms at the extreme
edges of the wings of their PSFs. To verify that the emissiomek is not the result
of point source contamination, combined point source speatfor those sources that
lie within the 2' radius circle centered on the cluster core eve extracted for each
MOS camera. The resulting spectra were combined and this speim adaptively

binned so that each bin has a S/N of 3, shown in Figuré.4.

Inspection of the 6.7 keV region of the combined MOS spectrum Figure 4.4
shows line emission centered at 6:7 keV with a signi cance of 5.1 . To assess the
strength of this line in comparison to the di use emission ke, the X-ray ux in the
6.6 keV - 6.8 keV range for the combined MOS di use spectrum drthe combined
MOS point source spectrum was determined. It was found thate combined MOS
point source spectral line ux of 573 10 * erg cm ? s ! is just over half the

125
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Figure 4.4: Combined MOS spectrum of sources within a 2' region centeredn the
cluster core.

strength of the combined MOS di use emission line ux of D2 10 ¥ ergcm 2s 1.
However, the point source extraction regions occupy25% of the cluster core area
which is one third of the di use emission extraction regionAs such one third of the
combined di use emission ux in the 6.6 keV - 6.8 keV range isKkely contained in
the combined point source spectral line ux, meaning the uxdue to point sources
only may be as low as 33 10 ** erg cm ? s L. If the emission line in the di use
spectrum were a result of point source contamination one wauexpect the line in
the point source spectrum to be signi cantly larger than thain the di use spectrum
given that the vast majority of these photons was in fact magld out when creating
the di use spectrum. For this reason, point source contamation is ruled out.

4.3.1.2 Re ection

To reduce the contribution of the re ection to the di use spectra, background re-
gions as much contaminated by the re ection as the cluster we selected. However,
this is not a perfect solution and contamination by the re etion has to be investi-
gated. To assess if contamination by the re ection is the soce of the emission line,
spectra for those regions most a ected by the re ection (butvithout the re ection

hyperbolas) were extracted and combined. A new combined M@f&ckground spec-
trum was created from regions devoid of point sources on th@mosite side of the
FOV where the contamination from the re ection is at a minimun (i.e. - mainly
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4.3 Discussion

the regular background contaminants present) and subtra¢his from the combined
MOS re ection spectrum. The resulting spectrum was again hned so that each
bin has a S/N of 3, shown in Figure4.5.

Figure 4.5: Combined MOS background subtracted re ection spectrum, exracted from
those regions most contaminated by the out of FOV source.

Figure 4.5 shows no signi cant emission at or around 6.7 keV so we can sigf
assume that contamination by the re ection is not responsie for the line.

4.3.1.3 Instrumental Background

The instrumental background comprises the soft proton bagkound, instrumental
uorescence lines and particle background. From thESAS method, it is seen that
the soft proton contamination is well modeled as a power lawof broken power
law). Hence soft proton contamination cannot be responsiblifor the emission line.
Similarly the instrumental uorescence lines are modeledsaGaussian peaks at 1.49
keV and 1.75 keV and thus are not the source of the line at 6.7\keMoreover, the
particle background contribution is simply too low to caus¢he emission line Kuntz
and Snowden 2008.
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4.3.1.4 Cosmic Background

When extracting the backgrounds we assume that the cosmic daround emission
Is constant across the FOV and thus contained in the backgrads. To assess the
contribution of the cosmic background, the combined MOS blground extracted

for use with the re ection spectrum in Section4.3.1.2was utilized. The combined
background spectrum was binned so that each bin contains 30umts, shown in

Figure 4.6. No signi cant emission lines at or around the 6.7 keV regioare seen so
one can assume that the di use emission line is not from the smic background.

Figure 4.6: Combined MOS cosmic background spectrum, extracted from tlhse regions
least contaminated by the re ection.

4.3.2 Sources of Hard Emission

Having demonstrated that the 6.7 keV line is a feature of thelester di use emission

and hence that the di use emission within 2' of the cluster a@ is mostly thermal

in origin, possible sources for this component are now addsed. There are three
potential sources of thermal emission in the core of a clustas large as and with
the age of Wd1. These are a thermalized cluster wind, SupexacRemnants (SNRs)
and unresolved PMS stars.
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4.3 Discussion

4.3.2.1 Cluster Wind

A cluster as large as WdL1 is expected, and is indeed found Giark et al. (2009, to
contain many massive stars in the cluster core. These massistars are the source
of large amounts of energy and mass being ejected into the stier volume via stel-
lar winds. The winds collide and thermalize, lling the cluser core volume with a
hot, shocked plasma. After some time, the out ow from thesehermalized winds
becomes stationary and a steady state cluster wind ensuésafb et al., 200Q and
references therein). The temperature of this hot, di use plsma throughout the core
is su ciently high to radiate at X-ray energies and hence is ptentially responsible
for the diuse hard emission in Wd1. MUO6 make use of the equans of Canb
et al. (2000 for the central hydrogen density and temperature, namely:

1 2

M- R
Mo _p-1N . AU —< (4.1)
cm 3 10 M yr 10%km s pc
To V, 2
— =155 10 ———— 4.2
K 10%km s ! (4.2)

whereN is the number of stars contributing to the thermalized clustr wind, M. is
the average mass loss rate per star, is a weighted average wind velocity of the stars
and R¢ is the radius of the region containing the stars. To enable mict comparison
of results a similar treatment as performed by MUO6 was apgeldl. In the analysis of
MUOG6 only the WR stars are considered as the contributors tde cluster wind and
from Equation 1 an emission measuréK(gy = ‘5‘ R 2n3) is calculated before using a
standard thermal plasma model iINXSPEC to extract uxes. This treatment di ers
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 analys above. This is an
acceptable value asCanb et al. (2000 state that the value of Rc needs only be
approximate to the distance from the cluster centre to the dermost star, i.e. - all
the stars considered to contribute to the cluster wind are side Rc (see also Figure
4.7). Second, rather than assign typical values fokl and v,, for WRs in general,
the known spectral types of the WRs in the cluster coreGQrowther et al., 2009 are
used along with general physical and wind properties of WRE(owther, 2007 to
estimate the more accurate mean values M =1:4 10°M yr tandv, = 1320
km s ! for the 21 WRs within 2 pc of the cluster centre. Inputting thee values into
Equations 1 and 2 yieldsy = 0:5 cm 2 and kT, = 3:7 keV. K gy was then calculated
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and the appropriate values were fed into the APEC spectral nael (Smith et al.,
200) in XSPEC which gives an unabsorbed X-ray luminosity L({"*S) in the 2-8
keV energy range of 2 10° erg s !. Extracting the observed high temperature
value from the two temperature t above yields anLy"s of 1.7 10°® erg s 1.
Hence, the predicted value is in excellent agreement with éhobserved value. Thus,
a thermalized cluster wind can account for the hard thermalmission in the core
of Wd1. This result di ers from that of MUO6, who found that the hard emission
in the cluster core is approximately half of their predictedvalue. The discrepancy
results mainly from the setting ofRc = 4 pc ( 3' at their adopted distance of 5
kpc) in their calculations. The smallerRc¢ value used in this analysis reduces the
emission measure and hence the derivig®s.

Stevens and Hartwell(2003 used the model ofCanb et al. (2000 to predict the
properties of the cluster wind for some Galactic and Mageh& Cloud clusters and
compared them to observation. They found that, in all casesab one, the predicted
kTo values are much larger than observed and that the predicted-day luminosities
are much less than observed. The results presented here asmewhat at odds with
those of Stevens & Hartwell in that the predicted values dfT, and L{"3 are quite
close to those observed. The di erence ikTy can be explained by the adopted,,
value. For the determination ofkT, only the WRs in the cluster are considered
(given that the early O stars have already evolved o the mairsequence), which
have lower wind velocities than the early O stars in the clusts studied by Stevens
& Hartwell, thus keeping kTo down. A possible explanation for their di erence in
Lynabs (and to some extent alsdkT,) values is that in all bar the same one cluster,
Stevens & Hartwell t the di use spectra with a single tempemature model. This
may underestimate any cool thermal component that is preseim the di use spectra
of the clusters (and the observed&T value will be an amalgam of the hot and cool
componentkT values). If a cool component has been underestimated, thisliw
dramatically a ect the observationally derived L {" given that the unabsorbed cool
component will greatly add to the overallL{"®s, Since a cool thermal component is
seen in Wd1 and the analysis is restricted to the harder thermhcomponent only, our
results are close to those predicted. One must be aware hoeethat the model used
in this analysis does not incorporate the thermalization eciency and mass loading
of the cluster wind described by Stevens & Hartwell. In praate, the adopted model
assumes no mass loading and a thermalization e ciency of 1.€i - no radiative
losses in the conversion of the stellar wind energies to thiigter wind). This may
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be simplistic and it is noted here that a change in either paraeter would serve
to increase the predicted overall X-ray luminosity (i.e. - at restricted to the hard
energy band) and reduce th&T, value.

4.3.2.2 Supernova Remnants

SNRs emit X-rays through thermal and/or non-thermal proceses. Since the hard
emission in the core of Wd1l has been identi ed as predomindytthermal, we ad-
dress only the thermal emission mechanisms (i.e. - the SNR@amction with its
surroundings). In order to assess whether SNRs contribut® the hard thermal
emission, the number of potential SNRs present must rst beatermined. Several
of the previous analyses of Wd1l (MUO6;Brandner et al, 2008 Clark et al., 2008
etc.) use the stellar population to extrapolate the clustetMF to higher masses and
determine that the cluster initially contained  10* stars with M > 50M . Given
the age of Wd1 we can assume that all these stars have alreadseh lost to Super-
novae (SNae). However, apart from the magnetar, no evidenoé post SN objects
(SNRs, compact objects or X-ray binaries) was found in the aityses of either MUO6
or Clark et al. (2008. Possible reasons for the absence of the discrete objeats lae-
yond the scope of this analysis, instead only the potentiabatribution of the SNRs
to the di use emission in the cluster core is addressed. SNRse expected to emit
X-rays when the shock front interacts with the surrounding $M, but in the Wd1l
region winds from the massive stars have cleared away the IS} we cannot ex-
pect to observe emission from this process (MUO6 and refeces therein). However,
SNRs can also interact with the stellar winds of nearby mas& stars in the cluster
(Vehzquez et al, 2003. Indeed, the interaction of a SNR with a single stellar wind
was shown by Vehzquez et al. to be X-ray brighti( 4" 10*erg s ! in the 0.3-10
keV energy range) throughout the lifetime of the SNR ( 10%yr) with a star-SNR
separation of 10 pc. Given that in the core of Wd1 the largest possible sté8NR
separation is 4 pc, any star-SNR interaction region would bexpected to be even
brighter than this. Furthermore, the number of interactionregions due to multiple
massive stars would serve to increase the expected ovenathinosity. Assuming that
a star-SNR interaction region in Wd1 has a 0.3-10 kel = 10%*erg s * (which
is undoubtedly an underestimate) and that there is a numberfanassive stars in the
core of 20, a single SNR in the cluster would be expected to leaat least a 0.3-10
keV Lynabs  10%erg s 1. To compare this to the 2-8 keVLY"@s of the observed
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hard component di use emission, WebPIMM$ was used to convert the observed
ux from the 2-8 keV to the 0.3-10 keV energy range, assuming thermal plasma
model with our observed hard componerkT = 3:07 keV and derive a 0.3-10 keV
Lynabs 3 10%erg s 1. Thus, the conservative lower limit ofL{"3>s  10%erg s ?
for a single SNR is already two orders of magnitude higher thahe observed lumi-
nosity of the di use emission in the core. Hence, at the curne epoch, there is little
evidence for SNRs in the cluster and thus these are unlikelp be the cause of the
di use emission.

4.3.2.3 Unresolved Pre-Main Sequence Stars

In their Chandra point source analysisClark et al. (2009 identi ed not only the
X-ray emitting high mass population but also a number of PMStars 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 spectrahalysis above.
However, the remaining unresolved PMS population could ctibute signi cantly

to the di use emission in the cluster. In Wd1, only stars withM . 3M have yet
to evolve onto the Zero Age Main Sequence (ZAMSPB(andner et al, 200§. The
objects in the 32 1:7M mass range are becoming stars of spectral type A, which
are not established X-ray emitters. For an estimate of the ursolved PMS stars we
will assume these objects to be X-ray emitters favl < 1:5M , which is in line with
the upper mass limit for low mass PMS stars with X-ray emissiodue to magnetic
reconnection events adopted bZlark et al. (2009. Whereas these authors assume a
ratio between high luminosity and low (unresolved) luminasy PMS X-ray emitters
for Wd1 as for the Chandra Orion Ultradeep Project (COUP, Getman et al, 2005
sources, knowledge on the actual Wd1 (pre-)stellar populah as given byBrand-
ner et al. (2008 is employed here. The reason is that the procedure Glark et al.
(2009 involves propagating a high/low luminosity object ratio d 2/1614 for the
COUP sources to a larger number of high luminosity Wd1 soursdviz. 45). This
may however not be totally reliable due to the inherent inaagacy of magnifying
uncertainties attached to only 2 high luminosity COUP soures.

Information on the (pre-)stellar population of Wd1 is contaned in Brandner
et al. (2008 their Table 6). In there, the numbers of object are speci edor a few
annuli around the cluster centre and for several mass intexls. Observed numbers in

LFound at heasarc.nasa.gov/Tools/w3pimms.html
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the mass interval 34 30M , corrected for incompleteness, are used for normalising
the mass function, which has a dierent slope in each of the aali for masses
M > 0:5M (as determined from their photometry), while each time hawvig the
same, shallower slope for masses in the intervaD8 0:5M . For the unresolved
Wd1 PMS population we select the mass rangedB 1:.5M , include objects within
2' from the cluster centre (in order to compare with our obseed di use 2-8 keV
X-ray luminosity for the cluster core), and require continity for the stellar mass
function from high mass ¢ 0:5M ) to low mass (008 0:5M ) objects. This yields
a number of low mass PMS objects in Wd1l of nearly 44000. Each tbe PMS
objects is assigned an X-ray luminosityl.x , dependent on the mass of the object,
working in 0:1M intervals. The mass-dependent x , 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 usedni this article, with the
help of the WebPIMMS tool. The X-ray band transformation is ér a Raymond-
Smith model spectrum for which a characteristic energgT is required (considering
one temperature spectra for simplicity). The comparably yang cluster Trumpler
16 features a mediarkT around 1.5 keV @lbacete-Colombo et al, 2009. However,
plots of logL x against (single)kT for COUP sources, for which much deeper data are
available, suggest that for low luminosity X-ray sources #avalues folkT decrease, to
around 1 keV. IfkT 1.5 keV is adopted for the Wd1 PMS objects, their combined
2-8 keV luminosity is 11 10%%erg s . But, if the di use emission would come from
unresolved, low luminosity PMS sources their typicakT could be lower. For sources
with KT 1 keV the combined 2-8 keV PMS luminosity becomes& 10°%erg 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 lumingities found for Weak line
T Tauri Stars - compared to Classical T Tauri Stars - are takennto account, and
if not all inferred PMS objects would actually be X-ray soures. Thus the PMS
object X-ray luminosity of Ly . 10®erg s ! is expected, which is less than half of
the observed 56 10%%erg s ! for the total di use 2-8 keV emission.

4.4 Conclusions

The above analysis and discussion of the until now unexpled XMM-Newton dif-

fuse emission data for Wd1 have demonstrated a Fe 6.7 keV esi# line, indicating
that the hard X-ray component in the inner 2' radius region othe cluster is predom-
inantly thermal in origin. The most likely explanation for this di use component is
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a thermalized cluster wind. An estimated value for the 2-8 ké X-ray luminosity
produced by a cluster wind in Wd1 (2 10%%erg s 1) is close to the observationally
determined value for this luminosity (17 10°3erg s ). The conclusion that the
cluster wind is the likely cause of the di use emission is aisn line with the model
predictions of Oskinova (20035.

We note further that the morphology of the Wd1 di use X-ray emission (see
Figure 4.7) resembles the distribution of the massive stars in the cltex, in partic-
ular in showing a noticeable extension to the SE. When the kesnassive stars are
considered, such as those down to8M (Brandner et al. 2008; see also their Figure
1), the cluster shows a smoother, roughly N-S elongated distion. In addition,
the radial dependence of the mass distribution determined/tBrandner et al. (2009
decreases steeper than the radial distribution of the di us X-ray emission. These
qualitative considerations are not in support of a stellar mgin for the di use emis-
sion.

Figure 4.7: Distribution of massive stars in the cluster core in relation to the di use
emission. Wolf-Rayets are indicated by the lled green cirdes whereas main sequence
and evolved OB stars are indicated by lled blue circles. Thelarge circle indicates the 2"
core radius and the black areas indicate areas where point soces were masked. It is
clear that the di use emission resembles the distribution d the massive stars in the
cluster core.

While the PMS objects are less likely as the main cause of thedd di use
emission, they could nevertheless still make a contributicto the di use component.
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Although based on a somewhat di erent analysis, alsBluno et al. (2006h estimate
that . 30% of the di use component could be attributed to PMS objed. 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 depemti®n typical X-ray
luminosity levels, circumstellar absorption and incidere 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 popuaitions of the
young Galactic star clusters selected for study in this preft. In the forthcoming
section | will describe general results from this process) particular with regard

to cluster sub-populations. Following this | will present he results of the project
with respect to the goals described in Sectioh.3, namely investigation of the model
predictions of Oskinova (2009 across the range of cluster size and ages and testing
the universality of the IMF using the XLFs of the clusters.

5.1 General Results of the Sub-Populations

5.1.1 Massive Stars

Overall, some 233 massive stars with spectral type earliehan B3 were detected
in the clusters. These sources constitute individual massi OB stars emitting via
RDIS and/or MCWS emission mechanisms, WRs, LBVs, CWBs as Weds optical
double/multiple systems. In this section | will describe tle general results from this
sample, focussing on those sources for which were bright egb to be spectrally t
in XSPEC (140 sources). Prior to discussing each individual sub-pdption, we
can rst create the 0.5-8 keV and 2-8 ke\Lx =Ly, diagrams for the entire sample
of high mass stars and systemsL ., values are assigned to the various spectral
types using the calibrations ofViartins et al. (2009 for O stars, Crowther (2007 for
WRs and Kaler (1997 for the B stars. The resulting Lx=Lyo diagrams are shown
in Figure 5.1
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Figure 5.1: 0.5-8 keV Lx=Lyo diagram (top) and 2-8 keV L x=Lyq diagram (bottom).
The various symbols represent the various emission types. &l 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 WRLBY CWBs. The
black line in the 0.5-8 keV Lx =Ly diagram indicates the canonicall x =Ly = 10 7
relation for stars emitting via shocks in their stellar winds. The arrow on the bright
source Carinae indicates a lower limit to the X-ray luminosity.
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The RDIS emitters agree well with the canonical x=Ly, = 10 7 relation in the
0.5-8 keVLx =Ly, diagram. Interestingly, a separate_x =Ly relation is evident for
the the CWBSs in eachL x=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 lumirnitiss consistent with
RDIS emission were extracted from the sample of massive st@etections. Table
5.1 0 ers general parameters of these sources, separated bycpsd type, which are
visualized in Figures5.2 and 5.3, From Figure 5.2, there is no obvious variation
in KT with spectral type with the derived values being roughly costant across the
mass spectrum. A decrease by values is seen moving from early O into the later
O and early B type stars, which is to be expected given thesener mass stars have
weaker winds. Using Figures.1, the actual Lyx=Lyg 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 examplellaz (2009 use the
2XMMi Serendipitous Source Catalogue to derive thesex =Ly relations for the
catalogued massive stars and the results presented here epasistent with those of
this less deep survey analysis.
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Table 5.1;

Various Spectral Types

RDIS X-ray Emitting Properties of the

Sp. Type No. of Sources kT log Lx . log Lx .
(keV) (ergs 1) (ergs 1)
Class |
(0K] 1 0.61 ( 0:06) 31.31(-) 32.71(-)
03.51 1 0.98 ( 0:58) 32.05(-) 32.93(-)
o4l 1 0.65 ( 0:05) 31.35(-) 32.67(-)
05l 1 0.48 ( 0:10) 30.53(-) 32.24(-)
Class IlI
oaslll 2 0.71 ( 0:46) 31.23 ( 0:44) 32.47 ( 0:66)
Oo4lll 1 0.64 ( 0:05) 30.92(-) 32.43(-)
oe6lll 1 0.64 ( 0:08) 30.58(-) 31.92(-)
06.5l11 1 0.55 ( 0:20) 30.22(-) 31.69(-)
08.5l11 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( 0:5)
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( 11)
orv 8 0.51 ( 0:17) 30.11( 0:55) 31.89( 0:6)
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)
o9V 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)
BOV 1 0.64 ( 0:28) 29.31(-) 30.88(-)
B2V 3 0.64 ( 1:57) 29.57( 0:73) 31.08( 0:75)
Transitional
O5.5V-I 2 0.46 ( 0:14) 30.77( 0:49) 32.76( 0:38)
O6V-III 1 0.88 ( 0:23) 31.09(-) 32.18(-)

5.1.1.2 Magnetically Con ned Wind Shock Emitters

One result from the analysis of the programme clusters is thahe majority of
the detected early B-type stars seem to be MCWS emitters. Ouif the 26 stars
with spectral type B0-B3, 19 of these, as well as several la@-type stars, have
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5.1 General Results of the Sub-Populations

hard derived thermal plasma temperatures consistent withhis emission mechanism.
MCWS emission is regularly mentioned in cluster analysesofn the literature as
being responsible for relatively low luminosity hard soues and thus, are quite
common. Detailed analyses of these sources are normallyfpened through high
resolution X-ray spectroscopy and thus restricted to neaybobjects. Schulz et al.
(2003 suggest that OB stars likely retain some magnetic eld wherentering the
main sequence which is lost as the star ages. If this is the east is likely that
many of the late O and early B stars in the youngest programmeusters do indeed
have a magnetic eld which is responsible for the observed e&sion. These authors
analyze three very young massive stars of the Orion trapemn) two B0.5V stars
and one 06.5V star, and determine that a MCWS is responsiblerfthe observed
X-ray emission in all three cases, ruling out other possiliies such as unresolved
PMS companions. All apart from 4 of the apparent MCWS emittig stars in the
programme cluster analyses above are located in very younigsters with ages.
1:5Myr. This suggests that the MCWS mechanism does indeed play important
role in X-ray emission from the youngest OB stars in the samgl Naz (2009 show
that many of the early B stars in the 2XMMi Serendipitous Soure Catalogue require
moderately hard thermal components to achieve acceptablgestral ts. This author
also infers the presence of magnetic phenomena to explaiese results however, the
age estimates for the stars are not given and so it is uncleahether these stars are
young or not. As such this analysis represents one of the rstorrelations of the
frequency of MCWS mechanism in OB stars of known age. Theg =Ly, relation for
the MCWS sources shows relatively little correlation. The luservedLy values are
dispersed across a wide range bf, values. Because of this, nbx =Ly correlation
is derived.

5.1.2 Colliding Wind Binaries

All of the detected CWBs are shown in Table5.2 These sources are separated
into two categories, those CWBs where the primary is an O staand those where
the primary is a WR or LBV (I also include the unusual sgB[e] sorce W9 in this
category). Also included are the two candidate CWBs deteaiein NGC 3603, which
we will call NGC 3603 Ul and U2, for which no spectral type haselen assigned
to the primary but whose X-ray spectra andLy values are consistent with other
detected CWBSs in the programme clusters. A dedicated studyf these sources at
other wavelengths is certainly warranted as, particularlyor NGC 3603 U2, one of the
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5.1 General Results of the Sub-Populations

stars is very likely a WR given it's derived luminosity is corparable to known WR
CWBs. ltis di cult to compare CWB systems as, not only will th e spectral types of
the component stars a ect the spectral parameters, but bing system parameters
such as their separation, and observational issues, suchthe viewing angle, can
also have an e ect. However, both the 0.5-8 keV and 2-8 kely =Ly, diagrams
(see Figureb.1) indicate some correlation between the bolometric lumindgg of the
primary and the observed X-ray luminosity. This is a resultglso in various surveys
of O stars populations (seeNaz, 2009 Sana et al, 2006 for example). The reasons
for this observed correlation are unclear butNaz (2009 suggest that radiative
inhibition, where the radiation of one component deceleras the wind originating
in its companion is responsible. Using the FigurB.l, values of 5:99( 0:63) and

6:77( 0:64) for the 0.5-8 keV and 2-8 keV energy bands respectivelyeaderived
for the Lx =Ly relation of the CWB sample, approximately consistent with hat of
Naz (2009 who utilize the less deep survey data for this derivatioh.

1These estimates omit Carinae, due to uncertainLx values, and W9 as nolL , value could
be found for this unusual source.

143



5.1 General Results of the Sub-Populations

Table 5.2 Detected Colliding Wind Binaries

O Star CWBs

Name Sp. Type Counts Ny kT kT 2 log L x hic log Lx ¢
cm 2)  (keV) (keV)  (erg s ) (ergs 1)

HD 93129 A o2if* 4421 0 :810:87 0:580:5%  2:46278 32.24 33.24
sh 22 o3lli(f) 238 0 :450:%3 1:89%i%2 32.14 32.59
HD 15558 o4l1I(f) 2004 0 32037 1:24}:23 31.70 32.38
Sh 47 o4v 426 0 :99%:32 1:381:8% 32.80 33.41
CEN 1b o4v 11781 2 :32:3)  0:93% 30533 32.70 33.29
CEN la 04v 12323 1 94292 0:95:%5  5:2§38 32.65 33.20
MSP 183 04v 2110 1 4813, 0:383:37 3:063:%2 32.73 33.51
MSP 188 04v-Iil 1413 1 :234& 0:659:2°  2:87:%8 32.17 33.02
HD 242908 04V((f)) 4976 0 21022 0:63:%%  6:1733%% 31.98 32.66
CEN 2 o5V 1866 0 :955:95 o0:610:% 3:785:3° 31.08 32.26
VICYG 8A  O6If + O5.5l1I(f) 38195 1 a8hls 0728y 2:072:8 33.43 34.07
MSP 167 oslll 7771 :92%k 05485 2:83143 32.15 33.26
Sh 49 07.5v 52 1 :083:22 1:593:9% 31.60 32.12

MJ 496 08.5V 1816 0 91390 0:743:8  2:042:38 31.94 32.66
W 30a 09-B0.5la 477 2 51335 142103 32.02 32.60

WR/LBV CWBs

Name Sp. Type Counts Ny kT KT 2 log Lx hec log Lx e
(cm 2)  (keV) (keV)  (erg s 1y ergs 1)

NGC3603 C WN6+abs 7320 1 34148 0:660:%, 1:852193 34.66 35.41
car LBV 29603 > 35:00 > 35:00

w9 sgBle] 394 4 :28%5, 07138 64 32.35 33.59
WR A WN7b 642 3 53338 0:283:3F 3:683:%2 32.45 33.68
WR B WN70 228 4 :655:33  0:555%  2:87,.., 3215 33.15
WR 20b WN6ha 1504 4 0243, 0:383:3; 5:345:% 32.83 33.74
WR 20a WN6ha+WN6ha 4123 2 :33%:3% 0:428:33 2:763:15 33.05 33.90
WR F wced 99 4 19 3:26 - 3184 3213

Candidate CWBs

Name Sp. Type Counts Ny kT kT 2 log L x hic log Lx ¢
cm 2)  (keV) (keV)  (erg s ) (ergs 1)

NGC 3603 UL - 892 1 23183 2:002:3] 3175 3255
NGC 3603 U2 - 3880 1 96210 0:718:8  4:977:28 32.92 34.53

5.1.3 PMS Stars

Overall, there is quite a large sample of PMS stars in the pragmme clusters.
Though the majority have to few photon counts to derive specal parameters, there
are still a great number ( 1000) for which such an analysis can be performed.

These data are rst used to conrm the relation from the exising analysis of
a large PMS population, that of the COUP ¢eigelson et al. 2009, which shows
the relation between the absorbing hydrogen column densifNy) and the median
detected photon energy Eeqian) above a certain threshold. For the brightest PMS
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5.1 General Results of the Sub-Populations

stars in the sample, their spectrally derived\Ny values were plotted against their
observedE egian, Shown in Figure5.4, and is consistent with Figure 8 ofFeigelson
et al. (2009 which contains only one stellar population. The plot showim Figure 5.4
contains data for several stellar populations and thus sugsts that this relation holds
across all clusters of various age and line of sight absonpti

10.00
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Figure 5.4. Plots of spectrally derived Ny against Emegian for all of the PMS stars in
the programme clusters with > 50 counts.

The variation in the properties of the programme cluster PMSopulations is
now investigated using the median clusteE eqian and Lx values of their PMS pop-
ulations. These values are calculated for the entire poptian and the quiescent
populations in order to inspect the e ects the aring populdion has on the derived
overall values. These quantities are plotted against the agof each cluster in Fig-
ure5.5

The rst readily noticeable feature of the plots is that in mast clusters, the in-
clusion of the variable sources in the cluster values has prd minor e ect on the
derived 2-8 keVLy values. By far the most a ected is Wd1 were the separation
in Lx is an order of magnitude. This is due to a low number of deteatesources
and the fact that almost all of the brighter sources in the clster showed signs of
variability. The overall trend of a reduction of medianLy with age of the clusters
is observed. This is to be expected given that the X-ray lumosity 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
guiescent PMS stars (blue) against the age of the programmeluasters. Right: Plots of
median E yegian for all of the PMS stars (red) and quiescent PMS stars (blue) gainst the
age of the programme clusters.

is found to decay following the relation ofPreibisch and Feigelson(2009. There

is a very slight decrease in observed medidfy,eqan With cluster age. It must be

noted however that the Eeqian Value is linked to the Ny value in the direction of

the sources, though a trend to higheE egian With increasing plasma temperature is
observed byFeigelson et al(2005. As such, it is likely that there is some reduction
in sourcekT values as the stars age. This can be explored further by caesiing

only the sources bright enough for a spectral analysis. Thdops in Figure 5.5 are

recreated, this time with median spectrally derived_x and kT values against the
cluster age, shown in Figure.6.

The left panel of Figure5.6 shows that in general, the brightest PMS sources in
the programme clusters are of similar luminosity. The mainxeeption is the lowL
NGC 2362 data point, likely due to the relatively old age andhus the reducedL x
of its PMS stars. In the mediankT plot, there is a de nite trend toward lower kT
with age. This is likely due to a decreasing number of accreti disks in the PMS
population as the clusters age. In Sectioh.4.5 the evolution of a YSO is described.
As these objects age their circumstellar disks are accreted 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 esult in lower shocked
plasma temperatures than in younger stars, observed as a vetlon 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 mediankT values against age of the programme
clusters. The NGC 3603, Wd1 and Wd2 data points are omitted hee due to several of
their sources likely being OB stars.

If indeed this is the case, the trend in Figurés.6 may be used to infer the cluster
age from an X-ray analysis of the bright PMS population of a akter.

5.2 Evolution of X-ray Emission in the Clusters

Oskinova (2009 used the cluster wind model o6tevens and Hartwel (2003 together
with models of the stellar population to simulate the evolubn of X-ray emission
in a cluster, and compare the results to observations. One thfe main conclusions
of the analysis was that in massive clusters younger than 2 Kjythe X-ray lumi-
nosity of the cluster wind is low and the observed di use ensson is dominated by
an unresolved PMS population. At ages above 2 Myr the massigars enter the
evolved WR phase at which point their fast, dense winds incase 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. FolNaing the cluster anal-
yses of Chapter3 we have, not only observationally derived X-ray luminosigs for
each of the programme clusters, but also quantitative estiates of the unresolved
PMS contribution to this emission and theoretical estimate of the contribution due
to a cluster wind. As such, this conclusion oDskinova (2009 can be compared
to observations to determine whether the model holds to cltess across a range of
masses and ages.
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5.2 Evolution of X-ray Emission in the Clusters

The results of the di use emission analyses are, for convence, presented in
Table 5.3, During the analysis of some of the programme clusters it wasvious
that a cluster wind was contributing very little to the obsewed di use emission and
thus estimates of a cluster wind were not derived. For the pposes of this analysis
(and completeness), these small values were neverthelessudated and are included
in Table 5.3

Table 5.3: Properties of the Di use X-ray Emission of the
Programme Clusters

Cluster Age Observed log 2-8 keV Ly log 2-8 keV Lxwing l0g 2-8 keV L x pms

(Myr) ergs ) (ergs 1) (ergs 1)
Bica 1 2 32.2 30.8 32.3
Bica 2 2 32.1 315 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 33.6 311 33.0-34.0

| de ne here the parameterX,, the ratio of the X-ray luminosity due to the
cluster wind to that of the unresolved PMS population, giveras:

X = LXwind

5.1
I—Xpms ( )

so that low values ofX, indicate that an unresolved PMS population is the dominant
contributor to the di use emission. This parameter allows 8 to assess the interplay
between the cluster wind and the unresolved PMS sources agsahe various mass
and age ranges of the programme clusters. Th& values for each of the clusters
are plotted against cluster age, shown in Figurg.7.

The predictions of Oskinova (2005 are largely con rmed for the clusters with

rich O star populations. In IC 1805, NGC 3603, NGC 6611, NGC @8 and Tr 14
which are all younger than 2 Myr, the unresolved PMS populatn 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 threslbld, red triangles > 2 Myr
and purple circles = 2 Myr.

contributor to the observed di use emission by 2-3 orders ahagnitude. Bica 1 and
Bica 2, which are on the 2 Myr threshold, have an increased ddbution from a
cluster wind. As well as main-sequence O stars, both of theslesters harbour early
O supergiants which inject more mass into the cluster wind. Aough these clusters
are not very massive, they are physically small, meaning theontributing stars are
con ned in a small region, which serves to increase the wirldy. The di use emis-
sion is dominated by the cluster wind in Wd1 and Tr 16 (both of Wich are much
older than 2 Myr) due to the large amount of WRs in Wd1 and primaly Carinae
in Tr 16. The location of Wd2 is somewhat strange. One would perct the cluster
wind to contribute much more to the di use emission in this dlister, particularly
as it hosts several evolved O stars including 3 WRs. This ikély due to the un-
certain estimate of the unresolved unidenti ed populatiorcontribution (see Section
3.12.]). The Wd2 data point in Figure 5.7 was determined using the midpoint of the
10° 34erg s ! luminosity range determined for this clusters unresolvedgpulation.
Assuming the lower end of this range results iX, 10 °, which moves the Wd2
data point into a region consistent with the trend seen for ta other rich clusters.
The di use emission in the remaining clusters (i.e. IC 1590NGC 1893 and NGC
2362) is dominated by an unresolved PMS population. Theseusters have much
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less rich O star populations that the other programme clusts, consisting primarily
of late O stars which have relatively weak winds and take loreg to evolve.

The X, parameter has proved to be a useful tool in assessing the mbpee-
dictions of Oskinova (2009 but can it be used to predict properties of the di use
emission in clusters itself? If we wish to achieve this we ntusompare X, to a
measure of the contribution of either the cluster wind or thainresolved PMS pop-
ulation. Determining the unresolved PMS contribution is a amewhat long a air as
has been demonstrated in this thesis. HoweveBtevens and Hartwell(2003 de ne
the so called cluster wind scaling parameter (denoted.) which is proportional to
the X-ray luminosity of the cluster wind. X is given as:

2

Xa= oy (5.2)
where M. is the total stellar mass wind injection rate,R¢ is the cluster radius, and
V is the mean weighted terminal velocity for the stellar winds Following Stevens
and Hartwell (2003, X is calculated using the natural units withM. in M yr 1,
Rc.inpcandV in km s i Thus, X, can be calculated using only the physical
parameters of the massive stars and the cluster radiuX was calculated for each
cluster and plotted againstX,, shown in Figure5.8.

X; and X are quite well correlated with increasingX corresponding to an
increase inX,, which is expected. A regression analysis, excluding the aertain
Wd2 data point, yields the following relation:

logX, 0:8(logXy) + 8:6 (5.3)

The scatter around the best t is likely due to a number of e ets, such as
slight variations in the shape of the cluster XLFs as opposed that of the COUP.
An additional reason for the scatter is the cluster model udeto determine the
contribution of the cluster wind. As mentioned in Sectionl.4.7.1 the model used
assumes no mass loading and a thermalization e ciency of 1.€i - no radiative
losses in the conversion of the stellar wind energies to thiuster wind). This is
simplistic and it is noted here that a change in either paranter would serve to
increase the predicted cluster windLx and X, values. Using this empirical relation,
we can estimate the ratios of the contributions to di use enssion in a cluster using
the physical parameters of the O or WR stars and the cluster dius. Additionally,
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Figure 5.8: Plot of the cluster X, values againstX . The blue inverted triangles
indicate ages below the 2 Myr threshold, red triangles> 2 Myr and purple circles = 2
Myr. The best t to the data is indicated by the solid black lin e.

if an X-ray spectrum is available, estimates of the actudlx values for the wind and
unresolved population can be derived.

5.3 Probing the IMF using the XLF

As described in Sectiorl.2, the distribution of stellar masses in a stellar system is
described by the IMF. The IMF has observationally been detarined to be generally
invariant from one stellar system to another, be they smallgen clusters or large
samples of Galactic eld stars. As such, the distribution oX-ray luminosities in
stellar systems, described by the XLF, should also be invant, once corrected for
temporal and incompleteness e ects. Using the XLFs constcted during the earlier
cluster analyses, this postulate can be qualitatively test for the programme clusters
studied by the comparison of the shape of the XLF for individal cluster stars (i.e.
-omitting binaries) to that of the well known ONC, correctedfor aging e ects of
the stellar population using the relation ofPreibisch and Feigelson(2005 where
appropriate. This is essentially achieved in the 2-8 keV XLEomparison plotted for
each of the clusters in ChapteB which, for convenience, are gathered in Figur®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. Ehmost unusual
cluster XLF is that of Wd 2, which exhibits a slightly steeperslope. As discussed
in Section3.12.] this is likely due the assumed distance to the cluster whids still

a controversial issue. Another unusual XLF is that of Wd1 nobecause of its shape
but the underlying population it infers. This XLF indicates a surprisingly small
stellar population, suggesting the cluster IMF is truncatd at the lower masses. The
generally consistent shape of the high end XLF of the programe 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 programm e clusters
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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 impiant elds of astro-
physics. These objects, the most massive of which can havevaigating impacts on
entire Galaxies, present an astrophysical laboratory wherstellar evolution theories
can be tested as well as the evolution of stellar systems as hale. Additionally,
these clusters are the engines by which material in the Unige is recycled. Their
stars form from molecular clouds, with the most massive starquickly producing
heavy elements and redistributing them throughout the regin via their winds and
supernovae. This is a process best observed at X-rays due he temperature of the
winds, be they stellar or supernova or both. An unfortunate blem with these ob-
servations is that, in such clusters, large numbers of un@sed sources can mask the
emission from the winds themselves making them hard to tra@nd their strength
hard to quantify.

In this Ph.D. project | have investigated this issue by chareterising the X-ray
emission from the youngest Galactic star clusters and deteming the strength of
the relative contributions to the observed di use emissionThis undertaking led to
a wealth of information on the various cluster sub-populatins as well as the clusters
as a whole. Trends in the properties of the sub-populationsitv cluster age were
investigated verifying previous observational results &m the literature as well as
demonstrating new trends, such as the frequency of magnetignd sources in the
youngest clusters. Following this the resolved X-ray poinsource populations were
used to determine the contribution of the unresolved soursdy invoking the univer-
sally observed stellar mass distribution, the Initial Masd$=unction, 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 di use emission, a theoretical model was used which @emines the X-ray
luminosity of the cluster wind using the physical propertie of massive stars in the
cluster. Both these derived quantities were then compared the observations to de-
termine the nature of the di use emission in each of the clusts. These results were
compared to a theoretical model of the X-ray luminosity in mssive stellar clusters,
which were largely veri ed. Additionally elements of the tlkeoretical models used
were combined with the observational ndings to derive an epirical relation which
can infer the ratio of the contributions to the di use emisson using only the physical
properties of the massive stellar population and the clusteadius. Supplementary
to the these analyses, the universality of the Initial Mass Umnction was probed in
these clusters using the X-ray Luminosity Function. This wa 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 cddration cluster implying
a similar underlying Initial Mass Function.

So where does the future lie for this research? The obviouseaue is to extend
the cluster database, adding even more clusters and assegshe e ect of their in-
clusion into the above analysis. In this thesis, clusters weselected from an optical
catalogue of open clusters based on age criteria. This catgle does not include
all of the well known young Galactic clusters however with tev notable exceptions
being the very massive Arches and Quintuplet clusters whicire known to exhibit
strong di use emission. These clusters are very heavily ahged 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 ageiinit could be extended to
include clusters with much more evolved stellar populatianand potentially have
SNRs contributing to the cluster wind. One cluster populatbn not considered at
all for this thesis is that of the Magellanic Clouds. These sallite galaxies harbour
rich massive clusters such as NGC 346 and R136. The additiohsoich clusters to
the current database would allow inspection of di use emigm up to Super Star
Cluster scales. This would additionally allow the inspeatin of the Initial Mass
Function via the X-ray Luminosity Function in more extreme g$ar forming regions.
By far the most massive cluster in the current sample is Wd1he physical proper-
ties of which approach Super Star Cluster ranges. This clustwas found to have a
somewhat less that expected underlying stellar populatioimferred from the X-ray
Luminosity Function, suggesting truncation of the Initial Mass Function at lower
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masses. A similar e ect (though determined via a di erent mehod) is also seen in
the Arches and Quintuplet with an X-ray derived de ciency ofYoung Stellar Objects
in the clusters (Wang et al,, 2009. Is this normal in very massive clusters? Only
the addition of such massive clusters to the above analyseslanswer this question.

During this analysis, several trends were observed such dgetinterplay of the
cluster wind and unresolved Pre-Main Sequence populatiothe variation in the
X-ray luminosities of OB stars and Colliding Wind Binaries ad the variation in
the global properties of PMS populations with age. Such datean be used as the
foundation of an empirical cluster model. Using populatiorsynthesis techniques
(using the Starburst 99 code for exampléeitherer et al., 1999, observational X-
ray luminosities and trends can assigned to the various Xyaemitting sources in
a simulated cluster. This model could then be used to predidhe expected X-
ray luminosity from a cluster and its temporal evolution basd on observationally
derived parameters. Before this can be achieved howevemiliations of synthesis
codes such as Starburst 99 must be overcome, in particularetiinclusion of binary
systems. Such techniques have already been used to simuldte X-ray emission
from clusters (see Norci et al.,, 2006 Oskinova 2005 with the former including
a binary treatment) however, none of these models incorpdeaall of the X-ray
emitting sources, be they point-like or diuse. Also, giventhat we additionally
have information on the trends in spectral parameters, syhetic spectra could be
generated for the various sources and the cluster as a wholehich 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 les contained in the datasets are named
according to a convention whereby observational values $uas the instrument used
and data source are included in the lenames (e.g. - acisfE6789N00kVLL. ts is
the lename given to the Level 1 event le (evtl) taken in ight (f) using the ACIS
instrument (acis) starting at 123456789, etc.). These lemmes are somewhat clumsy
so in the following section the names will be shortened to ilucle only the instru-
ment used and data content (e.g. - acisf123456789N0&@1.ts ! acisevtl. ts).

The goal of the Chandra data reduction is to produce a Level 2 event le from
the Level 1 data products, hence the "Reprocessing Data togate a New Level=2
Event File' thread from the CXC website is used littp://cxc.harvard.edu/ciao/
threads/createL2/ ). Before producing the Level 2 event le, the pipeline pross-
ing software version used to produce the Level 1 data prodgcinust be checked to
ensure it was su ciently recent so as to forego some precedjsteps in the reduction.
The version of the pipeline software used is stored in the "'8BDSVER' keyword in
the header of the Level 1 data products and is checked usingettommand:
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A.1 Chandra Data Reduction

unix% dmkeypar acis evtl.fits ASCDSVER echo+

Providing the value returned by this command was "7.6.7' oater (which it was
for all of the retrieved datasets), the data reduction coulgroceed. The next step
was to determine the “eventdef' parameter, to be used latar the reduction, which
speci es the format of the input and output event les and is elated to the obser-
vation mode used in acquiring the data. The observation mode determined by
viewing the 'READMODE' and 'DATAMODE' keywords in the Level 1 event le.
This is achieved using the commands:

unix% dmkeypar acis evtl.fits READMODE echo+

unix% dmkeypar acis evtl.fits DATAMODE echo+

For each of the reduced datasets in this project, the 'READMDE' and "DATA-
MODE' keywords showed either "TIMED' and "FAINT' respectiwely or "TIMED'
and "VFAINT' respectively. The table in the "'Determine the eentdef' section of
the analysis thread shows that the "eventdef' parameter thaorresponds to these
modes is ‘stdlevl'.

The next step in the reduction is to use theacis _process_events command
to create a new Level 1 event le by correcting the Level 1 everle in the re-
trieved dataset for bad pixels (using the "acibpixl. ts' Level 1 le), applying the
aspect solution (using the "acisisoll. ts' Level 1 le) and applying the latest cal-
ibrations from the CALDB. The calibrations are applied by déault and include
charge transfer ine ciency correction, gain correction ad PHA and pixel random-
ization. The “eventdef' parameter above is also supplied.h& new Level 1 event le
‘acisnew._evtl. ts' is produced by issuing the following commands:

unix% punlearn acis _process_events

unix% pset acis _process_events infile=acis _evtl.fits

unix% pset acis _process_events outfile=acis _newevtl.fits
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unix% pset acis _process_events badpixfile=acis _bpix1.fits
unix% pset acis _process_events acaofffile=acis _asoll.fits
unix% acis _process_events

The nal steps in the data reduction involve ltering the "acis_new_evtl. ts'
event le. The rst Itering step removes events with bad grades and/or bad status
columns from the event le. Grades are assigned to every evaturing an observa-
tion and can be thought of as the shape an incoming photon maken the ACIS
CCD array. Certain grades indicate a real photon event whess others may indi-
cate a cosmic ray detection for example. Limited grade Iteng is applied on board
Chandra to limit the telemetry bandwidth whereas the remaining bad tades are
removed in this reduction step. This step also lters for a lean’ status column. The
status column in the data le consists of 32 bits, each of whicindicates a potential
issue with each event and thus, those events with a bad stataslumn are removed.
This ltering step is run using the following commands:

unix% punlearn dmcopy

unix% dmcopy acis_newevtl.fits|EVENTS][grade=0,2,3,4,6,status=0]"
acis _flt _evtl.fits

where “acist _evtl. ts' is the cleaned event list. The next step involves Itering
this cleaned event list for Good Time Intervals (GTIs). GTlsare supplied in the
Level 1 "acistl. ts' produced by the pipeline. This le indicates the pe riods of the
observation when the mission time line parameters (all timseries data that a ect
the quality of the event data) fall within acceptable levels Essentially this Itering
step removes periods of the observation that are deemed nat produce quality
event data (such as the rst few frames of the observation, ga in the aspect solu-
tion, etc.). The cleaned event le is Itered for GTls to creae a Level 2 event le
(‘acisevt2. ts') using the command:

unix% punlearn dmcopy

unix% dmcopy “acis_flt _evtl.fitsfEVENTS][@acis _flt1.fits]
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cols -phas
" acis _evt2.fits

The penultimate step in the data reduction is to lter this Level 2 event le into
a desired energy range, i.e.- the 0.5-8 keV energy range atieththe ACIS instru-
ment is most sensitive. To achieve this the following commads are run:

unix% punlearn dmcopy

unix% dmcopy acis_evt2.fits[energy=500:8000]"
acis _0.5-8keV _pre-evt2.fits

The nal step is to clean this Level 2 event le of aring periods that may have
contaminated the observation. For this we must de ne a regio of the image free
from point sources that may be exhibit strong ares themsebks during the obser-
vation. This region was de ned on the ACIS image using thé®S9 visualization
software and saved as " are.reg’. An event le was extractetbr this region using
dmcopy:

unix% punlearn dmcopy

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 egion using the follow-
ing commands:

unix% punlearn dmextract

unix% dmextract “acis _flare.fits[bin time=::259.28]"
outfile=acis _flare.lc opt=ltcl

This lightcurve is now analysed using theleflare algorithm which outputs a
GTI le identifying periods of the observation una ected by ares:
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unix% punlearn deflare
unix% deflare acis _flare.lc acis _flare.gti method=clean

Finally the all FOV Level 2 event le is Itered for the GTI's d e ned by the
deflare algorithm:

unix% punlearn dmcopy

unix% dmcopy acis_0.5-8keV _pre-evt2.fits[@acis _flare.gti]"
acis _0.5-8keV _evt2.fits

The calibrated and lItered Level 2 event le "acis0.5-8ke\.evt2. ts is the nal
output of the data reduction and the subject of the data analgis.

A.1.1 Diuse Emission

Di use emission spectra are extracted from the calibrated ral Itered Level 2
event le "acis 0.5-8keV.evt2. ts. Before this however, appropriate “blank sky' bak-
grounds must be de ned. To do this the "ACIS Blank Sky Backgund' thread is
followed'. The rst step is to identify ‘blank sky' les within the CALDB that
match the observation. This is achieved via thacis _bkgrnd_lookup CIAO task:

unix% acis _bkgrnd_lookup acis _0.5-8keV _evt2.fits

This command outputs appropriate "blank sky' les for each ndividual ccd
chip active during the observation which for convenience waill call "acis.il.bkg',
‘acisi2.bkg’, etc. These les are copied to the working directoryand merged to
produce a full eld “blank sky' background le using thedmmergeask:

unix% punlearn dmmerge

unix% dmmerge acis.il.bkg, acis _i2.bkg, acis _i3.bkg, acis _i4.bkg"
mergedacis _bkgrnd.fits

ISeehttp://cxc.harvard.edu/ciao/threads/acisbackground/ index.py.html
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Unfortunately this process su ers from a bug which is due tohe fact that the
dmmergetask was designed to combine multiple observations. Becausf this,
dmmergesums the exposure related keywords when combining les. @iv that
each of the ccd "blank sky' les has an associated exposurmé, the dmmergeaask
sums these values and assigns the resulting exposure timethe output merged
le. This, of course, is incorrect and thus must be xed. Thisis achieved by de-
termining the actual values of the exposure related keywosdfrom one of the ccd
“blank sky' les, using thedmlist task with egrep, and editing these into the corre-
sponding merged le header , using thdmhedit task. The commands are as follows:

unix% punlearn dmlist

unix% dmlist acis _i0.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 le header:

unix% punlearn dmhedit

unix% dmhedit mergedacis _bkgrnd.fits filelist="" " op=add
key=EXPOSURE value=1500000.0 unit=s

unix% punlearn dmhedit

unix% dmhedit mergedacis _bkgrnd.fits filelist="" " op=add
key=ONTIME value=1500000.0 unit=s

unix% punlearn dmhedit

unix% dmhedit mergedacis _bkgrnd.fits filelist="" " op=add
key=LIVTIME value=1500000.0 unit=s

An additional adjustment to the merge background le headeis the adding of
the pointing header keyword (PNT) which indicates the whereghe optical axis was
during the observation. For the ACIS “blank sky' les, this leyword is set to zero
as they are generic les. Thus this value in the merged backmund le should be
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adjusted to that of the observation le to avoid problems lagr in the analysis. This
is achieved using the following commands:

unix% punlearn dmmakepar

unix% dmmakepar acis0.5-8keV _evt2.fits event _header.par
unix% grep _pnt event _header.par > event_pnt.par

unix% chmod +w mergeatis _bkgrnd.fits

unix% punlearn dmreadpar

unix% dmreadpar eventpnt.par “merged _acis _bkgrnd.fits[events]"
clobber+

A nal check of the merged background le is made to ensure thgain le used
to produce the “blank sky' backgrounds matches that of the gkrvation, achieved
via the dmkeyparcommand:

unix% punlearn dmkeypar

unix% dmkeypar acis 0.5-8keV _evt2.fits GAINFILE echo+

unix% punlearn dmkeypar

unix% dmkeypar mergedhcis _bkgrnd.fits GAINFILE echo+

If the outputs of these commands are the same (which they wel@ each of the
cluster analyses) then the analysis can proceed. If not theutkground le must be
reprocessed with the new gain le usingcis _process_events®. The nal correc-

tion to the merged background le is to reproject the data to natch the aspect of
the observation. This is done using th€€IAO task reproject _events as follows:

1Seehttp://cxc.harvard.edu/ciao/threads/acisbackground/ index.py.html  for details.
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unix% punlearn reproject _events

unix% 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 dfet observation,
both are plotted in DS9 and visually inspected. With the creation of this repro-
jected “blank sky' background le we are ready to extract thedi use spectra and
backgrounds, and generate the response les. All of this istaeved using theCIAO
task specextract . An extraction region is de ned and saved inCIAO format as
“di use.reg' using DS9, which is used to extract the di use spectrum from the ob-
servational data and background spectrum from the “blank gkbackground 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 _pbk0.fits grouptype=NUM _CTS
binspec=15

This task creates all of the les required to spectrally t the di use spectrum in
as well as grouping the spectra and linking the response les

A.2 ACIS Extract Setup and Usage

As mentioned in Section2.1.2 ACIS Extract (AE) is written in the IDL language
and incorporates several other analysis softwares. TalAel lists the software pack-
ages and versions of all those used B\E and AE itself.
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Setup and Usage

Table A.1: ACIS Extract Dependent Softwares and Versions
Software Package Version
ACIS Extract? 08.08.2006
IDL 2 6.4
CIAO3 4.0
CALDB* 3.4.2
SAOImage DS9 5.0
MARX © 4.3.0
FTOOLS’ 6.5
XSPEC?® 12.3.1
IDL Astronomy Users Library® 12.2006
TARA 10 01.2007

1 - http://www.astro.psu.edu/xray/docs/TARA/ae_users_gu ide.html

2 - http://lwww.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/Iheasoft/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 th&Jbuntu 8.04 LTS' operat-
ing system and were installed according to the instructiongiven on theAE website

(http://www.astro.psu.edu/xray/docs/TARA/ae_users_gu
install

ide/node36.html#sec:
). While using AE, it is very convenient to have two terminals open simul-

taneously, onetcsh (a member of the shell family required byAE) and one with
IDL. In the following descriptions of the setup and usage &E, commands written
to the tcsh terminal are preceded withunix% whereas commands written to théDL

terminal will be preceded byidl> . The AE commands and procedures which follow

were obtained from theAE Users Guide http://www.astro.psu.edu/xray/docs/

TARA/ae_users_guide.html.

LAvailable at http://releases.ubuntu.com/8.04/
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A.2.1 Setup

Prior to running the AE tasks on observational data, some preparatory work is
required to facilitate AE's automated analysis capabilities. This entails the settig
up of a standard directory structure containing some of the ével 2 data les from
the Chandra data reduction. However, before this is done, ¢ne are two further
data les that must be created which are not produced in a stastard Chandra data
reduction, namely the Analysis Reference Data Library paraeter le (‘ardlib.par’)
and the exposure map.

The “ardlib.par' le is used by severalCIAO tools as an interface to instrument
speci ¢ calibration data and contains pointers to some of t Level 1 data les from
each observational dataset, in particular the bad pixel Is. As such, each obser-
vational dataset requires its own specic “ardlib.par' leto be produced. This is
achieved via theCIAO task acis _set _ardlib :

unix% punlearn acis _set _ardlib
unix% acis _set _ardlib acis _bpix1.fits

This amends the default “ardlib.par' le in the usersCIAO installation directory.
This le is then simply copied to the working data directory.

The exposure map is an image of the e ective area associatedhaeach sky po-
sition averaged over the aspect motion of the telescope dugithe observation. The
exposure map is used to convert a counts image into an image ux units and is
especially important near detector edges and near bad pigedind columns where the
e ective area may vary quite dramatically over the course ahe observations. Since
the e ective area is energy dependent so is the exposure majthough an energy
dependent exposure map can be created, it was decided to cédte the exposure
map at one speci c energy (1 keV) for each of the clusters as anergy dependent
exposure map is typically calculated adopting the spectrunfrom a source in the
FOV to weight the exposure map and is thus very dependent on ¢hchosen source.
Hence, the "'mono-energetic’ exposure map is more suited tar meeds since we re-
quire a generic analysis for the programme clusters. To geag an exposure map,
the AE accessory toohe_makeemaps used and is run from the directory containing

166



A.2 ACIS Extract Setup and Usage

the Level 1 and Level 2 data les used in th&Chandra data reduction.
idl> .run acis _extract _tools

idl> ae _makeemap, "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 _mskl1.fits’, MONOENERGY=1.0

This command produces the 1 keV exposure map "obs.emap' foetACIS-I ar-
ray (set using the CCD IDs 0,1,2 and 3 which are adjusted apppoately for an S
array exposure map). In addition, this command produces th&asphist' directory
which contains les required later by AE.

Now that all of the required les have been created, thé\E standard directory
structure can be set up. For each cluster directory, at leastvo subdirectories are
required (depending on the number of observations for theuster). These are the
observational data directory(ies) and the point source dactory. Each data directory
will contain the appropriate Level 2 event le, the aspect slotion le and the param-
eter block le (renamed to "spectral.evt’, ‘obs.asol' andobs.pbk le' respectively),
and will also contain the “ardlib.par' le, ‘obs.emap' expsure map and "asphist'
les produced above. The point source directory will initifly contain the results
le of the point source detection (i.e. - the positions, etc.of sources in the FOV)
‘wavdetect. ts' and the AE XSPEC scripts which are used later in the analysis to
t source spectra. As the analysis proceeds, the point sowdlirectory is used to
house data les and results for each individual source in thEOV. A schematic of
the standard directory structure and required les is shownn Table A.2.

A.2.2 Usage

The AE analysis can now proceed. From here on, alE commands are issued
from the “point.sources' directory. The rst step in the AE analysis is to read
the detected point sources from the "wavdetect. ts' le andcreate subdirectories in
‘point_sources' for each of the sources. Additionally this step gsrthe sources into
ascending RA and writes the source list to the ascii le "alirclist' which is used in
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Table A.2: ACIS Extract Standard Directory Structure and Initial Files

cluster/
0bsXXXX/
ardlib.par
asphist/
ccd0.asphist
ccdl.asphist
ccd2.asphist
ccd3.asphist
obs.asol
obs.emap
obs.pbk le
spectral.evt
0bsXXXY/

point _sources/
Xspec _scripts/
wavdetect. ts
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most of the following steps. The commands are as follows:

idlI> bt = mrdfits(' wavdetect.fits',1)

idI> RA = bt.RA

idl> DEC = bt.DEC

idlI> .run ae _recipe

idl> ae _source _manager, /ADD, RA=ra, DEC=dec, POSITIONPE=
‘wavdetect'

idl> ae _source_manager, /SORTRA

idI> ae _source_manager, /SETLABELASSEQUENCE

The next step in the analysis is to de ne source extraction ahmask regions.
Although CIAO swavdetect task (run earlier in the analysis, see Sectio®.1.2) gives
estimates of source dimensions and properties, it does sthaut any explicit knowl-
edge of theChandra PSF. As such it is not uncommon fowavdetect to determine
extraction apertures which di er substantially from the PS-. AE circumvents this
issue by deriving extraction regions from the local PSF viaay-trace simulations
with MARX (the Chandra ray-trace simulation software). The extraction regions
de ned by AE are sized to enclose 90% of the local PSF but, in crowded rewo
this is iteratively reduced to avoid overlapping extractio apertures. (In cases of
extreme crowding, even this reduction in aperture may be ingient to stop con-
tamination by the PSF wings of nearby sources. However, this addresses later
in the analysis). Mask regions are also constructed for usgdr in the analysis to
exclude all point source photons from the FOV. These sourceasks are circular
regions with radii 1.1 times that of the radius that enclose99% of the PSF. These
extraction and mask regions are de ned in the ‘'CONSTRUCIREGIONS' stage of
AE using the following command:

idl> acis _extract, "all.srclist’, "XXXX', "../JobsXXXX/spectral.e vt
/ICONSTRU®REGIONS, EMAR.ENAME="../obsXXXX/obs.emap', ASPECHN=
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“..JobsXXXX/obs.asol'(, /S  _AIMPOINT)

where "XXXX' refers to the Obs. Id. assigned to the data subdictory "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 de ned for each of thsources, source
spectra and associated calibration les can be produced. Ehis achieved using the
"EXTRACT _SPECTRA' stage of AE. During this step, source statistics are also
computed and written to appropriate les in their respective subdirectories. The
command is as follows:

idl> acis _extract, "all.srclist’, "XXXX', "../JobsXXXX/spectral.e vt
IEXTRACBPECTRA, ENERRANGE=[0.5,8], EMARFILENAME="../0bsXXXX/ obs.
emap’, ASPHITDIR="../obsXXXX/asphist’, ARDLIB _FILENAME="../0bsXXXX/
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 sourcpectrum le, a source
redistribution matrix le (RMF) and an ancillary response le (ARF) which are
required for photometric and spectroscopic analysis. Hovwer, before these analyses
can be undertaken, background spectra must be produced f@oh of the sources. To
facilitate this, a background event le and background expsure map are required.
These les can be constructed using a combination @lAO and DS9 commands to
Iter the existing event le and exposure map for point soures using a DS9 region
le containing the mask regions produced in the ‘'CONSTRUCIREGIONS' stage
of AE. These mask regions were saved in the “extract.reg' les afah of the source
subdirectories. TheDS9 region le "'mask.reg' is produced with the following UNIX
commands, issued from the "obsXXXX' directory:

unix% echo “~#Region file format: DS9 version 3.0" > mask.r eg

unix% grep -h background ../point _sources/*/XXXX/extract.reg | awk = fprint
"' $1 g >> mask.reg
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The "mask.reg' region le is in DS9 format but, for use iCIAO, must be con-
verted to CIAO format. This is done by simply loading the regions ilDS9, changing
the region le format and saving. For clarity, this is saved a ‘'maskciao.reg'. This
region le could now be used to lter the exposure map usin@lAO s dmcopy com-
mand to create the background exposure map "background.goha

unix% punlearn dmcopy

unix% 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 discardesws in the event

le where the background exposure map is zero to create the ddaround event le
"background.evt'"

unix% punlearn dmimgpick

unix% dmimgpick spectral.evt[cols time,ccd _id,chip,det,sky,pi,
energy]" background.emap temp.evt method=closest

unix% punlearn dmcopy
unix% dmcopy temp.evt[#8>1]" background.evt

The “background.emap’' and "background.evt' les were thefoaded with the
mask regions inDS9 and visually inspected to identify any unmasked source eusn
If any source events were missed, the mask regions were ajdsappropriately and

saved and new “background.emap' and “background.evt' lesere produced with
this new region le.

With these new background les, the 'TEXTRACT_.BACKGROUNDS' stage of
AE could be run. During this stage,AE identi es a local annular background to
each of the sources using criteria such as a minimum numbereents. Once the
background regions are de ned, background event lists anghectra are extracted
and scaled according to the integrated exposure map in thegien. This stage is
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A.2 ACIS Extract Setup and Usage

run by executing the following command:

idlI> acis _extract, “all.srclist’, "XXXX', "../JobsXXXX/background
.evt', /EXTRACT _-BACKGROUNDS, HMIMENAME="../obsXXXX/background.emap’',
MINNUMCTS=20

At this point, each of the point source subdirectories contas a background
spectrum le. However, they are not yet ready for spectral ting. In observations
where there is signi cant source crowding (which was encaolgmed several times in
this project) these background spectra may, in addition totte normal background,
be signi cantly contaminated by the PSF wings of neighboung sources.AE con-
tains a very complex tool to correct for this known as "abetter_backgrounds' and
is run as follows:

idl> ae _better _backgrounds, "XXXX', EMAPENERGY=1, EVTFIBASENAME
="spectral.evt'

where the "'EMAP.ENERGY' option is set to that energy at which the exposure
maps obs.emap' (and thus "background.emap’), was caldgd. This command
produces the nal background spectra and associated les ady for photometric
and spectroscopic analysis.

In addition to a photometric and spectroscopic analysisAE also has the ability
to perform a temporal analysis, which is done in the "TIMING'stage. During this
stage, AE creates lightcurves and quanti es the time variability of @ch source by
comparing a uniform count rate model to the observed countrties and computing
the 1-sample Kolmogorov-Smirnov statistic. This stage isxecuted with the follow-
ing command:

idl> acis _extract, "all.srclist’, "XXXX', "../JobsXXXX/spectral.e vt

ITIMING, ENERGRANGE=[0.5,8], SNRRANGE=[2,20], NUMSROUPSANGE=[2,100]

The commands to this point were run for each individual obseation of a given
cluster. The results and les for each individual source fa each observation must
now be combined. This is handled in the 'MERGEOBSERVATIONS' stage of AE.
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A.2 ACIS Extract Setup and Usage

During this stage, individual source spectra, backgroungectra, lightcurves, source
statistics, etc. are combined and weighted RMFs and ARFs ammputed. In ad-

dition, photometry is performed over a set of energy rangesaluding the 0.5-2 keV

(soft), 2-8 keV (hard) and 0.5-8 keV (total) ranges. Even iftiere is only one obser-
vation for a given cluster, MERGEOBSERVATIONS' is run:

idl> acis _extract, "all.srclist'’, /IMERGE _OBSERVATIONS

After the 'MERGE _OBSERVATIONS' stage is competed, all the les necessary
for a spectral analysis on each source are present in theispective subdirectories.
The "FIT_SPECTRA' stage ofAE can now be run to perform automated spectral t-
ting for each of the sources. As a rst run, each spectrum is ted with an absorbed
thermal plasma model (the APEC model inXSPEC). AE provides the XSPEC
tting scripts which are in the "xspecscripts' directory of the standard directory
structure. Any source for which the absorbed thermal plasmenode gives a poor
t can either manually be t with more complex models or can bet with a more
complexAE XSPEC model script. The "FIT_.SPECTRA' stage can is run as follows:

idl> acis _extract, "all.srclist’, /FIT _SPECTRA, CHANNRANGE=[35,548],
MODEEILENAME="xspescripts/thermal/tbabs  _vapec.xcm’

Plots of source spectra and t results from the "FITSPECTRA' stage are saved
to appropriate les in the source subdirectories. The nal &age of AE is the "COL-
LATED _FILENAME' stage. This stage collates the temporal, photomieic and
spectroscopic results, statistics and properties for allf aghe sources into one le
which can be used as a database for further analysis and is @xted as follows:

idl> acis _extract, "all.srclist’, /COLLATED _FILENAME="all.collated'

The le “all.collated' now contains all of the information for each individual
source output by all of the preceding stages &E.
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B.1 Bica 1 and Bica 2

B.1 Bica 1 and Bica 2
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Figure B.1: Bica 1 2MASS J vs J-H colour magnitude diagram. The blue triargles

indicate the known high mass stars, the light green triangls indicate the candidate OB
stars, the dark green circles indicate the ambiguous sourseand the red inverted
triangles indicate low mass sources. The black dashed dotteline is the 2 Myr main

sequence isochrone with spectral types marked calculateaif 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 reddening vector with the crosses marking evenAy = 5.

The light purple dashed line marks the reddening vector of tre maximum J value of the

PMS evolutionary track. Sources between this and the 8 reddening vector may be

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

9.1

Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 2= log Fyx hie log Fyx te log L x hie log Lx te
(CX0 J) (10 22 cm 2) (keV)  (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)

203308.76+411318.7 Schulte 22 03l + 06V 1336 2 :002:25 0:600:%8 - 12057 -13.36 -11.95 31.23 32.64
203309.58+411300.8 V2188 Cyg o9V 101 1 57198 0:779:48 - 0.86/3 -14.45 -13.09 30.13 31.50
203313.24+411328.8 ALS 15148 o6V 105 1 2458 0:683:9% - 0.86/5 -14.62 -13.34 29.97 31.24
203313.66+411305.8 ALS 15128 osv 103 1 72238 0:595:99 - 0.93/5 -14.59 -13.16 30.00 31.43
203317.39+411238.7 2MASS J20331740+4112387 BOV 14 - - - - - - - -

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

database. Only those sources with > 50 counts were tin XSPEC .

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

Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fy hie log Fyx te log Lx hie log Lx te
(CX0 J) (10 22 cmz) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
203307.44+411226.7 2MASS J20330746+4112266 - 175 1 128 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 tho se sources with > 50 counts were t in
XSPEC .
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Figure B.2: Plots of derived source parameters for the bright PMS populéon of Bica
1. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best t
thermal plasma temperature (KT). (c) Distribution of best t absorbing hydrogen

column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks

< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t

thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against

best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x

against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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and Bica 2
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variability (right). Left: the red arrows mark Emedgian < 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 ragsenting strongly variable

aring sources.
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B.1 Bica 1 and Bica 2

Table B.3: Bical Di use Emission X-ray Spectral Parameters

Region Ny KT KT 5 2=z 2= log Fx log Fyx log L. log Lx .
(10 22 om 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
total 1 :1553) 0:5098 5:39,.,, 0:140:37 0.99/176 -12.47 -11.76 32.20 32557
core  1:23}40  0:760:2 10:03  0:273:33  0.00/87 -12.84 -12.13 31.49 32.20

2
Energy!(keV)

Figure B.4: Bica 1 total cluster di use emission spectrum (left) and cluster core di use
emission spectrum (right). The spectra were rebinned for pbtting 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 triargles

indicate the known high mass stars, the light green triangls indicate the candidate OB
stars and the red inverted triangles indicate low mass soures. The black dashed dotted
line is the 2 Myr main sequence isochrone with spectral typesnarked calculated for

Av =0 . The purple dashed dotted line is the 2 Myr PMS isochrone wth spectral types

marked. The light blue dashed line is the 8 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 2 2= log Fx hic log Fx te log Lx he log L x te
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1) ergem 2s 1) (ergs 1) (ergs 1)
203302.89+411743.3  ALS 15131 osv 9% 1 6225 065338 - 0.22/1 -14.55 -13.23 30.04 31.36
203314.10+412022.0 VI CYG 7 o3lf 1786 1 7518 0:613:%] - 1.53/74 -13.28 -11.87 31.31 32.71
203314.31+411933.5 ALS 15175 B5 52 1 16 0:55 - 2/4 -14.98 -13.48 29.60 3111
203314.75+411841.9 VI CYG 8B 06.5l1l 280 0 7288t 0055877 - 1.65/10 -14.37 -12.90 30.22 31.69
203315.05+411850.6 VI CYG 8A O6If + O5.51I(f) 38195 1 18hi33 0:720i8 2:073:83  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 08.5vV 26 - - - - - - - -
203317.45+411709.4  Schulte 24 O7.5V 125 1 136 0:54 - 0.87/3 -14.72 -13.13 29.87 31.45
203317.97+411831.3 VI CYG 8C osl 397 1 52188 0:483:58 - 1.55/19 -14.06 -12.34 3053 32.24
203321.00+411740.2 ALS 15123 08.5Vv 43 - - - - - - -
High mass sources identi ed using the high mass source lists of Wright and Drake (2009) and the SIMBAD
database. Only those sources with > 50 counts were tin XSPEC .
Table B.5: Bica 2 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fy hic log Fyx te log L x hic log L x te
(CX0 J) (102 cm?) (keV) (keV) (erg cm 25 1y ergem 2s 1) (ergs 1) (ergs 1)
203308.57+411915.3 2MASS J20330859+4119154 - 16 - - - - - - - -

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with

> 50 counts were tin
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Figure B.6: Plots of derived source parameters for the bright PMS populéon of Bica
2. (a) Distribution of absorption corrected 2-8 keV L. (b) Distribution of best t
thermal plasma temperature (KT). (c) Distribution of best t absorbing hydrogen

column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks

< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t

thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x

against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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Figure B.7: Plot of the 2-8 keV Ly against the median detected photon energy
(Emedian) for the Bica 2 PMS population divided according to Enegian (I€ft) and
variability (right). Left: the red arrows mark Emedgian < 1.7 keV (indicating an upper
limit of log Ny . 220 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 ragsenting strongly variable

aring sources.
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B.1 Bica 1 and Bica 2

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

Region Ny KT KT 5 2=z 2= log Fx log Fyx log L. log Lx .
(10 22 om 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
total 0 :710:88  0:548:85 2:45%:30 0:150:3% 0.92/230 -12.25 -11.41 32.09 32.93
core  1:22}88  0:2303% 1:30138 0:283i%5 110142 -12.61 -11.90 31.72 32.43

1ikevt

normalized!coul

2
Energy!(keV) Energy!(keV)

Figure B.8: Bica 2 total cluster di use emission spectrum (left) and cluster core di use
emission spectrum (right). The spectra were rebinned for pbtting 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.9: IC 1590 2MASS J vs J-H colour magnitude diagram. The blue triangles
indicate the known high mass stars, the light green triangls indicate the candidate OB
stars and the red inverted triangles indicate low mass soures. The black dashed dotted
line is the 3.5 Myr main sequence isochrone with spectral typs marked calculated for
Ay =0 . The purple dashed dotted line is the 3.5 Myr PMS isochronewith spectral
types marked. The light blue dashed line is the 8 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

2_

Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 = log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 cmz) (keV)  (keV) (erg cm 25 1) (erg cm 2s 1) (erg s 1) (erg s 1)
005244.78+563706.4  CDS 103 B 8 - - - - - - - -
005248.96+563731.0 BD+55 191D 09.5 92 0 0:70 - 4.9/5 -14.63 -14.07 30.38 30.95
005249.10+563907.8 GT 65 BL5V 15 - - - - - - - -
005249.25+563739.5 BD+55 191B o8 607 0 253149 0:318:% - 14523 -14.68 -13.08 30.33 31.94
005249.57+563736.8 BD+55 191C o9v 88 0 2154,  0:409:83 0.81/5 -14.92 -13.65 30.09 31.36

005249.82+563936.7

BD+55 191A  06.5V((f)) 19 -

High mass sources identi ed using the SIMBAD database. Only

in XSPEC .

those sources with

> 50 counts were t

Table B.8: IC 1590 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fyx hie log Fyx te log Lx hie log Lx te
(CX0 J) (10 22 cm 2) (keV) (keV) (erg cm 2g 1) (erg cm 25 1) (erg s 1) (erg s 1)
005218.88+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 tho

XSPEC .

se sources with

>

50

counts were tin
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Figure B.10: Plots of derived source parameters for the bright PMS populéion of IC
1590. (a) Distribution of absorption corrected 2-8 keV L. (b) Distribution of best t
thermal plasma temperature (KT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t
thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x

against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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B.2 IC 1590
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Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the IC 1590 PMS population divided according to Emegian (l€ft) and

variability (right). Left: the red arrows mark Emegian < 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 ragsenting strongly variable

aring sources.
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B.2 IC 1590

Table B.9: IC 1590 Di use Emission X-ray Spectral Parameters

Region Ny KT z=7 2= log Fy . log Fyx og Ly, log Ly
(10 22 om 2) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
‘total 0 :65%°%°  0:763:%8 1:21%°%% 0.75/36 -13.57 -12.31 31.35 3271

0.05

0.01 | B

normalized“counts”s? "keV'*

510"

05 | — 4

105 4

Energy"(keV)

Figure B.12: IC 1590 total cluster di use 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 backgra 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 grea triangles indicate the
candidate OB stars and the red inverted triangles indicate bw mass sources. The black
dashed dotted line is the 3 Myr main sequence isochrone withpectral 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 8 reddening vector with the

crosses marking everyAy = 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 2 2= log Fyx hie log Fyx te log Lx hie log Lx te
(CX0 J) (10 22 ¢m 2) (keV) (keV) (erg cm 2g l) (erg cm 2g 1) (erg s 1) (erg s 1)

052218.44+332820.8 HOAG 14 B2V 246 0 118937 1:932:72 - 0.61/10 -14.48 -14.04 30.86 31.30
052229.30+333050.2 HD 242908 O4V((f)) 4976 0 21822 0:600:%  6:173%% 1.13/126 -13.36 -12.70 31.98 32,66
052236.74+332312.4 - BL.5V 30 - - - - - - - -
052239.01+332626.6 CUF 3113 B5IV 133 0 299:34  2:053:8 - 0.22/5 -14.76 -14.34 30.59 31.01
052239.69+332218.1  HOAG 4 o8 816 0 :190:28  o0:648:73 - 1.59/34 -14.87 -13.52 30.48 31.83
052240.01+331909.5 HD 242926  08V((f)) 161 0 143388 0:279:59 - 0.54/4 -14.93 -13.38 29.41 31.97
052243.99+332626.5  Hoag 5 o7V 364 o 313 0:473:58 - 0.57/17 -15.54 -13.80 29.80 3154
052244.77+332636.4 - BO.5V 56 o :16%76  2:135:% - 1.13/6 -15.12 -14.71 30.23 30.64
052245.11+332423.1  Hoag 16 B2.5V 34 - - - - - - - -
052246.54+332511.2 HD 242935 O7.5V((f)) 578 0 201907 0:633:28 - 0.92/23 -15.23 -13.90 3111 31.44
052257.53+332600.0 HOAG 21 B2V 134 0 107927 2:253:29 - 0.99/5 -14.69 -14.30 30.65 31.04
052258.59+332402.3 HOAG 25  BL5V 67 0 :02 1:8 - 2.58/5 -15.27 -14.80 30.08 30.55
052300.81+332947.5 - BL5V 20 - - - - - - - -
052302.25+333137.5  Hoag 11 BO.2V 410 o 37038 38432 - 1.55/21 -14.07 -13.79 31.28 3155
052307.52+332837.3 - B2.5V 29 - - - - - - - -
052314.32+333350.5  Hoag 7 B0.2V 35 - - - - - - - -
052319.41+332707.9  Hoag 9 B0.2V 18 - - - - - - - -
052319.72+333211.2  Hoag 12 B0.3V 24 - - - - - - - -

High mass sources identi ed using the high mass source lists of Massey et al. (1995) and the SIMBAD

database. Only those sources with > 50 counts were tin XSPEC .
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Table B.11:

NGC 1893 Candidate OB Star X-ray Spectral Parameters

2_

Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 = log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 ¢m 2) (keV)  (keV) (erg cm 2g 1) (erg cm 2s 1) (erg s 1) (erg s 1)

052214.85+332007.3  2MASS J05221483+3329075 - 110 0 :05 0:7 - 1426 -15.77 -14.52 29.57 30.82
052216.32+333140.7  2MASS J05221635+3331410 - 137 0 126088 p:o7L:8 . 0535 -14.99 -14.32 30.36 31.02
052221.52+332851.0  2MASS J05222153+3328515 - 223 0 :560:93  1:7738 - 0579 -14.47 -14.00 30.87 3135
052225.01+333106.2  2MASS J05222153+3328515 - 21 - - - - - - -
052230.64+332454.5 - - 49 - - - - - - - -
052232.88+332420.1 - - 50 - - - - - - - -
052237.35+332005.3 - - 419 o :379:57 2:012% - 10419 -14.16 -13.74 3118 31.61
052238.20+332152.6 - - 241 0 48002 2043378 . 04410 -14.32 -13.95 31.03 31.40
052238.23+333202.9  2MASS J05223822+3332032 - 19 - - - - - - -
052238.34+332141.8  2MASS J05223832+3321420 - 92 o :110:46 31922309 . 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 5:44 - 2085 -14.62 -14.39 30.72 30.95
052241.94+332218.7 - - 39 - - - - - - - -
052242.48+332313.0 - - 149 o 2738 2:023% - 0.6/6 -14.61 -14.19 30.73 31.16
052243.32+332845.7  2MASS J05224331+3328459 - 21 - - - - - - -
052243.77+332525.5  2MASS J05224378+3325257 - 145 1 :02:%8 214837, - 0616 -14.19 -13.82 31.16 3152
052244.29+332443.2 HOAG 29 - 33 - - - - -
052244.61+332517.1  [MJD95] J052244.61+332517.9 - 376 0 2504 2:3331%% - 13218 -14.21 -13.82 3114 31.52
052245.76+332816.2  2MASS J05224578+3328162 - 8 - - - - - - -
052246.15+332520.7  [MID95] J052246.15+332521.2 - 695 0 3042 54453 - 00436 -13.75 -13.52 31.60 31.82
052246.37+332612.3 - - 52 o :2¥2  1:933% - 0095 -15.23 -14.79 30.11 30.56
052246.83+332927.9  2MASS J05224683+3329279 - 69 o 26967 1:213:8 - 0.48/5 -15.32 -14.62 30.02 30.72
052247.14+332228.9 - - % o :19%% 1613, - 0335 -15.07 -14.55 30.27 30.79
052247.84+332639.3  2MASS J05224784+3326394 - 291 0 2434, 2:8851% - 0.46/14 -14.33 -14.01 31.01 31.34
052249.19+332548.2  2MASS J05224920+3325482 - 282 0 28053 148k - 113 -14.64 -14.07 30.71 31.27
052249.25+332541.8  2MASS J05224924+3325421 - 349 0 243137 2:683:52 - 11407 -14.29 -13.95 31.06 31.40
052249.35+332902.0 - - 81 0 2008 1452337 . 11455 -15.21 -14.63 30.14 30.71
052249.36+332555.4 - - 183 o 2108t 2:86%3; - 13u8 -14.56 -14.23 30.78 3111
052249.59+333001.8  2MASS J05224957+3330015 - 13 - - - - - - -
052250.02+332602.2  2MASS J05225003+3326023 - 225 0 :100:3¢ 1:61:%0 - 1110 -14.70 -14.18 30.64 3117
052252.29+332407.2  2MASS J05225229+3324074 - 314 0 233187 3174 % - 0.5/15 -14.24 -13.93 3111 31.42
052252.74+332207.7 - - 169 o :07%2 2m:%3 - 07U -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)

2_

Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 = log Fyx he log Fyx te log Ly he log Lx te
(CX0 J) (102 cem?)  (keV) (keV) (erg cm 25 1) ergem ?s 1) (ergs 1) (ergs 1)

052253.14+333116.3 2MASS J05225315+3331164 - 435 0 13328 4228 - 14922 -14.07 -13.81 31.28 3154
052253.42+333032.3 2MASS J05225338+3330326 - 164 0 42082 8:63%7 - 0876 -14.18 -13.99 31.17 31.36
052253.52+333124.9 2MASS J05225352+3331248 - 332 0 :199:34 2:95%:%% - 12517 -14.25 -13.93 31.09 31.42
052253.96+332927.8 2MASS J05225397+3329277 - 12 - - - - - - -
052254.07+332632.8 - - 188 o a1f3% 1518 - 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 14947 204t - 04455 -15.03 -14.63 30.32 30.72
052300.85+332817.0 2MASS J05230087+3328169 - 102 0 101 7:28 - 1025 -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
052303.30+332925.0 2MASS J05230331+3329251 - 23 - - - - - - -
052303.82+332923.8 2MASS J05230382+3329241 - 65 0 723i82 1:492:33 - 0.1/6 -14.82 -14.26 30.52 31.08
052304.20+332858.2 2MASS J05230422+3328582 - 108 0 32080 404378 - 0875 -14.60 -14.36 30.74 30.98
052305.37+332313.7 2MASS J05230537+3323138 - 316 0 293148 1251188 - 1/15 -14.60 -13.92 30.75 31.42
052306.72+332432.6 2MASS J05230671+3324327 - 173 0 101 1:52 - 3T -14.89 -14.34 30.46 31.00
052308.37+332837.6 - - 316 2 2595 25333 - 076/15 -13.86 -13.50 31.48 31.84
052308.92+332831.3 NMI E17 - 540 0 46352 2:39213° - 0.64/28 -14.03 -13.66 3131 31.69
052309.47+332425.0 2MASS J05230948+3324251 - 131 0 1694 2028301 - 1055 -14.73 -14.34 30.61 31.00
052309.91+332908.2 2MASS J05230995+3329087 - 23 - - - - - - -
052311.63+332408.6 2MASS J05231160+3324082 - 83 0 4553 1eadils - 0236 -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 0o 5§38  1:88%% - 0926 -14.97 -14.51 30.38 30.83
052315.71+332419.8 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 tho

XSPEC .

se sources with

> 50 counts were tin
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Figure B.14: Plots of derived source parameters for the bright PMS populéon of
NGC 1893. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
t thermal plasma temperature ( kKT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t
thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x
against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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Figure B.15: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the NGC 1893 PMS population divided according to Emegian (left) and
variability (right). Left: the red arrows mark Emegian < 1:9 keV (indicating an upper
limit of log Ny . 223 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 regsenting strongly variable

aring sources.
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Table B.13: NGC 1893 Di use Emission X-ray Spectral Parameters

Region Ny KT 7=z 2= log Fy .. log Fx . log Ly, log Ly
(10 22 om 2) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
al Fov 0 :18%°60  0:88%:72 0:043:32 1.05/137 -13.33 -12.41 32.02 32.94
core  0:209:38  0:903:99 0:053:83 0.92/239 -13.54 -12.64 31.80 3271
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Figure B.16: NGC 1893 total cluster di use emission spectrum (left) and duster core
di use emission spectrum (right). The spectra were rebinnal for plotting purposes using
XSPEC's ‘setplot rebin' command. Only the 0.8-1.5 keV and 0.8-2 keV energy ranges ar
shown for the all FOV and core spectra respectively, as they jpproach background levels

outside these ranges.
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B.4 NGC 2362
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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 grea triangles indicate the
candidate OB stars and the red inverted triangles indicate bw mass sources. The black
dashed dotted line is the 5 Myr main sequence isochrone withpectral 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 8 reddening vector with the

crosses marking everyAy = 5.
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Table B.14:

NGC 2362 Known High Mass Star X-ray Spectral Parameters

2_

Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 = log Fyx he log Fx te log Lx he log Lx te
(CX0 J) (10 22 cmz) (keV) (keV) (erg cm 25 1) (erg cm 2s 1) (erg s 1) (erg s 1)
071838.37-245819.9 2MASS J07183841-2458200 B2 121 0 ;50130 0:543:92 - 0.27/2 -15.82 -13.26 29.61 31.14
071841.04-250011.3 CD-24 5175 B2 18 - - - - - - -
071842.45-245715.7 CMa 09lb 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 101995 0:963:20 - 1.54/13 -14.39 -13.68 30.04 30.75
071913.09-245721.2 MX CMa B2V 71 0 105070 0:648:78 - 0.38/4 -15.63 -14.21 28.80 30.22
High mass sources identi ed using the SIMBAD database. Only those sources with > 50 counts were t
in XSPEC .
Table B.15: NGC 2362 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 2= log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 cmz) (keV)  (keV) (erg cm 25 1) (erg cm 2s 1) (erg s 1) (erg s 1)
071829.87-245438.2 2MASS J07182989-2454385 - 75 0 71164 0723193 - 0942 -14.73 -13.65 29.70 30.77
071848.49-245656.0 2MASS J07184853-2456559 - 8 - - - - - -
071851.58-250537.9 - - 51 0 :03%22% 0:520:%8 - o602 -15.48 -14.33 28.95 30.10

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with

> 50 counts were tin

¢9€¢ O9ON ¥'d



B.4 NGC 2362

100.0

100.0

log 2—8 keV Ly (erg/s)

log 2—8 keV Ly (erg/s)

0.1

(@)

27 28 29 30 31 32 33 34

log 2—8 keV Ly, (erg/s)

(©

33.0

325¢

32.0¢r

31.5F

31.0F

30.5¢

30.0L.»

@

> n,
e

N :;:i S,
[

33.0

3251

320

31.5F

31.0p

30.5¢

30.0

@ ]

E‘E-.:!.\*..»

100.0

10.0¢

100.0

100k

10.00

N, (10%cm™)

(b)

(d)

£

(h)

Figure B.18: Plots of derived source parameters for the bright PMS populéon of
NGC 2362. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
t thermal plasma temperature ( kKT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t
thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x

against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the NGC 2362 PMS population divided according to Emegian (l€ft) and

variability (right). Left: the red arrows mark Emegian < 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 ragsenting strongly variable

aring sources.
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B.4 NGC 2362

Table B.16: NGC 2362 Diuse Emission X-ray Spectral Parameters

Region Ny KT 7=z 2= log Fx log Fx log Lx . log Lx .
(10 22 om 2) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
al Fov 0 :37%04  0:760:80 0:123:78 0.75/43 -13.83 -12.33 30.60 32.10
.249:50 .£q0:62 .201:52
core 0:443:39  0:583:% 0:49%:32 0.83/86 -13.99 -12.37 30.44 32.06
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Figure B.20: NGC 2362 total cluster di use emission spectrum (left) and duster core
di use emission spectrum (right). The spectra were rebinnel for plotting purposes using
XSPEC's ‘setplot rebin' command. Only the 0.8-1.5 keV and 0.7-2 keV energy ranges ar
shown for the all FOV and core spectra respectively, as they jpproach background levels

outside these ranges.
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B.5 NGC 3603
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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 geen triangles indicate the
candidate OB stars. The black dashed dotted line is the 1 Myr nain 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 &1
reddening vector with the crosses marking everyAy = 5. The light purple dashed line

marks the reddening vector of the maximum J value of the PMS ewlutionary 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 showiere were plotted using

low quality 2MASS photometry to o er a relative indicator to the candidate OB stars.
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Table B.17: NGC 3603 Known High Mass Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 2= log Fyx he log Fyx te log Lx hic log L x te
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1y ergem 2s 1) (ergs 1) (ergs 1)
111506.21-611536.6 103 03V((f)) 68 1 :58%9  0:643:% - 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 46316 2:132:% 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 0o3l1i(f) 70 o 45yl 0:83:%% - 1.42/6 -14.92 -13.84 30.92 32.00
111507.27-611538.3 A1,A2,A3B WN6,03V,03I1I(f),WN6 28 54 1:481:35  0:603:8 2:893:85 1501154 -12.33 -111.24 3351 34.60
111507.49-611546.0 sh 56 03lli(f)+0? 46 - - - - - - -
111507.56-611537.9 c WN6+abs 7320 1 :34}43 0:660:20 1:85%2:95 1.02/238 -11.18 -10.43 34.66 35.41
111507.59-611530.2 117 06V 23 - - - - - - - -
111507.78-611527.8 sh 64 03V((f) 25 - - - - - - - -
111508.16-611547.1 Sh 57 o3lli(f) 115 1 154314, 0:625:3 - 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 03.5If 80 1 :852:%2 0:983if8 - 0.29/5 -13.79 -12.91 32.05 32.93
111509.09-611533.2 sh 49 07.5vV 52 1 :083i22  1:593:9% - 0.76/5 -14.24 -13.72 31.60 32.12
111509.33-611601.9 sh 47 04v 426 0 :99%:3  1:38}:& - 0.54/22 -13.04 -12.43 32.80 33.41
111509.82-611530.0 sh 23 0Co9.7la 8 - - - - - - - -
111510.05-611538.0 sh 22 o3lli(f) 238 0 4508 1:89%2i%2 - 0.98/11 -13.70 -13.25 32.14 32.59
111511.28-6115565.6 sh 19 03V((f) 14 - - - - - - - -

High mass sources identi ed using the high mass source lists

database. Only those sources with > 50 counts were tin

of Melena et al.

XSPEC .

(2008) and the SIMBAD

Table B.18: NGC 3603 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fx hic log Fyx te log L x hic log L x te
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1y ergem 2s 1) (ergs 1) (ergs 1)
111521.30-611504.2 - - 892 1 2318 2:002:%% - 1.02/46 -12.68 -11.88 31.75 32.55
111450.47-611433.7 - - 3880 1 :96%2:30 0:540:% 4:977:28  1.21/169 -11.93 -11.31 33.92 34.53

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with

> 50 counts were tin
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B.5 NGC 3603
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Plots of derived source parameters for the bright “unidentied' source

population of NGC 3603. (a) Distribution of absorption corrected 2-8 keVLx. (b)

Distribution of best t thermal plasma temperature ( kT). (c) Distribution of best t

absorbing hydrogen column {Ny). (d) Distribution of Kolmogorov-Smirnov variability

statistic with log Pks < 0:05 indicating variability. (e) Plot of absorption correcte d 2-8

keV Ly against best t thermal plasma temperature (kT). (f) Plot of median photon

energy Emedian) against best t thermal plasma temperature (kT). (g) Plot of

absorption corrected 2-8 keVL x against median photon energy Emedian). (h) Plot of

best t absorbing hydrogen column (Ny) against median photon energy E median)-
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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 “unidenti ed' source population divided according to E megian
(left) and variability (right). Left: the red arrows mark Epmegian < 1:8 keV (indicating an

upper limit of log Ny . 222 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 triangls representing strongly variable

aring sources.
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B.5 NGC 3603

Table B.19: NGC 3603 Di use Emission X-ray Spectral Parameters

Region Ny KT KT 5 2=z 2= log Fx log Fyx log L. log Lx .
(10 22 om 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
total 1 :111i37  0:635:8 4:28%83 0:570:72 1.13/288 -11.60 -11.05 34.24 34.78
core  0:95%2%  0:720:8 3:30528 0:403:53 1.02/180 -12.05 -11.55 33.79 34.29

f ﬂ*
b
L Y Wy
j 0.05 Wl }H
é }[ M“ k
: 002 W}
| Mt

Energy"(keV)

Figure B.24: NGC 3603 total cluster di use emission spectrum (left) and duster core
di use emission spectrum (right). The spectra were rebinnel 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 grea triangles indicate the
candidate OB stars and the red inverted triangles indicate bw mass sources. The black
dashed dotted line is the 1.5 Myr main sequence isochrone witspectral 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 the8M

reddening vector with
the crosses marking evenyAy =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 2 2= log Fyx hie log Fyx te log Lx hie log L x te
(CX0 J) (10 22 cm 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)

181809.30-134654.7 GMD 1194 BO.5V 65 0 166 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 - 2408 -14.34 -13.42 30.33 31.26
181832.24-134847.9 017 o9v 146 0 81338  0:283:% - 1.25/4 -15.40 -12.65 29.27 32.03
181832.74-134511.8 BD 13 4923  05.5V 1213 0 64053 0:569:52 - 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 oall((F+) 744 0 ;66058 0:643:5% - 0.81/33 -13.76 -12.25 30.92 32.43
181837.05-134529.3  GMD 678 B 1207 0 458 9:6720:8 - 1016l -12.87 -12.51 31.99 32.16
181837.48-134339.4 080 o7Vv((f)) 172 1 s2h 0042858 - 1027 -14.65 -12.71 30.03 31.97
181837.66-134512.9  GMD 666 B8Ve 63 0 4204  2:27313% - 1045 -14.37 -13.98 30.06 30.45
181838.15-134425.4  GMD 664 B2V 196 0 84di3 3:59,. - 1116 -13.50 -13.23 31.18 31.44
181838.40-134708.9 066 B2V 136 0 9632  0:858:% - 1.80/4 -14.43 -13.20 30.25 31.47
181838.46-134556.0  GMD 712 B1V 157 o 639  2:54%:% - L447 -13.90 -13.54 30.53 30.89
181840.10-134518.6 008 o7lI(f) 260 o :37Y10 0:473:28 - 12009 -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 BL5V 16 - - - - - - - -
181842.78-134650.7 015 09.5V 62 0 :590:%%  0:558:%0 - 1345 -14.85 -13.32 29.83 31.36
181844.67-134756.1 042 BL5V 40 - - - - - - - -
181845.86-134630.6 011 o9v 95 0 :309%0  0:550:5% - 0.27/5 -15.38 -13.83 29.30 30.85
181849.20-134804.1 085 BSlII 8 - - - - - - - -
181850.68-134812.8 027 B1V 15 - - - - - - - -
181852.68-134942.4 006 09.71lp 117 0o 25952 0:433:52 - 1053 -15.72 -13.64 28.96 31.04
181855.83-134654.0 ~ GMD 227 BOlll 79 0 92832 0:763:93 - 0.4/5 -14.70 -13.56 29.73 30.87
181856.20-134830.9 004 08.5V 403 o 53357 0:278'% - 05715 -15.35 -12.50 29.33 32.18
181904.93-134818.4 020 BO.5Vn 12 - - - - - - - -

High mass sources identi ed using the high mass source lists of Dufton2006 and the SIMBAD database.

Only those sources with > 50 counts were tin 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 2 2= log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 ¢m 2) (keV)  (keV) (erg cm 2g 1) (erg cm 2s 1) (erg s 1) (erg s 1)
181829.12-134532.5  GMD 610 - 132 1 04 3:06 - 22605 -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 o 83kis  2:718:%8 - 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 25967 313:22 - 1376 -14.34 -14.02 30.09 30.41
181835.43-134512.8  GMD 634 - 92 1 w42fi%% 0933y - 0.86/5 -14.34 -13.41 30.09 31.02
181837.29-134156.2  GMD 587 - 122 1 :89 1:20 - 2143 -13.81 -13.46 30.62 30.97
181837.43-134607.9  GMD 281 - 49 - - - - - - - -
181838.89-134612.4 GMD 1132 - 530 o 7338 2:423:3 - 07727 -13.34 -12.97 31.09 31.46
181839.79-134735.1  GMD 958 - 381 o :570:%  1:531i%8 - 08819 -13.64 -13.09 30.79 31.34
181839.83-134744.0 GMD 1139 - 184 o :550:8 326312 - 1158 -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 o :35%:%%  2:06%:10 - 13116 -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 - 1883 -13.47 -13.33 30.96 31.10
181847.81-134815.2  GMD 267 - 728 0 4 3:4 - 25315 -13.20 -12.91 31.23 3152
181847.98-134836.1  GMD 274 - 32 - - - - - - - -
181848.23-134908.0 GMD 293 - 80 0 19947 25738 . 0206 -14.29 -13.94 30.14 30.49
181848.48-134346.5  GMD 565 - 173 1 3198 s59:36 -1 -13.30 -13.10 3113 31.33
181849.16-134230.0 GMD 688 - 39 - - - - - - - -
181849.48-134845.3  GMD 869 - 86 17 32:51 - 2713 -13.58 -13.08 30.85 31.35
181849.67-134418.7 GMD 1235 - 71 2 24%d 316338 - 0366 -13.84 -13.54 30.59 30.89
181849.91-134659.5 GMD 204 - 106 0o 68536 2:88%il4 - 0455 -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 - 3393 -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 - 3193 -13.13 -12.99 31.30 31.44

TT99 OON 9'd




0T¢

Table B.22: NGC 6611 Candidate OB Star X-ray Spectral Parameters (Cont)
Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 cmz) (keV) (keV) (erg cm 25 1) (erg cm 25 1) (erg s 1) (erg s 1)
181858.57-134534.3  GMD 34 - 32 - - - - - - -
181900.22-134539.8  GMD 476 - 56 0 3698  2:343:%1 - 07906 -14.45 -14.07 29.98 30.36
181901.61-134515.9 GMD 386 - 319 o 31948 2288 - 114116 -13.72 -13.29 30.71 31.14
181903.16-134510.8  GMD 486 - 261 0 49878 2:162:%] - 0.88/13 -13.69 -13.29 30.74 3114
181904.57-134358.1  GMD 438 - 73 0 4553 3:4719:82 - 1.07/5 -14.08 -13.79 30.35 30.64
181906.62-134536.3  GMD 33 - 93 1 56 2:42 - 0723 -13.86 -13.49 30.57 30.94

Source names determined from the SIMBAD database.

XSPEC .

Only thos

e sources with

> 50 counts were t in

TT99 OON 9'd
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Figure B.26: Plots of derived source parameters for the bright PMS populéon of
NGC 6611. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
t thermal plasma temperature ( kKT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t
thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x
against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-
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Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the NGC 6611 PMS population divided according to Emegian (l€ft) and

variability (right). Left: the red arrows mark Emegian < 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 regsenting strongly variable

aring sources.
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B.6 NGC 6611

Table B.23: NGC 6611 Diuse Emission X-ray Spectral Parameters

Region Ny KT KT 5 2=z 2= log Fy .. log Fyx log L. log Lx.
(10 22 om 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
al FOv 0 :420:4% 0:713:13 10:853227 1:033128 1.53/288 -11.33 -11.08 33.10 3335
core  0:373:%%  0:803:%8  4:523:3%  0:350:%3 1.00/280 -11.95 -11.60 32.48 32.83

S kevit

2
Energy (keV)

Figure B.28: NGC 6611 all FOV di use emission spectrum (left) and cluster core
di use emission spectrum (right). The spectra were rebinnel 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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B.7 NGC 6618

B.7 NGC 6618
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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 grea triangles indicate the
candidate OB stars, the dark green circles indicate the amlgjuous sources and the red
inverted triangles indicate low mass sources. The black ddsed dotted line is the 1 Myr
main sequence isochrone with spectral types marked calcuked 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 reddening vector with the crosses marking evenAy = 5.
The light purple dashed line marks the reddening vector of te maximum J value of the
PMS evolutionary track. Sources between this and the 8 reddening vector may be

above or below 8 and are hence labelled as ambiguous sources.
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Table B.24: NGC 6618 Known High Mass Star X-ray Spectral Parameters

GTc

Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 2= log Fyx hie log Fyx te log Lx hie log L x te
(CX0 J) (10 22 cm 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
182021.43-160939.0 ~ CEN 35 09.5v 146 1 73332 273058 - 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 o9V 179 0o :353:%2  2:393:% - 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 116792 2:0423.86 - 1.65/4 -13.88 -13.58 30.59 30.69
182024.83-161135.9  UC1 posl BOV 15 - - - - - - - -
182025.07-161133.8  UCL pos2 BOV 31 - - - - - - - -
182025.31-160939.5  CEN 36 09.5V 47 - - - - - - - -
182025.34-161021.8  CEN 49 B2V 134 0 :77diEl 7:543%89 - 1.11/5 -13.92 -13.73 30.56 30.76
182025.87-160832.3  CEN 18 o6V 188 1 75238 o0:804:% - 11217 -14.12 -12.84 30.41 31.61
182026.03-161104.4  CEN 26 B3V 86 0o 89544 2:503:8 - 0.14/4 -13.43 -13.21 31.06 31.16
182026.65-160708.7 H 6500 B2V 61 2 5938 0:430:58 - 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 Ol 345 o6V 900 1 1sdZ 06204 - 1.92/38 -14.04 -12.67 30.44 31.82
182028.65-161211.3 IRS 15 BO.5V 125 1 952118 2:98%:13 - 0.47/5 -13.94 -13.61 30.55 30.87
182028.68-160925.9  CEN 30 o9V 94 2 2538 2:30%%0 - 0.73/5 -14.03 -13.66 30.45 30.83
182029.13-161054.1  CEN 55 BOVe 175 1 802188 161238 - 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 :303:3  0:9033%5  3:053:3 0.86/236 -11.79 -11.20 32.70 33.29
182029.90-161044.3  CEN la o4v 12323 1 9432 0:903:%% 5:205:%8 0.83/233 -11.83 -11.29 32.65 33.20
182029.96-161137.0  CEN 27 o9V 15 - - - - - - - -
182030.22-161034.7  CEN 61 o9V 104 1 :962if8  1:153%° - 0.41/5 -14.31 -13.57 30.17 30.91
182030.43-161052.8  CEN 37 o6V 250 o :76%%  1:805i5% - 1.38/7 -13.97 -13.77 30.51 31.72
182030.48-161034.5 CEN 61 pos2 09V 98 2 0833 2:94343%? - 1.85/4 -13.92 -13.60 30.57 30.88
182030.84-161007.4  CEN 25 orv 77 2 4832 0:285%8 - 0.32/5 -15.30 -12.52 29.19 31.96
182031.11-160929.7 B 159 B1 1000 1 :30}3% 54431 - 0.98/52 -12.96 -12.74 3152 3175
182031.69-160945.7 B 152 B2 98 10138 1eedidy - 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 0138 vneedisy - 1.03/4 -13.83 -13.33 30.64 31.15
182034.49-161011.7 CEN 2 osv 1866 0 95595 0:613:8 3:783:35 0.87/76 -13.41 -12.23 31.08 32.26
182035.24-160842.4  H 12556 B3V 130 0 99518 4:4433 - 1.31/4 -13.95 -13.67 30.55 30.81
182035.38-161048.4 CEN 3 o9v 383 o 813 0:569:8) - 0.93/18 -14.67 -13.16 29.81 31.33
182035.61-161055.2  CEN 45 B2V 108 o 4638  3:3]:% - 0.55/5 -14.26 -13.96 30.23 3053
High mass sources identi ed using the high mass source lists of Ho meister et al. (2008) and the SIMBAD

database. Only those sources with > 50 counts were tin XSPEC .
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Table B.25:

NGC 6618 Candidate OB Star X-ray Spectral Parameters

2_

Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 = log Fyx hie log Fy te log Lx hie log Lx te
(CX0 J) (10 22 cm 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
181957.54-161204.8 2MASS J18195753-1612049 - 233 0 2835 1:952:73 - 13510 -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 1 72238 0:543:84 - 14414 -14.25 -12.68 30.24 31.81
182016.30-160225.2 - - 159 10252 6:49%°% - 1.66/3 -13.69 -13.49 30.79 31.00
182026.94-160347.2 2MASS J18202695-1603473 - 482 1 1401188 51103 - 0.85/24 -13.18 -12.94 31.31 31.55
182027.20-160419.9 2MASS J18202721-1604202 - 92 1 1603142 32427518 0.64/4 -13.95 -13.68 30.53 30.80
182028.15-161049.1 - - 369 2 242188 2:24%28) - 10118 -13.35 -12.95 3114 3153
182030.45-161009.8 B 171 - 157 1 163228 326330 - 0.53/6 -13.87 -13.57 30.62 30.92
182031.96-160925.0 B 147 - 109 0 :863%  5:835%3° - 0.88/4 -14.00 -13.74 30.49 30.74
182033.21-161058.4 B 133 - 113 3 24350 176232 - 0.13/5 -13.74 -13.24 30.74 31.24
182033.76-161304.8 B 125 - 54 2 w8t 178l - 0.11/5 -14.29 -13.82 30.20 30.67
182035.86-161542.9 2MASS J18203586-1615431 - 4200 0 97535 2:893:18 - 1.49/153 -12.58 -12.26 31.90 32.23
182039.71-161312.6 B 42 - 299 1 13340 4:025:88 - 0.83/13 -13.55 -13.29 30.93 31.20
182043.41-161245.9 B7 - 495 0 9632  1:50%2i17 - 0.90/24 -13.57 -13.05 30.92 31.44
Source names determined using the SIMBAD database. Only tho se sources with > 50 counts were t in

XSPEC .
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B.7 NGC 6618
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Figure B.30: Plots of derived source parameters for the bright PMS populéon of
NGC 6618. (a) Distribution of absorption corrected 2-8 keV Lx. (b) Distribution of best
t thermal plasma temperature ( kKT). (c) Distribution of best t absorbing hydrogen
column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic with log Pks
< 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Lx against best t
thermal plasma temperature KT). (f) Plot of median photon energy (Emedian) against
best t thermal plasma temperature (KT). (g) Plot of absorption corrected 2-8 keV L x
against median photon energy Emedian)- (h) Plot of best t absorbing hydrogen column

(Np) against median photon energy Emedian)-

217



B.7 NGC 6618
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Plot of the 2-8 keV Lx against the median detected photon energy

(Emedian) for the NGC 6618 PMS population divided according to Emegian (left) and

variability (right). Left: the red arrows mark Emegian < 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 regsenting strongly variable

aring sources.
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B.7 NGC 6618

Table B.26: NGC 6618 Diuse Emission X-ray Spectral Parameters

Region Ny KT KT 5 KT 3 7=z 2= log Fy .. log Fyx log Lx . log Lx .
(10 22 o, 2) (keV) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
al Fov 0 :67Q:% 0:155:1 0:580:%0 10:8513:95 2:21%i%> 1.61/210 -11.26 -10.06 33.22 34.43
core  0:913:30  0:643:25 3:72%:% - 0:163:23  0.98/399 -11.94 -11.39 3255 33.10

ol 7 i

s't keV't
keVv't
—=

0.01 | {{“

normalized coul
normalized counts s'*

‘ | !A HHHH |I i "'I ' H| + !

ﬂ H } Hﬂ um.“l‘ U ‘.:‘HHH‘“HM m‘ :H f,w M“h. il H| HH

Figure B.32: NGC 6618 all FOV di use emission spectrum (left) and cluster core
di use emission spectrum (right). The spectra were rebinnel 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 jpproach background levels

outside these ranges.
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B.8 Trumpler 14

B.8 Trumpler 14
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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 grea triangles indicate the

candidate OB stars, the dark green circles indicate the amlgjuous sources and the red

inverted triangles indicate low mass sources. The black ddsed dotted line is the 1 Myr

main sequence isochrone with spectral types marked calcuked 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 81

reddening vector with the crosses marking evenAy =5

The light purple dashed line marks the reddening vector of te maximum J value of the

PMS evolutionary track. Sources between this and the 81

reddening vector may be

above or below 8 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 2 2= log Fyx he log Fyx te log L x hic log L x te
(CX0 J) (1022 cm?2)  (keV) (keV) (erg cm 25 1y (ergem 2s 1y (ergs 1) (ergs 1)
104330.88-592924.0 MJ 61 - 49 - - - - - - - -
104333.48-593511.3 MJ 71 BOIII-IV 7 - - - - - -
104341.32-593548.6 MJ 92 - 45 - - - - - - - -
104344.16-593348.4  MJ 102 o9V 11 - - - - - - - -
104346.69-593254.8  MJ 115 06V((f)) 162 0 ;58132 0:378:4° - 0.71/7 -15.23 -13.09 29.57 3171
104348.70-593324.3  MJ 127 o9v 79 o :06%%  0:85:% - 0.18/5 -15.04 -13.96 29.76 30.85
104353.11-593259.6  MJ 149 BO.5IV-V 42 - - - - - -
104354.40-593257.5  HD 93128 03V((f) 506 0 :340:%2 0:483:%° - 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 0o 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 o2lf 4421 0 81387 0:580:8% 2:463:78 157129 -12.52 -11.56 32.24 33.24
104357.65-593253.8 HD 93129 B O3.5Vf+ 623 0 22028 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 o9V 34 - - - - - - - -
104359.91-593225.5  MJ 192 06.5V((f)) 95 0 :01 0:52 - 2.86/5 -15.45 -13.84 29.35 30.96
104400.95-593545.8  MJ 200 o9V 33 - - - - - - - -
104402.43-592936.7  MJ 203 ool 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 osllI(f) 627 0 133340 0:643:22 - 1.69/27 -14.22 -12.88 30.58 31.92
104408.90-593434.6  HD 93161A 08V + 09V 490 0 07928 0:713:78 - 1.18/20 -14.38 -13.16 30.42 31.64
104409.07-593435.5  HD 93161 o6V 332 0o 293482  0:543:5¢ - 0.71/13 -14.56 -12.99 30.25 31.81
High mass sources identi ed using the high mass source lists of Massey and Johnson (1993) and the
SIMBAD database. Only those sources with > 50 counts were tin XSPEC .
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Table B.28:

Trumpler 14 Candidate OB Star X-ray Spectral Parameters

Chandra Source

(CX0 J)

Name

Sp. Type

Ny KT KT 2

(102 cm?2)  (keV)  (keV)

log Fxt:c

s 1) (ergcm

c¢ee

104341.57-593206.5
104346.01-593329.0
104346.36-593113.9
104346.78-593356.3
104349.96-593656.0
104352.25-593659.0
104353.89-592823.3
104355.04-593624.0
104355.77-593106.6
104358.71-592809.4
104406.84-593611.6
104416.48-593510.1

DETWC Tr 14 J104341.6-593206
DETWC Tr 14 J104346.0-593329
2MASS J10434636-5931138
DETWC Tr 14 J104346.8-593356
Y 491
2MASS J10435391-5928232
DETWC Tr 14 J104355.0-593624
DETWC Tr 14 J104355.0-593624
2MASS J10440683-5936116
2MASS J10441648-5935100

Net Cts.
109 0
23
451 0
27
14
17
36
9
52 1
17
135 0
77 0

125164 0:713:78 -
.360:49 .0g40:14
360124 8128515 -

226 91167
25117 0:783:37 -
109028 2:73%:%7 -

.020:27 .912:95
103 1:812:% -

-13.57

-12.73

-13.51

-13.60
-13.95

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with > 50 counts were tin
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B.8 Trumpler 14
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Figure B.34: Plots of derived source parameters for the bright PMS populéon of
Trumpler 14. (a) Distribution of absorption corrected 2-8 keV L. (b) Distribution of
best t thermal plasma temperature (kT). (c) Distribution of best t absorbing
hydrogen column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic
with log Pks < 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Ly
against best t thermal plasma temperature (kT). (f) Plot of median photon energy
(Emedian) against best t thermal plasma temperature (kT). (g) Plot of absorption

corrected 2-8 keVLy against median photon energy Emedian). (h) Plot of best t

absorbing hydrogen column ) against median photon energy Emedian)-
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B.8 Trumpler 14

TOH T T T T T TOH T T T T T

1032t L - 1032t ) i
Q - ‘ Q
o h v o v . w
o 10¥E Yooy ome” £ o 107k W,y o
¥ - . = o
> >
L 10 E 210%™t E
o 7
N 1 N

102k 3 102 E

E %
1028 [t . . . ) 1028 [t . . . .
1 2 3 4 5 1 2 3 4 5
Ermeaion (kEV) Ermeson (kEV)

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 Emegian (l€ft) and
variability (right). Left: the red arrows mark Emegian < 1:8 keV (indicating an upper
limit of log Ny . 222 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 regsenting strongly variable

aring sources.
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B.8 Trumpler 14

Table B.29: Trumpler 14 Di use Emission X-ray Spectral Parameters

Region Ny KT KT 5 KT 3 7=z 2= log Fx log Fyx log L. log Lx.
(10 22 o, 2) (keV) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
.100:14 .100:15 .220:77 .qn4:15 .£40:78
total 0 :10p:57 0:18p:55 0:74g:7; 3:833:33 0:545:55 1.11/355 -11.80 -11.09 33.00 33.71
.050:11 .700:84 .475:62 +140:26
core 0:05 0:78¢:73  3:473:01 - 0:144:57; 1.05/243 -12.22 -11.79 32.58 33.01

2
Energy (keV)

2
Energy (keV)

Figure B.36: Trumpler 14 total cluster di use emission spectrum (left) and cluster core
di use emission spectrum (right). The spectra were rebinnal 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 rage.
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B.9 Trumpler 16

B.9 Trumpler 16
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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 grea triangles indicate the
candidate OB stars and the red inverted triangles indicate bw mass sources. The black
dashed dotted line is the 4 Myr main sequence isochrone withpectral 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 8 reddening vector with the

crosses marking everyAy = 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 2 2= log Fyx he log Fyx te log L x hic log L x te
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1) ergem 2s 1) (ergs 1) (ergs 1)

104432.36-594431.0 HD 93204 o5V((f)) 505 0 17880 0:519:52 - 1.05/21 -14.80 -13.16 30.08 3171
104433.77-594415.4 HD 93205 o3v 2843 0 22028 0:620:88 - 1.93/77 -13.87 -12.49 31.01 32.39
104437.71-593950.2 MJ 357 BO.5V 25 - - - - - - -
104447.34-594353.2 MJ 408 o7V((f) 188 0 112937 0:660:8, - 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
104459.92-504314.9 2MASS J10445990-5043149 B1 8 - - -
104503.59-594104.3 car LBV 29603 - - - - > 11:00 > 10:00 > 34:00 > 35:00
104505.82-594519.7 MJ 484 orv 204 o 5530 0:528:53 - 1.16/9 -14.96 -13.36 29.92 3152
104505.88-594307.8 MJ 481 09.5V 76 o 51180 0:348:30 - 0.20/2 -15.35 -12.07 29.52 31.80
104505.93-594005.9 HDE 303308 o3v((f)) 1617 0 17834 0:573:82 - 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 BO 68 0o :32070  0:645:78 - 1.45/3 -14.56 -14.00 29.31 30.88
104508.26-594606.9 MJ 496 08.5V 1816 0 :913%  0:743:8 2:042:38  o.04/81 -12.93 -12.21 31.94 32,66
104512.26-594500.5 HD 93343 o7v(n) 478 0 :38%71 0:713:%8 - 1.19/20 -14.31 -13.08 30.56 31.80
104512.75-594446.2 MJ 516 08.5V 382 0 20848 0:633:13 - 0.45/18 -14.63 -13.27 30.24 31.60
104512.91-594419.3 MJ 517 o8V 561 0 4435,  0:665:23 - 0.79/26 -14.33 -13.02 30.55 31.85
104516.55-594337.1 MJ 535 o6v((f)) 626 0 :559:8%  0:560:5% - 1.05/28 -14.30 -12.71 3057 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 identi ed using the high mass source lists

those sources with

> 50 counts were tin

XSPEC .

of ???? and the SIMBAD database. Only
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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 2 2= log Fx hic log Fy te log L x hic log L x te
(CX0 J) (102 cm?2)  (keV) (keV) (erg cm 25 1) ergem 2s 1) (ergs 1) (ergs 1)

104455.46-594453.3 DETWC Tr 16 J104455.5-594453 101 0 6558 164382 - 0275 -14.28 -13.77 30.59 31.10
104457.05-593827.1 2MASS J10445706-5938268 - 140 0 20034 0:583:17 - 1513 -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 20392 361229 - 0.24/8 -14.24 -13.96 30.63 30.92
104510.56-594512.2 DETWC Tr 16 J104510.6-594512 22 - - - - -
104511.12-594533.4 - - 66 72880 1248 0L - 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 - - - - - -
104521.01-594548.6 2MASS J10452096-5945488 - 49 - - - -
104522.08-594145.7 2MASS J10452206-5941458 - 68 0 :06 7:18 - 2054 -14.27 -14.06 30.61 30.82
104528.26-594556.1 - - 21 - - - - - - - -
104528.90-594347.7 [ARV2008] 210 - 176 140 3:07 - 2185 -13.86 -13.55 31.01 31.32
104531.29-594113.5 DETWC Tr 16 J104531.4-594113 41 - - - - - -
104535.47-594544.9 - - 48 - - - - - - - -
104536.93-594619.8 - - 34 - - - - - - - -
104538.37-594207.6 DETWC Tr 16 J104538.4-594207 53 1 1382 3:58,.,, - 0456 -14.10 -13.81 30.78 31.06
104538.55-594513.4 DETWC Tr 16 J104538.7-594513 38 - - - - - -
104543.74-594148.4  2MASS J10454366-5941481 - 83 0 62542 2092888 - oo -14.10 -13.77 30.77 31.10

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with

> 50 counts were tin
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Figure B.38: Plots of derived source parameters for the bright PMS populéon of
Trumpler 16. (a) Distribution of absorption corrected 2-8 keV L. (b) Distribution of
best t thermal plasma temperature (kT). (c) Distribution of best t absorbing
hydrogen column (Ny). (d) Distribution of Kolmogorov-Smirnov variability sta tistic
with log Pks < 0:05 indicating variability. (e) Plot of absorption correcte d 2-8 keV Ly
against best t thermal plasma temperature (kT). (f) Plot of median photon energy
(Emedian) against best t thermal plasma temperature (kT). (g) Plot of absorption
corrected 2-8 keVLy against median photon energy Emedian). (h) Plot of best t

absorbing hydrogen column ) against median photon energy Emedian)-
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Figure B.39: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the Trumpler 16 PMS population divided according to Emegian (l€ft) and
variability (right). Left: the red arrows mark Emegian < 1:8 keV (indicating an upper
limit of log Ny . 222 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 regsenting strongly variable

aring sources.
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B.9 Trumpler 16

Table B.32: Trumpler 16 Di use Emission X-ray Spectral Parameters

Region Ny KT KT 5 KT 3 7=z 2= log Fx . log Fx log Lx . log Lx .
(10 22 o, 2) (keV) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
total 0 :113:3%  0:318:33 0:643:% 64 1 (frozen) 1.33/417 -11.52 -10.89 33.35 33.98
core  0:118:38  0:30Q:3F 0:683:22 64 1 (frozen) 1.56/424 -11.68 -10.89 33.20 33.98
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Figure B.40: Trumpler 16 total cluster di use emission spectrum (left) and cluster core
di use emission spectrum (right). The spectra were rebinnel 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 rage.
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Figure B.41: Westerlund 1 2MASS J vs J-H colour magnitude diagram. The ble
triangles indicate the known high mass stars and the light geen triangles indicate the

candidate OB stars. The black dashed dotted line is the 3.6 My main sequence
isochrone with spectral types marked calculated forAy =0 . The purple dashed dotted

line is the 3.6 Myr PMS isochrone with spectral types marked. The light blue dashed

line is the 8V reddening vector with the crosses marking evenyAy = 5. Unlike in most
other clusters, only the candidate OB star in NGC 3603 had hidp quality 2MASS
photometry. The known high mass sources shown here were pletd using low quality

2MASS photometry to o er a relative indicator to the candida te 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 2 2= log Fyx hie log Fyx te log Ly hie log Ly te
(CX0 J) (10 22 ¢m 2) (keV) (keV) (erg cm 2g 1) (erg cm 2s 1) (erg s 1) (erg s 1)

164654.30-455154.8  CO7-X7 BOlab 9 - - - - - - i -
164658.81-455302.1  W228b 09lb 12 - - - - - . . .
164658.86-455146.2  W56b 09.51b 15 - - - - - . - -
164659.05-455028.4 W84 09.51b 12 - - - - - . - -
164659.39-455047.1 W1 - 10 - - - - - . - .
164700.39-455132.0 W53 - 56 3 74380 0:463:5% - 0.89/5 -14.36 -12.59 30.82 32.59
164401.26-455130.7 W52 BL5la 13 - - - - - . . .
164701.40-455150.8 W59 - 10 - - - - - - - :
164701.44-455234.8  W232 Bllab 10 - - - - - . - -
164702.14-455113.1 W24 09lab 13 - - - - - . - .
164702.49-455137.9  W62a BO.5Ib 15 - - - - - . - .
164702.60-455118.1 W47 - 15 - - - - - - - :
164702.68-455050.6  W40a OB SG 30 - - - - - - - B
164702.71-455057.7 W41 09lab 11 - - - - - . - .
164702.79-455213.1 CO7-X4 09-9.5a 10 - - - - - . B .
164702.88-455046.4 W38 09lab 10 - - - - - . . .
164703.04-455023.6 W6  BO.5lab + 0951l 10 - - - - - - - -
164703.22-455157.9  W63a BOlab 21 - - - - - . . .
164703.64-455051.6  W42a Bola 11 - - - - - - - .
164703.74-455058.4  W43c 09lb 24 - - - - - . - -
164704.02-455125.1  WR G WN70 84 24335 41723508 - 0.58/5 -13.60 -13.35 3158 31.82
164704.11-455039.2  W30a 09-B0.5la 477 513118 142} 3 - 1.11/24 -13.16 -12.58 32.02 32.60
164704.14-455031.4 W9 sgBle] 394 4 28359 0738 64 0.72/18 -12.83 -11.59 32.35 33.59
164704.20-455107.1  WR L WNgh 80 ar$iid 3283438 - 0.72/4 -13.57 -13.28 31.61 31.90
164704.59-455008.2 CO7-X3 09-9.5a 13 - - - - - . - -
164705.08-455055.1 W36 - 42 - - - - - : - -
164705.16-455041.4 W27 09l + Ol 35 - - - - - : .
164705.20-455225.1  WR F wcod 99 4 19 3:26 - 1.37/5 -13.34 -13.05 31.84 3213
164705.37-455104.9  WR B WN70 228 :658:33  0:503:3F 2:87,.,, 0.26/6 -13.03 -12.02 32.15 33.15
164705.78-455033.4 W25 09lab 10 - - - - - . : -
164705.99-455208.1  WR E wc9 8 - - - - - . i .
164706.10-455022.5 WR R WN50 15 - - - - - . B -
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Table B.34: Westerlund 1 Known High Mass Star X-ray Spectral Parameters(Cont.)

Chandra Source Name Sp. Type Net Cts. Ny kT KT 2 2= log Fyx hie log Fyx te log Lx hie log L x te
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1y ergem 2s 1) (ergs 1) (ergs 1)
164706.25-455126.7 WR D WN70 13 - - - - - - - -
164706.45-455026.2 W13  BO.5la + OB 21 - - - - - - - -
164706.55-455039.2 WR U WN60 144 2 117 0:26 2:17 0.90/3 -13.55 -12.43 31.62 32.74
164706.64-455029.7 w15 09lb 9 - - - - - - - -
164707.09-455013.3 W74 09.5lab 10 - - - - - - - -
164707.51-455228.9 W243 LBV 7 - - - - - - - -
164707.64-454922.3 WR W WN6h 22 - - - - - - - -
164707.66-455236.2 WR O WN60o 54 1 13 1:53 - 1.29/5 -14.07 -13.67 31.10 31.51
164708.35-455045.5 WR A WN7b 642 3 53338 0:285i3% 3:683:%% 13231 -12.72 -11.50 32.45 33.68
164709.21-455048.6 W71 B2.5la 9 - - - - - - - -
164710.06-455050.1 W70 B3la 21 - - - - - - - -
High mass sources identi ed 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 tin 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 2 2= log Fx hic log Fx te log L x hec log Lx te
(CX0 J) (102 cm?) (keV) (keV) (erg cm 25 1) ergem 2s 1) (ergs 1) (ergs 1)
164714.46-454755.0 2MASS J16471442-4547549 10 -

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with

> 50 counts were tin
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Figure B.42: Plots of derived source parameters for the bright “unidentied' source
population of Westerlund 1. (a) Distribution of absorption corrected 2-8 keVLx. (b)
Distribution of best t thermal plasma temperature ( kT). (c) Distribution of best t
absorbing hydrogen column {Ny). (d) Distribution of Kolmogorov-Smirnov variability
statistic with log Pks < 0:05 indicating variability. (e) Plot of absorption correcte d 2-8
keV Ly against best t thermal plasma temperature (kT). (f) Plot of median photon
energy Emedian) against best t thermal plasma temperature (kT). (g) Plot o f

absorption corrected 2-8 keVL x against median photon energy Emedian)- (h) Plot of

best t absorbing hydrogen column (Ny) against median photon energy E median)-
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Figure B.43: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the Westerlund 1 “unidenti ed' source population divi ded according to
Emedian (left) and variability (right). Left: the red arrows mark Emedian < 1:8 keV
(indicating an upper limit of log Ny . 222 cm ?2), blue inverted triangles 1.8-3 keV
(indicating the lightly obscured population) and purple tr iangles> 3 keV (indicating the
heavily obscured population. Right: Inverted red triangles refer to non-variable sources,
blue stars representing variable sources and the purple tangles representing strongly

variable aring sources.
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Table B.36: Westerlund 1 Di use Emission X-ray Spectral Parameters

Region Ny KT KT » 7=z 2= log Fx log Fyx log Lx . log Lyx .
(10 22 o, 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
total 1 :501:%¢  0:603:R  9:55 2:17313%  1.56/525 -11.02 -10.62 34.16 34.56
core  1:85}9%  0:630:%5 9:5532;4° 1:023i%8  1.16/408 -11.46 -10.86 33.72 34.32
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Figure B.44: Westerlund 1 total cluster di use emission spectrum (left) and cluster
core di use emission spectrum (right). The spectra were reinned 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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B.11 Westerlund 2
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Figure B.45: Westerlund 2 2MASS J vs J-H colour magnitude diagram. The ble
triangles indicate the known high mass stars, the light grea triangles indicate the
candidate OB stars and the red inverted triangles indicate bw mass sources. The black
dashed dotted line is the 2.5 Myr main sequence isochrone witspectral 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 the8M reddening vector with

the crosses marking evenAy = 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 2 2= log Fyx hic log Fx . log Ly hic log Lx ..
(CX0 J) (102 cm?)  (keV) (keV) (erg cm 25 1y (ergem 2s 1) (ergs 1) (ergs 1)

102355.18-574526.9 MSP 165 o7 112 2 52358 0:36):33 - 1.01/4 -14.27 -12.04 31.05 33.29
102356.22-574530.2  MSP 182 04v-lll 43 - - - - - - - -
102358.01-574548.9 WR20a WN6ha+WN6ha 4123 2 133238 0:420:43 2:76%:15 122174 -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 ol 41 - - - - - - - -
102400.79-574525.8 MSP 157 05.5V 105 1 47§83 0:863:88 - 1.62/5 -14.49 -13.25 30.83 32.07
102401.20-574531.0 MSP 188 o4v-IIl 1413 1 23583 0:650:85 2:807:98  1.01/64 -13.15 -12.31 3217 33.02
102401.39-574529.8 MSP 175 05.5V-llI 138 1 :75%:34  0:308:43 - 1.03/3 -14.91 -12.30 30.42 33.03
102401.52-574557.0 MSP 263 06.5V 76 2 773 0:398:3¢ - 0.96/7 -14.83 -12.82 30.49 32.51
102402.06-574527.9 MSP 167 oslll 777 1 922114 0:548:5% 2:803i3 13737 -13.18 -12.07 32.15 33.26
102402.32-574535.3 MSP 203 0BV-III 218 1 17530 o0:88%ikd - 0.73/9 -14.23 -13.15 31.09 32.18
102402.37-574530.5  MSP 18 05.5V-Ill 266 1 :752:20 0:62578 - 0.92/12 -14.22 -12.84 3111 32.49
102402.43-574436.1 MSP 183 04v 2110 1 48150 0:3803% 3:063:82 0.86/104 -12.60 -11.81 3273 3351
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 08.5lll 174 2 0323 0:563:82 - 1.58/7 -14.25 -12.51 31.08 32.82
102418.40-574829.8  WR 20b WN6ha 1504 4 102350 0:380:39 5:341:% 09376 -12.50 -11.58 32.83 33.74

High mass sources identi ed using the high mass source lists

database. Only those sources with

> 50 counts were tin

of Rauw et al. (2007) and the SIMBAD
XSPEC .

Table B.38: Westerlund 2 Candidate OB Star X-ray Spectral Parameters
Chandra Source Name Sp. Type Net Cts. Ny kT kT 2 2= log Fyx hic log Fyx te log Lx hic log Ly te
(CX0 J) (1022cm?)  (keV)  (keV) (erg cm 2s 1y (ergem 2s 1) (ergs 1) (ergs 1)
102334.02-574703.8 2MASS J10233400-5747038 - 148 3 50472 0:78%%2 - 05666 -13.90 -12.78 31.43 32.54
102345.62-574802.7 2MASS J10234564-5748027 - 68 1 673187 1:313:8 - 1065 -14.38 -13.63 30.95 31.70

Source names determined using the SIMBAD database. Only tho

XSPEC .

se sources with > 50 counts were t in
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Plots of derived source parameters for the bright “unidentied' source

population of Westerlund 2. (a) Distribution of absorption corrected 2-8 keVLx. (b)

Distribution of best t thermal plasma temperature ( kT). (c) Distribution of best t

absorbing hydrogen column {Ny). (d) Distribution of Kolmogorov-Smirnov variability

statistic with log Pks < 0:05 indicating variability. (e) Plot of absorption correcte d 2-8

keV Ly against best t thermal plasma temperature (kT). (f) Plot of median photon

energy Emedian) against best t thermal plasma temperature (kT). (g) Plot of

absorption corrected 2-8 keVL x against median photon energy Emedian)- (h) Plot of

best t absorbing hydrogen column (Ny) against median photon energy E median)-
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Figure B.47: Plot of the 2-8 keV Lx against the median detected photon energy
(Emedian) for the Westerlund 2 “unidenti ed' source population divi ded according to
Emedian (left) and variability (right). Left: the red arrows mark Emedian < 1:8 keV
(indicating an upper limit of log Ny . 222 cm ?2), blue inverted triangles 1.8-3 keV
(indicating the lightly obscured population) and purple tr iangles> 3 keV (indicating the
heavily obscured population. Right: Inverted red triangles refer to non-variable sources,
blue stars representing variable sources and the purple tangles representing strongly

variable aring sources.
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Table B.39: Westerlund 2 Di use Emission X-ray Spectral Parameters

Region Ny KT KT 5 2=z 2= log Fx log Fyx log L. log Lx .
(10 22 om 2) (keV) (keV) (erg cm 2g 1) (erg cm 2g 1) (erg s 1) (erg s 1)
.n11:10 .570:85 4:68 .20:55
total 1 :015:gp 0:67q:gp 4:103:g9 0:36q:33 0.94/772 -11.71 -11.26 33.61 34.06
.141:26 .680:78 3:88 .970:39
core 1:145:55 0:68q:67 3:383:75 0:275:7; 1.18/652 -11.99 -11.50 33.33 33.82
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Figure B.48: Westerlund 2 total cluster di use emission spectrum (left) and cluster
core di use emission spectrum (right). The spectra were relnned 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 respectivg| as they approach

background levels outside these ranges.
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