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ABSTRACT

Context. With a mass exceeding several 104 M� and a rich and dense population of massive stars, supermassive young star clusters represent the
most massive star-forming environment that is dominated by the feedback from massive stars and gravitational interactions among stars.
Aims. In this paper we present the "Extended Westerlund 1 and 2 Open Clusters Survey" (EWOCS) project, which aims to investigate the influence
of the starburst environment on the formation of stars and planets, and on the evolution of both low and high mass stars. The primary targets of
this project are Westerlund 1 and 2, the closest supermassive star clusters to the Sun.
Methods. The project is based primarily on recent observations conducted with the Chandra and JWST observatories. Specifically, the Chandra
survey of Westerlund 1 consists of 36 new ACIS-I observations, nearly co-pointed, for a total exposure time of 1 Msec. Additionally, we included
8 archival Chandra/ACIS-S observations. This paper presents the resulting catalog of X-ray sources within and around Westerlund 1. Sources were
detected by combining various existing methods, and photon extraction and source validation were carried out using the ACIS-Extract software.
Results. The EWOCS X-ray catalog comprises 5963 validated sources out of the 9420 initially provided to ACIS-Extract, reaching a photon flux
threshold of approximately 2 × 10−8 photons cm−2 s−1. The X-ray sources exhibit a highly concentrated spatial distribution, with 1075 sources
located within the central 1 arcminute. We have successfully detected X-ray emissions from 126 out of the 166 known massive stars of the cluster,
and we have collected over 71000 photons from the magnetar CXO J164710.20-455217.
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1. Introduction2

The star formation rate and the properties of the most common3

star-forming environments in galaxies vary over time. When4

considering cosmological timescales, the star formation rate is5

known to reach its peak at approximately z∼2–3 and then grad-6

ually decline (e.g., Hopkins & Beacom 2006; Dunlop 2011;7

Madau & Dickinson 2014). In the local Universe, mergers play8

a dominant role in shaping the star formation process in galaxies9

(Rieke & Rujopakarn 2011) as they influence the overall prop-10

erties of the interstellar medium. Such interactions happen fre-11

quently, and various studies have demonstrated that interacting12

galaxies undergo periods of intense star formation (e.g., Larson13

& Tinsley 1978; Smith & Struck 2010) because of the consid-14

erable impact interactions have on the stars formation process,15

for instance from the enhancement of the star cluster formation16

rate due to close encounters (e.g. in the Magellanic Clouds) and17

the ram pressure stripping enhancing star formation (e.g., jel-18

lyfish galaxies). Noticeable examples are the nearby interacting19

? Table A.1 is only available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/.

galaxies M51 and M82, where we observe extreme star forma- 20

tion taking place in very massive young clusters with masses 21

reaching several times 105 M� (known as super star clusters; 22

de Grijs et al. 2001, 2003b,a). Generally, these highly massive 23

star clusters constitute the dominant star-forming environments 24

in starburst galaxies and are likely prevalent during the peak era 25

of cosmic star formation (e.g., Figer 2008; Adamo et al. 2020). 26

In the Milky Way, current estimates of the star forming heav- 27

ily rely on the methods employed. For example, Robitaille & 28

Whitney (2010) derived a range of 0.68–1.45 M� yr−1 based 29

on the population of young stellar objects identified in the 30

Spitzer/IRAC survey of the Galactic plane GLIMPSE (Benjamin 31

et al. 2003). On the other hand, Licquia & Newman (2015) ap- 32

plied a hierarchical Bayesian statistical method to previous anal- 33

yses and determined a star formation rate of about 1.6 M�/yr. For 34

comparison, recent estimates of the star formation rate in M51 35

range from 4.8 M� yr−1 (from a 158µm map of the galaxy Pineda 36

et al. 2018) to 2.7 M� yr−1 (from combined UV+optical spectral 37

energy distribution fitting; Eufrasio et al. 2017), while in M82 38

star formation rates of 2-4 M� yr−1 were observed (de Grijs et al. 39

2001). Nevertheless, all these studies indicate that our Galaxy 40

does not currently have a high star formation rate. Consequently, 41

it is not surprising that the Milky Way lacks a prominent popu- 42

lation of super star clusters with masses exceeding 104 M�. In 43
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order of distance from the Sun, the most massive clusters known44

are Westerlund 1 (2.6-5 kpc; Aghakhanloo et al. 2020, Clark45

et al. 2005), Westerlund 2 (∼4.2 kpc; Vargas Álvarez et al. 2013),46

NGC 3603 (7.6 kpc; Melena et al. 2008), the Arches and Quin-47

tuplet clusters (both at ∼8.5 kpc; Figer et al. 2002, Figer et al.48

1999), Mercer 81 (11 kpc; Davies et al. 2012), and Mercer 3049

(12 kpc; de la Fuente et al. 2016). Similar regions in terms of50

mass, but with with a low stellar density, are the Cygnus OB2 as-51

sociation (1.4 kpc; Rygl et al. 2012) and the W3 complex (about52

2 kpc; Hachisuka et al. 2006). Slightly older supermassive star53

clusters (10-20 Myrs) are found in the Scutum-Crux arm (about54

6 kpc from the Sun; Figer et al. 2006; Davies et al. 2007; Clark55

et al. 2009). Despite their limited number, these super star clus-56

ters hold significant importance as they enable the study of star57

and planet formation, as well as early stellar evolution, in a star-58

forming environment that was characteristic of epochs when the59

Milky Way had higher rates of star formation than today and60

most of the field stars in our Galaxy formed.61

In this paper we present the Extended Westerlund 1 and 262

Open Clusters Survey (EWOCS) project, which is focused on63

studying star and planet formation and early stellar evolution64

in compact starbursts, using Westerlund 1 and 2 as first science65

cases. In particular, this paper focuses on the catalog of X-ray66

sources detected in the deep Chandra observations of Wester-67

lund 1. The paper is organized as follows: We present Wester-68

lund 1 and the EWOCS project in Sect. 2. The EWOCS observa-69

tions are described in Sect. 3, the procedure for source detection70

is described in Sect. 4 and that of source validation and extrac-71

tion in Sect. 5. The final catalog of the X-ray sources in Wester-72

lund 1 is described in Sect. 6.73

2. Westerlund 1 and the EWOCS project74

Westerlund 1 is located at RAJ2000=16h47m04s and dec.J2000=-75

45◦51′05′′, corresponding to Galactic coordinates l=339.55◦ and76

b=-00.40◦. The cluster was discovered by Westerlund (1961)77

through observations made with the 26-inch Uppsala-Schmidt78

telescope at Mt. Stromlo Observatory in Australia. From these79

initial observations, it became evident that Westerlund 1 is a very80

massive cluster. Today, it is considered to be the most massive81

young cluster known within the Milky Way, with mass estimates82

ranging from approximately 5×104 M� to over 105 M� (Clark83

et al. 2005; Brandner et al. 2008; Gennaro et al. 2011; Lim et al.84

2013; Andersen et al. 2017).85

Despite over 60 years of studies and observations of West-86

erlund 1, the tension regarding the parameters of this distinctive87

cluster remains unresolved. This is primarily due to its compact88

nature and the significant extinction that has long hindered the89

ability to resolve its low-mass stars.90

The distance to the cluster has been a subject of long-91

standing debate. The initial estimate by Westerlund (1961) was92

of 1.4 kpc. However, the same authors later presented a more93

distant estimate of 5 kpc based on photographic observations in94

the VRI bands (Westerlund 1968). The first study utilizing CCD95

imaging of the cluster (Piatti et al. 1998) reported a distance es-96

timate of 1.0±0.4 kpc. However, this estimate was based on the97

incorrect assumption that all cluster members were on the main98

sequence.99

Several authors have made distance estimates for Wester-100

lund 1 based on the analysis of its rich population of massive101

stars. For example, Clark et al. (2005) based their estimate on102

six yellow hypergiants (YHGs), assuming that these stars have103

the standard luminosity for this class of objects (log(L/L�)∼5.7;104

Smith et al. 2004), and adopting an extinction of AV=11m, re- 105

sulting in a distance range between 2 kpc and 5.5 kpc. A similar 106

value was found by Crowther et al. (2006) through infrared anal- 107

ysis of WN and WC stars. Koumpia & Bonanos (2012) derived 108

a distance of 3.7±0.6 kpc from the analysis of the dynamics and 109

geometry of the eclipsing binary W13. By comparing the clus- 110

ter locus in color-magnitude diagrams with suitable isochrones, 111

Brandner et al. (2008) determined a distance of 3.55±0.17 kpc, 112

while Gennaro et al. (2011) found a distance of 4.0±0.2 kpc, 113

and Lim et al. (2013) reported a distance of about 3.8 kpc. An 114

independent estimate (3.9±0.7 kpc) was provided by Kothes & 115

Dougherty (2007) using the radial velocity of HI clouds in the di- 116

rection of the cluster, assuming they were physically connected 117

to Westerlund 1. 118

More recently, Gaia data have been extensively utilized to 119

measure the distances of star clusters, providing precise val- 120

ues up to distances of about 1 kpc (Gaia Collaboration et al. 121

2016). However, for more distant clusters, careful analysis and 122

assumptions are required to obtain reliable distance measure- 123

ments. Consequently, it is not surprising that different estimates 124

of the distance to Westerlund 1 have emerged from authors who 125

have analyzed Gaia data. Aghakhanloo et al. (2020) conducted 126

a Bayesian analysis of Gaia data along the line of sight to West- 127

erlund 1 and obtained a mean cluster parallax of 0.35+0.07
−0.06 mas, 128

which corresponds to a distance of 2.6+0.6
−0.4 kpc and is in tension 129

with the previous estimate of approximately 0.19 mas provided 130

by Clark et al. (2020). Focusing on known members of West- 131

erlund 1, Davies & Beasor (2019) found a distance of 3.9+1.0
−0.64 132

kpc. More recently, Negueruela et al. (2022) carried out a de- 133

tailed determination of candidate members in Westerlund 1 us- 134

ing Gaia Early Third Data Release (EDR3; van Leeuwen et al. 135

2021) data and obtained a distance of 4.23+0.23
−0.21 kpc, suggesting 136

that the cluster is located in the Norma arm. A similar estimate 137

from the Gaia/EDR3 was obtained by Navarete et al. (2022). 138

Given the uncertainty surrounding the distance to Wester- 139

lund 1, it is not surprising that estimates of the cluster’s age 140

provided by different authors also vary significantly. Age esti- 141

mates in the range of 3.2 to 5 million years have been derived 142

using isochrone fitting on the high-mass sequence and argu- 143

ments based on the diverse population of massive stars, includ- 144

ing Wolf-Rayet (WR) stars, YHGs, and red supergiants (RSGs; 145

Clark et al. 2005; Crowther et al. 2006; Brandner et al. 2008; 146

Ritchie et al. 2010; Gennaro et al. 2011; Koumpia & Bonanos 147

2012; Kudryavtseva et al. 2012; Mackey et al. 2015). These au- 148

thors found a relatively narrow age spread, with an upper limit 149

of 0.4 million years indicating that Westerlund 1 likely formed 150

in a single burst of star formation (Kudryavtseva et al. 2012). 151

However, some of these estimates are based on arguments that 152

strictly apply to single stars, whereas it is known that the bi- 153

nary fraction among the massive members of Westerlund 1 is 154

very high (Crowther et al. 2006). More recent studies suggest 155

a more complex star formation history and a slightly older age 156

(Aghakhanloo et al. 2020; Beasor et al. 2021; Navarete et al. 157

2022; Negueruela et al. 2022). In particular, arguments based on 158

spectral energy distribution fitting and the luminosity of individ- 159

ual RSGs support an age estimate exceeding 10 Myrs (Beasor 160

et al. 2021; Navarete et al. 2022), although this estimate is in 161

tension with other properties of the cluster. 162

There is a general consensus in the literature regarding other 163

important properties of Westerlund 1, including its high extinc- 164

tion, large mass, and notably, its impressive population of mas- 165

sive stars. The significant extinction toward Westerlund 1 has 166

been acknowledged since the initial publication on this cluster, 167

where an approximate visual extinction of AV∼12m has been 168
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Fig. 1 Contours of the pre-EWOCS and EWOCS Chandra observations of Westerlund 1 overlaid on the combined ACIS event file
(left panel) and on an image in the Ks band obtained with the FourStar infrared camera mounted on the Magellan 6.5 m telescopes
(right panel).

found (Westerlund 1961). Subsequent estimates range from 10m169

to 13m of visual extinction (Negueruela et al. 2010; Lim et al.170

2013; Damineli et al. 2016). There is some disagreement regard-171

ing the extinction law in the direction of Westerlund 1: While ac-172

cording to Negueruela et al. (2010) it follows the standard law in173

the VRI bands, Lim et al. (2013) and Damineli et al. (2016) sug-174

gested a steeper extinction law in the near-IR (RV=2.50±0.04).175

The most remarkable characteristic of Westerlund 1 is its176

large population of massive stars (Clark et al. 2005; Ritchie et al.177

2009; Clark et al. 2020), which includes 24 WR stars (Clark178

& Negueruela 2002; Negueruela & Clark 2005; Skinner et al.179

2006; Groh et al. 2006; Crowther et al. 2006), the luminous180

blue variable (LBV) Wd1-243 (Clark & Negueruela 2004), ten181

YHGs with spectral classes ranging from A5Ia+ to F8Ia+ (Clark182

et al. 2005)1, two blue stragglers (Clark et al. 2019), four RSGs183

(Wright et al. 2014b), seven blue hypergiants (BHGs), and over184

100 bright OB supergiants dominated by spectral classes O9-B1185

(Negueruela et al. 2010). Most of these sources are concentrated186

in the inner region of the cluster, spanning approximately 1 ar-187

cminute, with only a few more isolated massive stars, such as188

WR77.189

In particular, Westerlund 1 hosts examples of every known190

transitional evolutionary phase between H-rich OB supergiants191

and H-depleted WR stars. This makes the cluster a unique tar-192

get for studying massive stars and, specifically, for understand-193

ing how binarity and mass loss impact the evolutionary paths of194

these stars and how the initial stellar masses are linked to the195

types of compact objects that form at the end of their evolution.196

Winds and mass loss in these stars have been extensively studied197

with radio and millimeter-continuum observations, which have198

detected individual bright sources, such as W9, surrounded by199

extended nebulae, providing evidence of intense mass loss in200

the past (up to several 10−4 M� per year, Dougherty et al. 2010;201

Fenech et al. 2018; Andrews et al. 2019). These short-lived and202

1 A different classification for six YHGs has recently been presented
by Beasor et al. (2023)

episodic mass-loss events appear to be necessary to explain the 203

diversity of evolved massive stars in Westerlund 1. 204

Westerlund 1 is rich in binary systems. A high binary frac- 205

tion has been identified in massive stars through spectroscopic 206

(Ritchie et al. 2022), radio (Dougherty et al. 2010), infrared 207

(Crowther et al. 2006), and X-ray (Skinner et al. 2006; Clark 208

et al. 2008, 2019) observations. For instance, the WR popula- 209

tion of Westerlund 1 has an estimated binary fraction of at least 210

70% (Crowther et al. 2006; Clark et al. 2008). Isolated stars are 211

primarily found among the mid-B to F hypergiants, with the ex- 212

ception of the LBV star W243, whose binarity is supported by 213

interferometric (Clark et al. 2019), X-ray (Mahy et al. 2022), and 214

spectroscopic (Ritchie et al. 2009) observations. 215

This harsh environment is expected to have effects on the star 216

formation process, the evolution and dispersal of protoplanetary 217

disks, and the formation and early evolution of planets and their 218

atmospheres. While no studies to date have been able to iden- 219

tify the population of protoplanetary disks in Westerlund 1 and 220

explore the feedback provided by the starburst environment on 221

their evolution and dispersal, several authors have attempted to 222

quantify the cluster’s initial mass function (IMF) to investigate 223

possible deviations from the universal law. An IMF consistent 224

with the Salpeter (1955) law has been found by Brandner et al. 225

(2008) in the 3.4–27 M� range, by Gennaro et al. (2011) extrap- 226

olated in the 0.5–120 M� range, and Andersen et al. (2017) down 227

to 0.15 M� in the outer cluster, while a shallower IMF slope was 228

found by Lim et al. (2013), integrated in the 0.08-85 M� range. 229

2.1. Previous X-ray observations 230

X-ray observations of young clusters provide valuable diagnos- 231

tics for selecting pre-main-sequence (PMS) stars independently 232

of the presence of circumstellar disks (e.g., Montmerle 1996), 233

down to low stellar masses (e.g., Getman et al. 2005; Barrado 234

et al. 2011). Additionally, in a cluster rich in massive stars with 235

a very compact configuration, X-ray observations can reveal a 236

plethora of processes and physical mechanisms that play an im- 237
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portant role in the evolution of massive stars (Seward et al. 1979;238

Berghoefer et al. 1996). It is also worth mentioning that only the239

Chandra X-Ray Observatory (Weisskopf et al. 2002) can cur-240

rently provide the high spatial resolution required to resolve in-241

dividual X-ray faint sources in a crowded cluster like Wester-242

lund 1. Given the designs of future X-ray missions currently in243

development, such observations will likely be challenging for244

quite some time after the Chandra era.245

Both Chandra and XMM have been used in the past to246

observe Westerlund 1. The initial observations performed with247

Chandra reached a depth of approximately 58 ksec (P.I. Skin-248

ner) and resolved numerous X-ray sources (Skinner et al. 2006;249

Muno et al. 2006; Clark et al. 2008). Skinner et al. (2006) fo-250

cused on the WR stars and their spectral properties, detecting 12251

out of 24 known stars and finding strong evidence for the ex-252

istence of very hot plasma in the circumstellar environment in253

the two brightest objects (W72/A and WRB), strongly suggest-254

ing the presence of a colliding winds in these binary systems;255

Muno et al. (2006) studied the diffuse X-ray emission and its256

dominating hard spectral component, which was later confirmed257

by Kavanagh et al. (2011) from 48 ksec XMM/Newton obser-258

vations. These authors detected a strong Fe 6.7 keV line in the259

diffuse emission spectrum, indicating its thermal nature. Clark260

et al. (2008) found that 46 known high-mass members of West-261

erlund 1 were detected in X-rays, and they supposed that the262

remaining ∼60 X-ray sources detected in these images are likely263

PMS stars with masses ≤1.5 M�.264

Since its discovery by Muno et al. (2006), the magnetar CXO265

J164710.2-455216 (CXOU J16) in Westerlund 1 — the bright-266

est X-ray source in the cluster — has garnered significant at-267

tention. Dedicated observations using XMM-Newton and Chan-268

dra/ACIS-S have accumulated a total exposure of 273.14 ksec269

(P.I.s Israel, Muno and Schartel) and 94.65 ksec (P.I.s Israel and270

Rea), respectively. A typical property of this class of pulsars271

is their frequent bursts and recurrent outbursts. In fact, three272

distinct outbursts from CXOU J16 have been observed in the273

past 17 years (Borghese et al. 2019). The first one occurred274

in September 2006 and was triggered by a short burst that re-275

leased an energy of approximately 1039 erg in the 15-150 keV276

band (Krimm et al. 2006). It was followed by a second outburst277

in September 2011 (Israel et al. 2011), during which the pul-278

sar exhibited a peculiar behavior: The pulse profile evolved from279

a single peak in the pre-outburst phase to an energy-dependent280

tri-peaked profile post-outburst. The overall spectrum evolved281

from a single blackbody to a more complex shape that was well282

modeled by including an additional hotter blackbody compo-283

nent. The most recent outburst was again triggered by a short284

burst detected by the Swift Burst Alert Telescope in May 2017285

(D’Ai et al. 2017). During these intense outburst activities, the286

magnetic field strength was estimated to range from 7×1013 G287

(a value typical for low-field magnetars, Perna & Pons 2011) to288

∼1014 G (An et al. 2013; Israel et al. 2007).289

2.2. The EWOCS project290

The pre-EWOCS Chandra observations of Westerlund 1 have291

been analyzed by Townsley et al. (2018) in the framework of the292

Second Installment of the Massive Star-forming Regions Om-293

nibus X-ray Catalog (MOXC2), identifying 1721 X-ray sources.294

This work has confirmed that Westerlund 1 is rich in X-ray bright295

sources, even though its low-mass stellar content remained unde-296

tected in the pre-EWOCS observations. According to these au-297

thors, the X-ray luminosity limit in the broad band where half of298

the brighter population is detected was log(Lx)=30.69, with Lx 299

in erg/s, corresponding to a 1.5 M� star2. 300

The need to unveil the low-mass population of Westerlund 1 301

has motivated the 1 Msec observation of Westerlund 1 (P.I. Guar- 302

cello) with the Chandra Advanced CCD Imaging Spectrometer 303

(ACIS-I, Garmire et al. 2003), which, together with a 18.9 hours 304

Cycle 1 JWST/MIRI and NIRCam observation (program ID 305

1905, P.I. Guarcello) and a 48 ksec NICER observation (P.I. 306

Borghese) of CXOU J16, constitutes the set of new observations 307

of the EWOCS project3. The main objective of EWOCS is to use 308

Westerlund 1 and 2 as a test cases for understanding how star and 309

planet formation, early stellar evolution, and the production of 310

compact objects occur in a starburst environment. Specifically, 311

the project aims to achieve the following objectives: 312

– Unveil the low-mass stellar population of Westerlund 1 and 313

2, both in their core and halo. X-ray observations are ex- 314

pected to be critically important for selecting cluster mem- 315

bers in the halo, where contamination from background and 316

foreground sources could affect membership determination 317

based on photometric data. 318

– Determine the actual stellar content of the clusters, down to 319

the low-mass regime, mainly thanks to the JWST observa- 320

tions; calculate their IMF down to the brown dwarf regime, 321

and understand whether the starburst environment impact the 322

formation of low-mass and very-low mass stars. 323

– Study the clusters properties, particularly age, age spread, 324

morphology and dynamics. The project aims to understand 325

whether the clusters formed in a single burst of star formation 326

or through a process spanning several million years, as well 327

as how and if they will disperse. 328

– Identify the disk-bearing population of the clusters, mainly 329

though the JWST observations. Combining this with the de- 330

tection of disk-less stars from the Chandra/ACIS-I observa- 331

tions and modeling of disks dispersal, we will finally assess 332

how disks evolve and how planet formation proceeds in a 333

starburst environment. 334

– If planets can form, understand how they evolve while im- 335

mersed in such an environment characterized by high local 336

fluxes of UV and X-ray radiation and relativistic particles. 337

– Study how binarity and mass-loss affect the evolution of the 338

massive stars in the clusters, and how their initial mass is 339

mapped into the type of compact objects formed at the end 340

of their evolution. 341

– Determine whether binarity across stellar masses is different 342

in a starburst environment. 343

– Study for the first time the status of CXOU J16 far from 344

bursts, which will allow us to estimate the intrinsic properties 345

of the pulsar. 346

– Search for the expected population of compact objects that 347

have been suggested to exist in Westerlund 1, since, under 348

specific assumptions, up to ∼65 core-collapse supernovae 349

could have already occurred in the cluster (Muno et al. 2006; 350

Brandner et al. 2008). Besides, Westerlund 1 is one of the 351

few known star clusters meeting the properties required for 352

the formation of intermediate mass black holes from run- 353

away coalescence (Portegies Zwart et al. 2004). As estimated 354

by Clark et al. (2008), such objects, if present and if currently 355

2 As stated by Townsley et al. (2018), the corresponding X-ray flux
has been calculated using PIMMS6 assuming a limit of five-counts
detection on-axis, for a source with an APEC thermal plasma with
kT=2.7 keV and abundance 0.4×Z�, which are typical values for a PMS
star (Preibisch et al. 2005).
3 https://Westerlund1survey.wordpress.com/
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Table 1 Pre-EWOCS observations of Westerlund 1.
Obs.ID. Instrument Exposure Roll Angle RA Dec Date P.I.

ksec degrees J2000 J2000
5411 ACIS-S 38.47 326 16:47:05.40 -45:50:36.70 2005-06-18 Skinner
6283 ACIS-S 18.81 25 16:47:05.40 -45:50:36.70 2005-05-22 Skinner

14360 ACIS-S 19.06 242 16:47:10.20 -45:52:16.90 2011-10-23 Israel
19135 ACIS-S 9.13 22 16:47:10.20 -45:52:17.00 2017-05-25 Rea
19136 ACIS-S 13.67 331 16:47:10.20 -45:52:17.00 2017-06-16 Rea
19137 ACIS-S 18.2 295 16:47:10.20 -45:52:17.00 2017-07-10 Rea
19138 ACIS-S 18.2 86 16:47:10.20 -45:52:17.00 2018-02-24 Rea
20976 ACIS-S 16.39 86 16:47:10.20 -45:52:17.00 2018-02-25 Rea

accreting mass, should be observable with a very deep Chan-356

dra observation.357

– Understanding how stellar winds from massive evolved358

stars can affect the ISM to produce diffuse X-ray emission,359

whether this hot gas could affect star formation throughout360

the region, and whether we can prove ongoing accumulation361

of polluted material in the cluster core.362

Figure 1 shows the contours of the pre-EWOCS and EWOCS363

observations of Westerlund 1 and CXOU J16, plotted over the364

combined Chandra event file and a KS band image of the clus-365

ter and the surrounding area obtained with the FourStar infrared366

camera mounted on the Magellan 6.5 m telescopes.367

3. Chandra observations and data reduction368

The EWOCS survey also includes eight pre-EWOCS observa-369

tions performed with ACIS-S, two of which were pointed at370

Westerlund 1 and six at CXOU J16. These observations were371

conducted between June 2005 and February 2018 (Table 1). Ad-372

ditionally, 36 EWOCS observations were carried out with the373

ACIS-I detector from June 2020 to August 2021. The aim point374

of each ACIS-I observation was adjusted based on the nominal375

roll angle, as indicated in Table 2. This adjustment was crucial to376

for avoiding gaps that cover the cluster core, the pulsar, or some377

of the brightest massive members, while ensuring the cluster re-378

mained within the inner arcminute. By adopting this design, we379

maximized the benefits of the subarcsecond spatial resolution380

and sensitivity in the central part of the ACIS-I detector to ob-381

serve the cluster core, which is highly compact and crowded.382

The total exposure for the pre-EWOCS observations383

is 151.93 ksec, while for the EWOCS observations it is384

967.80 ksec. The exposure times for the individual EWOCS ob-385

servations range from 11.92 ksec (Obs.ID 23272) to 39.55 ksec386

(Obs.ID 22319), with a mean exposure of 26.33 ksec. The387

EWOCS observations span over one year, providing a robust388

baseline for studying the X-ray variability of the brightest389

sources. All EWOCS observations were conducted using the390

ACIS-I detector in imaging mode, utilizing all four chips (I0–I3).391

The observations were performed in the VERY FAINT mode,392

which employs telemetry in 5×5 pixel event islands for im-393

proved background suppression4. When combined with the pre-394

EWOCS observations, the total time baseline exceeds 16 years,395

which is particularly valuable for studying certain sources in the396

cluster, such as the magnetar. Figure 2 displays a composite RGB397

ACIS image of Westerlund 1, where colors represent different398

photon energies (red: soft band, green: medium band, blue: hard399

band). The image shows both the entire EWOCS field and a cen-400

tral region of approximately ∼3′. In the right panel, it is evident401

4 http://cxc.harvard.edu/cal/Acis/Cal_prods/vfbkgrnd/index.html

that the source density is high in the cluster core and it reveals 402

that the majority of faint sources are predominantly hard, likely 403

due to high absorption or since they have been observed during 404

periods of intense magnetic activity such as flares. 405

3.1. Data reduction 406

The Chandra observations were analyzed using the "pre-ACIS 407

Extract workflow" procedure outlined in Townsley et al. (2003) 408

and Broos et al. (2010). This procedure utilizes various tools 409

integrated within the Chandra Interactive Analysis of Obser- 410

vations (CIAO) software (Fruscione et al. 2006). We employed 411

versions 4.13 of CIAO along with the CALDB 4.9.5 calibration 412

files. 413

The L1-to-L2 processing flow aims to generate calibrated 414

Chandra event files from the L1 products provided by the Chan- 415

dra X-Ray Center (CXC). It includes event energy calibration, 416

refinement of event positions, and correction for contamination 417

caused by bad pixels and cosmic-ray afterglow. This workflow 418

utilizes a less aggressive bad pixel table compared to the one 419

produced by CIAO and it incorporates the clean55 algorithm 420

for background reduction. Additionally, cosmic-ray afterglows 421

are removed, and the source point spread function (PSF) is im- 422

proved by disabling the random ±0.25 pixel randomization. The 423

standard grade filter is applied to events, retaining only AS CA 424

grades 0, 2, 3, 4, and 6. However, events are not filtered for the 425

standard status=0 requirement, which may result in the exclu- 426

sion of a significant number of reliable events. 427

Afterglows, which are groups of events appearing at the 428

same location in consecutive CCD frames, can often be 429

mistaken for faint sources. To address this, the CIAO tool 430

acis_detect_afterglow is typically employed to remove af- 431

terglows. This tool applies a relatively aggressive cleaning 432

approach, eliminating several false positives. Another tool, 433

acis_run_hotpix, is less aggressive but it may fail to detect af- 434

terglow series with fewer than ten counts. In this L1-to-L2 pro- 435

cedure, a bifurcated workflow is adopted, where we applied an 436

aggressive cleaning to the files used for source detection and val- 437

idation, and a less aggressive cleaning for the files used in spec- 438

tral analysis. 439

The background light curves were examined to identify and 440

exclude intervals with intense and fluctuating background. This 441

correction was required only for Obs.ID 5411, as the background 442

remained relatively stable throughout the other observations. 443

The astrometry of the event files was corrected in three steps. 444

In the first step, we addressed the offset of each Obs.ID rela- 445

tive to Obs.ID 22319, which is the deepest observation. We uti- 446

lized Wavdetect to identify the brightest sources in each obser- 447

vation and cross-matched their positions with those detected in 448

the Obs.ID 22319 image. Subsequently, we employed the CIAO 449
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Table 2 EWOCS observations
Obs.ID. Exposure Roll Angle RA Dec Date

ksec degrees J2000 J2000
22316 39.55 245 16:46:59.97 -45:51:13.70 2020-10-04
22317 24.75 272 16:47:00.55 -45:51:29.59 2021-08-14
22318 26.72 312 16:47:03.24 -45:51:45.84 2020-06-25
22319 46.45 243 16:46:59.97 -45:51:13.70 2020-10-09
22320 37.58 321 16:47:05.45 -45:51:39.01 2020-06-20
22321 37.58 1 16:47:04.93 -45:51:14.41 2020-06-02
22977 37.57 236 16:46:59.97 -45:51:13.70 2020-10-22
22978 24.75 340 16:47:05.45 -45:51:39.01 2021-06-12
22979 21.79 14 16:47:07.63 -45:51:13.62 2021-05-28
22980 24.75 331 16:47:05.45 -45:51:39.01 2021-06-16
22981 21.85 314 16:47:03.24 -45:51:45.84 2021-06-24
22982 16.85 335 16:47:05.45 -45:51:39.01 2020-06-13
22983 27.72 340 16:47:05.45 -45:51:39.01 2021-06-09
22984 22.61 303 16:47:03.24 -45:51:45.84 2021-07-02
22985 24.75 52 16:47:07.13 -45:50:48.14 2021-05-01
22986 17.67 335 16:47:05.45 -45:51:39.01 2020-06-11
22987 24.75 1 16:47:04.93 -45:51:14.41 2021-06-04
22988 17.85 280 16:47:02.20 -45:51:31.62 2021-07-27
22989 21.79 14 16:47:07.63 -45:51:13.62 2021-05-27
22990 24.75 288 16:47:01.97 -45:51:40.91 2020-07-17
23272 11.92 1 16:47:04.93 -45:51:14.41 2020-06-03
23279 29.69 335 16:47:05.45 -45:51:39.01 2020-06-12
23281 30.49 321 16:47:05.45 -45:51:39.01 2020-06-21
23287 34.61 312 16:47:03.24 -45:51:45.84 2020-06-26
23288 29.18 312 16:47:03.24 -45:51:45.84 2020-06-26
24827 24.75 269 16:47:00.55 -45:51:14.83 2021-08-21
24828 24.75 1 16:47:04.93 -45:51:14.41 2021-06-04
25051 31.66 14 16:47:07.63 -45:51:13.62 2021-05-28
25055 29.68 1 16:47:04.93 -45:51:14.41 2021-06-05
25057 25.25 340 16:47:05.45 -45:51:39.01 2021-06-13
25058 27.22 333 16:47:05.45 -45:51:39.01 2021-06-10
25073 34.62 314 16:47:03.24 -45:51:45.84 2021-06-25
25096 18.14 280 16:47:02.20 -45:51:31.62 2021-07-29
25097 23.59 280 16:47:02.20 -45:51:31.62 2021-07-30
25098 25.43 280 16:47:02.20 -45:51:31.62 2021-08-01
25683 24.74 272 16:47:00.55 -45:51:29.59 2021-08-15

tools wcs_match and wcs_update to update the astrometry for450

each observation. In the second step, which was part of the L1-451

to-L2 workflow, we corrected the astrometry of each event file452

using the Gaia Third Data Release (DR3; Gaia Collaboration453

et al. 2023) astrometric system. This process was repeated as the454

third step, but using the brightest sources from the final list of455

validated sources (Sect. 6).456

Exposure maps were calculated using the standard CIAO457

tools implemented in the pre-ACIS Extract workflow for each ob-458

servation in the broad (0.5–7.9 keV), soft (0.5–1.0 keV), medium459

(1.0–2.0 keV), hard (2.0–7.9 keV), and very hard (4.0–7.9 keV)460

bands, and subsequently combined. The resulting combined ex-461

posure map in the broad band is displayed in Fig. 3, revealing462

a deep and nearly uniform exposure in the central region. This463

region is sufficiently large to encompass both the core of West-464

erlund 1 and a portion of the expected halo of the cluster (as re-465

cently discovered, extended haloes are typically associated with466

stellar clusters; Meingast et al. 2021; Prisinzano et al. 2022).467

4. Source detection 468

The strategy we employed for source detection aims to maximize 469

the depth of the EWOCS catalog, even in the core of Wester- 470

lund 1. This region presents challenges due to source confusion 471

and a bright, irregular background, making the detection of faint 472

sources a complex task (see Figure 4). 473

Source detection is implemented using four different meth- 474

ods: 475

– The wavelet-based algorithm PWDetect (Damiani et al. 476

1997) is applied in the broad, soft, medium, hard, and very 477

hard energy bands. The detection threshold we adopted 478

roughly corresponds to 50 spurious sources. We excluded the 479

outermost regions where the selection resulted in a very large 480

number of false positives, resulting in 2306 detected sources. 481
– The wavelet-based algorithm Wavdetect (Freeman et al. 482

2002) is applied to images in the broad, soft, medium, hard, 483

and very hard energy bands. We set the sigmathreshold pa- 484

rameter equal to 10−4 and used only two small detection 485

scales, resulting in 2509 detected sources. 486
– The maximum likelihood reconstruction method developed 487

by Townsley et al. (2006) is applied in the broad, soft, hard, 488

and very hard energy bands. This algorithm operates over 489
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Fig. 2 RGB images of the whole ACIS-I field (left panel) and the central area (right panel) of the composite Chandra images. Soft
band (0.5-1.0 keV) photons are marked in red, medium band (1.0-2.0 keV) photons in green, and hard band (2-7.9 keV) photons in
blue. The brightest source in the southeast direction is CXOU J16. The two images were smoothed adopting a Gaussian kernel with
a radius of 2 pixels.

Fig. 3 Combined exposure map in the broad band.

small tiles across the observed field, making it more sensitive490

to the spatial variation in the PSF and background and thus491

more capable of detecting faint sources in crowded fields492

(Broos et al. 2010). The reconstructed image is first calcu-493

lated using the Lucy-Richardson algorithm (Lucy 1974), and494

then searched for peaks that identify the positions of point495

sources. This method resulted in 7585 detected sources.496

– A time-resolved deployment of PWDetect, described in more497

details in the following, is performed over segments of498

10 ksec of the observations. This method is aimed at detect-499

ing faint and variable sources that may only be significant500

during specific short time segments in which they were de-501

tected. This method produced a list of 1147 detected sources.502

Figure 5 shows a comparison of the spatial distribution of 503

candidate sources detected using the four methods. In all cases, 504

the cluster appears highly crowded, with the image reconstruc- 505

tion method being the only one capable of detecting a large num- 506

ber of sources in the central region of Westerlund 1, as expected. 507

4.1. Time-resolved PWDetect 508

We devised a simple time-resolved detection method, tailored 509

to faint transient sources such as magnetically flaring low-mass 510

stars. These may remain undetected in the full dataset because 511

of the high background, but may be detected in a shorter time 512

slice that includes the transient emission, thanks to the enhanced 513

source-counts/background contrast. 514

We started by considering 10 ks time slices from each obser- 515

vation segment. Since exposure times are not multiple of 10 ks, 516

the exposure time of the last frame was forced to range between 517

7 ks and 17 ks. Moreover, in order to fully capture transients that 518

would otherwise be split between two frames, we also consid- 519

ered intervals shifted in time by half a frame (5 ks). 520

The 44 EWOCS and pre-EWOCS observations were thus 521

split into 194 frames: 106 were 10 ks long, while the duration 522

of the remaining ones are quite uniformly distributed between 5 523

and 16 ks. For each frame, event lists (and exposure maps) were 524

then extracted in the following five energy bands: 0.5-7.0 keV, 525

4.0-7.0 keV, 0.5-1.2 keV, 1.2-2.0 keV, and 2.0-7.0 keV, resulting 526

in a total of 970 event files. 527

We ran PWDetect twice on each of these 970 event files, 528

once to estimate the background level and thus evaluate the sig- 529

nificance thresholds to obtain the desired number of spurious 530

sources, and once more for the final detection. For the first run 531

we adopted a low significance threshold, 4.9σ, so to detect as 532

many sources as possible, but also resulting in several spurious 533

faint sources. The number of background photons was then esti- 534

mated by subtracting the detected source photons from the total; 535

we then chose the final detection threshold so to yields, on aver- 536

age, 0.1 spurious sources per frame. This was derived from the 537
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Fig. 4 Inner region of Westerlund 1 observed with ACIS (left panel) in the broad band and with HST (right panel) using the F160W
filter. In the ACIS image, source confusion and a high background intensity dominate the cluster core.

appropriate significance versus background curve provided by538

Damiani et al. (1997).539

The final PWDetect runs produced 944 lists of sources5 for540

a total of 14178 sources, most of which are, obviously, repeated541

detections of the same source in multiple frames and/or bands.542

We started cleaning up this large sample by removing ∼1600 ex-543

tended sources, many of which were unresolved detections of544

multiple point sources (extent parameter, as given by PWDetect,545

larger than 2). We then screened for the remaining sources for546

possible cosmic rays afterglow events: for each source we ex-547

tracted photons from a circle with radius twice the "detection548

scale" provided by PWDetect. In 284 cases the arrival times of all549

extracted photons were in subsequent 3.14s-long readout frames,550

and the detection, a likely afterglow artifact was discarded.551

All detection lists were cross-identified and merged in a final552

source list using an iterative procedure: first we cross-identified553

and merged the first two catalogs. The resulting catalog was then554

merged with the third original catalog, and so on for all the 944555

catalogs. Identifications were performed searching the close spa-556

tial coincidences with identification radii of each original de-557

tection taken as the 1σ uncertainties as estimated by PWDetect558

(rounded up to 0.5 arcsec if smaller). The coordinates and uncer-559

tainties or identification radii of merged sources were computed,560

at each step, as the uncertainty-weighted means of the coordi-561

nates/radii of cross-identified sources6 At the end of this process562

we are left with 1262 cross-matched sources.563

Finally, we inspected all the final sources by eye, examin-564

ing individual detections in the original event file, and the po-565

5 For the observations in standard ACIS-I configuration, detection was
performed only on the most on-axis CCD (CCD.ID=7). In 26 cases
PWdetect crashed or no sources were found. We did not investigate
these cases further
6 Since most detections are not independent (they may share the same
photons because of energy band or overlapping time frames), we com-
puted weighted means only among values belonging to independent
groups of positions. Within each group of dependent detections we
chose the coordinates and radii of the source with the smallest posi-
tional uncertainty.

sitions in the Hubble Space Telescope (HST) H-band image 566

(when available, in the field center) and images from the Dig- 567

itized Sky Survey (DSS) and the Two Micron All-Sky Survey 568

(2MASS). Some cross-identifications were adjusted and a num- 569

ber of "sources," which were not merged by the automatic pro- 570

cess above, where merged as they clearly referred to the same 571

star. The final list counts 1147 sources. 572

4.2. The merged list of candidate sources 573

At this stage, we generated a list of candidate sources that in- 574

cludes all the sources detected using the adopted methods. Con- 575

tamination of this list by false positives is expected to be large, 576

but we relied on the source-validation step, described in the next 577

sections, to prune the catalog from these false and not significant 578

sources. 579

The lists generated by the four detection methods were cross- 580

matched by eye. In cases where it was difficult to confidently 581

determine the presence of one or more nearby sources, we left 582

those entries unmatched between the catalogs. Additionally, we 583

included in the input list the following sources that were not de- 584

tected by any of the aforementioned methods: 585

– 446 faint sources from the catalog presented by Townsley 586

et al. (2018), which are likely not detected in EWOCS obser- 587

vations because of the intrinsic variability of young stars; 588

– 21 massive stars of Westerlund 1 from the list published by 589

Clark et al. (2020); 590

– 47 candidate sources added by eye corresponding to the po- 591

sitions of Gaia sources in or nearby the cluster center. 592

The final list of candidate sources, which was used as input 593

for the source validation process in ACIS -Extract (AE), consists 594

of 9420 sources. 595
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Fig. 5 Spatial distribution of candidate sources detected with the four methods (from the top: Pwdetect, Wavdetect, image recon-
struction, and time-resolved Pwdetect). The left panels show the whole ACIS field, those on the right the inner region. Different
colors in the first and second rows mark sources detected at different energy bands.

5. Source extraction, validation, and photometry596

Source validation and photometry were performed using the AE597

software in IDL (Broos et al. 2010)7, which has been success-598

7 http://www.astro.psu.edu/xray/acis/acis_analysis.html

fully employed in previous X-ray surveys including the Chan- 599

dra Carina Complex Project (Townsley et al. 2011), the Mas- 600

sive Young Star-forming Complex Study in Infrared and X-Rays 601
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(MYStIX) survey (Feigelson et al. 2013), the three Massive Star-602

forming Regions Omnibus X-ray Catalog (MOCX) data releases603

(Townsley et al. 2014, 2018, 2019), the Chandra Cygnus OB2604

Legacy Survey (Wright et al. 2014a), and the Star Formation605

In Nearby Clouds (SFiNCs) project (Getman et al. 2017). AE606

enables the extraction and validation of sources across multi-607

ple observations, generating individual source spectra and light608

curves. It utilizes various data analysis software packages includ-609

ing CIAO, MARX (Davis et al. 2012), HEASoft8, and the IDL610

Astronomy User’s Library (Landsman 1993).611

Following the guidelines provided by the authors and avail-612

able on the AE website, we adopted a three-step procedure to613

compile the X-ray EWOCS catalog:614

– Initially, sources were extracted and validated using a param-615

eter defined by AE, which helps distinguish between genuine616

and false sources. This step was repeated iteratively until no617

more false sources were identified and removed (Sect. 5.1).618

– Subsequently, source positions were updated, followed by619

another round of source validation process (Sect. 5.2).620

– Once the catalog reached a stable state, we performed the621

photometric procedure, to extract source events comprehen-622

sively and calculate the primary spectral and temporal prop-623

erties for each source across multiple energy bands (Sect.624

5.3).625

5.1. Source validation626

The AE procedure assesses the local PSF at the given position627

of each source and defines extraction regions based on the 1.5628

keV local PSF, ensuring they do not overlap with neighboring629

sources. In the case of close pairs, the extraction region of the630

fainter source is progressively reduced to prevent overlap until it631

reaches 40% of its original size. Once this threshold is reached,632

if the two extraction regions still overlap, AE further reduces the633

size of the brighter source until the regions no longer overlap. If634

overlap persists even when both extraction regions are reduced635

to 40%, AE either discards the specific observation or automati-636

cally removes the fainter source.637

The local background is determined within an optimized re-638

gion surrounding the source. For isolated sources, this region is639

delimited by an inner radius, which is 1.1 times the radius en-640

compassing 99% of the PSF, and an outer radius large enough to641

collect at least 100 background events not associated with nearby642

sources. AE adjusts the size of the background-extraction region643

to ensure that Poissonian noise contributes no more than 3% to644

the background uncertainty. However, in crowded regions, defin-645

ing a region with 100 events may not be feasible. In such cases,646

AE employs a different calculation that incorporates the contri-647

bution from nearby bright sources and a model accounting for648

the spatial variation of the background.649

Source validation relies on a parameter provided by AE650

called prob_no_source (PB), which represents the probability651

that there is no real source at a given position. In our case, where652

multiple observations of a source are available, AE calculates653

PB based on the extractions with the highest source significance.654

To differentiate between valid and spurious sources, we applied655

a threshold of PB=0.01, consistent with previous studies. Since656

the removal of not valid sources could potentially impact the ex-657

traction region and background of valid sources, the procedure658

is iterated until the catalog reaches convergence and no further659

spurious sources are detected.660

8 https://heasarc.gsfc.nasa.gov/lheasoft

After the first iteration, we conducted a visual inspection of 661

sources flagged by AE as potentially resulting from the hook- 662

shaped feature of the PSF9. This feature can account for up to 663

5% of the source flux and its position is influenced by the roll- 664

angle, making it distinguishable from the actual source only in a 665

few cases where the real source is both on-axis and sufficiently 666

bright. Figure 6 illustrates an example of a source (MOXC2) that 667

was flagged by AE as a potential PSF hook and subsequently 668

removed after visual inspection. 669

Fig. 6 Example of a source (label MOXC2) that was excluded as
a potential product of a PSF hook near a brighter source (label
c10200). The green contours outline the extraction regions of
MOXC2 in all observations, while the red polygons indicate the
locations where the PSF hook may appear in each observation,
depending on the roll-angle.

AE also identifies sources that are expected to suffer from 670

significant pileup10 (which is the loss of information due to dif- 671

ferent incident photons registered as a unique event by the detec- 672

tor). In our case, the only source affected by piled source is the 673

magnetar. 674

5.2. Positions update and visual review 675

For each source, AE calculates three different position estimates. 676

The first estimate is obtained by taking the mean value of the po- 677

sitions of the events associated with the source (mean-data posi- 678

tion). However, this estimate may be inaccurate for large off-axis 679

angles and in cases where there are significant offsets between 680

the true source position and the extraction region (which can 681

happen when the PSF is asymmetric). To obtain a more accurate 682

estimate in these cases, AE correlates the source PSF with the 683

spatial distribution of extracted events (PSF position). This cal- 684

culation takes into account the combination of several Obs.IDs 685

by using the PSF calculated in each observation. Both of these 686

estimates can be influenced by nearby sources. In crowded fields, 687

a third estimate is provided by AE using the reconstructed im- 688

age of the source’s neighborhood. It identifies the position of 689

the closest peak in the reconstructed image. According to AE’s 690

recommendations, the mean-data position is used for on-axis 691

sources, the PSF position is used for off-axis sources, and the 692

image reconstruction position is used for sources in crowded re- 693

gions. The repositioning of sources was performed twice, with 694

each step followed by a new sequence of iterations for source 695

validation, as described in the previous section. 696

Before conducting the visual review of validated sources, 697

the astrometry of both the X-ray sources and the main prod- 698

9 http://cxc.harvard.edu/ciao/caveats/psf_artifact.html
10 http://cxc.harvard.edu/ciao/why/pileup_intro.html
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ucts file was corrected using the Gaia/DR3 astrometric system.699

After this step, and when catalog stability was achieved again,700

we conducted a visual review of specific critical sources, includ-701

ing very faint sources that could affect the size of the extraction702

region of nearby bright sources and suspected afterglows. The703

decisions made during the visual review were guided also by704

the presence of high-probability optical and/or infrared counter-705

parts. After the visual review, a new round of source validation706

was performed.707

5.3. Spectral extraction708

After 21 iterations of the source validation process, the catalog709

reached stability, with a total of 5963 validated X-ray sources.710

The final step involved the extraction of X-ray events and the711

estimation of X-ray properties in 17 energy bands, merging all712

available observations in a consistent manner. In addition, AE713

generates light curves and spectra for each source, although these714

will not be discussed in this paper. AE performs this calcula-715

tion by excluding observations where the sources are observed716

off-axis to improve the overall signal-to-noise ratio. However, in717

our case, this correction was not necessary due to the design of718

our survey. The calculated quantities include source counts, net719

counts, photon flux in photon/cm2/s, and the quartiles of photons720

energy.721

Figure 7 depicts the spatial distribution of the validated722

sources in the merged ACIS event files. In the left panel it is723

evident that there is a high concentration of validated sources to-724

ward the center of the cluster, as well as a significant number of725

sources surrounding the cluster core. This indicates that we have726

detected stars associated with the extended halo of Westerlund 1.727

This will be further investigated in upcoming papers of this se-728

ries, which will focus on source classification and the identifica-729

tion of optical/infrared (OIR) counterparts. The right panel also730

highlights how this survey has pushed to the limits of Chandra in731

resolving individual stars within such a densely populated stel-732

lar cluster with a bright and irregular background. In fact, in the733

actual core of the cluster, where the background is both intense734

and variable, a few tens of sources that were initially included as735

input to AE were subsequently discarded during the validation736

process (see Fig. 8). The limited number of validated sources in737

the central region can be attributed to the intense background,738

and it is likely that many of these discarded sources are indeed739

genuine X-ray sources. Although we did not attempt to recover740

these stars, in future papers of this series their candidate OIR741

counterparts will be analyzed in order to estimate the fraction of742

real sources that we have excluded.743

6. The final catalog744

It is informative to analyze the number of sources detected using745

the various methods we employed and assess how many have746

survived the pruning process. Table 3 presents the total num-747

ber of input sources for each detection method, as well as the748

fraction of these sources within 1′′ and 3′′ of a source in the fi-749

nal catalog (source positions changed during the pruning process750

and thus an exact position match was not possible). The image751

reconstruction method is the only one that experienced signifi-752

cant pruning of the input catalog, as it selects sources that are753

too faint according to the adopted PB threshold. According to754

Table 3, and considering also that the number of sources in the755

input PWDetect list of candidate sources more distant than 3′′756

from any source in the Image reconstruction input catalog is low,757

but not negligible (314, 688 for Wavdetect), it is evident that in758

Table 3 EWOCS sources and detection methods.
Detection method Input N within 1′′ within 3′′

Image reconstruction 7585 0.29 0.30
PWDetect 2306 0.87 0.92
Wavdetect 2509 0.77 0.82

Time resolved PWDetect 1147 0.77 0.82
Massive stars 21 0.34 0.81

Townsley et al. (2018) 446 0.48 0.66
Added by eye 47 0.38 0.95

complex fields like these, deploying different detection methods 759

is crucial for optimizing the number of detected sources. 760

Given the design of the EWOCS survey and the compact 761

nature of Westerlund 1, it is not surprising that the majority 762

of sources are observed at low off-axis angles, as depicted in 763

Fig. 9. Specifically, 63.7% of the sources (3485/5464) are lo- 764

cated within 1 arcminute from the field center, and 87.7% are 765

within 3 arcminutes. Consequently, source positions are gener- 766

ally well-determined, with a median position error of 0.17′′ and 767

a 75% quantile position error of 0.27′′. Position errors are esti- 768

mated from the single-axis standard deviations of the PSF inside 769

the extraction region and the number of counts extracted. This 770

precision is crucial for the search of OIR counterparts and for 771

dynamics studies. 772

As depicted in Fig. 10, the catalog is predominantly com- 773

posed of faint sources. In the broad band, the median value of 774

the net counts is 12.9 counts. There are 607 sources (10.2%) with 775

fewer than 5 net counts and only 69 sources (1.2%) with fewer 776

than 3 counts. It is well known that the sensitivity of ACIS-I de- 777

creases with the off-axis angle. This must be taken in considera- 778

tion when comparing the spatial distribution of X-ray sources de- 779

tected with ACIS-I to those detected with other instruments. Fig. 780

11 illustrates the spatial distributions of EWOCS X-ray sources 781

with fewer than 12.9 net counts and those with more net counts. 782

The former sample exhibits a higher concentration in the center 783

of the field, with only 37 sources having an off-axis angle larger 784

than 7′. This region is considerably large compared to the size of 785

Westerlund 1, so studies based on the spatial distribution of clus- 786

ter members would not be significantly affected by the decline in 787

sensitivity with the off-axis angle. 788

Given the design of the EWOCS observations and the intri- 789

cate procedure we employed for source detection and validation, 790

it is not currently feasible to provide a reliable estimate of cata- 791

log completeness without making strong and unverified assump- 792

tions about cluster properties, its morphology, and both mass and 793

LX distributions. Instead, we prefer to discuss the achieved com- 794

pleteness in future papers of this series, once the identification of 795

OIR counterparts and the determination of true cluster members 796

have been accomplished. In Appendix C, however, we present a 797

simplified analysis of completeness based on different assump- 798

tions regarding cluster morphology, along with simulations con- 799

ducted using the MARX simulator. 800

The distribution of the median photon energy for the 801

EWOCS X-ray sources is shown in Fig. 12. The median value 802

of the distribution is 2.8 keV. In the case of young stellar pop- 803

ulations in clusters with low extinction, the median photon en- 804

ergy serves as a reliable indicator of membership since the coro- 805

nal plasma temperature in young stars is typically higher than 806

in older stars. However, since interstellar absorption is signifi- 807

cant in the direction of Westerlund 1, it becomes challenging to 808

differentiate between the absorbed background population and 809

the young stars within the cluster. However, the secondary peak 810
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Fig. 7 Extraction regions of the validated sources across the entire merged ACIS image (left panel), and extraction regions in the
central area of approximately 3′ in size (right panel).
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Fig. 8 Extraction regions of the validated sources and positions
of the input candidate sources (crosses) within the central 1 ar-
cmin region

Fig. 9 Distribution of the off-axis angles of the EWOCS X-ray
sources.

Fig. 10 Distributions of source net counts in the broad, soft,
medium, hard, and very hard energy bands. The number of
sources with more than 50 counts is indicated in the top-right
corner of each panel.

observed at energies below 2 keV in the Emed distribution could 811

potentially be attributed to a foreground population. Neverthe- 812
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Fig. 11 Spatial distribution of EWOCS X-ray sources, sorted into
two bins based on their net counts in the broad band.

less, the spatial distribution of these soft sources does not dif-813

fer significantly from that of the more energetic sources. Ad-814

ditionally, Fig. 12 includes a comparison between the photon815

median energy distribution of the EWOCS X-ray sources and816

the X-ray catalog published by Townsley et al. (2018) based on817

pre-EWOCS observations, which clearly exhibits a peak below818

2 keV. The evident differences in the two distributions can be819

due to a combination of factors: the presence of a large popula-820

tion of stars associated with Westerlund 1 in the EWOCS catalog821

(which is a factor of ∼5 deeper in X-ray photon flux compared822

to the catalog published by Townsley et al. 2018, considering the823

faintest sources in the two catalogs), as well as the decline in sen-824

sitivity in the soft band of the ACIS detector with the years, and825

the better sensitivity toward soft events of the ACIS-S detector826

compared with ACIS-I.827

Fig. 12 Distribution of the median photon energy in the broad
band for the validated EWOCS X-ray sources (black) and the
catalog published by Townsley et al. (2018), in red.

The catalog also includes a measure of source flux pro-828

vided by AE: the photon flux (Fphotons), which is calculated829

as the ratio of the source net counts to the product of the830

mean effective area and nominal exposure time (thus ex-831

pressed in units of photons cm−2 s−1). A model-independent es-832

timate of the apparent source energy flux can be calculated as833

1.602×10−9×Emed×Fphotons. The coefficient is derived from the834

conversion between keV and erg, as determined by Getman et al.835

(2010).836

In Appendix A, we show ten rows of the X-ray EWOCS cat- 837

alog, which is available in full at the CDS. We have also made 838

the output table produced by AE available on the EWOCS web- 839

site in its original IDL format.11. 840

6.1. Specific sources 841

Not surprisingly, CXOU J16 is the brightest source in the 842

EWOCS X-ray catalog, with a total of 71601±268 net counts 843

collected and a photon flux of 3.45×10−4 photons cm−2 s−1. The 844

source, which is strongly piled-up, is quite isolated and produces 845

a surrounding bright background, with the closest source being 846

at about 8 arcsec. The pulsar will be analyzed in detail in future 847

papers of this project. 848

As explained in Sect. 2, Westerlund 1 hosts a unique en- 849

semble of massive stars caught in different evolutionary stages. 850

Understanding the mechanisms responsible for the emission of 851

X-rays and studying both binarity and the circumstellar environ- 852

ment in these stars is of primary importance for EWOCS. We 853

visually inspected the X-ray counterparts of massive stars pub- 854

lished by Clark et al. (2020) and found 126 coincidences out of 855

the 166 listed massive stars. The results are listed in Table B.1. 856

In the vast majority of cases, there was a clear one-to-one corre- 857

spondence between the sources in the two catalogs. There are a 858

few uncertain cases, which can be easily identified by repeated 859

massive star IDs, EWOCS objects, or large separations. 860

The brightest X-ray massive star in the EWOCS catalog is 861

the SgB[e] star W9 (Clark et al. 2014), with nearly 8000 net 862

counts collected in the broad band. The intense X-ray bright- 863

ness (LX∼3.6×1033 erg/s) and the hardness of the spectrum, as 864

previously reported by Clark et al. (2008), are consistent with 865

the evidence of intense mass loss rate, estimated to be around 866

10−5 M�/yr (Andrews et al. 2019), and strong indications of bi- 867

narity (Ritchie et al. 2022). W9 is the brightest source in the clus- 868

ter also at radio wavelengths (Andrews et al. 2019), millimeter 869

band (Fenech et al. 2018), and it shows very bright mid-IR emis- 870

sion (Clark et al. 1998). 871

In terms of X-ray luminosity, W9 is followed by the post- 872

binary blue straggler W30 (O4-5Ia+ Clark et al. 2019, 2008), for 873

which a putative orbital period of approximately 6.2 days has 874

been identified from a radial velocity series analyzed by Ritchie 875

et al. (2022). We have detected nearly 6000 net counts in the 876

broad band for W30. After W9 and W30, the list of sources with 877

net counts ranging between 190 and 5400 photons includes most 878

of the known WR stars and OB supergiant binary systems. 879

The deep EWOCS observations provide, for the first time, 880

candidate X-ray detections for some normal giant and subgiant 881

stars, such as W50b and W1051. The lack of detection in the 882

pre-EWOCS observations has been explained as a natural conse- 883

quence of the lower intrinsic bolometric luminosity of these stars 884

compared to more evolved massive stars in the cluster (Clark 885

et al. 2019). The detection in the EWOCS observations sup- 886

ports this hypothesis. Faint X-ray counterparts have also been 887

found for the two YHGs W4 and W8 (with 22 and 73 net 888

counts, respectively), whose nature has been recently discussed 889

by Beasor et al. (2023), who classified them as yellow super- 890

giants. Additionally, a faint counterpart has been detected for 891

the BHG W1049 (with 14.1620.4
8.4 net counts). For the first time, 892

faint counterparts have been found for the four O9.5II SB1 stars 893

W1022, W1050, W1056, and W1060, as well as for the B1.5II 894

star W1048. We also confirm the relatively faint (75.7585.7
65.8 net 895

counts) and soft (median photon energy of 1.9 keV) X-ray emis- 896

11 https://westerlund1survey.wordpress.com/
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sion from the SB2 star (B0.5I+OB) W10, as previously reported897

by Clark et al. (2008). Ritchie et al. (2022) attributed the X-ray898

properties of this star to the possibility that the pre-EWOCS ob-899

servations were made at a phase where the wind collision zone900

was weak or obscured. However, given the length of the EWOCS901

observations, it is more likely that these properties are intrinsic902

to the star.903

It is quite interesting that out of the 124 sources in our cata-904

log with more than 100 net counts, 94 do not readily match any905

known massive stars in the cluster. This subset will be studied906

in detail in future works of this series to determine their nature.907

It is intriguing that this sample does not seem to follow the dis-908

tribution of photon energy shown in Fig. 12. In fact, its photon909

median energy distribution exhibits three distinct peaks: one be-910

low 2 keV (which may be dominated by foreground stars), one911

between 2.5 keV and 3 keV (compatible with cluster stars), and912

one between 3.8 keV and 4.3 keV (which could be influenced by913

background sources or flaring low-mass cluster members).914

We also provide a list of positions for the unvalidated can-915

didate X-ray sources on the EWOCS website12. This list will916

be cross-matched with existing optical and infrared catalogs of917

Westerlund 1 to determine the fraction of rejected sources that918

could potentially be true counterparts of cluster members. Like-919

wise, identifying optical and infrared counterparts will enable us920

to assess the level of contamination and the fraction of expected921

spurious sources in the EWOCS X-ray source catalog, as well as922

determine the completeness limit achieved by our survey.923

7. Conclusions924

In this paper, we present the EWOCS project and a new list925

of X-ray sources in the young supermassive star cluster West-926

erlund 1 and its surrounding area. The EWOCS project aims to927

investigate the impact of the starburst environment on the forma-928

tion process of stars and planets, the dispersal of protoplanetary929

disks, and the evolutionary pathway of massive stars.930

Here we present the 1 Msec Chandra/ACIS-I EWOCS ob-931

servations of Westerlund 1, the workflow for data reduction, the932

procedure for source detection and validation, and the spectral933

extraction of the validated sources. Initially, we generated a pre-934

liminary list of 9420 candidate X-ray sources using the image935

reconstruction method, PWDetect, WAVDETECT, and a specific936

deployment of PWDetect focused on identifying flaring stars that937

exhibited a significant signal above the background for a brief938

duration. Additionally, a few sources were manually added or939

obtained from existing catalogs of Westerlund 1 sources. From940

these input sources, we compiled the EWOCS catalog of X-ray941

sources in Westerlund 1 of 5963 sources successfully validated942

using the IDL-based software AE.943

The median value of net counts in the EWOCS X-ray catalog944

is approximately 13 counts, with about 10% of sources having945

fewer than 5 net counts detected in the broad energy band. The946

distribution of the median photon energy of the sources peaks at947

approximately 2.8 keV, with a contribution from unrelated (fore-948

ground and background) sources that is challenging to distin-949

guish from the candidate cluster members. The brightest source950

in the catalog is the magnetar CXO J164710.2-455216, with over951

70000 net counts detected in the broad band. It is followed by952

several massive stars in Westerlund 1, including the SgB[e] star953

W9, the post-binary blue straggler W30, and some WR stars and954

supergiants in binary systems. Out of the 166 known very mas-955

sive stars in Westerlund 1, we have identified a reliable X-ray956

12 https://westerlund1survey.wordpress.com/

counterpart for 126 of them. Additionally, we have made the first 957

detection of an extended and rich halo surrounding the core of 958

Westerlund 1, which will be crucial in assessing the cluster’s true 959

mass content, formation, and evolution. 960
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Appendix A: Extract of the EWOCS X-ray Westerlund 1 sources catalog 1261

Ten rows of the EWOCS catalog of the X-ray sources in Westerlund 1 are shown here. The full catalog is available at the CDS. 1262
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Appendix B: EWOCS X-ray counterparts of the massive stars in Westerlund 1 1263

Table B.1 shows the EWOCS X-ray counterparts of the massive stars in Westerlund 1 listed in Clark et al. (2020). 1264

Table B.1. Known massive stars in the EWOCS X-ray catalog

ID Spectral type Catalog name Cnet,t Fphotons,t Sep.
counts photons cm−2 s−1 arcsec

W9 sgB[e] 164704.13-455031.3 7975.38065.8
7885.7 3.7×10−5 0.2

W30 O4-5Ia 164704.10-455039.2 5930.26008.4
5852.8 2.7×10−5 0.2

W72 WN7b 164708.35-455045.4 5412.85487.5
5338.8 4.5×10−5 0.3

WRB WN7o 164705.36-455104.8 3046.23102.4
2990.6 1.4×10−5 0.1

WRU WN6o 164706.53-455039.1 1996.92042.3
1952.0 9.6×10−6 0.1

W44 WN9h 164704.19-455107.2 1221.91257.6
1186.5 5.6×10−6 0.3

W239 WC9d 164705.20-455225.0 903.2933.7
873.0 6.0×10−6 0.0

W53 OBIa+OBIa 164700.38-455131.8 515.5538.7
492.4 2.5×10−6 1.0

W36 OBIa+OBIa 164705.07-455055.2 514.7538.7
491.0 2.4×10−6 0.4

WRO WN6o 164707.65-455236.0 387.6407.7
367.7 2.5×10−6 0.1

WRN WC9d 164659.91-455525.6 375.2395.2
355.3 2.2×10−6 0.4

W27 O7-8Ia+ 164705.14-455041.4 340.1359.6
320.8 1.5×10−6 0.1

W13 B0.5Ia++OB 164706.44-455026.1 258.0274.7
241.4 1.2×10−6 0.1

WRW WN6h 164707.61-454922.1 243.0259.1
227.1 1.3×10−6 0.3

WRJ WN5h 164702.47-455059.9 233.4249.5
217.5 1.1×10−6 0.1

W14c WN5o 164706.09-455022.4 192.9207.8
178.1 9.2×10−7 0.3

W24 O9Iab 164702.15-455112.6 191.7206.4
177.2 9.3×10−7 0.2

W43c O9Ib 164703.75-455058.5 188.5203.3
173.8 1.0×10−6 0.2

1041 O9.5Iab 164704.45-455109.4 170.4184.8
156.2 7.9×10−7 1.0

WRX WN5o 164714.13-454832.0 154.2167.3
141.3 8.6×10−7 0.3

WRG WN7o 164704.00-455125.1 146.8159.9
133.8 6.8×10−7 0.0

W50b O9III 164701.21-455027.6 136.2148.4
124.1 7.4×10−7 1.0

W38 O9Iab 164702.88-455046.2 118.9130.9
106.9 5.6×10−7 0.3

W37 O9Ib 164706.01-455047.5 118.1130.2
106.1 5.5×10−7 0.1

W35 O9Iab 164704.20-455053.7 110.3122.3
98.5 5.9×10−7 0.2

W25 O9Iab 164705.77-455033.4 108.4120.1
96.9 5.1×10−7 0.1

W232 B0Iab 164701.43-455235.2 104.7115.3
94.1 6.4×10−7 0.4

W6a B0.5Iab 164703.04-455023.7 98.5109.2
87.9 4.6×10−7 0.1

W17 O9Iab 164706.23-455049.3 96.7107.7
85.7 4.8×10−7 0.1

W74 O9.5Iab 164707.07-455013.0 93.7104.0
83.5 4.9×10−7 0.0

W15 O9Ib 164706.62-455029.6 92.1102.5
81.7 4.5×10−7 0.0

W47 O9.5Iab 164702.61-455117.8 89.099.5
78.5 4.4×10−7 0.3

W57c WN7o 164701.59-455145.2 88.998.9
78.9 5.3×10−7 0.2

WRI WN8o 164700.87-455120.6 86.696.6
76.6 4.0×10−7 0.1

WRQ WN6o 164655.54-455134.5 86.696.3
76.9 5.6×10−7 0.4

1027 O9.5Iab 164701.02-455007.0 85.695.5
75.8 4.2×10−7 0.7

1051 O9III 164706.98-454940.1 79.588.9
70.0 4.6×10−7 0.2

1056 O9.5II 164708.69-455101.7 76.385.8
66.9 3.7×10−7 0.6

W10 B0.5I+OB 164703.34-455034.6 75.885.7
65.8 3.5×10−7 0.3

W8a F8Ia+ 164704.83-455025.5 73.783.6
63.9 3.4×10−7 0.8

W1 O9.5Iab 164659.39-455046.7 69.878.8
60.9 3.4×10−7 1.2

WRD WN7o 164706.25-455126.4 69.378.8
59.8 3.1×10−7 0.1

W62a B0.5Ib 164702.52-455138.0 69.178.1
60.0 4.0×10−7 0.2

W65 O9Ib 164703.88-455146.5 67.976.9
58.9 3.7×10−7 0.2

WRV WN8o 164703.79-455038.7 66.875.9
57.8 4.9×10−7 0.1

1037 O9.5II 164702.84-455006.4 64.873.3
56.1 3.2×10−7 0.1

W28 B2Ia 164704.66-455038.5 63.273.3
53.1 2.9×10−7 0.1

W61b O9.5Iab 164702.56-455141.9 61.370.0
52.5 3.1×10−7 0.3

1030 O9.5Iab 164701.67-455258.0 60.168.4
51.9 3.4×10−7 0.3

1040 O9-9.5I-III 164704.59-455008.1 59.968.0
51.7 4.0×10−7 1.0

continued on next page
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ID Spectral type Catalog name Cnet,t Fphotons,t Sep.
counts photons cm−2 s−1 arcsec

1061 O9-9.5III 164709.61-455040.4 59.768.1
51.3 3.1×10−7 1.3

W84 O9.5Ib 164659.03-455028.3 57.064.8
49.1 4.4×10−7 0.1

1064 O9.5Iab 164711.50-455000.0 56.464.5
48.3 2.9×10−7 0.6

W241 WC9 164705.96-455208.3 56.364.3
48.2 3.9×10−7 0.9

1060 O9.5II 164709.19-455048.4 56.264.5
47.8 2.8×10−7 0.1

1036 O9.5Ia 164702.78-455212.7 55.863.8
47.8 3.8×10−7 0.3

1004 OeBe star 164653.44-455300.3 53.961.8
45.9 2.7×10−7 0.8

1058 O9III 164708.89-455124.5 53.761.6
45.8 3.3×10−7 0.1

W56b O9.5Ib 164658.87-455145.9 52.560.1
44.9 4.8×10−7 0.2

W29 O9Ib 164704.40-455039.9 51.559.5
43.5 3.7×10−7 0.1

1023 O9III 164700.14-455110.3 49.757.8
42.0 2.3×10−7 1.0

W53 OBIa+OBIa 164700.55-455132.0 47.656.3
39.4 2.3×10−7 0.7

1034 O9.5Iab 164702.52-455148.3 47.455.3
40.1 2.9×10−7 0.1

1063 O9III 164710.74-454947.8 46.854.6
39.5 2.3×10−7 0.6

1005 B0Iab 164654.28-455154.8 43.851.3
37.0 2.7×10−7 0.4

1047 O9.5II 164706.12-455232.2 43.451.0
36.4 2.9×10−7 0.2

W41 O9Iab 164702.70-455057.1 43.050.8
35.7 2.3×10−7 0.2

1033 O9-9.5I-III 164702.37-455234.2 42.850.1
36.1 2.7×10−7 0.2

1018 O9.5Iab 164658.28-455057.0 41.849.1
35.1 2.5×10−7 0.4

W11 B2 164702.24-455046.8 41.449.2
34.1 1.9×10−7 0.2

1040 O9-9.5I-III 164704.54-455009.0 36.042.8
29.8 2.4×10−7 0.3

1038 O9III 164703.49-454857.1 34.841.9
28.3 1.7×10−7 1.1

1007 O9-9.5III 164654.90-455005.8 34.541.2
28.3 2.1×10−7 0.5

W243 LBV 164707.50-455229.0 33.740.4
27.5 2.4×10−7 0.7

1043 O9.5II-III 164704.56-455059.5 32.339.2
25.8 2.2×10−7 0.2

W86 O9.5Ib 164657.15-455010.0 30.336.5
24.6 1.8×10−7 0.1

W61a B0.5Ia 164702.27-455141.7 28.635.6
22.0 1.5×10−7 0.2

W46b O9.5Ib 164703.67-455120.5 28.536.2
21.4 1.3×10−7 0.9

1066 O9III 164712.60-455055.6 28.334.4
22.8 2.0×10−7 1.2

1050 O9.5II 164706.77-454955.2 26.432.6
20.8 1.3×10−7 0.0

WRH WC9d 164704.23-455120.2 26.333.9
19.3 1.2×10−7 0.1

1029 O9-9.5III 164701.50-454950.1 25.531.6
19.9 1.2×10−7 0.6

W46a B1Ia 164703.90-455119.9 24.532.4
17.2 1.1×10−7 0.4

W21 B0.5Ia 164701.10-455113.7 24.431.0
18.3 1.1×10−7 0.1

W5 WN10/B0.5Ia+WRS 164702.98-455018.5 23.729.7
18.2 1.2×10−7 1.0

1055 B0Ib(+O?) 164707.82-455147.1 23.128.8
17.8 1.9×10−7 1.2

W4 F3Ia+ 164701.54-455037.1 22.328.6
16.6 1.0×10−7 1.3

1065 B0Ib 164711.60-454922.6 22.228.2
16.8 1.1×10−7 0.2

1048 B1.5 164706.28-455104.0 21.426.9
16.5 1.7×10−7 0.3

W34 B0Ia 164704.39-455047.3 21.329.4
13.6 1.0×10−7 0.1

W228b O9Ib 164658.13-455301.2 21.126.5
16.4 1.5×10−7 0.9

1059 O9III? 164709.08-455320.7 21.126.4
16.3 1.4×10−7 0.3

W43c O9Ib 164703.70-455057.7 21.027.0
15.6 2.1×10−7 0.8

1044 O9-9.5III 164705.56-454951.8 19.825.5
14.6 1.0×10−7 0.3

W43b B1Ia 164703.52-455056.6 19.826.8
13.2 1.1×10−7 0.1

1059 O9III? 164709.11-455319.4 18.723.7
14.2 1.4×10−7 1.3

1042 O9.5II 164704.66-455206.8 17.923.3
13.0 1.3×10−7 1.1

W2a B2Ia 164659.77-455051.8 17.322.8
12.3 8.1×10−8 0.9

1024 O9.5Iab 164700.78-455102.0 16.621.9
11.8 8.6×10−8 0.6

W50b O9III 164701.11-455026.6 16.522.0
11.5 8.7×10−8 0.7

W228b O9Ib 164658.02-455301.1 16.321.0
12.0 1.2×10−7 0.3

W243 LBV 164707.62-455228.4 15.921.1
11.4 1.2×10−7 0.7

W1 O9.5Iab 164659.20-455045.4 15.821.2
11.0 7.9×10−8 1.4

W4 F3Ia+ 164701.35-455036.5 15.621.2
10.5 7.4×10−8 0.8

1032 O9-9.5III 164702.32-455017.1 15.320.7
10.4 7.3×10−8 0.7

1016 O9-9.5III 164658.09-455247.1 15.220.2
10.7 8.2×10−8 0.2

continued on next page
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ID Spectral type Catalog name Cnet,t Fphotons,t Sep.
counts photons cm−2 s−1 arcsec

W54 B0.5Iab 164703.14-455131.2 14.720.7
9.30 6.9×10−8 1.2

1014 O9-9.5III 164657.81-455119.3 14.419.3
10.1 8.7×10−8 0.4

1010 O+O? 164655.99-455210.1 14.419.2
10.2 8.7×10−8 0.7

1015 O9III 164657.97-455141.0 14.218.6
10.3 1.5×10−7 0.3

1049 B1-2Ia+ 164706.66-454738.8 14.220.4
8.4 8.5×10−8 0.3

1031 O9III 164701.90-455056.1 14.018.6
9.8 9.9×10−8 0.2

1043 O9.5II-III 164704.63-455059.4 13.118.1
8.6 1.2×10−7 0.7

W23a B2Ia+BI? 164702.56-455108.8 12.919.2
7.1 6.0×10−8 0.1

W63a B0Iab 164703.41-455157.4 12.717.6
8.3 9.0×10−8 0.3

W55 B0Ia 164658.40-455131.1 12.517.0
8.5 8.9×10−8 0.0

1012 O9-9.5III 164656.95-455055.6 12.417.1
8.3 7.1×10−8 0.3

W238 B1Iab 164704.41-455227.7 12.117.1
7.8 7.5×10−8 0.1

1046 O+O? 164705.98-454955.4 11.616.6
7.3 5.6×10−8 1.4

1045 O9.5II 164705.83-455155.1 11.615.8
8.0 1.0×10−7 0.2

W75 M4Ia 164708.96-454958.7 11.616.4
7.3 6.3×10−8 0.4

1021 O9-9.5III 164658.77-455432.0 11.516.8
6.8 6.2×10−8 0.1

1013 O+O? 164657.54-455231.0 11.516.2
7.4 6.4×10−8 0.6

1035 O9-9.5III 164702.67-455151.2 11.316.1
7.1 7.6×10−8 0.4

1046 O+O? 164706.09-454957.7 11.115.9
6.8 5.4×10−8 1.3

1017 O9-9.5III 164658.24-455033.8 10.815.5
6.7 6.0×10−8 0.1

W20 M5Ia 164703.11-455218.9 8.813.3
5.1 5.4×10−8 0.3

1028 O9-9.5 164701.32-455137.5 8.713.6
4.5 4.5×10−8 0.6

1054 O9-9.5 164707.64-455141.1 8.011.7
5.0 8.3×10−8 0.3

W78 B1Ia 164701.48-454957.4 7.812.2
4.0 3.8×10−8 0.6

W373 B0Iab 164657.72-455320.0 7.711.9
4.1 4.6×10−8 0.1

1026 O9-9.5III 164701.01-454948.8 7.011.3
3.3 3.5×10−8 0.5

W71 B2.5Ia 164708.57-455049.8 5.59.4
2.1 4.5×10−8 1.5

1020 O9-9.5+O? 164658.49-455228.4 5.28.5
2.5 3.7×10−8 1.3

1008 O9.5II 164655.45-455154.2 5.18.7
2.1 3.3×10−8 0.1

1062 O+O? 164710.65-455047.2 5.08.7
1.9 3.2×10−8 0.9

1022 O9.5II 164659.88-455025.1 4.68.1
1.6 3.0×10−8 0.5

1045 O9.5II 164705.86-455154.2 4.47.5
2.1 4.8×10−8 0.8

W29 O9Ib 164704.47-455039.5 4.37.8
1.4 4.8×10−8 0.7

1265
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Appendix C: Estimate of catalog completeness1266

The resulting completeness of our survey depends not only on1267

the total exposure, but also on source crowding and the bright1268

and irregular background. A full understanding of completeness1269

will only be possible after the identification and classification1270

of the OIR counterparts of the X-ray sources in order to distin-1271

guish between cluster members and sources in the foreground1272

and background. However, we conducted some simple simula-1273

tions using MARX, which, despite being based on strong as-1274

sumptions, can provide some hints about completeness.1275

In order to simulate the cluster population, since the true1276

shape of the IMF of Westerlund 1 is still a subject of debate,1277

particularly in the low-mass regime, we made the assumption1278

that the cluster IMF follows the law proposed by Kroupa (2001),1279

which is applicable to most known young stellar clusters. We1280

understand that the starburst environment can influence the dis-1281

tribution of stellar masses, leading to different mass functions.1282

However, at this level of approximation, this is considered a sec-1283

ondary effect. To accommodate the compact morphology of the1284

cluster, we assumed that cluster members are distributed accord-1285

ing to a Gaussian function with a full width at half maximum1286

of 4 arcminutes. Therefore, we did not account for the asym-1287

metric morphology of Westerlund 1, as suggested by previous1288

authors (e.g., Gennaro et al. 2011). Additionally, we assumed1289

a total cluster mass of 45000 solar masses, encompassing stars1290

with masses as low as 0.08 solar masses.1291

To convert the mass distribution into an LX distribution, we1292

utilized the LX versus mass distribution derived from the Chan-1293

dra Orion Ultradeep Project (COUP) conducted in the Orion1294

Nebula Cluster (Preibisch & Feigelson 2005), accounting for its1295

observed spread. We chose this distribution because the COUP1296

survey provides the most complete X-ray observation of a young1297

stellar cluster. However, it should be noted that this distribution1298

may not accurately represent the population of Westerlund 1 due1299

to differences in age and the presence of a distinct massive stel-1300

lar population in this cluster. To account for this massive stellar1301

population, we simply added the massive sources identified by1302

Clark et al. (2005) with their corresponding measured LX values1303

to the simulated cluster population. Additionally, we normalized1304

the COUP LX versus mass distribution to account for the de-1305

cline in stellar X-ray luminosity with age (Preibisch & Feigelson1306

2005), and we used the specified values for cluster distance and1307

absorption to convert luminosity into flux.1308

We simulated a 1 Msec ACIS-I observation of this fake1309

cluster, taking into account instrumental background13, and per-1310

formed source detection using Wavdetect (thus not accounting1311

for the source validation procedure we adopted with AE). By1312

comparing the input and output lists of sources, we determined1313

that the completeness in the 0.8-2 solar mass range is approx-1314

imately 40% within the central 4 arcminute region, decreasing1315

by approximately 10% in the inner 1 arcminute region. For more1316

massive stars, the estimated completeness is around 85% regard-1317

less of the distance from the cluster center. It is important to note1318

that this is a preliminary estimation of the completeness of the1319

EWOCS X-ray catalog, which will be further validated through1320

the identification of OIR counterparts and source classification.1321

13 https://cxc.harvard.edu/cal/Acis/detailed_info.html
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