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ABSTRACT

Context. With a mass exceeding several 10* My, 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 x 1078 photonscm™ s~!. 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. Introduction

The star formation rate and the properties of the most common
star-forming environments in galaxies vary over time. When
considering cosmological timescales, the star formation rate is
known to reach its peak at approximately z~2-3 and then grad-
ually decline (e.g., Hopkins & Beacom 2006; Dunlop 2011;
Madau & Dickinson 2014). In the local Universe, mergers play
a dominant role in shaping the star formation process in galaxies
(Rieke & Rujopakarn 2011) as they influence the overall prop-
erties of the interstellar medium. Such interactions happen fre-
quently, and various studies have demonstrated that interacting
galaxies undergo periods of intense star formation (e.g., Larson
& Tinsley 1978; Smith & Struck 2010) because of the consid-
erable impact interactions have on the stars formation process,
for instance from the enhancement of the star cluster formation
rate due to close encounters (e.g. in the Magellanic Clouds) and
the ram pressure stripping enhancing star formation (e.g., jel-
lyfish galaxies). Noticeable examples are the nearby interacting

* 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-
tion taking place in very massive young clusters with masses
reaching several times 10° My, (known as super star clusters;
de Grijs et al. 2001, 2003b,a). Generally, these highly massive
star clusters constitute the dominant star-forming environments
in starburst galaxies and are likely prevalent during the peak era
of cosmic star formation (e.g., Figer 2008; Adamo et al. 2020).

In the Milky Way, current estimates of the star forming heav-
ily rely on the methods employed. For example, Robitaille &
Whitney (2010) derived a range of 0.68-1.45 Mg yr~! based
on the population of young stellar objects identified in the
Spitzer/IRAC survey of the Galactic plane GLIMPSE (Benjamin
et al. 2003). On the other hand, Licquia & Newman (2015) ap-
plied a hierarchical Bayesian statistical method to previous anal-
yses and determined a star formation rate of about 1.6 Mg/yr. For
comparison, recent estimates of the star formation rate in M51
range from 4.8 Mg yr~! (from a 158um map of the galaxy Pineda
etal. 2018) to 2.7 Mg, yr~! (from combined UV+optical spectral
energy distribution fitting; Eufrasio et al. 2017), while in M82
star formation rates of 2-4 M, yr~! were observed (de Grijs et al.
2001). Nevertheless, all these studies indicate that our Galaxy
does not currently have a high star formation rate. Consequently,
it is not surprising that the Milky Way lacks a prominent popu-
lation of super star clusters with masses exceeding 10* M. In
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order of distance from the Sun, the most massive clusters known
are Westerlund 1 (2.6-5 kpc; Aghakhanloo et al. 2020, Clark
et al. 2005), Westerlund 2 (~4.2 kpc; Vargas Alvarez et al. 2013),
NGC 3603 (7.6 kpc; Melena et al. 2008), the Arches and Quin-
tuplet clusters (both at ~8.5 kpc; Figer et al. 2002, Figer et al.
1999), Mercer 81 (11 kpc; Davies et al. 2012), and Mercer 30
(12 kpc; de la Fuente et al. 2016). Similar regions in terms of
mass, but with with a low stellar density, are the Cygnus OB2 as-
sociation (1.4 kpc; Rygl et al. 2012) and the W3 complex (about
2 kpc; Hachisuka et al. 2006). Slightly older supermassive star
clusters (10-20 Myrs) are found in the Scutum-Crux arm (about
6 kpc from the Sun; Figer et al. 2006; Davies et al. 2007; Clark
et al. 2009). Despite their limited number, these super star clus-
ters hold significant importance as they enable the study of star
and planet formation, as well as early stellar evolution, in a star-
forming environment that was characteristic of epochs when the
Milky Way had higher rates of star formation than today and
most of the field stars in our Galaxy formed.

In this paper we present the Extended Westerlund 1 and 2
Open Clusters Survey (EWOCS) project, which is focused on
studying star and planet formation and early stellar evolution
in compact starbursts, using Westerlund 1 and 2 as first science
cases. In particular, this paper focuses on the catalog of X-ray
sources detected in the deep Chandra observations of Wester-
lund 1. The paper is organized as follows: We present Wester-
lund 1 and the EWOCS project in Sect. 2. The EWOCS observa-
tions are described in Sect. 3, the procedure for source detection
is described in Sect. 4 and that of source validation and extrac-
tion in Sect. 5. The final catalog of the X-ray sources in Wester-
lund 1 is described in Sect. 6.

2. Westerlund 1 and the EWOCS project

Westerlund 1 is located at RAj000=16h47m04s and dec.jyg00=-
45°51’05", corresponding to Galactic coordinates 1=339.55° and
b=-00.40°. The cluster was discovered by Westerlund (1961)
through observations made with the 26-inch Uppsala-Schmidt
telescope at Mt. Stromlo Observatory in Australia. From these
initial observations, it became evident that Westerlund 1 is a very
massive cluster. Today, it is considered to be the most massive
young cluster known within the Milky Way, with mass estimates
ranging from approximately 5x10* Mg, to over 103 My, (Clark
et al. 2005; Brandner et al. 2008; Gennaro et al. 2011; Lim et al.
2013; Andersen et al. 2017).

Despite over 60 years of studies and observations of West-
erlund 1, the tension regarding the parameters of this distinctive
cluster remains unresolved. This is primarily due to its compact
nature and the significant extinction that has long hindered the
ability to resolve its low-mass stars.

The distance to the cluster has been a subject of long-
standing debate. The initial estimate by Westerlund (1961) was
of 1.4kpc. However, the same authors later presented a more
distant estimate of 5 kpc based on photographic observations in
the VRI bands (Westerlund 1968). The first study utilizing CCD
imaging of the cluster (Piatti et al. 1998) reported a distance es-
timate of 1.0+0.4 kpc. However, this estimate was based on the
incorrect assumption that all cluster members were on the main
sequence.

Several authors have made distance estimates for Wester-
lund 1 based on the analysis of its rich population of massive
stars. For example, Clark et al. (2005) based their estimate on
six yellow hypergiants (YHGs), assuming that these stars have
the standard luminosity for this class of objects (log(L/Ly)~5.7;
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Smith et al. 2004), and adopting an extinction of Ay=11", re-
sulting in a distance range between 2 kpc and 5.5 kpc. A similar
value was found by Crowther et al. (2006) through infrared anal-
ysis of WN and WC stars. Koumpia & Bonanos (2012) derived
a distance of 3.7+0.6 kpc from the analysis of the dynamics and
geometry of the eclipsing binary W13. By comparing the clus-
ter locus in color-magnitude diagrams with suitable isochrones,
Brandner et al. (2008) determined a distance of 3.55+0.17 kpc,
while Gennaro et al. (2011) found a distance of 4.0+0.2 kpc,
and Lim et al. (2013) reported a distance of about 3.8 kpc. An
independent estimate (3.9+0.7 kpc) was provided by Kothes &
Dougherty (2007) using the radial velocity of HI clouds in the di-
rection of the cluster, assuming they were physically connected
to Westerlund 1.

More recently, Gaia data have been extensively utilized to
measure the distances of star clusters, providing precise val-
ues up to distances of about 1 kpc (Gaia Collaboration et al.
2016). However, for more distant clusters, careful analysis and
assumptions are required to obtain reliable distance measure-
ments. Consequently, it is not surprising that different estimates
of the distance to Westerlund 1 have emerged from authors who
have analyzed Gaia data. Aghakhanloo et al. (2020) conducted
a Bayesian analysis of Gaia data along the line of sight to West-

erlund 1 and obtained a mean cluster parallax of 0.35%007 mas,

which corresponds to a distance of 2.6f8:f; kpc and is in tension
with the previous estimate of approximately 0.19 mas provided
by Clark et al. (2020). Focusing on known members of West-
erlund 1, Davies & Beasor (2019) found a distance of 3.9:1):(6)4
kpc. More recently, Negueruela et al. (2022) carried out a de-
tailed determination of candidate members in Westerlund 1 us-
ing Gaia Early Third Data Release (EDR3; van Leeuwen et al.
2021) data and obtained a distance of 4.23:’8'%? kpc, suggesting
that the cluster is located in the Norma arm. A similar estimate
from the Gaia/EDR3 was obtained by Navarete et al. (2022).

Given the uncertainty surrounding the distance to Wester-
lund 1, it is not surprising that estimates of the cluster’s age
provided by different authors also vary significantly. Age esti-
mates in the range of 3.2 to 5 million years have been derived
using isochrone fitting on the high-mass sequence and argu-
ments based on the diverse population of massive stars, includ-
ing Wolf-Rayet (WR) stars, YHGs, and red supergiants (RSGs;
Clark et al. 2005; Crowther et al. 2006; Brandner et al. 2008;
Ritchie et al. 2010; Gennaro et al. 2011; Koumpia & Bonanos
2012; Kudryavtseva et al. 2012; Mackey et al. 2015). These au-
thors found a relatively narrow age spread, with an upper limit
of 0.4 million years indicating that Westerlund 1 likely formed
in a single burst of star formation (Kudryavtseva et al. 2012).
However, some of these estimates are based on arguments that
strictly apply to single stars, whereas it is known that the bi-
nary fraction among the massive members of Westerlund 1 is
very high (Crowther et al. 2006). More recent studies suggest
a more complex star formation history and a slightly older age
(Aghakhanloo et al. 2020; Beasor et al. 2021; Navarete et al.
2022; Negueruela et al. 2022). In particular, arguments based on
spectral energy distribution fitting and the luminosity of individ-
ual RSGs support an age estimate exceeding 10 Myrs (Beasor
et al. 2021; Navarete et al. 2022), although this estimate is in
tension with other properties of the cluster.

There is a general consensus in the literature regarding other
important properties of Westerlund 1, including its high extinc-
tion, large mass, and notably, its impressive population of mas-
sive stars. The significant extinction toward Westerlund 1 has
been acknowledged since the initial publication on this cluster,
where an approximate visual extinction of Ay~12" has been
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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 K's band obtained with the FourStar infrared camera mounted on the Magellan 6.5 m telescopes

(right panel).

found (Westerlund 1961). Subsequent estimates range from 10”
to 13™ of visual extinction (Negueruela et al. 2010; Lim et al.
2013; Damineli et al. 2016). There is some disagreement regard-
ing the extinction law in the direction of Westerlund 1: While ac-
cording to Negueruela et al. (2010) it follows the standard law in
the VRI bands, Lim et al. (2013) and Damineli et al. (2016) sug-
gested a steeper extinction law in the near-IR (Ry=2.50+0.04).

The most remarkable characteristic of Westerlund 1 is its
large population of massive stars (Clark et al. 2005; Ritchie et al.
2009; Clark et al. 2020), which includes 24 WR stars (Clark
& Negueruela 2002; Negueruela & Clark 2005; Skinner et al.
2006; Groh et al. 2006; Crowther et al. 2006), the luminous
blue variable (LBV) Wd1-243 (Clark & Negueruela 2004), ten
YHGs with spectral classes ranging from ASIa™ to F8Ia* (Clark
et al. 2005)!, two blue stragglers (Clark et al. 2019), four RSGs
(Wright et al. 2014b), seven blue hypergiants (BHGs), and over
100 bright OB supergiants dominated by spectral classes 09-B1
(Negueruela et al. 2010). Most of these sources are concentrated
in the inner region of the cluster, spanning approximately 1 ar-
cminute, with only a few more isolated massive stars, such as
WR77.

In particular, Westerlund 1 hosts examples of every known
transitional evolutionary phase between H-rich OB supergiants
and H-depleted WR stars. This makes the cluster a unique tar-
get for studying massive stars and, specifically, for understand-
ing how binarity and mass loss impact the evolutionary paths of
these stars and how the initial stellar masses are linked to the
types of compact objects that form at the end of their evolution.
Winds and mass loss in these stars have been extensively studied
with radio and millimeter-continuum observations, which have
detected individual bright sources, such as W9, surrounded by
extended nebulae, providing evidence of intense mass loss in
the past (up to several 10~ Mg, per year, Dougherty et al. 2010;
Fenech et al. 2018; Andrews et al. 2019). These short-lived and

! 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
diversity of evolved massive stars in Westerlund 1.

Westerlund 1 is rich in binary systems. A high binary frac-
tion has been identified in massive stars through spectroscopic
(Ritchie et al. 2022), radio (Dougherty et al. 2010), infrared
(Crowther et al. 2006), and X-ray (Skinner et al. 2006; Clark
et al. 2008, 2019) observations. For instance, the WR popula-
tion of Westerlund 1 has an estimated binary fraction of at least
70% (Crowther et al. 2006; Clark et al. 2008). Isolated stars are
primarily found among the mid-B to F hypergiants, with the ex-
ception of the LBV star W243, whose binarity is supported by
interferometric (Clark et al. 2019), X-ray (Mahy et al. 2022), and
spectroscopic (Ritchie et al. 2009) observations.

This harsh environment is expected to have effects on the star
formation process, the evolution and dispersal of protoplanetary
disks, and the formation and early evolution of planets and their
atmospheres. While no studies to date have been able to iden-
tify the population of protoplanetary disks in Westerlund 1 and
explore the feedback provided by the starburst environment on
their evolution and dispersal, several authors have attempted to
quantify the cluster’s initial mass function (IMF) to investigate
possible deviations from the universal law. An IMF consistent
with the Salpeter (1955) law has been found by Brandner et al.
(2008) in the 3.4-27 M, range, by Gennaro et al. (2011) extrap-
olated in the 0.5-120 Mg, range, and Andersen et al. (2017) down
to 0.15 Mg, in the outer cluster, while a shallower IMF slope was
found by Lim et al. (2013), integrated in the 0.08-85 M, range.

2.1. Previous X-ray observations

X-ray observations of young clusters provide valuable diagnos-
tics for selecting pre-main-sequence (PMS) stars independently
of the presence of circumstellar disks (e.g., Montmerle 1996),
down to low stellar masses (e.g., Getman et al. 2005; Barrado
et al. 2011). Additionally, in a cluster rich in massive stars with
a very compact configuration, X-ray observations can reveal a
plethora of processes and physical mechanisms that play an im-
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portant role in the evolution of massive stars (Seward et al. 1979;
Berghoefer et al. 1996). It is also worth mentioning that only the
Chandra X-Ray Observatory (Weisskopf et al. 2002) can cur-
rently provide the high spatial resolution required to resolve in-
dividual X-ray faint sources in a crowded cluster like Wester-
lund 1. Given the designs of future X-ray missions currently in
development, such observations will likely be challenging for
quite some time after the Chandra era.

Both Chandra and XMM have been used in the past to
observe Westerlund 1. The initial observations performed with
Chandra reached a depth of approximately 58 ksec (P.I. Skin-
ner) and resolved numerous X-ray sources (Skinner et al. 2006;
Muno et al. 2006; Clark et al. 2008). Skinner et al. (2006) fo-
cused on the WR stars and their spectral properties, detecting 12
out of 24 known stars and finding strong evidence for the ex-
istence of very hot plasma in the circumstellar environment in
the two brightest objects (W72/A and WRB), strongly suggest-
ing the presence of a colliding winds in these binary systems;
Muno et al. (2006) studied the diffuse X-ray emission and its
dominating hard spectral component, which was later confirmed
by Kavanagh et al. (2011) from 48 ksec XMM/Newton obser-
vations. These authors detected a strong Fe 6.7 keV line in the
diffuse emission spectrum, indicating its thermal nature. Clark
et al. (2008) found that 46 known high-mass members of West-
erlund 1 were detected in X-rays, and they supposed that the
remaining ~60 X-ray sources detected in these images are likely
PMS stars with masses <1.5 Mg,

Since its discovery by Muno et al. (2006), the magnetar CXO
J164710.2-455216 (CXOU J16) in Westerlund 1 — the bright-
est X-ray source in the cluster — has garnered significant at-
tention. Dedicated observations using XMM-Newton and Chan-
dra/ACIS-S have accumulated a total exposure of 273.14 ksec
(P.Ls Israel, Muno and Schartel) and 94.65 ksec (P.I.s Israel and
Rea), respectively. A typical property of this class of pulsars
is their frequent bursts and recurrent outbursts. In fact, three
distinct outbursts from CXOU J16 have been observed in the
past 17 years (Borghese et al. 2019). The first one occurred
in September 2006 and was triggered by a short burst that re-
leased an energy of approximately 10°°erg in the 15-150 keV
band (Krimm et al. 2006). It was followed by a second outburst
in September 2011 (Israel et al. 2011), during which the pul-
sar exhibited a peculiar behavior: The pulse profile evolved from
a single peak in the pre-outburst phase to an energy-dependent
tri-peaked profile post-outburst. The overall spectrum evolved
from a single blackbody to a more complex shape that was well
modeled by including an additional hotter blackbody compo-
nent. The most recent outburst was again triggered by a short
burst detected by the Swift Burst Alert Telescope in May 2017
(D’Ai et al. 2017). During these intense outburst activities, the
magnetic field strength was estimated to range from 7x10'* G
(a value typical for low-field magnetars, Perna & Pons 2011) to
~10' G (An et al. 2013; Israel et al. 2007).

2.2. The EWOCS project

The pre-EWOCS Chandra observations of Westerlund 1 have
been analyzed by Townsley et al. (2018) in the framework of the
Second Installment of the Massive Star-forming Regions Om-
nibus X-ray Catalog (MOXC2), identifying 1721 X-ray sources.
This work has confirmed that Westerlund 1 is rich in X-ray bright
sources, even though its low-mass stellar content remained unde-
tected in the pre-EWOCS observations. According to these au-
thors, the X-ray luminosity limit in the broad band where half of
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the brighter population is detected was log(Lx)=30.69, with Lx
in erg/s, corresponding to a 1.5 M, star?.

The need to unveil the low-mass population of Westerlund 1
has motivated the 1 Msec observation of Westerlund 1 (P.I. Guar-
cello) with the Chandra Advanced CCD Imaging Spectrometer
(ACIS-I, Garmire et al. 2003), which, together with a 18.9 hours
Cycle 1 JWST/MIRI and NIRCam observation (program ID
1905, P.I. Guarcello) and a 48 ksec NICER observation (P.I.
Borghese) of CXOU J16, constitutes the set of new observations
of the EWOCS project’. The main objective of EWOCS is to use
Westerlund 1 and 2 as a test cases for understanding how star and
planet formation, early stellar evolution, and the production of
compact objects occur in a starburst environment. Specifically,
the project aims to achieve the following objectives:

— Unveil the low-mass stellar population of Westerlund 1 and
2, both in their core and halo. X-ray observations are ex-
pected to be critically important for selecting cluster mem-
bers in the halo, where contamination from background and
foreground sources could affect membership determination
based on photometric data.

— Determine the actual stellar content of the clusters, down to
the low-mass regime, mainly thanks to the JWST observa-
tions; calculate their IMF down to the brown dwarf regime,
and understand whether the starburst environment impact the
formation of low-mass and very-low mass stars.

— Study the clusters properties, particularly age, age spread,
morphology and dynamics. The project aims to understand
whether the clusters formed in a single burst of star formation
or through a process spanning several million years, as well
as how and if they will disperse.

— Identify the disk-bearing population of the clusters, mainly
though the JWST observations. Combining this with the de-
tection of disk-less stars from the Chandra/ACIS-I observa-
tions and modeling of disks dispersal, we will finally assess
how disks evolve and how planet formation proceeds in a
starburst environment.

— If planets can form, understand how they evolve while im-
mersed in such an environment characterized by high local
fluxes of UV and X-ray radiation and relativistic particles.

— Study how binarity and mass-loss affect the evolution of the
massive stars in the clusters, and how their initial mass is
mapped into the type of compact objects formed at the end
of their evolution.

— Determine whether binarity across stellar masses is different
in a starburst environment.

— Study for the first time the status of CXOU J16 far from
bursts, which will allow us to estimate the intrinsic properties
of the pulsar.

— Search for the expected population of compact objects that
have been suggested to exist in Westerlund 1, since, under
specific assumptions, up to ~65 core-collapse supernovae
could have already occurred in the cluster (Muno et al. 2006;
Brandner et al. 2008). Besides, Westerlund 1 is one of the
few known star clusters meeting the properties required for
the formation of intermediate mass black holes from run-
away coalescence (Portegies Zwart et al. 2004). As estimated
by Clark et al. (2008), such objects, if present and if currently

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=2.7keV and abundance 0.4xZ, which are typical values for a PMS
star (Preibisch et al. 2005).

3 https://Westerlund 1survey.wordpress.com/
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Table 1 Pre-EWOCS observations of Westerlund 1.

Obs.ID. | Instrument | Exposure | Roll Angle RA Dec Date PIL
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-
dra observation.

— Understanding how stellar winds from massive evolved
stars can affect the ISM to produce diffuse X-ray emission,
whether this hot gas could affect star formation throughout
the region, and whether we can prove ongoing accumulation
of polluted material in the cluster core.

Figure 1 shows the contours of the pre-EWOCS and EWOCS
observations of Westerlund 1 and CXOU J16, plotted over the
combined Chandra event file and a Ky band image of the clus-
ter and the surrounding area obtained with the FourStar infrared
camera mounted on the Magellan 6.5 m telescopes.

3. Chandra observations and data reduction

The EWOCS survey also includes eight pre-EWOCS observa-
tions performed with ACIS-S, two of which were pointed at
Westerlund 1 and six at CXOU J16. These observations were
conducted between June 2005 and February 2018 (Table 1). Ad-
ditionally, 36 EWOCS observations were carried out with the
ACIS-I detector from June 2020 to August 2021. The aim point
of each ACIS-I observation was adjusted based on the nominal
roll angle, as indicated in Table 2. This adjustment was crucial to
for avoiding gaps that cover the cluster core, the pulsar, or some
of the brightest massive members, while ensuring the cluster re-
mained within the inner arcminute. By adopting this design, we
maximized the benefits of the subarcsecond spatial resolution
and sensitivity in the central part of the ACIS-I detector to ob-
serve the cluster core, which is highly compact and crowded.
The total exposure for the pre-EWOCS observations
is 151.93ksec, while for the EWOCS observations it is
967.80 ksec. The exposure times for the individual EWOCS ob-
servations range from 11.92 ksec (Obs.ID 23272) to 39.55 ksec
(Obs.ID 22319), with a mean exposure of 26.33ksec. The
EWOCS observations span over one year, providing a robust
baseline for studying the X-ray variability of the brightest
sources. All EWOCS observations were conducted using the
ACIS-I detector in imaging mode, utilizing all four chips (I0-13).
The observations were performed in the VERY FAINT mode,
which employs telemetry in 5x5 pixel event islands for im-
proved background suppression*. When combined with the pre-
EWOCS observations, the total time baseline exceeds 16 years,
which is particularly valuable for studying certain sources in the
cluster, such as the magnetar. Figure 2 displays a composite RGB
ACIS image of Westerlund 1, where colors represent different
photon energies (red: soft band, green: medium band, blue: hard
band). The image shows both the entire EWOCS field and a cen-
tral region of approximately ~3’. In the right panel, it is evident

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
that the majority of faint sources are predominantly hard, likely
due to high absorption or since they have been observed during
periods of intense magnetic activity such as flares.

3.1. Data reduction

The Chandra observations were analyzed using the "pre-ACIS
Extract workflow" procedure outlined in Townsley et al. (2003)
and Broos et al. (2010). This procedure utilizes various tools
integrated within the Chandra Interactive Analysis of Obser-
vations (CIAO) software (Fruscione et al. 2006). We employed
versions 4.13 of CIAO along with the CALDB 4.9.5 calibration
files.

The L1-to-L2 processing flow aims to generate calibrated
Chandra event files from the L1 products provided by the Chan-
dra X-Ray Center (CXC). It includes event energy calibration,
refinement of event positions, and correction for contamination
caused by bad pixels and cosmic-ray afterglow. This workflow
utilizes a less aggressive bad pixel table compared to the one
produced by CIAO and it incorporates the clean55 algorithm
for background reduction. Additionally, cosmic-ray afterglows
are removed, and the source point spread function (PSF) is im-
proved by disabling the random +0.25 pixel randomization. The
standard grade filter is applied to events, retaining only AS CA
grades 0, 2, 3, 4, and 6. However, events are not filtered for the
standard status=0 requirement, which may result in the exclu-
sion of a significant number of reliable events.

Afterglows, which are groups of events appearing at the
same location in consecutive CCD frames, can often be
mistaken for faint sources. To address this, the CIAO tool
acis_detect_afterglow is typically employed to remove af-
terglows. This tool applies a relatively aggressive cleaning
approach, eliminating several false positives. Another tool,
acis_run_hotpix, is less aggressive but it may fail to detect af-
terglow series with fewer than ten counts. In this L1-to-L2 pro-
cedure, a bifurcated workflow is adopted, where we applied an
aggressive cleaning to the files used for source detection and val-
idation, and a less aggressive cleaning for the files used in spec-
tral analysis.

The background light curves were examined to identify and
exclude intervals with intense and fluctuating background. This
correction was required only for Obs.ID 5411, as the background
remained relatively stable throughout the other observations.

The astrometry of the event files was corrected in three steps.
In the first step, we addressed the offset of each Obs.ID rela-
tive to Obs.ID 22319, which is the deepest observation. We uti-
lized Wavdetect to identify the brightest sources in each obser-
vation and cross-matched their positions with those detected in
the Obs.ID 22319 image. Subsequently, we employed the CIAO
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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 wes_match and wes_update to update the astrometry for
each observation. In the second step, which was part of the L1-
to-L2 workflow, we corrected the astrometry of each event file
using the Gaia Third Data Release (DR3; Gaia Collaboration
et al. 2023) astrometric system. This process was repeated as the
third step, but using the brightest sources from the final list of
validated sources (Sect. 6).

Exposure maps were calculated using the standard CIAO
tools implemented in the pre-ACIS Extract workflow for each ob-
servation in the broad (0.5-7.9 keV), soft (0.5-1.0keV), medium
(1.0-2.0keV), hard (2.0-7.9keV), and very hard (4.0-7.9keV)
bands, and subsequently combined. The resulting combined ex-
posure map in the broad band is displayed in Fig. 3, revealing
a deep and nearly uniform exposure in the central region. This
region is sufficiently large to encompass both the core of West-
erlund 1 and a portion of the expected halo of the cluster (as re-
cently discovered, extended haloes are typically associated with
stellar clusters; Meingast et al. 2021; Prisinzano et al. 2022).
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4. Source detection

The strategy we employed for source detection aims to maximize
the depth of the EWOCS catalog, even in the core of Wester-
lund 1. This region presents challenges due to source confusion
and a bright, irregular background, making the detection of faint
sources a complex task (see Figure 4).

Source detection is implemented using four different meth-
ods:

— The wavelet-based algorithm PWDetect (Damiani et al.
1997) is applied in the broad, soft, medium, hard, and very
hard energy bands. The detection threshold we adopted
roughly corresponds to 50 spurious sources. We excluded the
outermost regions where the selection resulted in a very large
number of false positives, resulting in 2306 detected sources.

— The wavelet-based algorithm Wavdetect (Freeman et al.
2002) is applied to images in the broad, soft, medium, hard,
and very hard energy bands. We set the sigmathreshold pa-
rameter equal to 10™* and used only two small detection
scales, resulting in 2509 detected sources.

— The maximum likelihood reconstruction method developed
by Townsley et al. (2006) is applied in the broad, soft, hard,
and very hard energy bands. This algorithm operates over
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44:00.0

16:47:00.0

49:00.0

54:00.0 50,0 16:47:00.0

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 (0.5-1.0keV) 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

aradius of 2 pixels.

Fig. 3 Combined exposure map in the broad band.

small tiles across the observed field, making it more sensitive
to the spatial variation in the PSF and background and thus
more capable of detecting faint sources in crowded fields
(Broos et al. 2010). The reconstructed image is first calcu-
lated using the Lucy-Richardson algorithm (Lucy 1974), and
then searched for peaks that identify the positions of point
sources. This method resulted in 7585 detected sources.

— A time-resolved deployment of PWDetect, described in more
details in the following, is performed over segments of
10ksec of the observations. This method is aimed at detect-
ing faint and variable sources that may only be significant
during specific short time segments in which they were de-
tected. This method produced a list of 1147 detected sources.

Figure 5 shows a comparison of the spatial distribution of
candidate sources detected using the four methods. In all cases,
the cluster appears highly crowded, with the image reconstruc-
tion method being the only one capable of detecting a large num-
ber of sources in the central region of Westerlund 1, as expected.

4.1. Time-resolved PWDetect

We devised a simple time-resolved detection method, tailored
to faint transient sources such as magnetically flaring low-mass
stars. These may remain undetected in the full dataset because
of the high background, but may be detected in a shorter time
slice that includes the transient emission, thanks to the enhanced
source-counts/background contrast.

We started by considering 10 ks time slices from each obser-
vation segment. Since exposure times are not multiple of 10ks,
the exposure time of the last frame was forced to range between
7ks and 17 ks. Moreover, in order to fully capture transients that
would otherwise be split between two frames, we also consid-
ered intervals shifted in time by half a frame (5 ks).

The 44 EWOCS and pre-EWOCS observations were thus
split into 194 frames: 106 were 10ks long, while the duration
of the remaining ones are quite uniformly distributed between 5
and 16 ks. For each frame, event lists (and exposure maps) were
then extracted in the following five energy bands: 0.5-7.0keV,
4.0-7.0keV, 0.5-1.2keV, 1.2-2.0keV, and 2.0-7.0 keV, resulting
in a total of 970 event files.

We ran PWDetect twice on each of these 970 event files,
once to estimate the background level and thus evaluate the sig-
nificance thresholds to obtain the desired number of spurious
sources, and once more for the final detection. For the first run
we adopted a low significance threshold, 4.90, so to detect as
many sources as possible, but also resulting in several spurious
faint sources. The number of background photons was then esti-
mated by subtracting the detected source photons from the total;
we then chose the final detection threshold so to yields, on aver-
age, 0.1 spurious sources per frame. This was derived from the
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appropriate significance versus background curve provided by
Damiani et al. (1997).

The final PWDetect runs produced 944 lists of sources® for
a total of 14178 sources, most of which are, obviously, repeated
detections of the same source in multiple frames and/or bands.
We started cleaning up this large sample by removing ~1600 ex-
tended sources, many of which were unresolved detections of
multiple point sources (extent parameter, as given by PWDetect,
larger than 2). We then screened for the remaining sources for
possible cosmic rays afterglow events: for each source we ex-
tracted photons from a circle with radius twice the "detection
scale" provided by PWDetect. In 284 cases the arrival times of all
extracted photons were in subsequent 3.14s-long readout frames,
and the detection, a likely afterglow artifact was discarded.

All detection lists were cross-identified and merged in a final
source list using an iterative procedure: first we cross-identified
and merged the first two catalogs. The resulting catalog was then
merged with the third original catalog, and so on for all the 944
catalogs. Identifications were performed searching the close spa-
tial coincidences with identification radii of each original de-
tection taken as the 1o~ uncertainties as estimated by PWDetect
(rounded up to 0.5 arcsec if smaller). The coordinates and uncer-
tainties or identification radii of merged sources were computed,
at each step, as the uncertainty-weighted means of the coordi-
nates/radii of cross-identified sources® At the end of this process
we are left with 1262 cross-matched sources.

Finally, we inspected all the final sources by eye, examin-
ing individual detections in the original event file, and the po-

> 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.
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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.

sitions in the Hubble Space Telescope (HST) H-band image
(when available, in the field center) and images from the Dig-
itized Sky Survey (DSS) and the Two Micron All-Sky Survey
(2MASS). Some cross-identifications were adjusted and a num-
ber of "sources," which were not merged by the automatic pro-
cess above, where merged as they clearly referred to the same
star. The final list counts 1147 sources.

4.2. The merged list of candidate sources

At this stage, we generated a list of candidate sources that in-
cludes all the sources detected using the adopted methods. Con-
tamination of this list by false positives is expected to be large,
but we relied on the source-validation step, described in the next
sections, to prune the catalog from these false and not significant
sources.

The lists generated by the four detection methods were cross-
matched by eye. In cases where it was difficult to confidently
determine the presence of one or more nearby sources, we left
those entries unmatched between the catalogs. Additionally, we
included in the input list the following sources that were not de-
tected by any of the aforementioned methods:

— 446 faint sources from the catalog presented by Townsley
et al. (2018), which are likely not detected in EWOCS obser-
vations because of the intrinsic variability of young stars;

— 21 massive stars of Westerlund 1 from the list published by
Clark et al. (2020);

— 47 candidate sources added by eye corresponding to the po-
sitions of Gaia sources in or nearby the cluster center.

The final list of candidate sources, which was used as input
for the source validation process in ACIS -Extract (AE), consists
of 9420 sources.
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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 photometry fully employed in previous X-ray surveys including the Chan-
dra Carina Complex Project (Townsley et al. 2011), the Mas-

Source validation and photometry were performed using the AE sive Young Star-forming Complex Study in Infrared and X-Rays

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

7 http://www.astro.psu.edu/xray/acis/acis_analysis.html Articl b 9 of 22
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(MYStIX) survey (Feigelson et al. 2013), the three Massive Star-
forming Regions Omnibus X-ray Catalog (MOCX) data releases
(Townsley et al. 2014, 2018, 2019), the Chandra Cygnus OB2
Legacy Survey (Wright et al. 2014a), and the Star Formation
In Nearby Clouds (SFiNCs) project (Getman et al. 2017). AE
enables the extraction and validation of sources across multi-
ple observations, generating individual source spectra and light
curves. It utilizes various data analysis software packages includ-
ing CIAO, MARX (Davis et al. 2012), HEASoft?, and the IDL
Astronomy User’s Library (Landsman 1993).

Following the guidelines provided by the authors and avail-
able on the AE website, we adopted a three-step procedure to
compile the X-ray EWOCS catalog:

— Initially, sources were extracted and validated using a param-
eter defined by AE, which helps distinguish between genuine
and false sources. This step was repeated iteratively until no
more false sources were identified and removed (Sect. 5.1).

— Subsequently, source positions were updated, followed by
another round of source validation process (Sect. 5.2).

— Once the catalog reached a stable state, we performed the
photometric procedure, to extract source events comprehen-
sively and calculate the primary spectral and temporal prop-
erties for each source across multiple energy bands (Sect.
5.3).

5.1. Source validation

The AE procedure assesses the local PSF at the given position
of each source and defines extraction regions based on the 1.5
keV local PSF, ensuring they do not overlap with neighboring
sources. In the case of close pairs, the extraction region of the
fainter source is progressively reduced to prevent overlap until it
reaches 40% of its original size. Once this threshold is reached,
if the two extraction regions still overlap, AE further reduces the
size of the brighter source until the regions no longer overlap. If
overlap persists even when both extraction regions are reduced
to 40%, AE either discards the specific observation or automati-
cally removes the fainter source.

The local background is determined within an optimized re-
gion surrounding the source. For isolated sources, this region is
delimited by an inner radius, which is 1.1 times the radius en-
compassing 99% of the PSF, and an outer radius large enough to
collect at least 100 background events not associated with nearby
sources. AE adjusts the size of the background-extraction region
to ensure that Poissonian noise contributes no more than 3% to
the background uncertainty. However, in crowded regions, defin-
ing a region with 100 events may not be feasible. In such cases,
AE employs a different calculation that incorporates the contri-
bution from nearby bright sources and a model accounting for
the spatial variation of the background.

Source validation relies on a parameter provided by AE
called prob_no_source (Pg), which represents the probability
that there is no real source at a given position. In our case, where
multiple observations of a source are available, AE calculates
Pg based on the extractions with the highest source significance.
To differentiate between valid and spurious sources, we applied
a threshold of Pg=0.01, consistent with previous studies. Since
the removal of not valid sources could potentially impact the ex-
traction region and background of valid sources, the procedure
is iterated until the catalog reaches convergence and no further
spurious sources are detected.

8 https://heasarc.gsfc.nasa.gov/lheasoft
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After the first iteration, we conducted a visual inspection of
sources flagged by AE as potentially resulting from the hook-
shaped feature of the PSF’. This feature can account for up to
5% of the source flux and its position is influenced by the roll-
angle, making it distinguishable from the actual source only in a
few cases where the real source is both on-axis and sufficiently
bright. Figure 6 illustrates an example of a source (MOXC?2) that
was flagged by AE as a potential PSF hook and subsequently
removed after visual inspection.

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
significant pileup'® (which is the loss of information due to dif-
ferent incident photons registered as a unique event by the detec-
tor). In our case, the only source affected by piled source is the
magnetar.

5.2. Positions update and visual review

For each source, AE calculates three different position estimates.
The first estimate is obtained by taking the mean value of the po-
sitions of the events associated with the source (mean-data posi-
tion). However, this estimate may be inaccurate for large off-axis
angles and in cases where there are significant offsets between
the true source position and the extraction region (which can
happen when the PSF is asymmetric). To obtain a more accurate
estimate in these cases, AE correlates the source PSF with the
spatial distribution of extracted events (PSF position). This cal-
culation takes into account the combination of several Obs.IDs
by using the PSF calculated in each observation. Both of these
estimates can be influenced by nearby sources. In crowded fields,
a third estimate is provided by AE using the reconstructed im-
age of the source’s neighborhood. It identifies the position of
the closest peak in the reconstructed image. According to AE’s
recommendations, the mean-data position is used for on-axis
sources, the PSF position is used for off-axis sources, and the
image reconstruction position is used for sources in crowded re-
gions. The repositioning of sources was performed twice, with
each step followed by a new sequence of iterations for source
validation, as described in the previous section.

Before conducting the visual review of validated sources,
the astrometry of both the X-ray sources and the main prod-

° 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.
After this step, and when catalog stability was achieved again,
we conducted a visual review of specific critical sources, includ-
ing very faint sources that could affect the size of the extraction
region of nearby bright sources and suspected afterglows. The
decisions made during the visual review were guided also by
the presence of high-probability optical and/or infrared counter-
parts. After the visual review, a new round of source validation
was performed.

5.3. Spectral extraction

After 21 iterations of the source validation process, the catalog
reached stability, with a total of 5963 validated X-ray sources.
The final step involved the extraction of X-ray events and the
estimation of X-ray properties in 17 energy bands, merging all
available observations in a consistent manner. In addition, AE
generates light curves and spectra for each source, although these
will not be discussed in this paper. AE performs this calcula-
tion by excluding observations where the sources are observed
off-axis to improve the overall signal-to-noise ratio. However, in
our case, this correction was not necessary due to the design of
our survey. The calculated quantities include source counts, net
counts, photon flux in photon/cm?/s, and the quartiles of photons
energy.

Figure 7 depicts the spatial distribution of the validated
sources in the merged ACIS event files. In the left panel it is
evident that there is a high concentration of validated sources to-
ward the center of the cluster, as well as a significant number of
sources surrounding the cluster core. This indicates that we have
detected stars associated with the extended halo of Westerlund 1.
This will be further investigated in upcoming papers of this se-
ries, which will focus on source classification and the identifica-
tion of optical/infrared (OIR) counterparts. The right panel also
highlights how this survey has pushed to the limits of Chandra in
resolving individual stars within such a densely populated stel-
lar cluster with a bright and irregular background. In fact, in the
actual core of the cluster, where the background is both intense
and variable, a few tens of sources that were initially included as
input to AE were subsequently discarded during the validation
process (see Fig. 8). The limited number of validated sources in
the central region can be attributed to the intense background,
and it is likely that many of these discarded sources are indeed
genuine X-ray sources. Although we did not attempt to recover
these stars, in future papers of this series their candidate OIR
counterparts will be analyzed in order to estimate the fraction of
real sources that we have excluded.

6. The final catalog

It is informative to analyze the number of sources detected using
the various methods we employed and assess how many have
survived the pruning process. Table 3 presents the total num-
ber of input sources for each detection method, as well as the
fraction of these sources within 1”” and 3" of a source in the fi-
nal catalog (source positions changed during the pruning process
and thus an exact position match was not possible). The image
reconstruction method is the only one that experienced signifi-
cant pruning of the input catalog, as it selects sources that are
too faint according to the adopted Py threshold. According to
Table 3, and considering also that the number of sources in the
input PWDetect list of candidate sources more distant than 3”
from any source in the Image reconstruction input catalog is low,
but not negligible (314, 688 for Wavdetect), it is evident that in

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
is crucial for optimizing the number of detected sources.

Given the design of the EWOCS survey and the compact
nature of Westerlund 1, it is not surprising that the majority
of sources are observed at low off-axis angles, as depicted in
Fig. 9. Specifically, 63.7% of the sources (3485/5464) are lo-
cated within 1 arcminute from the field center, and 87.7% are
within 3 arcminutes. Consequently, source positions are gener-
ally well-determined, with a median position error of 0.17” and
a 75% quantile position error of 0.27”. Position errors are esti-
mated from the single-axis standard deviations of the PSF inside
the extraction region and the number of counts extracted. This
precision is crucial for the search of OIR counterparts and for
dynamics studies.

As depicted in Fig. 10, the catalog is predominantly com-
posed of faint sources. In the broad band, the median value of
the net counts is 12.9 counts. There are 607 sources (10.2%) with
fewer than 5 net counts and only 69 sources (1.2%) with fewer
than 3 counts. It is well known that the sensitivity of ACIS-I de-
creases with the off-axis angle. This must be taken in considera-
tion when comparing the spatial distribution of X-ray sources de-
tected with ACIS-I to those detected with other instruments. Fig.
11 illustrates the spatial distributions of EWOCS X-ray sources
with fewer than 12.9 net counts and those with more net counts.
The former sample exhibits a higher concentration in the center
of the field, with only 37 sources having an off-axis angle larger
than 7’. This region is considerably large compared to the size of
Westerlund 1, so studies based on the spatial distribution of clus-
ter members would not be significantly affected by the decline in
sensitivity with the off-axis angle.

Given the design of the EWOCS observations and the intri-
cate procedure we employed for source detection and validation,
it is not currently feasible to provide a reliable estimate of cata-
log completeness without making strong and unverified assump-
tions about cluster properties, its morphology, and both mass and
Lx distributions. Instead, we prefer to discuss the achieved com-
pleteness in future papers of this series, once the identification of
OIR counterparts and the determination of true cluster members
have been accomplished. In Appendix C, however, we present a
simplified analysis of completeness based on different assump-
tions regarding cluster morphology, along with simulations con-
ducted using the MARX simulator.

The distribution of the median photon energy for the
EWOCS X-ray sources is shown in Fig. 12. The median value
of the distribution is 2.8 keV. In the case of young stellar pop-
ulations in clusters with low extinction, the median photon en-
ergy serves as a reliable indicator of membership since the coro-
nal plasma temperature in young stars is typically higher than
in older stars. However, since interstellar absorption is signifi-
cant in the direction of Westerlund 1, it becomes challenging to
differentiate between the absorbed background population and
the young stars within the cluster. However, the secondary peak
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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. 9 Distribution of the off-axis angles of the EWOCS X-ray
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observed at energies below 2 keV in the E,,q distribution could
potentially be attributed to a foreground population. Neverthe-

Article number, page 12 of 22

811
812



813
814
815
816
817
818
819
820
821
822
823
824
825
826
827

828
829
830
831
832
833
834
835
836

M. G. Guarcello et al.: EWOCS-I: The catalog of X-ray sources in Westerlund 1 from the Extended Westerlund 1 and 2 Open Clusters Survey

<1%.9 cnts >12.9 cnts
T T T T T T T

—45.71 —45.7F

—458 —45.8

DEC
DEC

—-45.9F —-45.9F

—46.0 —46.0F

L L L L L L L L L L L L
252.0 251.9 251.8 251.7 251.6 251.5 252.0 251.9 251.8 251.7 2561.6 2561.5

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-
fer significantly from that of the more energetic sources. Ad-
ditionally, Fig. 12 includes a comparison between the photon
median energy distribution of the EWOCS X-ray sources and
the X-ray catalog published by Townsley et al. (2018) based on
pre-EWOCS observations, which clearly exhibits a peak below
2 keV. The evident differences in the two distributions can be
due to a combination of factors: the presence of a large popula-
tion of stars associated with Westerlund 1 in the EWOCS catalog
(which is a factor of ~5 deeper in X-ray photon flux compared
to the catalog published by Townsley et al. 2018, considering the
faintest sources in the two catalogs), as well as the decline in sen-
sitivity in the soft band of the ACIS detector with the years, and
the better sensitivity toward soft events of the ACIS-S detector
compared with ACIS-I.
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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-
vided by AE: the photon flux (Fphotwns), Which is calculated
as the ratio of the source net counts to the product of the
mean effective area and nominal exposure time (thus ex-
pressed in units of photons cm=2s~!'). A model-independent es-
timate of the apparent source energy flux can be calculated as
1.602><10‘9><Emed><thmons. The coefficient is derived from the
conversion between keV and erg, as determined by Getman et al.
(2010).

In Appendix A, we show ten rows of the X-ray EWOCS cat-
alog, which is available in full at the CDS. We have also made
the output table produced by AE available on the EWOCS web-
site in its original IDL format.'!.

6.1. Specific sources

Not surprisingly, CXOU J16 is the brightest source in the
EWOCS X-ray catalog, with a total of 71601+268 net counts
collected and a photon flux of 3.45x10™* photons cm™2s~!. The
source, which is strongly piled-up, is quite isolated and produces
a surrounding bright background, with the closest source being
at about 8 arcsec. The pulsar will be analyzed in detail in future
papers of this project.

As explained in Sect. 2, Westerlund 1 hosts a unique en-
semble of massive stars caught in different evolutionary stages.
Understanding the mechanisms responsible for the emission of
X-rays and studying both binarity and the circumstellar environ-
ment in these stars is of primary importance for EWOCS. We
visually inspected the X-ray counterparts of massive stars pub-
lished by Clark et al. (2020) and found 126 coincidences out of
the 166 listed massive stars. The results are listed in Table B.1.
In the vast majority of cases, there was a clear one-to-one corre-
spondence between the sources in the two catalogs. There are a
few uncertain cases, which can be easily identified by repeated
massive star IDs, EWOCS objects, or large separations.

The brightest X-ray massive star in the EWOCS catalog is
the SgB[e] star W9 (Clark et al. 2014), with nearly 8000 net
counts collected in the broad band. The intense X-ray bright-
ness (Lx~3.6x10% erg/s) and the hardness of the spectrum, as
previously reported by Clark et al. (2008), are consistent with
the evidence of intense mass loss rate, estimated to be around
1073 My/yr (Andrews et al. 2019), and strong indications of bi-
narity (Ritchie et al. 2022). W9 is the brightest source in the clus-
ter also at radio wavelengths (Andrews et al. 2019), millimeter
band (Fenech et al. 2018), and it shows very bright mid-IR emis-
sion (Clark et al. 1998).

In terms of X-ray luminosity, W9 is followed by the post-
binary blue straggler W30 (O4-51a* Clark et al. 2019, 2008), for
which a putative orbital period of approximately 6.2 days has
been identified from a radial velocity series analyzed by Ritchie
et al. (2022). We have detected nearly 6000 net counts in the
broad band for W30. After W9 and W30, the list of sources with
net counts ranging between 190 and 5400 photons includes most
of the known WR stars and OB supergiant binary systems.

The deep EWOCS observations provide, for the first time,
candidate X-ray detections for some normal giant and subgiant
stars, such as W50b and W1051. The lack of detection in the
pre-EWOCS observations has been explained as a natural conse-
quence of the lower intrinsic bolometric luminosity of these stars
compared to more evolved massive stars in the cluster (Clark
et al. 2019). The detection in the EWOCS observations sup-
ports this hypothesis. Faint X-ray counterparts have also been
found for the two YHGs W4 and W8 (with 22 and 73 net
counts, respectively), whose nature has been recently discussed
by Beasor et al. (2023), who classified them as yellow super-
giants. Additionally, a faint counterpart has been detected for
the BHG W1049 (with 14.163%* net counts). For the first time,
faint counterparts have been found for the four O9.51I SB1 stars
W1022, W1050, W1056, and W1060, as well as for the B1.511
star W1048. We also confirm the relatively faint (75.75%37 net

65.8
counts) and soft (median photon energy of 1.9 keV) X-ray emis-

' https://westerlund 1 survey.wordpress.com/
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sion from the SB2 star (B0.51+OB) W10, as previously reported
by Clark et al. (2008). Ritchie et al. (2022) attributed the X-ray
properties of this star to the possibility that the pre-EWOCS ob-
servations were made at a phase where the wind collision zone
was weak or obscured. However, given the length of the EWOCS
observations, it is more likely that these properties are intrinsic
to the star.

It is quite interesting that out of the 124 sources in our cata-
log with more than 100 net counts, 94 do not readily match any
known massive stars in the cluster. This subset will be studied
in detail in future works of this series to determine their nature.
It is intriguing that this sample does not seem to follow the dis-
tribution of photon energy shown in Fig. 12. In fact, its photon
median energy distribution exhibits three distinct peaks: one be-
low 2 keV (which may be dominated by foreground stars), one
between 2.5 keV and 3 keV (compatible with cluster stars), and
one between 3.8 keV and 4.3 keV (which could be influenced by
background sources or flaring low-mass cluster members).

We also provide a list of positions for the unvalidated can-
didate X-ray sources on the EWOCS website!?. This list will
be cross-matched with existing optical and infrared catalogs of
Westerlund 1 to determine the fraction of rejected sources that
could potentially be true counterparts of cluster members. Like-
wise, identifying optical and infrared counterparts will enable us
to assess the level of contamination and the fraction of expected
spurious sources in the EWOCS X-ray source catalog, as well as
determine the completeness limit achieved by our survey.

7. Conclusions

In this paper, we present the EWOCS project and a new list
of X-ray sources in the young supermassive star cluster West-
erlund 1 and its surrounding area. The EWOCS project aims to
investigate the impact of the starburst environment on the forma-
tion process of stars and planets, the dispersal of protoplanetary
disks, and the evolutionary pathway of massive stars.

Here we present the 1 Msec Chandra/ACIS-1 EWOCS ob-
servations of Westerlund 1, the workflow for data reduction, the
procedure for source detection and validation, and the spectral
extraction of the validated sources. Initially, we generated a pre-
liminary list of 9420 candidate X-ray sources using the image
reconstruction method, PWDetect, WAVDETECT, and a specific
deployment of PWDetect focused on identifying flaring stars that
exhibited a significant signal above the background for a brief
duration. Additionally, a few sources were manually added or
obtained from existing catalogs of Westerlund 1 sources. From
these input sources, we compiled the EWOCS catalog of X-ray
sources in Westerlund 1 of 5963 sources successfully validated
using the IDL-based software AE.

The median value of net counts in the EWOCS X-ray catalog
is approximately 13 counts, with about 10% of sources having
fewer than 5 net counts detected in the broad energy band. The
distribution of the median photon energy of the sources peaks at
approximately 2.8 keV, with a contribution from unrelated (fore-
ground and background) sources that is challenging to distin-
guish from the candidate cluster members. The brightest source
in the catalog is the magnetar CXO J164710.2-455216, with over
70000 net counts detected in the broad band. It is followed by
several massive stars in Westerlund 1, including the SgB[e] star
WO, the post-binary blue straggler W30, and some WR stars and
supergiants in binary systems. Out of the 166 known very mas-
sive stars in Westerlund 1, we have identified a reliable X-ray

12 https://westerlund 1 survey.wordpress.com/
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counterpart for 126 of them. Additionally, we have made the first
detection of an extended and rich halo surrounding the core of
Westerlund 1, which will be crucial in assessing the cluster’s true
mass content, formation, and evolution.
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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

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

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

1D Spectral type Catalog name Chett Fohotons,t Sep.
counts photons cm™2s”! | arcsec
W9 sgBle] 164704.13-455031.3 7975.3?%%? 3.7x107° 0.2
W30 04-51a 164704.10-455039.2 | 5930.25025:4 2.7x107° 0.2
W72 WN7b 164708.35-455045.4 5412.8??;? 4.5x1073 0.3
WRB WN70 164705.36-455104.8 3046.22598:6 1.4x107° 0.1
WRU WN6o 164706.53-455039.1 1996.9%8‘5‘2:(3) 9.6x107° 0.1
w44 WNO9h 164704.19-455107.2 1221.91257? 5.6x107° 0.3
w239 WCad 164705.20-455225.0 903.2??3 6.0x1076 0.0
W53 OBla+OBla 164700.38-455131.8 515.54‘934 2.5x107° 1.0
W36 OBla+OBla 164705.07-455055.2 514.74513% 2.4x107° 0.4
WRO WN60o 164707.65-455236.0 | 387.63 2.5x107° 0.1
WRN WCad 164659.91-455525.6 375.22%% 2.2x107° 0.4
w27 O7-8la* 164705.14-455041.4 340.1%3 :g 1.5x107° 0.1
W13 B0.5Ia*+OB 164706.44-455026.1 258.0247“:1 1.2x1076 0.1
WRW WN6h 164707.61-454922.1 243.0259:1 1.3x107° 0.3
WRIJ WN5h 164702.47-455059.9 233.4%%'5 1.1x1076 0.1
Wil4c WN50 164706.09-455022.4 192.9%(1’;:g 9.2x1077 0.3
W24 O9Iab 164702.15-455112.6 191.7%%5‘2 9.3x1077 0.2
W43c O9Ib 164703.75-455058.5 188.520:5'3 1.0x107° 0.2
1041 009.5Iab 164704.45-455109.4 170.41%26‘5 7.9x1077 1.0
WRX WNS5o 164714.13-454832.0 154.21?&8 8.6x1077 0.3
WRG WN70 164704.00-455125.1 146.8'22: 6.8x1077 0.0
W50b OO911I 164701.21-455027.6 136.2{48'§ 7.4x1077 1.0
W38 O9Iab 164702.88-455046.2 118.9%%5% 5.6x1077 0.3
W37 O9Ib 164706.01-455047.5 118.1;>% 5.5x1077 0.1
W35 O9Iab 164704.20-455053.7 110.3%? 5.9x1077 0.2
W25 O9Iab 164705.77-455033.4 108.4&6‘9" 5.1x1077 0.1
w232 BOIab 164701.43-455235.2 104.7&}5{3 6.4x1077 0.4
Wéa B0.5Iab 164703.04-455023.7 98.519%:2 4.6x1077 0.1
W17 O9Iab 164706.23-455049.3 96.7%%:737 4.8x1077 0.1
W74 009.5Tab 164707.07-455013.0 93.788f‘5'O 4.9x1077 0.0
W15 O9Ib 164706.62-455029.6 92.121“27'5 4.5x1077 0.0
w47 09.51ab 164702.61-455117.8 89.099:5 4.4x1077 0.3
W57c¢ WN70 164701.59-455145.2 88.9§§:§ 5.3x1077 0.2
WRI WNS8o 164700.87-455120.6 86.6 :6 4.0x1077 0.1
WRQ WN6o 164655.54-455134.5 86.6g§:§ 5.6x1077 0.4
1027 009.5Tab 164701.02-455007.0 85.635'5 4.2x1077 0.7
1051 Oo111 164706.98-454940.1 79.5%8 4.6x1077 0.2
1056 09.511 164708.69-455101.7 76.3%19 3.7x1077 0.6
W10 B0.5I+OB 164703.34-455034.6 75.8 5:7 3.5x1077 0.3
W8a F8Ia+ 164704.83-455025.5 73.7%2 3.4x1077 0.8
Wi 09.51ab 164659.39-455046.7 69.898:2 3.4x1077 1.2
WRD WN70 164706.25-455126.4 69.3%:g 3.1x1077 0.1
W62a BO0.51b 164702.52-455138.0 69.1%% 4.0x1077 0.2
W65 O9Ib 164703.88-455146.5 67.92%52 3.7x1077 0.2
WRV WN8o 164703.79-455038.7 66.82> 4.9x1077 0.1
1037 09.511 164702.84-455006.4 64.8%§ 3.2x1077 0.1
W28 B2la 164704.66-455038.5 63.2;% 2.9x1077 0.1
W61b 009.5Iab 164702.56-455141.9 61.3225(2 3.1x1077 0.3
1030 09.5Iab 164701.67-455258.0 60.121:;‘ 3.4x1077 0.3
1040 09-9.51-111 164704.59-455008.1 59.92?'2 4.0x1077 1.0
continued on next page
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ID Spectral type Catalog name Crett Fphotons,t Sep.
counts photonsecm™2s~! | arcsec
1061 09-9.5111 164709.61-455040.4 59.72?:% 3.1x1077 1.3
W84 09.5Ib 164659.03-455028.3 57.02;‘:1 4.4x1077 0.1
1064 09.51ab 164711.50-455000.0 |  56.4%%3 2.9x1077 0.6
W241 WwC9 164705.96-455208.3 56.3§4§ 3.9x1077 0.9
1060 09.511 164709.19-455048.4 56.26§:5 2.8x1077 0.1
1036 09.51a 164702.78-455212.7 55.8%2 3.8x1077 0.3
1004 OeBe star 164653.44-455300.3 53.92;:9 2.7x1077 0.8
1058 O9I11 164708.89-455124.5 53.76‘:6 3.3x1077 0.1
W56b 09.51b 164658.87-455145.9 52.5§§:z 4.8x1077 0.2
W29 O9Ib 164704.40-455039.9 51.52?3:2 3.7x1077 0.1
1023 o911 164700.14-455110.3 49.72%:3 2.3x1077 1.0
W53 OBIla+OBla 164700.55-455132.0 47.6§9:4 2.3x1077 0.7
1034 09.5Iab 164702.52-455148.3 47.44§:2 2.9x1077 0.1
1063 09111 164710.74-454947.8 46.8§9: 2.3x1077 0.6
1005 BOIab 164654.28-455154.8 43.85; 2.7x1077 0.4
1047 09.511 164706.12-455232.2 43.4%"8 2.9x1077 0.2
W41 O9Iab 164702.70-455057.1 43.058% 2.3x1077 0.2
1033 09-9.51-111 164702.37-455234.2 42.8%251 2.7x1077 0.2
1018 09.5Iab 164658.28-455057.0 41.8%7 2.5x1077 0.4
Wil B2 164702.24-455046.8 41.4285i 1.9x1077 0.2
1040 09-9.5I-111 164704.54-455009.0 36.0%% 2.4x1077 0.3
1038 O9111 164703.49-454857.1 34.83L 1.7x1077 1.1
1007 09-9.5111 164654.90-455005.8 34.5%2 2.1x1077 0.5
w243 LBV 164707.50-455229.0 33.7 :4 2.4x1077 0.7
1043 09.511-111 164704.56-455059.5 32.3%2 2.2x1077 0.2
W86 09.5Ib 164657.15-455010.0 30.332:g 1.8x1077 0.1
W6la BO0.5Ia 164702.27-455141.7 28.653 1.5x1077 0.2
W46b 09.5Ib 164703.67-455120.5 28.5%%38 1.3x1077 0.9
1066 09111 164712.60-455055.6 28.3'%2‘5th 2.0x1077 1.2
1050 09.511 164706.77-454955.2 26.4\%’%3g 1.3x1077 0.0
WRH WwWC9d 164704.23-455120.2 26.3%2:% 1.2x1077 0.1
1029 09-9.5111 164701.50-454950.1 25.531:g 1.2x1077 0.6
W46a Blla 164703.90-455119.9 24.5?% 1.1x1077 0.4
W21 B0.5Ia 164701.10-455113.7 24.43% 1.1x1077 0.1
W5 WN10/B0.5Ta+WRS | 164702.98-455018.5 23.7%3% 1.2x1077 1.0
1055 BOIb(+0O?) 164707.82-455147.1 23. 1%% 1.9x1077 1.2
W4 F3la* 164701.54-455037.1 22.32§:g 1.0x1077 1.3
1065 BOIb 164711.60-454922.6 22.2%% 1.1x1077 0.2
1048 B1.5 164706.28-455104.0 21.42 1.7x1077 0.3
W34 BOIa 164704.39-455047.3 21.3%32 1.0x1077 0.1
W228b O9Ib 164658.13-455301.2 21.1%%2 1.5x1077 0.9
1059 o9111? 164709.08-455320.7 21.152:jt 1.4x1077 0.3
W43c O9Ib 164703.70-455057.7 21 O?é 2.1x1077 0.8
1044 09-9.5111 164705.56-454951.8 19.82>2 1.0x1077 0.3
W43b Blla 164703.52-455056.6 19.8%3g 1.1x1077 0.1
1059 ooI11? 164709.11-455319.4 18.75% 1.4x1077 1.3
1042 09.511 164704.66-455206.8 17.9%3% 1.3x1077 1.1
W2a B2la 164659.77-455051.8 17.3533g 8.1x1078 0.9
1024 09.51ab 164700.78-455102.0 16.6%8 8.6x1078 0.6
W50b o111 164701.11-455026.6 16.5&8 8.7x1078 0.7
W228b O9Ib 164658.02-455301.1 16.3?53 1.2x1077 0.3
w243 LBV 164707.62-455228.4 15921 1.2x1077 0.7
W1 09.5Iab 164659.20-455045.4 15.8%3 7.9x1078 1.4
w4 F3la+ 164701.35-455036.5 15.6538 7.4x1078 0.8
1032 09-9.5111 164702.32-455017.1 15.3&83?1 7.3x1078 0.7
1016 09-9.5111 164658.09-455247.1 15.2 83 8.2x1078 0.2
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ID Spectral type Catalog name Crett Fphotons,t Sep.
counts photonsecm™2s~! | arcsec
W54 BO0.5Iab 164703.14-455131.2 14757 6.9x1078 1.2
1014 09-9.5111 164657.81-455119.3 14,4193 8.7x1078 0.4
1010 0+0? 164655.99-455210.1 14.4%}% 8.7x1078 0.7
1015 OOIII 164657.97-455141.0 14.213 1.5x1077 0.3
1049 B1-2la+ 164706.66-454738.8 14.25%;2 8.5x1078 0.3
1031 OOIII 164701.90-455056.1 14.0288-6 9.9x1078 0.2
1043 09.5I1-111 164704.63-455059.4 | 13.11%! 1.2x1077 0.7
W23a B2la+BI? 164702.56-455108.8 12.9§9,-2 6.0x1078 0.1
W63a BOIab 164703.41-455157.4 127178 9.0x1078 0.3
W55 BOIa 164658.40-455131.1 12,5170 8.9x1078 0.0
1012 09-9.5111 164656.95-455055.6 | 124171 7.1x1078 0.3
W238 Bllab 164704.41-455227.7 12.1%1 7.5%1078 0.1
1046 0+0? 164705.98-454955 .4 11.6100 5.6x1078 1.4
1045 09.511 164705.83-455155.1 116058 1.0x1077 0.2
W75 M4la 164708.96-454958.7 11.63:24 6.3x1078 0.4
1021 09-9.5111 164658.77-455432.0 11.5168 6.2x1078 0.1
1013 0+0? 164657.54-455231.0 11.53622 6.4x1078 0.6
1035 09-9.5111 164702.67-455151.2 | 11.3101 7.6x1078 0.4
1046 0+0? 164706.09-454957.7 111139 5.4x1078 1.3
1017 09-9.5111 164658.24-455033.8 10.8?:535 6.0x1078 0.1
W20 M5la 164703.11-455218.9 8.81%1-3 5.4x1078 0.3
1028 09-9.5 164701.32-455137.5 8.7%5-6 4.5x107% 0.6
1054 09-9.5 164707.64-455141.1 8.0 8.3x1078 0.3
W78 Blla 164701.48-454957 .4 7.8?20'2 3.8x1078 0.6
W373 BOIab 164657.72-455320.0 7.7?"19 4.6x1078 0.1
1026 09-9.5111 164701.01-454948.8 7.02‘13-3 3.5x1078 0.5
w71 B2.51a 164708.57-455049.8 55,4 4.5%107% 1.5
1020 09-9.5+0? 164658.49-455228 .4 5.2%-2 3.7x1078 1.3
1008 09.511 164655.45-455154.2 5,187 3.3x107% 0.1
1062 0+0? 164710.65-455047.2 5.0§fﬁ 3.2x1078 0.9
1022 09.511 164659.88-455025.1 4.61;% 3.0x1078 0.5
1045 09.511 164705.86-455154.2 4.47- 4.8x1078 0.8
W29 091Ib 164704.47-455039.5 4.3]-§ 4.8x1078 0.7
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1266  Appendix C: Estimate of catalog completeness

1267 The resulting completeness of our survey depends not only on
1268 the total exposure, but also on source crowding and the bright
1269 and irregular background. A full understanding of completeness
1270 will only be possible after the identification and classification
1271 of the OIR counterparts of the X-ray sources in order to distin-
1272 guish between cluster members and sources in the foreground
1273 and background. However, we conducted some simple simula-
1274 tions using MARX, which, despite being based on strong as-
1275 sumptions, can provide some hints about completeness.

1276 In order to simulate the cluster population, since the true
1277 shape of the IMF of Westerlund 1 is still a subject of debate,
1278 particularly in the low-mass regime, we made the assumption
1279  that the cluster IMF follows the law proposed by Kroupa (2001),
1280 which is applicable to most known young stellar clusters. We
1281 understand that the starburst environment can influence the dis-
1282 tribution of stellar masses, leading to different mass functions.
1283 However, at this level of approximation, this is considered a sec-
1284 ondary effect. To accommodate the compact morphology of the
1285 cluster, we assumed that cluster members are distributed accord-
1286 ing to a Gaussian function with a full width at half maximum
1287 of 4 arcminutes. Therefore, we did not account for the asym-
1288 metric morphology of Westerlund 1, as suggested by previous
1289 authors (e.g., Gennaro et al. 2011). Additionally, we assumed
1290 a total cluster mass of 45000 solar masses, encompassing stars
1291 with masses as low as 0.08 solar masses.

1292 To convert the mass distribution into an Ly distribution, we
1293 utilized the Lx versus mass distribution derived from the Chan-
1294 dra Orion Ultradeep Project (COUP) conducted in the Orion
1295 Nebula Cluster (Preibisch & Feigelson 2005), accounting for its
1296 observed spread. We chose this distribution because the COUP
1297 survey provides the most complete X-ray observation of a young
1298 stellar cluster. However, it should be noted that this distribution
1299 may not accurately represent the population of Westerlund 1 due
1300 to differences in age and the presence of a distinct massive stel-
1301 lar population in this cluster. To account for this massive stellar
1302 population, we simply added the massive sources identified by
1303  Clark et al. (2005) with their corresponding measured Ly values
1304 to the simulated cluster population. Additionally, we normalized
1305 the COUP Lx versus mass distribution to account for the de-
1306  cline in stellar X-ray luminosity with age (Preibisch & Feigelson
1307 2005), and we used the specified values for cluster distance and
1308 absorption to convert luminosity into flux.

1309 We simulated a 1 Msec ACIS-I observation of this fake
1310 cluster, taking into account instrumental background'?, and per-
1311 formed source detection using Wavdetect (thus not accounting
1312 for the source validation procedure we adopted with AE). By
1313 comparing the input and output lists of sources, we determined
1314 that the completeness in the 0.8-2 solar mass range is approx-
1315 imately 40% within the central 4 arcminute region, decreasing
1316 by approximately 10% in the inner 1 arcminute region. For more
1317 massive stars, the estimated completeness is around 85% regard-
1318 less of the distance from the cluster center. It is important to note
1319 that this is a preliminary estimation of the completeness of the
1320 EWOCS X-ray catalog, which will be further validated through
1321 the identification of OIR counterparts and source classification.

13" https://cxc.harvard.edu/cal/Acis/detailed_info.html
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