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Abstract

X-ray astronomy provides a unique window into the most energetic and extreme
processes in the universe. In particular, compact objects such as neutron stars, or
black holes accreting matter from a companion star serving as a natural laboratory
for stellar evolution, accretion processes, behavior of matter in strong magnetic
fields, and much more. An accurate background modeling is essential for extracting
astrophysical signals, especially faint signals in X-ray observations. This thesis
consists of two separate parts, the first part is about catalogues of X-ray binaries, the
second part presents a novel method to deal with the unwanted background.

The first part of this thesis deals with the X-ray binaries which are known to be a
possible endpoint of stellar evolution. These systems consist of compact objects,
e.g. neutron stars or black holes, and a non-degenerated companion. Depending on
the mass of the companion, the system is classified into two different class. If the
mass of the companion is below one solar mass the systems are classified as Low
Mass X-ray Binaries (LMXBs), while above eight solar masses they are classified as
High Mass X-ray Binaries (HMXBs). In such highly energetic systems, the compact
object accretes from the companion, emitting large amount of energies in the X-
rays. A variety of such systems are known within and outside our galaxy. It is
therefore crucial to create a catalogue containing such a system, specially for a
population study. Numerous known catalogues have been created in the past, and
most recently between 2003 and 2007 for galactic HMXBs and LMXBs (Liu et al.,
2006, 2007; Ritter and Kolb, 2003). Since then, new systems have been discovered
and parameters of known systems have changed. The goal of the first project was
to publish new catalogues of HMXBs and LMXBs, in cooperation with Dr. Avakyan.
This project resulted in two publications (Neumann et al. (2023), and Avakyan et al.
(2023)) and a website containing both catalogues, providing users an opportunity
to explore them interactively.

The second project deals with new, and alternative method to reduce background
in the XMM-Newton observations. Already established methods have their own
benefits but also downsides. The simple subtraction of a constant background value
might not be computationally demanding; however, in the regime of low count rates,
this technique can result in an unphysical negative count. An alternative is to model
the source and background, which can yield a more significant result than simple
subtraction; however, it is more computationally demanding and requires a prior
knowledge of the source which is not always possible, especially for a new object. To
deal with such shortcomings of the existing methods, the technique explained in this



part uses a probabilistic approach, which prevents a negative source count and does
not require prior knowledge of the object. Since the probabilistic technique needs
an estimated background, part of the project was to develop images in different
energy ranges which can be used to estimate the background in later observations.
Then the technique was first tested on the artificial data and then applied to real
observations to evaluate its performance.

Zusammenfassung

Rontgenastronomie bietet die Moglichkeit, Einblicke in die extremsten und energiere-
ichsten Prozesse des Universums zu erhalten. Im speziellen bieten sich Systeme,
in denen ein kompaktes Objekt wie ein Neutronen Stern oder ein Schwarzes Loch
Materie von einem Begleitstern akkretiert, als natiirliches Labor an, um stellare Evo-
lution, Akkretionsprozesse, das Verhalten von Materie in extremen Magnetfeldern
und vieles mehr zu untersuchen. Zur gleichen Zeit, ist aber auch eine moglichst
genaue Modellierung des Hintergrunds wichtig, zum extrahieren von astrophysikalis-
chen Signalen, besonders fiir sehr schwache Signale. Deswegen besteht diese Arbeit
aus zwei seperaten Teilen. Wahrend es im ersten Teil um Kataloge von Rontgendop-
pelsternsysteme geht, beschaftigt sich der zweite Teil mit einer neuartigen Methode
um Beobachtungen von ungewolltem Hintergrund zu bereinigen.

Wie bereits frither erwahnt, beschéftigt sich das erste Projekt mit Rontgendoppelstern
Systemen, welche Endpunkte der stellaren Entwicklung seinen konnen. Diese Art von
Systemen beherbergen ein kompaktes Objekt wie zum Beispiel einen Neutronenstern
oder ein schwarzes Loch, sowie einen nicht degenerierten Begleitstern. Abhdngig
von der Masse des Begleitsterns kann man diese Systeme in zwei Klassen unterteilen.
Ist die Masse des Begleitsterns geringer als eine Sonnenmasse so spricht man von
einem Rontgendoppelstern System mit geringer Masse (LMXBs). Sollte die Masse
des Begleitsterns jedoch grofder als acht Sonnenmassen sein so klassifiziert man
das System als Rontgendoppelsternsystem mit hoher Masse (HMXBs). Da die
kompakten Objekte zumeinst von ihrem Begleitstern Materie akkretieren, und
dies zur Freisetzung grolder Energiemengen fiihrt, sind diese Objekte meist im
Rontgenbereich beobachtbar. Heutzutage ist eine Vielzahl dieser Systeme bekannt
sowohl innerhalb unsere Galaxie wie auch aul’erhalb. Deshalb ist es notwendig
fiir Bevolkerungsstudien diese Systeme zu katalogisieren. Diese Katalogisierung
wurde bereits in der Vergangenheit durchgefiihrt, jedoch zuletzt zwischen 2003 und
2007 fiir die galaktischen HMXBs und LMXBs (Liu et al., 2006, 2007; Ritter and
Kolb, 2003). Seitdem wurden neue Systeme entdeckt und Parameter von bekannten
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Systemen haben sich gedndert. Deshalb bestand das erste Projekt daraus neue
Kataloge fiir HMXBs und LMXBs zu entwickeln wobei die Entwicklung des Katalogs
fiir LMXBs von Dr. Avakyan iibernommen worden ist. Die Entwicklung der Kataloge
resultierte in zwei Veroffentlichungen (Neumann et al. (2023) und Avakyan et al.
(2023)). Sowie einer Website die beide Kataloge beinhaltet und dem Benutzer die
Moglichkeit gibt diese interaktiv zu erkunden.

Das zweite Projekt hingegen beschéftigt sich mit einer neuen und alternative Technik
um unerwiinschte Event des Hintergrunds bei Beobachtungen mit dem Rontgenob-
servatorium XMM-Newton zu entfernen. Die bereits etablierten Techniken haben
ihre Vor- und Nachteile. So ist das Subtrahieren eines konstanten Hintergrunds
zwar nicht rechenintensiv, jedoch kann es vorkommen das besonders im Bereich
von wenigen Events die Anzahl der Quellen Events negativ wird, was unphysikalisch
ist. Modellierung der Quelle und des Hintergrunds ist weiter Moglichkeit den Hin-
tergrund in Beobachtungen zu beriicksichtigen. Wéhrend diese Technik bessere
Ergebnisse liefert als die Subtraktion eines konstanten Hintergrunds, ist sie jedoch
rechenintensiver und setzt voraus das man weil um was fiir eine Quelle es sich
handelt, dies ist besonders bei neuen Quellen nicht unbedingt moglich. Deshalb
verwendet die neue Technik einen probabilistischen Ansatz welcher verhindern soll
das die Anzahl der Quellenevents negativ werden und gleichzeitig keinen Wissen
iiber die Quelle voraussetzt. Da die probabilistische Technik eine Schatzung des
Hintergrund benotigt wurden Bilder in verschiedenen Energiebereichen entwickelt
die zur Schatzung verwendet werden konnen. Auf3erdem wurde die neuartige
Technik zuerst an kiinstlich erzeugten Daten und spiter an echten Beobachtungen
getestet um deren Nutzen zu evaluieren.
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Introduction

We are part of this universe we are in this
universe but perhaps more important than both
of those facts is that the universe is in us.

— Dr. Peacock
(The Universe)

X-ray binaries provide a natural laboratory to study matter under extreme conditions
as well as stellar evolution and accretion processes, etc. Nowadays, many X-ray
binaries are known inside and outside our galaxy, and new ones are discovered
frequently. In order to compile information concerning X-ray binaries in an efficient
manner, catalogues are proven to be useful and an essential tool for astronomers
to find suitable objects for their studies. Due to the daily new discoveries, an up-to
date catalogue is even more important nowadays than it was in the past. Therefore,
making it essential to create updated catalogues for HMXBs and LMXBs. The latest
catalogues for galactic XRBs were published in the early 2000s (Ritter and Kolb,
2003; Liu et al., 2006, 2007). Many new sources have been discovered since then,
and parameters of known systems have changed, hence an updated catalogue of
galactic HMXBs and LMXBs is necessary.

This part of the thesis is structured as follows. Chapter 2 provides a short review
of the components which make up XRBs. Chapter 3 summarizes the instrument
catalogues which were used to create the HMXBs- and LMXBs-catalogue. Chapter 4
and Chapter 5 are the two publications which were published as a result of this
undertaking. Because the website, which was developed in parallel to the publication,
did not get enough explanation in the publications, Chapter 6 provides a more
comprehensive overview of the website. As it is the goal to update the website
frequently, Chapter 7 contains a user manual, which explains the steps to update the
website in case of the HMXBs catalogue.






2.1

Astrophysical Background

Compact Object

X-ray binaries (XRBs) are systems consisting of a non-degenerated companion and
a compact object. The compact objects in such systems can either be white dwarfs
(WDs), neutron stars (NSs) or black holes (BHs). However, binary systems with a
WDs are commonly considered as cataclysmic variables (CVs), a separate class from
the XRBs. Nevertheless, all of those compact objects have some characteristics in

comimon.

First, they do not burn any nuclear fuel and therefore do not possess any means to
counteract the gravitational force through thermal pressure. However, the degen-
erated electron pressure counteracts gravity in case of WDs and the degenerated
neutron pressure in case of NSs, only the BHs is a special case, which does not have
any surface, because nothing is counteracting the gravitational force in a BHs.

Secondly, the compact objects are significantly smaller than a normal star, and
therefore their surface gravity is many times higher. Additionally, due to conservation
of magnetic flux, their magnetic fields are much stronger than normal stars.

As mentioned earlier, binary systems with WDs are not considered XRBs, therefore,
the following parts are concentrating primarily on the physics of NSs and BHs.

Neutron Stars

Even before the discovery of neutrons by Chadwick in 1932, Landau was theorizing
about stars heavier than Mg > 1.5 M. Apparently, in the evening on the day when
Landau heard about the discovery of the neutron, he discussed with Rosenfeld and
Bohr about cold and dense stars which are composed solely of neutrons (Shapiro
and Teukolsky, 1983).

Two years later in 1934, Baader and Zwicky independently proposed the idea
of neutron stars as high density stars with small radii, which are gravitationally
bound much more than normal stars, and that those neutron stars are a product of



supernovae (Shapiro and Teukolsky, 1983). The first calculations of neutron stars
models were done by Oppenheimer and Volkoff and Tolman in 1939. It took another
28 years before the first pulsar was discovered by Jocelyn Bell (Hewish et al., 1968)
and Gold proposing that this pulsar could be a rotating NSs (Gold, 1968).

NSs are one of the possible endpoints of stellar evolution for massive stars between
10-25 M. When the proto-neutron star collapses under gravity, it reaches the
density of p ~ 10'* gcm ™3 so that electrons and protons are combined into neutrons.
The ongoing collapse is counteracted by the pressure originating from these neutrons.
This pressure arises due to Pauli’s exclusion principle, which forbids the neutrons
from occupying the same quantum state at the same time. While all neutron stars
are rotating, not all show pulsations. Only NSs in which the emission region is
misaligned with the rotational axis, pulsations are observable, similar to the light
beam of a lighthouse. NSs have a typical radii of 10-12 km with a mass of 1.2-2.0 Mg
(Ozel and Freire, 2016). Due to the conservation of magnetic flux, the magnetic
field strength must increase with decreasing radius (B ~ R~?) therefore, neutron
stars possesses quite strong magnetic fields of up to 10'° G (see Figure 2.1).
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Figure 2.1. — Zoo of neutron stars in the period-period derivative diagramm, with solid
line indicating their general magnetic field strength. Adopted from Harding
(2023).
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NSs can be found in a variety of different systems. Two examples of isolated NSs are
Central Compact Objects (CCOs) in the center of a supernova remnant and radio
pulsars.

In the case of Central Compact Objects only soft X-rays emissions are detected from
the NSs surface which is cooling down after the supernova explosion. The spectrum
is characterized by blackbody radiation with a temperature of kT ~ 0.2-0.5keV
(Pavlov et al., 2004).

Radio pulsars are fast-rotating NSs with stable and short pulsations (P = 30 ms),
the pulsations originate from the relativistic electrons being accelerated along the
magnetic field lines of the neutron star.

Non-isolated NSs can be found in X-ray binaries. Similar to radio pulsars, these
systems show pulsation, with a much longer period and in the X-rays instead of the
radio band. Instead of synchrotron emission from the trapped electrons, the X-rays
are released as comptonized thermal emission from the poles of the neutron star
due to the infalling matter.

NSs in X-ray binaries can be extremely variable sources, depending on the amount of
infalling matter. Their luminosity can change by more than five orders of magnitudes
during outburst in comparison to quiescence times. This variable nature allows
probing different aspects of their physics in quiescence and outburst.

Black Holes

NSs are not the only compact object that can be found in XRBs. BHs are the other
compact objects, but in comparison to NSs, they do not possess any surface. Einstein’s
general theory of relativity predicted the existence of astrophysical objects that are so
dense that not even light can escape its influence below a certain boundary the ‘event
horizon’. The ‘event horizon’ is located at the Schwarzschild radius Rg = 2GM/c?
which only depends on the mass of the object. An object with a radius smaller than
the Rg for its mass, is called a BHs; for the Sun the Schwarzschild radius would be
3 km. However, a particle could still orbit around a BHs in its last stable orbit called
the innermost stable circular orbit (ISCO). For a non-rotating BHs it is located at
Risco = 3Rs.

Although light cannot escape from a black hole, it is still possible to observe it,
through a hot accretion disk which is formed by the infalling matter, emitting
thermal X-rays. The relativistic jets, observable from radio to infrared, also help to
dissipate a significant amount of energy released through accretion. While neutron

2.1 Compact Object
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2.2

stars can show pulsations or even X-ray bursts, black holes lack such pulsations or
bursts, in addition to that, the luminosity in quiescence is much lower for BHs than
for NSs.

While there are different classes of black holes depending on their mass, for example,
stellar mass black holes ( 2.5 Mg < Mpy < 50 M), intermediate mass black holes
(50Mgy < Mpy < 10°Mg) and supermassive black holes (10° My < My <
10'° M) (Camenzind, 2007), the important ones for XRBs are the stellar mass
black holes. Such objects are created either directly from the evolution of a massive
star or through accretion of matter onto a NSs, while the NSs exceeds the Tolman-
Oppenheimer-Volkoff limit (Oppenheimer and Volkoff, 1939).

Accretion

Accretion (latin: ad crescere - to grow) in astrophysical context is the accumulation
of matter or gas under the influence of gravity. While in high energy astrophysics it
is typically discussed in the context of binary systems with compact objects, it is not
exclusively limited to this case; most astronomical objects like stars and planets are
formed by the means of accretion. Here, we focus on accretion in the high energy
astrophysical context, which is the conversion of gravitational potential energy into
radiation. Assuming that matter with a mass m is free-falling from infinity onto a
compact object with mass M and radius R, we can write:

mvf;  GMm

5 " (2.1)

with vy, the free-falling velocity of the matter and the gravitational constant G.
When the matter reaches the surface of the compact object (r = R) like NSs or
WDs, it gets abruptly decelerated and the kinetic energy is radiated away as heat.
Assuming that the compact object is accreting matter with a rate i, then the rate at
which the kinetic energy is dissipated would be %mvj% f therefore, the luminosity of
the compact object is given as:

(2.2)

Chapter 2 Astrophysical Background



2.3

Since L « M/R and NSs are one of the densest objects in the known universe,
accretion is quite efficient in these objects. Using the Schwarzschild radius R, =
2G M /c? for a star with mass M lets us rewrite Equation (2.2):

L= mj (%) = &rnc?, (2.3)
with £ = 2% the efficiency of conversion.

For a typical NSs(R = 10km and M = 1.0 M) the efficiency is £ ~ 0.15 while the
efficiency only reaches ¢ ~ 7 x 1073 in case of nuclear fusion from hydrogen to
helium. Assuming that the free-fall velocity of the matter at the surface of the NSs is
equal to its thermal velocity vy, = /kgT/m with kg = 1.38 x 10723 JK~—!, would
result in a temperature on the surface of:

2GMm
T = .
Rkp

2.4)

An electron with mass m, = 9.1 x 1073! kg impacting on the surface of the neutron
star would result in a temperature of T' ~ 10° K which corresponds to an energy of
E ~ 90keV and emission in hard X-rays.

Matter transfer in binary systems

As seen in Equation (2.2), the luminosity also depends on the mass accretion rate
. In most cases, the compact object is accreting matter from its companion. There
are multiple ways how this matter can be transferred from the companion onto the
compact object. LMXBs are in general accreting through Roche-lobe overflow (RLO).
To understand the concept of Roche-lobe overflow it is necessary to understand the
Roche lobe. The Roche lobe is one of the equipotential surfaces in a binary system,
those surfaces are defined by:

GM, GDM,
= +—=
1 T2

d — 0?2 = constant, (2.5)
with r; and r» the distances to the point » from the centers of the stars with mass
M, and M>. The equipotential surface which encompasses both objects is called the
Roche lobe (see Figure 2.2).

When a donor star in a binary system is fills its Roche lobe, matter is transferred
through the inner Lagrangian point L, since it is seeking lower gravitational poten-
tial (see Figure 2.3). There are known HMXBs which are accreting through RLO,

2.3 Matter transfer in binary systems



Figure 2.2. —Illustration of equipotential surfaces in a binary system. The dashed line
indicates the Roche lobe which is the equipotential surface which connects
both objects. L is the inner Lagrangian point at which both lobes are touching
each other. Adopted from (Longair, 2011).
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Figure 2.3. — Illustration of a system accreting through RLO. Cropped from Longair (2011).
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however, since the mass loss rate is increasing with increasing mass of the donor
star, Roche lobe overflow systems which accommodate such massive donor stars are
short-lived (< 100 years for companions with > 10 M) (Savonije, 1978).

While RLO is the main accretion mechanism in LMXBs, most of the binary systems
with supergiant companions are accreting directly from the stellar wind of the
supergiant. In this case, the compact object is embedded in the outflow of the
massive companion and accretion takes place in the cavity created by the bow shock
(see Figure 2.4) (Shapiro and Teukolsky, 1983). Since the angular momentum of
the matter in the wind is generally assumed to be low enough, it is assumed that
most of the wind accreting systems are accreting spherically. However, if the angular
momentum is high enough, the formation of an accretion disk is also possible.
The typical mass loss rates in such systems are of the order of M ~ 10~¢ My, yr—!

(Kudritzki and Puls, 2000).

b ~—
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—— \
¥

Stellay wind

Figure 2.4. — Illustration of a windaccreting system. Cropped from Longair (2011).

There is an additional mechanism that is in between Roche-lobe overflow and
wind accretion. This is the case when some parts of the donor stars atmosphere is
expanding over the Roche lobe, thus it is called the atmospheric Roche-lobe overflow.

2.3 Matter transfer in binary systems



2.4

12

As with the normal RLO, the matter is focussed through the L, point onto the
compact object. However, this type of accretion is not a run-away process unlike the
fully developed RLO, and can sustain mass loss rates between M ~ 10710 Mg yr—!

and M ~ 10~75 Mg yr~! for thousands of years, as shown by Savonije (1979).

The last kind of accretion occurs in Be/X-ray binaries. These are systems containing
a rapidly rotating O- or B-star with a circumstellar ‘decreation’ disk in the equatorial
region, which is formed by ejected material from the star (Chaty, 2022). As the
stellar wind in the equatorial region is both denser and slower in comparison to the
fast and less dense stellar wind in the polar region, this results in the creation of
the equatorial outflowing disk (Lamers and Cassinelli, 1999). The compact object
in most of the Be/X-ray binaries has a high eccentric orbit, it also has two states of
accretion. While far away, the compact object accretes spherically through the stellar
wind. However, close to the periastron passage, it closely passes the ‘decreation’
disk or even penetrates it, which leads to a drastic increase in the accretion rate and
the creation of an accretion disk around the compact object (Orellana and Romero,
2005). An illustration of a Be/X-ray binary can be seen in Figure 2.5.

Be/X-ray binaries show two different outbursts, type I outbursts occur periodically
occurring close to the periastron passage of the NSs and last for a fraction of
the orbit. During Type I outbursts, a moderate increase of the X-ray luminosity (
Lx <10% ergs™!) can be observed (Kretschmar et al., 2019). In Type II outbursts,
however, the luminosity is significantly increased ( Lx > 103" ergs~!) (Okazaki and
Negueruela, 2001). The Type II outbursts do not show any orbital preferences and
can last for weeks or even months (Okazaki and Negueruela, 2001). While the exact
mechanism behind the Type II outbursts are not fully understood yet, one of the
possible explanations is, that the ‘decretion disk’ becomes warped and eccentric so
that the NSs can accrete a large amount of matter (Martin et al., 2014).

X-ray Binaries

Broadly, there are two main types of X-ray binaries, classified by the mass of the
optical companion. If the mass of the companion is below M,,; < 1My (Chaty,
2022) those system are classified as LMXBs, above M,, 2 8 My (Chaty, 2022)
they are classified as HMXBs. In principle, there is a third type that populates
the mass gap between LMXBs and HMXBs which are the intermediate mass X-ray

binaries (IMXBs) (Pfahl et al., 2003), a prominent source of this class is Hercules

Chapter 2 Astrophysical Background
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Figure 2.5. — Illustration of a Be/X-ray binary system. A NSs is orbiting a Be Star in an
eccentric orbit, passing through the decretion disk close to periastron passage.
Cropped from Orellana and Romero (2005).

X-1 (Tananbaum et al., 1972), however, in comparison to the population of LMXBs
and HMXBs, the IMXBs population consists of only a few systems.

All X-ray binaries have one thing in common, and this is the compact object that
accretes from a donor star. The compact object can be a NSs or BHs. While there
are binary systems with WDs, these systems are considered separately as CVs as
mentioned in Section 2.1.

Since HMXBs have higher mass accretion rates than LMXBs, they tend to have
shorter lifetimes ~ 107 yr in comparison to ~ 10'° yr for LMXBs. Due to their shorter
lifespan, they are considered good tracers for regions with high Star Formation Rate
(SFR) (Avedisova, 2002; Grimm et al., 2003). While the LMXBs population of a
galaxy can help in estimating its mass (Gilfanov, 2004). HMXBs in our galaxy are
typically found in the galactic plane, while LMXBs can be also found in the galactic
halo, as seen in Figure 2.6.

High Mass X-ray Binaries

Although, XRBs with an massive donor star of > 8 M, belong to the class of HMXBs,
this classification can be further refined by distinguishing the system according to
the properties of the companion and the accretion mechanism. The Supergiant X-ray
binaries (SGXBs) are in general persistent HMXBs that accrete via the stellar wind

2.4 X-ray Binaries

13



14

75° e HMXB
e LMXB

30° ° ° °

e, R
o )
~ 15 A o . !(l= e ool o
Do [0 3% o gm0 e 2, Vo . 0
= o e ® m e m:. . 4 8 e »
-15° ° ° ° ~ b4 ° y,

. e ¢

-30°

-75° I[deg]

Figure 2.6. — Galactic XRBs population created from the newest version of the XRBcats
catalogues (http://astro.uni-tuebingen.de/~xrbcat/).

(Kretschmar et al., 2019). A special type of SGXBs was detected by the INTErnational
Gamma-Ray Astrophysics Laboratory (INTEGRAL). They exhibit short outbursts (few
hours) with bright flares (1036-1037 ergs—!), because of their transient nature those
systems are referred to as Supergiant Fast X-ray Transients (SFXTs) (Negueruela
et al., 2006). As mentioned earlier, HMXBs can also accrete via Roche-lobe overflow,
one of the most prominent binaries is Cen X-3 (Tjemkes et al., 1986), however, in the
case of a fully-developed Roche-lobe overflow this would result in a mass accretion
rate of about 1073 My, yr~! which would obscure the X-ray source (Kretschmar et al.,
2019). The last sub-class of HMXBs are the Be/X-ray binaries which makes up the
greatest part of the known HMXBs population. As mentioned in Section 2.3 these
system contain a fast-rotating O- or B-star with a decreation disk in the equatorial
region, and a compact object on an eccentric orbit which closely passes by the
decreation disk or penetrates it.

Low Mass X-ray Binaries

LMXBs host a late-type main-sequence star (M-K) and a compact object. While
HMXBs with BHs are uncommon (six galactic HMXBs, Neumann et al. 2023) it is
more common for LMXBs (~ 70 galactic LMXBs, Avakyan et al. 2023). However,
NSs-LMXBs are, by a factor of ~ 2 more numerous than BHs- LMXBs (Bahramian and
Degenaar, 2023). Around 20% of the NSs-LMXBs are either accreting millisecond X-
ray pulsars (AMXPs) or transitional millisecond radio pulsars (tMSRPs) (Bahramian
and Degenaar, 2023). In those systems, parts of the accretion disk is funneled by
the magnetic field onto the poles of the NSs, which increases the temperature on
the surface, giving rise to X-ray pulsations. AMXPs getting their name from the fact

Chapter 2 Astrophysical Background
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that they show fast X-ray pulsation in the range of ~ 1-10ms (Campana and Di
Salvo, 2018). Ultracompact X-ray binaries (UCXBs) are a subclass of LMXBs, they
are characterized by their short orbital period < 80 min (Bahramian and Degenaar,
2023). To accrete in systems with such a short orbital period, the donor star
needs to be a white dwarf or a helium burning subdwarf, otherwise these orbital
periods cannot be reached and still fill the Roche lobe (Paczynski and Sienkiewicz,
1981; Rappaport et al., 1982; Savonije et al., 1986). So far the above mentioned
subclasses accrete through RLO, however, there are LMXBs which accrete through
wind accretion. Such LMXBs are called symbiotic X-ray binaries (SyXBs), and they
consist of a BHs or NSs and a low-mass late-type giant (Bahramian and Degenaar,
2023). LMXBs containing BHs are usually transient systems and are called Soft
X-ray transients (SXTs), (Chaty, 2022). They can remain undetected for months
or decades with luminosities below 1032 erg s~! (Chaty, 2022). During their active
phase, they can reach X-ray luminosities of ~ 103% erg s~!, while their optical activity
increases by up to 10 magnitudes, this active phase can last for weeks or months
(Chaty, 2022).

Galactic XRBs population

The galactic population of XRBs consists of 169 HMXBs (Neumann et al., 2023)
and 349 LMXBs (Avakyan et al., 2023) as of 2023, however, new XRBs candidates
are discovered regularly (for example 1eRASS J061330.8+160440 and 1eRASS
J161201.9-464622 (Avakyan et al., 2025)) with the help of new instruments like the
extended ROentgen Survey with an Imaging Telescope Array (eROSITA) (Predehl
et al., 2021). With over 200 systems the majority of the galactic LMXBs population
are considered X-ray transients, followed by around 120 systems which show behav-
iors of X-ray Burster and around 100 sources in which the compact source is a radio
pulsar (Avakyan et al., 2023). As for HMXBs the majority of the sources are Be/X-ray
binaries (72) while 42 systems have an identified supergiant companion (Neumann
et al., 2023). The number of NSs-XRBs exceed the number of BHs-XRBs significantly.
Out of the 349 LMXBs there are around ~ 75 systems that contain a BHs-candidate
and out of the 169 HMXBs only 6 systems have a BHs-candidate. Meanwhile, the
remaining XRBs-population consists of NSs-XRBs.

2.4 X-ray Binaries
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Instrument Catalogues

To facilitate the creation of the LMXBs- and HMXBs-catalogues, we used infrared,
optical, and X-ray catalogues for positions and flux estimations across multi energy
bands. Table 3.1 shows an overview of the used catalogues while the following
chapter explains the catalogues in a bit more detail.

Catalogue \ Reference
Near Infrared
2MASS Skrutskie et al. (2006)
CatWISE Marocco et al. (2021)
Optical
Gaia Gaia Collaboration et al. (2023)
StarHorse Anders et al. (2022)
Bailer-Jones Bailer-Jones et al. (2021)
Soft X-ray
XMM-Newton Webb et al. (2023)
Chandra Evans et al. (2024)
Swift/XRT Evans et al. (2020)
Hard X-ray
INTEGRAL Krivonos et al. (2012)
Swift/BAT Oh et al. (2018)

Table 3.1. — Instrument catalogues which were used to create the XRBcats catalogues.

Near Infrared

2MASS

In the near-infrared the Two Micron All Sky Survey (2MASS) provides positional
accuracy of around 0.5 arcsec (Skrutskie et al., 2006). The data which was taken
between June 1997 and February 2001 covers almost the entire sky (99.998%,
Skrutskie et al. 2006). With its high positional accuracy, it was used as an alternative
for sources without a Gaia position. In addition to the source location, the 2MASS-
catalogue was used to extract information in the J- (1.25um), H- (1.65um) and
K-band (1.65um).
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CatWISE

In the Near Infrared, CatWISE (Marocco et al., 2021) was used in addition to the
catalogue of 2MASS. CatWISE used data from the WISE and NEOWISE survey in
the 3.4um and 4.6 um band. It covers the entire sky and contains information about
1.9 billion sources which were observed between January 2010 and December 2018.
The only piece of information that was extracted from the CatWISE-catalogue is
the magnitudes in the W1-band (3.35um) and the W2-band (4.6 um) and their
corresponding uncertainties.

Optical
Gaia

The catalogue with the highest positional accuracy comes from the Gaia mission
(Gaia Collaboration et al., 2016), especially the third data release (Gaia Collaboration
et al., 2023) (Gaia-DR3). Gaia-DR3 contains observation from the first 34 months
of the mission, which resulted in optical data from over 1.8 billion objects. With
its u — arcsec accuracy, Gaia-DR3 was the main source for accurate object positions.
In addition to that, it provided a large variety of photometric and astrometric data.
Other catalogues utilize the Gaia data, which are described in the following parts.

StarHorse

StarHorse (Anders et al., 2022) is one of the catalogues that used the data from
the Gaia satellite. It provides information on the parameters like stellar mass and
distance. To infer those parameters StarHorse uses other photometric catalogues
besides Gaia, that includes the catalogues of Pan-STARRS, SkyMapper, 2MASS and
AIIWISE. In their code, they compare the spectroscopically measured parameters
(like effective temperature 7, ¢, and surface gravity log g), parallax and photometric
magnitudes, with predictions from stellar evolutionary models (Queiroz et al., 2018).
Anders et al. (2022) provide these parameters for around 360 million objects. For
the stellar effective temperature as well as for the distance estimation, StarHorse
was one of the prime sources of information.

Chapter 3 Instrument Catalogues
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Bailer-Jones

Similar to StarHorse, Bailer-Jones (Bailer-Jones et al., 2021) also provides infor-
mation on the distance of a source. To estimate the distance, they use Bayesian
inference. Instead of using the stellar evolutionary models, they developed a di-
rection dependent prior which is constructed from a three-dimensional model of
our galaxy. From this catalogue, distance estimations (both, geometric and photo-
geometric) are used, as well as their uncertainties on the estimation. Bailer-Jones
et al. (2021) provides the geometric distances for 1.47 billion sources and the

photogeometric distance estimation for 1.35 billion sources.

Soft X-rays

Chandra

Information from the Chandra X-ray Observatory (CXO) is retrieved from the sec-
ond release of the Chandra Source Catalogue (CSC) (Evans et al., 2024). It was
released in 2019 and contains information of ~ 300000 distinct X-ray sources from
observations publicly available before the end of 2014 (Evans et al., 2024). The
observations that are used to create the CSC 2.0 cover ~ 517 deg? (Evans et al.,
2024) of the sky. In addition to the source position, the CSC 2.0 contains a large
quantity of source-specific parameters, for example, the hardness ratio or temporal
variability (Evans et al., 2024). The most important values for the XRBcats are the
source position, positional uncertainty, and the source flux.

XMM-Newton

To make use of the XMM-Newton observations this catalogue also made use of the
fourth XMM-Newton Serendipitous Source Catalog in its thirteenth data release
(4XMM-DR13). The 4XMM-DR13 catalogue provides information of about ~ 660000
objects (Webb et al., 2023). The general content is described in Webb et al. (2020).
This catalogue used a total of 13243 observations which were done between February
2000 and December 2022 with a total sky coverage of ~ 1328 deg? (3.2%). Similar
to the CSC, the 4XMM-DR13 catalogue provides the flux estimation of different
instruments in different energy bands to cover the full energy-range of the instru-
ments. Like in the case of CSC the important parameters extracted from 4XMM-DR3

3.3 Soft X-rays
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were the source locations together with their uncertainties as well as the source flux
in the energy range of 0.2—-12keV.

Swift/XRT

The Second Swift XRT Point Source Catalogue (2SXPS, Evans et al. 2020) is the
last of the three soft X-ray catalogues. The 127519 observations which were taken
between January 2005 and August 2018 revealed a grand total of 206335 unique
X-ray sources. With a sky coverage of ~ 3800 deg? (9.2%), the 2SXPS-catalogue has
the highest coverage of all three soft X-ray catalogues. In addition to the source
location and its uncertainty, the 2SXPS-catalogue also includes a variety of flux
estimations using different spectral models. One of the stand-out features of the
2SXPS-catalogue in comparison to the other two soft X-ray catalogues is the inclusion
of the hydrogen column density for individual sources.

Hard X-rays

INTEGRAL

For INTEGRAL the nine-year galactic hard X-ray survey from INTEGRAL/IBIS
(Krivonos et al., 2012) was used. It contains flux-information of about 402 sources
which are lying in a galactic latitude of |b| < 17.5°, of which 82 are HMXBs and 108
are LMXBs (Krivonos et al., 2012). The information was extracted from publicly
available INTEGRAL data, which was obtained between December 2002 and January
2011 (Krivonos et al., 2012). For XRBcats the flux in the 17-60 keV was used.

Swift/BAT

The second instrument which was used in the hard X-rays was the Swift Burst
Alert Telescope (Swift/BAT) instrument. The 105-Month Swift-BAT All-sky Hard
X-ray Survey catalogue (Oh et al., 2018) was used to create XRBcats. It uses data
from observation which were done between December 2004 and August 2013. The
catalogue contains a total of 1632 sources, of which 108 are HMXBs and 109 are
LMXBs (Oh et al., 2018), where the particular interest was the flux in the 14-195 keV
energy band.
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XRBcats - High Mass X-ray
Binaries

As described in Section 2.4, XRBs can be in general seperated into two distinct
classes, HMXBs (M,,; 2 8 M) and LMXBs ( M,,; < 1Mg). The following paper,
describes the work which was undertaken to create an up-to-date catalogue of
HMXBs in our galaxy. The main inspiration of this work comes from Liu et al. (2006),
which was the most up-to-date catalogue of galactic HMXBs when the work on this
paper began. I developed the code for finding new HMXBs as well as updating
information on already identified HMXBs. In addition to extracting data, finding
charts in different wavelengths were created. I contributed the majority of the code
for the creation of the finding charts. While the idea of a website for the catalogue
was developed together with all the coauthors. I led the development of the website
and was in charge of updating, and maintaining it.
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ABSTRACT

Context. We present a new catalogue of high mass X-ray binaries (HMXBs) in the Galaxy that we call the Galactic High Mass
X-ray Binary Catalogue (XRBcats), which improves upon the most recent of such catalogues. We include new HMXBs discovered
since previous publications and revise the classification for several objects previously considered HMXBs or HMXB candidates. The
catalogue includes basic information (e.g. source names, coordinates, types), other data (e.g. distance and X-ray flux estimates, binary
system parameters), and other characteristic properties of the 169 HMXBs catalogued. We also present finding charts in several bands
from the infrared to hard X-rays for each object.

Aims. The aim of this catalogue is to provide a list of all currently known Galactic HMXBs, including basic information on both
compact objects and non-degenerate counterpart properties (where available). We also include objects tentatively classified as HXMBs
in the literature and give a brief motivation for the classification in each case.

Methods. The catalogue is compiled based on a search of known HMXBs and candidates in all publicly available databases and
literature published before May 2023. The relevant properties in various wavelength bands were collected for all objects, either from
the literature or using data provided by large-scale surveys. For the latter case, the counterparts in each individual survey were found by
cross-correlating positions of identified HMXBs with relevant databases.

Results. An up-to-date catalogue of Galactic HMXBs is presented to facilitate research in this field. Our goal was to collect a larger set
of relevant HMXB properties in a more uniform way compared to previously published works.

Key words. catalogues — binaries: close — stars: early-type — X-rays: binaries
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© 1. Introduction

tr

vn X-ray binaries (XRBs) are still the focus of observational X-ray
IElastronomy almost 60 years after their discovery. These systems
consist of a compact object, which can be a neutron star (NS), a

e\ black hole (BH), or a white dwarf (WD), and a non-degenerate
> companion providing matter for the accretion powering the X-
[ ray emission. Depending on the mass of the optical companion,
¢ XRBs can subdivided into two categories. Systems with low mass
= optical companions (M) < 1M, are classified as low mass
X-ray binaries (LMXBs Chaty 2022), whereas those with higher

! mass optical companions (Mop: 2 8M,) are classified as high
¢ mass X-ray binaries (HMXBs, Chaty 2022). In the cases where
O the compact object is either a NS or a BH, accretion is usually
€M assumed. However, systems in which the compact object is a
(.\! WD are commonly considered separately from the first two cases,
and are most often referred to as cataclysmic variables (CVs)

¢ = rather than XRBs due to both physical and historical reasons.
>< The mass gap between LMXBs and HMXBs is populated by a
g handful of sources (e.g. Her X-1 with an optical companion with
amass of My ~ 2M¢ (Tananbaum et al. 1972), often referred to

as intermediate-mass X-ray binaries IMXBs, Pfahl et al. 2003).
Despite the mass of the optical companion, all of these binaries
host a compact object, and thus represent endpoints of stellar
evolution. Understanding the properties of this population is key

* The catalogue is available at CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/
viz-bin/cat/J/A+A/677/A134
** A web version is publicly accessible at http://astro.
uni-tuebingen.de/~xrbcat/

*** E-mail: marvin.neumann @astro.uni-tuebingen.de

to understanding the evolution of the Galaxy as a whole. Due to
their short characteristic lifetimes of ~ 2 X 1O7years, HMXBs
can be considered young systems when compared to LMXBs
(~ 10'%years), and are thus good tracers for star forming activity
(Grimm et al. 2003). Within the Milky Way such systems are con-
centrated around the Galactic plane and are often localised within
the spiral arms. Similarly to other astrophysical sources, there
are still large uncertainties in the spatial distributions, luminos-
ity distributions, numbers, physics, and evolutionary cycles for
XRBs. This issue is exaggerated by the fact that we only observe
a fraction of the overall population of these systems. However,
the number of known objects is ever increasing. It is therefore
essential to keep the census of known XRBs and their properties
up to date, especially in the era of new large-scale surveys such as
eRosita and Gaia that provide a wealth of new observational in-
formation across the entire sky. The goal of this paper is therefore
to provide such an update for HMXBs. In parallel, similar efforts
for LMXBs and IMXBs have been undertaken independently
(Avakyan et al. 2023).

As already mentioned, HMXBs constitute a relatively broad
class of objects defined based on the mass of the companion star.
Depending on the properties of the companion, and the accretion
mechanism, they can be divided into several sub-classes. Systems
accreting via stellar winds of their optical companion with
mass-loss rates of up to M ~ 107%>M,, yr~! (Kudritzki & Puls
2000) are usually persistent sources of X-rays and are referred
to as supergiant X-ray binaries (SGXBs, Corbet 1986). Within
the category of SGXBs are also the highly variable supergiant
fast X-ray transients (SFXTs, Negueruela et al. 2006), which are
non-accreting most of the time, but show occasional bright flares
on timescales of minutes to days with peak fluxes comparable
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to other SGXBs. Depending on the mass ratio, accretion can
be quasi-symmetric, or focused by gravity via the L1 point,
as is the case of Vela X-1 (Kretschmar et al. 2021). In some
cases Roche-lobe overflow (RLO) can also occur; the Galactic
micro-quasar SS 433 and the first X-ray pulsar ever discovered,
Cen X-3, are examples where this mechanism dominates. With
mass-loss rates of M ~ 1073M, yr~! (for a fully developed
RLO) these systems have rather short lifetimes (of the order of
the thermal timescale of the optical companion), and are thus
rare. However, Savonije (1978) showed that an atmospheric
RLO is feasible and could be sustained for thousands of years
with mass-loss rates below M ~ 1078M,, yr~!, and indeed more
HMXBs of this type are known to exist outside of our own
Galaxy. However, the known HMXB population is dominated
by Be X-ray binaries (BeXBs, Reig 2011). In these systems the
optical companion is either an early-type B star (earlier than B3)
or a late-type O star (later than O8), with an equatorial decretion
disc. This disc is formed by the material released at the equator
of the optical companion due to its high rotation velocity (Balona
& Ozuyar 2020). Decretion disc size is known to be variable
and can be traced by the characteristic emission lines in the
optical spectra of Be star. Passage of the compact object (in the
vast majority of cases a NS) through the disc leads to enhanced
accretion, especially if the disc is in an expanding state. From
an observational point of view, this leads to the appearance of
two different kinds of outbursts that are characteristic of BeXB
systems. Type I outbursts are periodically occurring events
with a typical peak luminosity below 10*’erg s™!, normally
coinciding with the periastron passage of the compact object.
Type II outbursts are more irregular, less frequent events, and are
apparently associated with the expansion of the circumbinary
disc. Peak luminosity can reach up to 10¥erg s=! (Doroshenko
et al. 2020), thereby exceeding the Eddington luminosity of the
neutron star. Outbursts of this type are usually referred to as
giant outbursts and do not show any preferred orbital phase, and
usually last longer than their type I counterparts. Importantly, all
BeXBs are transients with relatively low duty cycles and are
mostly observable only during their outbursts. They continue,
therefore, to be discovered at a steady rate, and contribute to the
increase in the number of known HMXBs.

Prior to the recent catalogue Fortin et al. (2023), the most
commonly used catalogue of HMXBs, and the starting point of
this work, was Liu et al. (2006), which was published ~16 years
ago. Since then many new HXMBs have been discovered, and
some previously categorised objects have lost their HMXB status.
What is perhaps even more important, is that a wealth of addi-
tional observational data were collected with new facilities such
as the X-ray Multi-Mirror Mission (XMM-Newton) (Jansen et al.
2001), the International Gamma-Ray Astrophysics Laboratory
(INTEGRAL) (Winkler et al. 2003) or Gaia (Gaia Collaboration
et al. 2016), to name but a few. In this work we present an updated
catalogue of Galactic HMXBs including multi-wavelength infor-
mation as well as the new sources discovered since the publication
by Liu et al. (2006). The current catalogue only includes Galactic
HMXBs and does not include objects from the Small or Large
Magellanic Clouds; candidates within these regions often have
poorly identified or characterised optical counterparts. For Galac-
tic HMXBs, a concerted effort has been made within the field
to collect all relevant and current multi-wavelength information
including distances, optical magnitudes, variability information in
soft and hard X-rays, and information on detection in radio band,
amongst others. Such information ensures that the catalogue can
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aid in the identification of new HMXBs in the ongoing and future
X-ray surveys, population studies, and other investigations.

2. Definition of the sample and data sources

As a first step, we compiled a sample of 169 HMXBs (123 con-
firmed and 46 candidates) by searching the SIMBAD' and VizieR?
archives hosted by the Centre de Données astronomiques de Stras-
bourg (CDS) databases and the literature. The largest fraction of
this sample (105 objects) originates from Liu et al. (2006), the
catalogue this work is based on. We also systematically searched
the literature (including Astronomoner’s Telegrams®) for reports
of new HMXB discoveries. A large fraction of new HMXBs re-
ported in the literature were discovered between 2006 and 2020
by both the INTEGRAL mission and the Neil Gehrels Swift Obser-
vatory (Swift) (Gehrels et al. 2004) (29 objects), as summarised in
Kretschmar et al. (2019), which can therefore also be considered
one of the main sources used in this work. As the next step, we
considered all objects classified as HXMB or candidates in the
SIMBAD and VizieR databases. Considering that the majority of
objects not present in these databases or the literature are extra-
galactic, and the fact that HMXBs are strongly clustered towards
the Galactic plane Grimm et al. (2002), we restricted our search to
the Galactic latitude between +15° in the latter case. As an aside,
the recent HXMB catalogue Fortin et al. (2023) was published
during the review process of this paper. We therefore utilised
this catalogue as an additional source list, and cross-checked our
own catalogue against this, which resulted in an additional five
HMXBs. We note that although considerable effort was put into
finding all possible HXMBs and candidates, it is still possible
that some sources have been omitted, we therefore urge the reader
to report such omissions to the corresponding author. We also
note that some of the objects considered by Liu et al. (2006) as
HMXBs or candidates are no longer accepted as such. In Section
3.2 we discuss these cases separately.

2.1. HMXB sample and classification

To reflect the variety among the properties of HMXBs, we include
information on the origin of the donor star or compact object, sys-
tem variability, and other relevant properties. These properties are
then used to define a set of flags designed to represent the range
of properties present in this catalogue. In general, the criteria for
these flags are based on the classifications introduced in Liu et al.
(2006). However, we have supplemented them with additional
flags based on the information provided within Kretschmar et al.
(2019), Staubert et al. (2019), and van den Eijnden et al. (2021,
2022). As a result, we converged on the set of flags listed below.
The frequency of individual flags is provided in brackets and
is also presented graphically in Fig. 1 to give a broad overview
of the sample of known HMXBs. We note that the flags below
are not meant as a basis for classification of HXMBs, but rather
illustrate the range of different systems within the population con-
sidered in this catalogue, meaning a system may have multiple
flags:

1. BH: black hole candidate (6);

2. EB: eclipsing or partially eclipsing binary system (9);
3. MQ: micro-quasar (4);

4. RS: radio emitting HMXB(13);

! http://simbad.u-strasbg.fr/simbad/
2 https://vizier.cds.unistra.fr/viz-bin/VizieR
3 https://astronomerstelegram.org/
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Fig. 1. HMXBs population of each type in the Galaxy.

5. XB: X-ray burst source (3);

6. XP: X-ray pulsar (63);

7. XT: transient X-ray source (67);

8. US: ultra-soft X-ray spectrum (1);

9. HT: hard transient (9);

. Gcas: Gamma Cassiopeiae-like source (9);

11. QPO: quasi-periodic oscillation (8);

12. SG: supergiant optical companion (42);

13. BE: Be star companion (72);

. CL: cyclotron resonance scattering feature in X-ray spectrum
(37);

15. GP: high mass gamma-ray binary (8).

2.2. X-ray properties

Considering that the prime feature of XRBs is their X-ray emis-
sion, we attempted to compile the relevant X-ray properties of
the HMXBs in the catalogue. This includes fluxes in the soft
X-ray band as observed by XMM-Newton, the Chandra X-Ray
Observatory (Chandra; Weisskopf et al. 2000), and the Swift
X-Ray Telescope (Swift/XRT; Burrows et al. 2005), and in the
hard X-ray bands as observed by INTEGRAL and the Swift Burst
Alert Telescope (Swift/BAT; Barthelmy et al. 2005). We also com-
piled X-ray positions, in order to assess the reliability of optical
counterpart identification or identify plausible counterparts, as
described below. In the case of XMM-Newton we report flux in
the 0.2-12keV energy band (corresponding to EPIC_8 band in
the XMM-Newton catalogues* Webb et al. 2020). For Chandra’
(Evans et al. 2010) we preferentially used the broad ACIS band
(0.5-7.0keV) or the wide HRC band (0.1 — 10.0keV) depending
on the availability. In the case of Swift/XRT we used data that
is available in the Swift X-ray telescope point source catalogue®
(2SXPS) (Evans et al. 2020), where for the flux we utilised the
energy range 0.3 — 10.0keV, calculated from an assumed power-
law spectrum (Evans et al. 2020). In the hard X-ray regime we

4 https://heasarc.gsfc.nasa.gov/W3Browse/xmm-newton/
xmmssc.html

3 https://vizier.cds.unistra.fr/viz-bin/VizieR-37
-source=IX/57/csc2master

® https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=IX/58/2sxps

used an energy range of 14 — 145keV for Swift/BAT’ (Oh et al.
2018) data and an energy range of 17 — 60 keV for INTEGRAL
data® (Krivonos et al. 2012).

2.3. Optical position and astrometry

Most of the HMXBs in the sample have identified optical counter-
parts (an almost essential pre-requisite for HXMB classification).
However, the optical positions reported in Liu et al. (2006) are
often limited by the techniques of the time, and thus show discrep-
ancies with modern observations. An effort was made to update
these data with the updated astrometry provided by the Gaia
mission. To achieve this, we first confirmed whether the SIMBAD
database already contained identified Gaia DR3® (Gaia Collabora-
tion et al. 2023) or Two Micron All Sky Survey!'® (2MASS; Cutri
et al. 2003) counterparts. If this was not the case, we matched
the literature positions, which included V-band magnitudes, to
Gaia DR3 using a large search radius of 10”. Gaia counterparts
that matched the literature positions and magnitudes within the
uncertainties were then selected. In most cases this corresponded
to an object closest to the literature position with V-band magni-
tude within 2 mag of the G-magnitude reported by Gaia. We note
that most of the HMXBs are, to some extent, variable in the opti-
cal band so an exact comparison would be unfeasible. This meant
that the threshold of two magnitudes was determined empirically
by inspecting the observed difference between the literature and
Gaia magnitudes for sources where the Gaia counterpart was
already unambiguously identified.

For all HMXBs with a Gaia counterpart, we provide distance
information from Gaia Collaboration et al. (2023), Bailer-Jones
et al. (2021),"" and Anders et al. (2022).'? In addition, for objects
without an identified Gaia counterpart, but with available distance
estimates in the literature, we give those estimates and their corre-
sponding references. If multiple distance estimates were available,
the mean distance was calculated by using the arithmetic mean on
all available distance estimations linked to the given source. The
range of possible distances, calculated by taking the lowest and
highest estimations of all distance estimates for a given system
(from the literature or from Gaia) is also reported.

2.4. Additional information

We also attempted to include some extra information related to
the properties of the optical counterparts and the compact ob-
jects. For instance, in addition to the G-band magnitudes of Gaia
published in Gaia Collaboration et al. (2023), magnitudes in the
J-, H-, and K-bands provided by Cutri et al. (2003) as well as
magnitudes in the W1- and W2-bands of the Wide-field Infrared
Survey Explorer mission (Wright et al. 2010) in CatWISE2020"
(Marocco et al. 2021) and available V-band magnitudes were

7 https://heasarc.gsfc.nasa.gov/W3Browse/swift/
swbat105m.html

8 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=]/A%2bA/545/A27

9 https://vizier.cds.unistra.
-source=I/355

0 https://vizier.cds.unistra.
-source=I11/246

' https://vizier.cds.unistra.
-source=1/352

2 https://vizier.cds.unistra.
-source=I/354/starhorse2021

B https://vizier.cds.unistra.
-source=I1/365

fr/viz-bin/VizieR-37?
fr/viz-bin/VizieR?

fr/viz-bin/VizieR-3?
fr/viz-bin/VizieR-37?

fr/viz-bin/VizieR?
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included. Any luminosity estimates of the optical companions
from Gaia Collaboration et al. (2023) were also added. Since
the spectral type of the counterpart is also pertinent information,
we attempted to include this information by using the following
sources: Kretschmar et al. (2019), Staubert et al. (2019), Liu
et al. (2006), Mauro Orlandini’s website,'* and SIMBAD. Due to
the close connection between spectral type and effective stellar
temperature, estimations of the temperatures provided by Anders
et al. (2022) and Gaia Collaboration et al. (2023) were included.
The catalogue includes only the mean stellar effective tempera-
ture. One of the key properties of NS systems is the magnetic
field strength of the compact object. This can be measured using
observed energies of the cyclotron resonance scattering features
(CRSFs, or cyclotron lines). We therefore included the literature
values of the observed CRSF energies where such features were
claimed to be detected. This includes the fundamental line as well
as harmonics. The line energies and corresponding references
were sourced from the recent review by Staubert et al. (2019) and
the X-ray pulsar properties database by Mauro Orlandini, which
appears to cover all X-ray pulsars where a detection of a CRSF
was claimed in the literature.

3. Catalogue content and quality assurance
3.1. Description of the fields

The Galactic High Mass X-ray Binary catalogue (XRBcats) we
present here contains a total of 169 HMXBs and candidates,
sorted according to increasing right ascension (second column).
The table consists of 66 columns, listing the various parameters
and references for a given HMXB. The first column contains the
source name, as decided by the most common name in the litera-
ture (number of mentions in NASA ADS system). The following
seven columns are dedicated to the coordinates of the system, the
second and third columns displaying the right ascension (RA)
and declination (DEC) in degrees, followed by statistical uncer-
tainties of the coordinates in arcseconds. The Coord_Ref column
provides the reference of the catalogue or paper, which was used
to extract the coordinates and uncertainties (e.g. Gaia Collabora-
tion et al. (2023) for Gaia DR3), given as a NASA ADS bibcode.
The sixth column indicates whether the optical counterpart is
solidly identified in the literature (0), if it is a tentative optical
counterpart identified as such in the literature (1) or if it is not
yet identified (2). In the seventh and eighth columns the galactic
longitude (GLON) and galactic latitude (GLAT) in degrees can
be found. The following column displays the different X-ray flags
related to HMXB classification, which were discussed in Sect. 2.
Columns 10 and 11 provide the orbital period of the compact ob-
ject in days and the spin period of the pulsar (where appropriate)
in seconds, respectively. For NS HMXBs with CRSFs reported
in the literature, line energies are listed in column 12 in units
of keV regardless of if it is reporting on the fundamental line or
any harmonics. In the Alt_name column, the second most-used
identifier in the literature was selected as an alternative name for
the HMXB. Column 14 displays the spectral type of the optical
companion. If it was possible to identify the Gaia counterpart, the
Gaia-DR3-ID is listed in column 15. Column 16 and 17 show the
magnitude in the G-band as well as its uncertainty followed by the
V-band magnitude in Column 18 and its uncertainty in Column
19. In Columns 20-29, the JHK-magnitudes as well as the W1-
and W2-magnitudes with their respective uncertainties are shown.
The neutral hydrogen column density in units of 10*'cm™2 is

4 http://www.iasfbo.inaf.it/~mauro/pulsar_list.html
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shown in column 30, which is available in Evans et al. (2020).
In this reference hardness ratios were first taken and utilised to
produce a power-law spectrum through interpolation; from this
interpolated spectrum, the neutral hydrogen column density best
fitting that spectrum was derived. The following 11 columns con-
tain information on the X-ray flux. Columns 31 and 32 are the
minimum and maximum flux values of the source in the XMM-
Newton catalogue. Columns 33 and 34 are the flux values of
the source in Chandra, due to the use of both Chandra HRC and
ACIS; column 35 indicates which of these two instruments was
used for the flux values. Columns 36 and 37 respectively dis-
play the minimum and maximum flux values of Swift/XRT of the
source, columns 38 and 39 for Swift/BAT, and Columns 40 and 41
for INTEGRAL. In cases where only one observation was taken
the same value was adopted for minimum and maximum flux
values. Columns 42-44 contain mass estimates of the compact
object, in particular mean mass, as well as the upper and lower
mass limits reported in the literature (in Mg). Columns 45-47
contain distance estimates (in parsec) to a given source, including
the mean distance and the upper and lower limits given in the
literature. The stellar effective temperature and the luminosity
of the optical counterpart can be found in columns 48 and 49,
where T, is in Kelvin and the luminosity of the companion is in
Lo. All SIMBAD identifiers associated with HMXBs are quoted
in column 50. The next seven columns are dedicated to the ref-
erences of CRSF, pulsation period, orbital parameter, spectral
type, distance-estimation (if literature values were used), mass
estimation, and miscellaneous references. Column 58 is dedicated
to comments (e.g. if the source is considered an HMXB candi-
date or similar). The final eight columns contain the source name
given in the following catalogues: 2MASS All-Sky Catalogue of
Point Sources, CatWISE2020 catalogue, Second ROSAT all-sky
survey (2RXS) source catalogue, XMM-Newton Serendipitous
Source Catalogue, Chandra Source Catalogue (CSC) Release 2.0,
2SXPS Swift X-ray telescope point source catalogue, Swift/BAT
105-Month All-Sky Hard X-Ray Survey catalogue, and INTE-
GRAL/IBIS 9-year Galactic Hard X-Ray Survey catalogue.

3.2. Finding charts and problematic cases

As part of the catalogue we provide finding charts, which consist
of up to six different images ranging from near-infrared (NIR) to
hard X-rays for all sources. For the majority of the finding charts,
we used the Hierarchical Progressive Surveys (HiPS, Fernique
et al. 2015); only in the case of Swift/XRT did we use the SkyView
Query. Both HiPS and SkyView offer the possibility to query data
automatically with Python. To access HiPS, and SkyView we used
the astroquery.hips2fits'> package and the astroquery.skyview'¢
package, respectively. In the following we give details of the
surveys used and provide their corresponding links as footnotes.
The finding charts consist of up to six different surveys, which
are mentioned below, along with their corresponding links as
footnotes. In the top row we include the image taken from the
Visible and Infrared Survey Telescope for Astronomy (VISTA)
from their Variables in the the Via Lactea (VVV!7) DR4 catalogue
(Minniti et al. 2010). Alternatively, for the top row image, where

5 https://alasky.u-strasbg.fr/hips-image-services/
hips2fits

16 https://astroquery.readthedocs.io/en/latest/skyview/
skyview.html

7 http://alasky.cds.unistra.fr/VISTA/VVV_DR4/
VISTA-VVV-DR4-]/
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VVV was not available we utilised 2MASS.'® The central image
is taken from unWISE' (Schlafly et al. 2019) and for the right-
hand RGB image we utilised Chandra,”® XMM-Newton,?" or the
Roentgensatellit (ROSAT;22 Truemper 1982; Boller et al. 2016;
Voges et al. 1999) (listed here in order of preference). In the
left-hand corner of the bottom row we provide a soft X-ray image
of Swift/XRT (SwiftXRTInt in astroquery.skyview). For hard X-
rays we take images from Swift/BAT?? (middle section of bottom
row); and INTEGRAL?* (right hand section of bottom row). A
1 arcmin field of view was used for the creation of the VVV,
2MASS, unWISE, XMM-Newton, and Chandra images. In the
case of Swift/XRT and ROSAT, we used a field of view size
of 5 arcmin and 15 arcmin, respectively. The field of view for
Swift/BAT and INTEGRAL was chosen to be 10°. In each case,
the size of the region was chosen considering the field of view and
angular resolution of a given instrument. Every panel also shows
the coordinates and uncertainties of all detected sources within
their respective regions (position uncertainties are represented by
error circles). A red cross indicates the position given by SIMBAD
for the source, and a dodger-blue diamond for the coordinates
described in the literature. The position of the source used by this
catalogue is indicated with an orange star. In the case of the soft
X-ray instruments, the position of the observations is indicated
by the error circles to prevent overcrowding, a golden circle
indicates the Chandra position, a red circle XMM-Newton, a green
circle Swift/XRT, and a navy blue circle ROSAT. Swift/BAT and
INTEGRAL are denoted by a deep pink pentagon and a lime green
triangle, respectively. In the optical band we indicate CatWISE
with an orange X, 2MASS with a cyan plus sign, and Gaia DR3
data with purple square. As an example, Figure 2 shows the
finding chart of GRO J1008-57.

Based on visual inspection of the finding charts and literature
research, several problematic cases were identified. We list these
cases in their respective categories, in ascending order of their
right ascension coordinates. Several sources initially assumed to
be HMXBs were removed from the sample.

1E 1048.1-5937: 1E 1048.1-5937 is listed as an HMXB in
SIMBAD; however, Dib et al. (2009) concluded that the source is
actually a magnetar. The source is also listed as a magnetar in the
McGill magnetar database> Olausen & Kaspi (2014).

IGR J18151-1052: IGR J18151-1052 was suggested to be an
HMXB (Burenin et al. 2009); however, this was shown not to
be the case by Lutovinov et al. (2012). The object might be
associated with the magnetar candidate PSR J1845-0258 or be a
CV, but in any case its identification as an HMXB is unlikely, so
we decided not to include this source.

1E 2259+58.6: Another magnetar 1E 2259+58.6 (Gavriil
& Kaspi 2002) was excluded using the same logic as for

8 http://alasky.cds.unistra.fr/2MASS/1/

9 http://alasky.cds.unistra.fr/unWISE/W1/

20 https://cdaftp.cfa.harvard.edu/cxc-hips/

2l http://skies.esac.esa.int/XMM-Newton/EPIC-RGB/

22 http://alasky.cds.unistra.fr/RASS/

2 http://cade.irap.omp.eu/documents/Ancillary/4Aladin/
BAT_14_20/

2 http://cade.irap.omp.eu/documents/Ancillary/4Aladin/
INTEGRAL_17_60/

2 https://www.physics.mcgill.ca/~pulsar/magnetar/main.
html

1E 1048.1-5937.

Several objects have tentative or known optical counterparts in
the literature, but they could not be found automatically through
the procedure outlined above. For these objects, the literature
was searched manually and the known counterparts and their
coordinates were added to the catalogue.

RX J0148.9+6121: Not much is known about RX J0148.9+6121
which was only referred to once by Wang et al. (2014) as having
HMXB status. We therefore consider it to be a candidate rather
than a confirmed HMXB.

PSR J0635+0533: Fortin et al. (2022b) compiled a list of galac-
tic HMXBs that contain a NS as their compact object, and made
an effort to identify optical counterparts for the systems in Gaia
DR3. The study only lists objects with unambiguously identified
counterparts both in Gaia DR3 and 2MASS catalogues that are
within 0.5” of each other. In the case of PSR J0635+0533, they
identified Gaia DR3 3131755947406031104 as the counterpart.

1H 0749-600: For 1H 0749-600, Torrejon & Orr (2001) posited
that the proposed optical counterpart HD 65663 is not the real
counterpart, but rather a single Be star spatially coincident with
an X-ray transient. Torrejon & Orr (2001) also considered the pos-
sibility that the system is not an X-ray binary at all. We therefore
classify this association as tentative.

1FGL J1018.6-5856: For 1FGL J1018.6-5856 the same pro-
cedure was performed as in the case of PSR J0635+0533. Here
Fortin et al. (2022b) identified Gaia DR3 5255509901121774976
as the Gaia counterpart for IFGL J1018.6-5856.

1ES 1210-64.6: Based on the coordinates of the soft X-
ray counterpart of 1ES 1210-64.6 (Revnivtsev et al. 2007),
Masetti et al. (2009) identified the optical counterpart
(Gaia DR3 6053076566300433920) This conclusion was con-
firmed by follow-up optical spectroscopy.

IGR J12341-6143: A soft X-ray counterpart for IGR J12341-
6143 was discovered quite recently by Sidoli et al. (2020) with
Swift/XRT, which also led to the identification of a tentative
optical counterpart (Gaia DR2 6054778507172454912).

1A 1238-59: We suggest classifying 1A 1238-59 as an HMXB
candidate, due to an error radius of 30” (Dower et al. 1978) and
because there is no detected optical counterpart.

IGR J14059-6116: We decided to classify IGR J14059-6116 as
an HMXB candidate, due to a missing optical counterpart. Corbet
et al. (2019) suggested that IGR J14059-6116 has a possible
association with the HMXB 4FGL J1405.1-6119, and therefore
we note that IGR J14059-6116 is likely to be the same source as
4FGL J1405.1-6119.

MAXI J1409-619: Kennea et al. (2010) located an uncatalogued
X-ray source inside the MAXT error circle of MAXI J1409-619
using Swift/XRT. Inside the Swift/XRT error circle of this source,
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Fig. 2. Finding charts of GRO J1008-57. The finding charts are overlaid with symbols and error circles to indicate observations of different
instruments. See text in Sect. 3.2 for an explanation of the finding charts and the symbols.

a catalogued IR source (2MASS J14080271-6159020) was also
found which is considered a tentative optical counterpart.

IGR J14331-6112: Gaia DR3 5878377736381364608 is men-
tioned as the unambiguous optical counterpart of IGR J14331-
6112 by Fortin et al. (2022b).

Cir X—1: Since its discovery, Cir X—1 has been referred to as an
LMXB, until Heinz et al. (2013) determined the age of the system
to be about 4500 yr. In addition, according to Jonker et al. (2007)
this system contains an AO- to B5-type supergiant companion.
However, Cir X-1 has also shown type I X-ray bursts (Tennant
et al. 1986), which indicates that source is an LMXB. The possible
LMXB origin is also supported by the fact that the companion star
itself in Cir X-1 still cannot be unambiguously detected at optical
wavelengths. Johnston et al. (2016) concluded that the donor
could either be a low mass star that has not had time to evolve or
a giant star still recovering from the impact of a supernova blast
that happened less than 5000 yr ago. Taking into account all this
obscurity around Cir X-1’s nature we decided to add it to both
LMXB and HMXB catalogues.
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XTE J1543-568: In March 2012 Swift/BAT detected an in-
creased flux from XTE J1543-568, which led to a more accurate
determination of the source position. This allowed Krimm et al.
(2012) to identify a tentative counterpart (2MASS J15440515-
5645425) within the error box provided by Swift/XRT.

2S5 1553-542: With the help of Swift/XRT and Chandra obser-
vations, Lutovinov et al. (2016) were capable of identifying a
likely infrared counterpart for 2S 1553-542 at RA(J2000)=15h
57m 48.28s DEC(J2000)=-54°24" 53.5".

IGR J16374-5043: Inside the error circle around the
Swift/XRT position of IGR J16374-5043, Sguera et al. (2020)
found only one infrared source. This source is not listed
in the 2MASS catalogue but is in the catalogue of Gaia
(Gaia DR3 5940285090075838848) and is likely to be the optical
counterpart of IGR J16374-5043.

XTE J1716-389: Ratti et al. (2010) used Chandra for localisa-
tion of Galactic X-ray sources and did follow-up observations
in the optical and NIR bands. One of the observed sources was
XTE J1716-389. The refined Chandra position allowed Ratti
et al. (2010) to identify the only possible optical counterpart, an
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infrared source 2MASS J17155645-3851537, that is thus consid-
ered to be XTE J1716-389’s counterpart.

IGR J17375-3022: 1IGR J17375-3022 was a poorly studied
source until Sguera et al. (2020) investigated it in the hard and soft
X-ray bands, and in the infrared band. With an enhanced source
position from Swift/XRT, the study found only one NIR object
within the Swift/XRT error circle in the VVV survey. Therefore,
Sguera et al. (2020) proposed that VVV J173733.74-302314.5 is
the best counterpart candidate for IGR J17375-3022.

RX J1739.4-2942: RX J1739.4-2942, originally identified as
an LMXB, could potentially be a Be/HMXB Bahramian et al.
(2016). Therefore, we included RX J1739.4-2942 in the catalogue
as an HMXB candidate (Number 67 in Liu et al. 2006).

IGR J18029-2016: Walter et al. (2006) proposed two pos-
sible NIR counterparts for IGR J18029-2016; they were
2MASS J18024194-2017172 and 2MASS J180242.0-201720.2,
which were found in the 2MASS catalogue and the Sec-
ond Guide Star Catalogue, respectively. The first candidate,
2MASS J18024194-2017172, was later confirmed to be the coun-
terpart of the HMXB by Masetti et al. (2008).

IGR J18179-1621: With the refined position of IGR J18179-
1621 reported by Li et al. (2012), Nowak et al. (2012) were able
to observe the object with Chandra and identify a possible optical
counterpart. 2MASS J18175218-1621316 was identified as a
possible companion, due to it being the only NIR source in the
2MASS catalogue within a 1” radius of the Chandra position.

IGR J18219-1347: Quite recently O’Connor et al. (2022)
identified a bright IR counterpart for IGR J18219-1347 close
to the Chandra localisation, at RA(J2000)=18h 21m 54.821s
DECJ2000)=-13°47" 26.703", which appeared to be the combi-
nation of two point sources (Star A and Star B). They concluded
that Star A is the Counterpart of IGR J18219-1347, because it is
consistent with the SED of a Be star, and therefore the system
was classified as a BeXRB.

AX J1841.0-0536: Fortin et al. (2022a) queried the
confirmed HMXBs of their previous work (Fortin et al.
2022b) in Gaia DR3. For AX J1841.0-0536 the source
Gaia DR3 4256500538116700160 was therefore identified as
an optical counterpart.

Ginga 1839-04: For Ginga 1839-04 no optical counterpart has
yet been identified. Liu et al. (2006) included this source in their
catalogue due to a tentative pulsation detection of ~ 81s (Koyama
et al. 1990) by Ginga during an outburst in 1989. Since then no
further X-ray detections have been reported (Sguera et al. 2009).
Therefore, Ginga 1839-04 is classified as a candidate HMXB in
this catalogue.

IGR J18482+0049: Bodaghee et al. (2012) observed five IN-
TEGRAL sources towards the Scutum Arm, one of which was
IGR J18482+0049. With the refined position, they found only one
object in the 2MASS catalogue that was consistent with the XMM-

Newton position. Based on this observation, IGR J18482+0049
has a possible association with 2MASS J18481540+0047332.

Ginga 1855-02: Within Ginga 1855-02, the positional error is
10" (Koyama et al. 1990). Like Ginga 1839-04, Ginga 1855-02
is a poorly studied source that does not have an identified opti-
cal counterpart, and therefore it is also classified as a candidate
HMXB based on its transient behaviour.

XTE J1859+083: After an outburst of XTE J1859+083 detected
by MAXI (Negoro et al. 2015), follow-up Swift/XRT observations
by Li & Kong (2015) allowed the improvement of the position
of the HMXB. No UVOT counterpart was detected, but with the
enhanced position Li & Kong (2015) were able to find a possible
counterpart in the USNO-B1.0 (USNO-B1.0 0982-0467424) and
2MASS catalogues (2MASS J18590163+0814444).

1E 1912.5+41031: Bozzo et al. (2011) identified
2MASS J19145680+1036387 as the most likely counter-
part of 1E 1912.5+1031, based on the position inside the error
circle of their estimated Swift/XRT position for 1E 1912.5+1031.

AX J1949.8+2534: For AX J1949.8+2534 the source
2MASS J19495543+2533599 was proposed to be the optical
counterpart (Sguera et al. 2017) . This was later confirmed to be
the case by Hare et al. (2019).

W63 X-1: W63 X-1 is an X-ray binary within the supernova
remnant W63, with a pulsation period of 36 sec (Rho et al.
2004). Based on the pulsation period and spectrum, Rho et al.
(2004) concluded that the companion is likely an isolated neutron
star, HMXB, or LMXB. They found an optical counterpart
with Ha-excess emission typical for a Be companion, and thus
classified the source as an HMXB.

Several objects present in Liu et al. (2006) were removed
from the current catalogue as they are no longer classified as
HMXBs:

1WGA J0648.0-4419: 1WGA J0648.0-4419, previously listed
as source 18 in Liu et al. (2006), was removed because the optical
star in the system has since been classified as a hot sub-dwarf
(Jaschek & Jaschek 1963).

IGR J12349-6434: IGR J12349-6434 (source 35 in Liu et al.
(2006)] was initially classified as a new source. However, it is
thought to be associated with RT Cru (Tueller et al. 2005), a
symbiotic star containing a WD (Luna & Sokoloski 2007). It was
therefore excluded from the catalogue.

1A 1246-588: 1A 1246-588, which was source 38 in Liu et al.
(2006), is an LMXB Bassa et al. (2006).

SAX J1452.8-5949: With the de-reddened magnitudes of their
observations in the JHK-bands and the assumption of a black-
body model, Kaur et al. (2009) made estimations of the distance
of SAX J1452.8-5949 (source 46 in Liu et al. 2006). This ruled
out the possibility of the object being an HMXB, due to the fact
that the system would be an extragalactic source. They concluded
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that the binary system must have a low mass companion, and
therefore is either an LMXB or an intermediate polar (IP, accret-
ing magnetised white dwarf).

IGR J16358-4726: Chaty et al. (2008) classified IGR J16358-
4726 (source 55 in Liu et al. 2006) as an HMXB; however, this
classification was revoked by Nespoli et al. (2010) and the source
is now considered to be a symbiotic X-ray binary.

AX J1700.1-4157: Based on NIR observations, Kaur et al.
(2010) estimated that the companions of AX J1700.1-4157%
(source 63 in Liu et al. 2006) should be a low mass star. In com-
bination with a detected Fe emission line, Kaur et al. (2010)
concluded that AX J1700.1-4157 is most likely an IP, and there-
fore AX J1700.1-4157 was removed from this catalogue.

IGR J17091-3624: IGR J17091-3624 (source 64 in Liu et al.
2006) is also now classified as an LMXB (Grinberg et al. 2016).

AX J1740.1-2847: AX J1740.1-2847 (source 68 in Liu et al.
2006) is a similar case to AX J1700.1-4157. Kaur et al. (2010)
also estimated that the companion should be a low mass star,
and due to a detected Fe emission line they concluded that
AX J1740.1-2847 is most likely an IP as well, and hence it was
removed from the catalogue.

4U 1807-10: 4U 1807-10 (source 75 in Liu et al. 2006) was
detected by UHURU (Forman et al. 1978) within a large error of
1.3°. To date, it is not certain if 4U 1807-10 is an HMXB or an
LMXB. However, it is more likely that 4U 1807-10 is an LMXB
as the system shows type I X-ray bursts (Chelovekov et al. 2017).
Therefore, we excluded it from this catalogue.

SAX J1819.3-2525: MacDonald et al. (2014) determined a mass
of 2.9 M, for the optical companion of SAX J1819.3-2525%
(source 77 in Liu et al. 2006), which classifies this system as an
IMXB, and therefore it was excluded from the catalogue.

AX J1838.0-0655: AX J1838.0-0655% (source 82 in Liu et al.
20006) is currently classified as a supernova remnant. Malizia
et al. (2005) does not exclude the possibility of AX J1838.0-0655
being an X-ray binary, but mentions that this scenario is unlikely
due to the lack of strong X-ray and y-ray variability, as well as
the extension of the source to up to TeV energies. Therefore,
AX J1838.0-0655 was removed from the catalogue.

XTE J1901+014: Karasev et al. (2008) proposed that
XTE J1901+014 (source 94 in Liu et al. 2006) could be the
first low mass fast X-ray transient. To date, the nature of this
system is not completely clear (Sato et al. 2019); we therefore
decided to exclude this source from the current version of this
catalogue.

XTE J1906+09: XTE J1906+09 (source 96 in Liu et al. 2006)
was not excluded, but the name was changed to XTE J1906+090
to match that commonly used in the literature.
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A handful of sources that are included in the recently published
catalogue of high mass X-ray binaries by Fortin et al. (2023) have
been omitted from our catalogue. These sources have already
been mentioned and are AX J1700.1-4157, SAX J1819.3-2525,
AX J1838.0-0655, and GRS 1758-258. In the case of GRS 1758-
258, there is a possibility that the system is an intermediate-mass
X-ray binary, as proposed by Marti et al. (2016), and hence this
source can be found in Avakyan et al. (2023) instead of this
catalogue.

4. Conclusion

The Major changes with respect to Liu et al. (2006), in addition
to the problematic cases, are described here.

— We homogenised the energy ranges of the reported X-ray
fluxes. Liu et al. (2006) used an energy range of 2 — 10 keV
for most sources, but in some cases the nominal energy range
was different, and identifying these cases was not trivial. We
now quote the soft and hard X-ray fluxes in well-defined
energy ranges separately.

— Liu et al. (2006) only reported the maximum value of X-ray
flux in units of Jy in most cases. In this work we report flux
ranges in the two energy bands in the more commonly used
cgs units, which are more accessible for X-ray sources.

— We increased the number of flags used to characterise source
properties from 6 in Liu et al. (2006) to a total of 15 to better
reflect the various features reported in the literature.

— While Liu et al. (2006) flags sources where a cyclotron line
was detected, no information regarding the energy is available
in most cases. We report both the observed energies and corre-
sponding references. The number of objects where a line was
detected also increased substantially due to the availability of
new observations and publications.

— Effective stellar temperature and estimated optical luminosity,
as well as the hydrogen column density are three completely
new fields introduced in this version of the catalogue.

— Finally, we include up to six finding charts as part of the
catalogue (from NIR images to hard X-ray bands) instead of
referencing the existing finding charts.

Differences with respect to Fortin et al. (2023) are as follows:

— Fortin et al. (2023) utilised a flag to indicate the type of
the optical companion. We used similar flags for the optical
companion, but introduced additional flags for the compact
object (e.g. CRSF to indicate if a neutron star has a detected
cyclotron line).

— For sources with known cyclotron line energies we included
both fundamental and harmonic energies.

— In addition to the cyclotron line energy, we also reported X-
ray fluxes in different energy ranges for the compact object.
This can be used to gauge the variability of the source and to
make an estimation of the expected flux, although this cannot
replace an in-depth analysis of individual sources.

— For the optical companions, we reported magnitudes in the
optical and in the NIR bands. Some additional information
regarding the properties of optical counterparts can be found
in Fortin et al. (2023).

26 It can be found in the recently published catalogue of high mass X-ray
binaries in the Galaxy by Fortin et al. (2023).
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Together with the catalogues of Fortin et al. (2023) and Avakyan
et al. (2023), this catalogue provides a useful tool for further stud-
ies of XRBs. With ongoing surveys like eROSITA, the number of
known XRBs is expected to increase substantially (Doroshenko
et al. 2014); therefore, we plan to keep the web version of our
catalogue®’ up-to-date to the best of our ability.
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Table A.1. Definition of columns in the HMXB catalogue. In total the catalogue
contains 66 columns.

Ne  Column name Unit Description

1 ‘Name’ Object name, which is the most common name in the literature

2  ‘RAdeg’ deg Right Ascension in degrees (ICRS).

3  ‘DEdeg’ deg Declination in degrees (ICRS).

4  ‘PosErr’ arcsec Positional error in arcseconds.

5 ‘Coord_Ref’ Reference of catalogue or literature, which was used to extract the coordinates
and uncertainties

6 ‘ID_Flag’ Robust identification of the optical counterpart:
0 — solidly identified optical counterpart in the literature
1 — tentative optical counterpart identification in the literature
2 — no identified optical counterpart

7 ‘GLON’ deg Galactic longitude in degrees.

8 ‘GLAT’ deg Galactic latitude in degrees.

9 “Xray_Type’ List of the X-ray types assigned to the object. For more information see section
above § 2.1.

10 ‘Porb’ day Orbital period of the binary system in days if determined.

11 ‘Ppulse’ S Pulsation period (spin) of the binary (with NS) in seconds if determined.

12 ‘CRSF keV Cyclotron line energies in keV

13 ‘Alt_Name’ Second most used name in the literature.

14 ‘SpType’ Spectral type of the optical counterpart.

15 ‘Gaia_DR3_ID’ Source Name in the Gaia DR3 catalogue.

16 ‘Gmag’ mag Optical magnitude in G-band according to a Gaia’s catalogue.

17 ‘e_Gmag’ mag Corresponding magnitude’s error in G-band according to Gaia’s catalogue.

18 ‘Vmag’ mag Optical magnitude in V-band according to SIMBAD database.

19 ‘e_Vmag’ mag Corresponding magnitude’s error in V-band according to SIMBAD database.

20 ‘Jmag’ mag IR magnitude in J-band according to 2MASS (Cutri et al. 2003).

21 ‘e_Jmag’ mag Corresponding magnitude’s error in J-band according to 2MASS (Cutri et al.
2003).

22 ‘Hmag’ mag IR magnitude in H-band according to 2MASS (Cutri et al. 2003).

23 ‘e_Hmag’ mag Corresponding magnitude’s error in H-band according to 2MASS (Cutri et al.
2003).

24 ‘Kmag’ mag IR magnitude in K-band according to 2MASS (Cutri et al. 2003).

25 ‘e_Kmag’ mag Corresponding magnitude’s error in K-band according to 2MASS (Cutri et al.
2003).

26 ‘Wlmag’ mag IR magnitude in W1 CatWISE2020 band (Marocco et al. 2021).

27 ‘e_Wlmag’ mag Corresponding magnitude’s error in W1 CatWISE2020 band (Marocco et al.
2021).

28 ‘W2mag’ mag IR magnitude in W2 CatWISE2020 band (Marocco et al. 2021).

29 ‘e_WZ2mag’ mag Corresponding magnitude’s error in W2 CatWISE2020 band (Marocco et al.
2021).

30 ‘N_H’ 10! cm™ Neutral hydrogen column density, assuming a power-law spectrum (Evans et al.
2020).

31 ‘XMM_min_flux’ 1072 erg cm™2 57! Minimum X-ray flux for XMM-Newton (0.2-12.0 keV).

32 ‘XMM_max_flux’ 10712 erg cm~2 s~ Maximum X-ray flux for XMM-Newton (0.2-12.0 keV).

33 ‘Chandra_min_flux’ 10712 erg cm~2 57! Minimum X-ray flux for Chandra ACIS (0.5-7.0 keV) or HRC ( 0.1-10.0 keV).

34 ‘Chandra_max_flux’ 1072 erg cm™2 s~! Maximum X-ray flux for Chandra ACIS (0.5-7.0 keV) or HRC ( 0.1-10.0 ke V).

35 ‘Chandra_Instrument’ Chandra Instrument used for Chandra flux values.

36 ‘XRT_min_flux’ 10712 erg cm~2 57! Minimum X-ray flux for Swift/XRT (0.3-10.0 keV).

37 ‘XRT_max_flux’ 1072 erg cm™2 ™! Maximum X-ray flux for Swift/XRT (0.3-10.0 keV).

38 ‘BAT_min_flux’ 1072 erg cm™2 s™! Minimum X-ray flux for Swift/BAT (14-195 keV).

39 ‘BAT_max_flux’ 10-12 erg cm~2 s~ Maximum X-ray flux for Swift/BAT (14-195 keV).

40 ‘INTEGRAL_min_flux’ 10712 erg cm~2 s~ Minimum X-ray flux for INTEGRAL (17-60 keV).

41 ‘INTEGRAL_max_flux’ 10712 erg cm2 s~ Maximum X-ray flux for INTEGRAL (17-60 keV).

42 ‘Mean_Mass’ Mg Mean mass of the compact object.

43 ‘Low_Mass’ Mg Lower limit of the compact object mass.

44 ‘High_Mass’ Mg Upper limit of the compact object mass.

45 ‘Mean_Dist’ pc Mean (between the two, minimum and maximum) estimate of the distance to
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Table A.1 — continued

Ne  Column name Unit Description
according to Gaia Collaboration et al. (2023); Bailer-Jones et al. (2021); Anders
et al. (2022) or taken from literature. In every literature case only one source of
information was taken.

46 ‘Low_Dist’ pc The lowest (minimum) estimate of the distance to the binary system according to
Gaia Collaboration et al. (2023); Bailer-Jones et al. (2021); Anders et al. (2022)
or taken from literature. In every literature case only one source of information
was taken.

47 ‘High_Dist’ pc The highest (maximum) estimate of the distance to the binary system according
to Gaia Collaboration et al. (2023); Bailer-Jones et al. (2021); Anders et al.
(2022) or taken from literature. In every literature case only one source of
information was taken.

48 ‘Teft’ K Effective stellar temperature provided by Gaia Collaboration et al. (2023);
Anders et al. (2022).

49 ‘Lopt’ Lo Luminosity estimate of the optical companion provided by Gaia Collaboration
et al. (2023).

50 ‘IDS’ List of all identifiers, that we found in SIMBAD and in the catalogues and
articles.

51 ‘CRSF_Ref’ References to the articles, which providing the corresponding values for cy-
clotron line energies.

52 ‘Spin_Ref’ References to the articles, which providing the corresponding value for Pulsation
Periods.

53 ‘Orb_Ref’ References to the articles, which providing the corresponding value for Orbital
parameters.

54 ‘Spectral_Ref’ References to the articles, which providing the spectral type of the optical star.

55 ‘Dist_Ref’ Reference to the article, which provides the distance estimation, if literature
values were used.

56 ‘Mass_Ref’ Reference to the article, which provides the mass estimation of the compact
object.

57 ‘misc_Ref’ miscellaneous references regarding the object.

58 ‘comments’ Comments regarding the object.

59 ‘< 2MASS_ID’ Source name in the 2MASS All-Sky Catalogue of Point Sources

60 ‘CatWISE_ID’ Source name in the CatWISE2020 catalogue

61 ‘ROSAT_ID’ Source name in the Second ROSAT all-sky survey (2RXS) source catalogue

62 ‘XMM_ID Source name in the XMM-Newton Serendipitous Source Catalogue

63 ‘Chandra_ID’ Source name in the Chandra Source Catalogue (CSC) Release 2.0

64 ‘XRT_ID’ Source name in the 2SXPS Swift X-ray telescope point source catalogue

65 ‘BAT_ID’ Source name in the Swift-BAT 105-Month All-Sky Hard X-Ray Survey cata-
logue

66 ‘INTEGRAL_ID Source name in the INTEGRAL/IBIS 9-year Galactic Hard X-Ray Survey

catalogue
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XRBcats - Low Mass X-ray
Binaries

The second category mentioned earlier is the class of Low Mass X-ray Binaries
(LMXBs). Similar to the HMXBs-catalogue, the idea of this paper was to provide an
up-to-date catalogue of galactic LMXBs because the latest catalogue before this work
was by Liu et al. (2007). This work was performed by Artur Avakyan. The code
used for the HMXBs-catalogue was repurposed for the LMXBs-catalogue with minor
adjustments to update information of known LMXBs, and to add newly discovered
sources. The HMXBs code for the finding charts was also reused in this work.
Artur Avakyan led the literature research, where I was involved in the discussion of
ambiguous sources. I led the development of the website that is used to distribute
the LMXBs-catalogue where, I am also in charge of maintaining and updating the
website.
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ABSTRACT

We present a new catalogue of low-mass X-ray binaries (LMXBs) in the Galaxy. The catalogue contains source names, coordinates,
source types, fluxes, distances, system parameters, and other characteristic properties of 349 LMXBs, including systems that have been
newly discovered or reclassified since the most recently reported LMXB catalogues. The aim of this catalogue is to provide a list of all
currently known Galactic objects identified as LMXBs with some basic information on each system (including X-ray and optical/IR
properties where possible). Literature published before May 2023 has been taken into account where possible when compiling this
information. References for all reported properties as well as object-finding charts in several energy bands are provided as part of the
catalogue. We plan to update the catalogue regularly, in particular to reflect new objects discovered in the ongoing large-scale surveys

©ESO 2023

such as Gaia and eROSITA.

E] 27 Jul 2023

E 1. Introduction

{ X-ray binaries (XRBs) are among the brightest objects in the
sty in the X-rays. They represent the endpoints of the stellar
1 evolution of massive stars. Understanding the physical processes
defining the observational appearance of individual objects and
<+ the properties of the XRB population as a whole is therefore es-
sential for understanding massive star evolution and the evolu-
—tion of the Galaxy in general. To this end, it is important to main-
tain an up-to-date census of known XRBs and their properties,
€7 especially in the era of the current generation of large-scale sur-
veys such as the extended ROentgen Survey Imaging Telescope
Array (eROSITA, Merloni et al. 2012; Predehl et al. 2021) on
\O board SRG, Gaia (Gaia Collaboration et al. 2016, 2023) and the
Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010;

—— Cutri et al. 2021), which are able to unveil ever fainter objects.

. However, the identification of XRBs among millions of other
g objects requires up-to-date knowledge of the properties and lo-
— cations of already known sources, and the large-scale surveys

mentioned above are providing vast amounts of new observa-

.« tional data for these objects. The compilation of such an updated

N database is the primary goal of this work, although many other
>< uses can of course also be envisaged.

o The main source of high-energy radiation in XRBs is the ac-

¢ cretion of matter onto either a neutron star (NS) or a black hole

(BH) from a companion star. The observed properties of XRBs

are largely defined by the mass-transfer mechanism powering

the accretion, which can occur either directly from the wind of

a secondary or via Roche lobe overflow (RLOF), which primar-

* The catalogue is available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.
unistra.fr/viz-bin/cat/]/A+A/675/A199, and the catalogue ta-
ble, along with the corresponding finding charts and other use-
ful information is also publicly accessible at http://astro.
uni-tuebingen.de/~xrbcat.

** E-mail: artur.avakyan @astro.uni-tuebingen.de

Key words. catalogs — X-rays: binaries — stars: low-mass — stars: late-type — binaries: general — X-rays: bursts

ily depends on the mass ratio between the compact object and
the optical counterpart (My/Mop). Based on this ratio, XRBs
are subdivided into two large groups: high- and low-mass X-
ray binaries (HMXBs and LMXBs, respectively). For objects
with My > Moy Moy < 1Mo, the mass is usually transferred
to the compact object via RLOF. Such objects are classified as
LMXBs. Those with My < My Moy 2 5Mo typically accrete
directly from the stellar wind and are classified as HMXBs. The
rather dramatic differences in the observed properties of LMXBs
and HMXBs warrant the treatment of each subclass separately.
Here, we focus on the properties of LM XBs. In turn, updated cat-
alogues of HMXBs are presented by Neumann et al. 2023 and
Fortin et al. (2023)!-2.

As follows from the definition of an LMXB, the donor is
(in most cases) a late-spectral-type star filling its Roche lobe.
However, A-type stars, F-G-type subgiants, or even white dwarfs
(WDs) can also act as donors in LMXBs. The optical properties
of LMXBs can also be affected by emission from the accretion
disc around the compact object, where the disc can be heated by
itself or illuminated by X-ray emission from the compact object.
Nevertheless, LMXBs are generally intrinsically faint objects in
the optical and IR bands. The main way to analyse features of
known LMXBs in detail or to detect new ones is to observe them
during outbursts (Lasota 2016). New sources continue to be dis-
covered in this way, and the population of known LMXBs is ever
growing.

The latest catalogue of Galactic LMXBs, which was pub-
lished by Liu et al. (2007), is now nearly 16 years old. Since that
time, many new transient and persistent objects have been dis-
covered. Some LMXB candidates have been reclassified, while
other sources have gained LMXB status. Moreover, missions
such as the X-ray Multi-Mirror Mission (XMM-Newton, Jansen

! https://vizier.cds.unistra.fr/viz-bin/VizieR?
-source=]/A+A/671/A149
2 https://binary-revolution.github.io/HMXBwebcat
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et al. 2001), the INTErnational Gamma-Ray Astrophysics Lab-
oratory (INTEGRAL, Winkler et al. 1993), and Gaia have re-
sulted in a quantitative and qualitative improvement in our
knowledge of XRB properties. In this context, we have compiled
a revised catalogue of the Galactic LMXBs that incorporates
multi-wavelength information and encompasses the inclusion of
new sources identified since the publications of Liu et al. (2007)
and Ritter & Kolb 2003 (Liu07 and RKO03 hereinafter). Our final
catalogue contains 349 LMXBs and candidates, of which 204
were contained in the two catalogues mentioned above (the con-
tent of Liu07 and RKO03 overlaps but neither includes the other
completely). That is, the new catalogue presented here repre-
sents a more than 71% increase in volume with respect to the
two most extensive catalogues of the past. We aim to compile a
comprehensive and up-to-date database containing information
such as optical/IR magnitudes, X-ray fluxes, distances, and so
on, for the current catalogue, which will hopefully help to facili-
tate the identification of new LMXBs in current and future X-ray
surveys, as well as population studies.

The structure of the paper is as follows: in Sect. 2, we de-
scribe how the LMXB sample was compiled and list data sources
used to provide extra information on known objects. In the same
section, we list relevant X-ray and optical properties, and char-
acterise methods used for identification of known and candidate
optical/IR counterparts in large-scale surveys. In Sect. 3, a de-
scription of the table fields and finding charts is provided, as
well as a comparison of our catalogue with works of RK03 and
Liu07. Finally, we summarise our results in Sect. 4. One can also
find a list of identified archive optical/IR counterparts for some
LMXBs based on the literature in Appendix A. A description of
the columns of the catalogue table is presented in Appendix B.

2. Definition of the sample and data sources

The bulk of the objects in the catalogue consists of LMXBs re-
ported by the catalogues of RK03 and Liu07, and so we started
our compilation of the sample by merging these two catalogues.
During this process, a number of duplicate objects both within
and across the two catalogues were identified and removed from
the sample. In addition, several sources in RKO3 and Liu07
were found to be extragalactic (in some cases, this possibility
was already indicated in the original catalogues and sometimes
reported in the literature afterwards). Such objects were also
excluded from our final list. The same applies to the satellite
galaxies of the Milky Way. To this end, the two LMXBs known
to be located in the Large Magellanic Cloud (LMC), namely,
LMC X-2 and RX J0532.7-6926 (which were included in both
RKO03 and Liu07) are not listed in our catalogue. All objects that
were removed, as well as other problematic cases, are listed and
described in detail in Sect. 3.2.

In addition to Liu07 and RKO3, we also considered all
Galactic objects classified as possible LMXBs in the SIMBAD?
and VizieR* databases hosted by the Centre de Données as-
tronomiques de Strasbourg (CDS) databases. We include these
objects in the catalogue, giving appropriate references for clas-
sification. We conducted a thorough literature search (includ-
ing Astronomer’s Telegrams®) to identify any newly discovered
LMXBs. Most of the new LMXBs reported in the literature be-
tween 2006 and 2020 were discovered by the INTEGRAL (Win-
kler et al. 2003), the Monitor of All-sky X-ray Image (MAXI,

3 http://simbad.cds.unistra.fr/simbad
4 https://vizier.cds.unistra.fr/viz-bin/VizieR
> https://astronomerstelegram.org
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Matsuoka et al. 2009), Swift (Gehrels et al. 2004), or Gaia
(Gaia Collaboration et al. 2016) missions, as summarised by
Bahramian & Degenaar (2023). The latter publication can there-
fore also be considered as another major data source used in this
work. In addition, the catalogue of Galactic LMXBs detected
by INTEGRAL (Sazonov et al. 2020) also proved to be a valu-
able resource for expanding our list of LMXBs. Finally, we used
the recently published catalogue of ultracompact X-ray binaries
(UCXBs) made by Armas Padilla et al. 2023° to cross-check the
completeness of our sample in the context of UCXBs (no miss-
ing sources were found). It should be noted that although efforts
have been made to find all LMXBs identified to date, it is possi-
ble that some may have been missed. Therefore, we kindly ask
readers to report any omissions found, so that those can be in-
cluded in updated versions of the catalogue.

We note that systems in which a WD acts as an accretor are
not generally considered as XRBs for historical reasons (despite
the fact that they also emit in the X-ray band), and so those sys-
tems (namely cataclysmic variables or CVs) are not included in
the current catalogue. We also do not include rotation-powered
pulsars, even if they are members of binary systems and emit
in X-rays, unless the observed emission is accretion powered;
that is, ‘spider’-type pulsars including Black Widows (BWs) and
Redbacks (RBs; see e.g. Chen et al. 2013; Roberts 2013) are
omitted unless they are also classified as transitional millisecond
pulsars (tMSP; see e.g. Archibald et al. 2009; Papitto et al. 2013;
Knight et al. 2023). All tMSPs and their candidates included in
the catalogue are listed in Table 1 in Sect. 3.2.

The mass ranges quoted in Sect. 1 for XRBs are of course ap-
proximate, and there are some boundary cases, such as Her X—1,
where accretion to a NS occurs via the RLOF of a B3 type
~ 2.2M donor (Tananbaum et al. 1972; Middleditch & Nel-
son 1976). This system is most often classified in the literature
as an intermediate mass X-ray binary (IMXB) rather than as an
LMXB because the NS appears as an X-ray pulsar and is there-
fore strongly magnetised, which is not typical for NS LMXBs.
As the total number of IMXBs is relatively small, and despite the
additional fact that they ‘bridge’ the HMXB and LMXB classes,
they are evolutionarily closer to LMXBs as binary systems, and
so we opt to include them as a part of the current LMXB cat-
alogue. This decision is also clearly communicated in the pub-
lication describing the HMXB catalogue released in parallel to
the current work (Neumann et al. 2023) in order to avoid any
confusion or source duplication, except for one specific case
(Cir X-1), which is described in Sect. 3.2.

2.1. Main properties and features

In order to reflect the huge variety of LMXB properties, we in-
corporate all accessible and relevant information concerning the
donor star and compact object, including data on their proper-
ties, variability, and other pertinent details. Besides the quantita-
tive properties (such as positions, fluxes in various bands, orbital
or spin periods, and so on), some of these properties or features
can be incorporated as a set of flags defined to characterise sev-
eral LMXB subclasses, as was already done by Liu07 and RKO03.
Here, we extend the classification adopted by these authors to ac-
count for extra features added to the current catalogue. In order
to provide a broad overview of the Galactic LMXB properties,
we also show the frequency of the occurrence of the individual
type flags in graphical format in Fig. 1. It is important to note

® https://research.iac.es/proyecto/compactos/
UltraCompCAT
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Fig. 1. Population of LMXBs of each type in the Galaxy.

that these flags are not intended to serve as a basis for systematic
classification, but rather to reflect the characteristics of individ-
ual systems to ease the selection of objects exhibiting specific
observational features. Each source in the catalogue may there-
fore have one or more of the following flags, which are listed
alphabetically:

1. AS: Atoll X-ray binary hosting a weakly magnetised NS as a
main component. The spectrum is soft and no significant pul-
sations are present. The majority of the points on the colour—
colour diagrams (‘hard’ versus ‘soft’) from atoll sources usu-
ally form a band at constant hard colour.

2. BH: System contains a black hole candidate.

3. BO: X-ray burster (see XB definition below) with coherent

burst oscillations at the NS spin period.

. DC: System with an accretion disc corona.

. DS: ‘Dipping’ source. System shows periodic but irregular
dips in the X-ray intensity, which are generally connected
with the partial obscuration of the NS by a thickened region
of the accretion disc.

. EB: Eclipsing or partially eclipsing binary system.

. GC: Source within a globular cluster.

. MQ: Microquasar, a source with reported evidence for rela-
tivistic jets.

9. NSH: Negative (nodal) superhumps are present in the sys-
tem. These negative superhumps are periodic optical signals,
the periods of which are smaller than the orbital period of the
binary.

10. QNS: Quiescent NS.

11. RP: Compact object acts as a radio pulsar.

12. PSH: Positive superhumps (permanent or transient) present
in the system. The same as the NSH type (see above), but the
time period of the signal is larger than the orbital one.

13. XB: X-ray burst source. This type collects X-ray binary sys-
tems with a NS, which exhibit thermonuclear (type-I) X-ray
bursts.

14. XP: Compact object in the binary acts as an X-ray pulsar.

15. XT: Transient X-ray source. System shows dramatic changes
in luminosity (mostly in the X-ray band). Energy is produced
by means of a non-stationary accretion process.

16. US: Ultrasoft X-ray spectrum. In some catalogues, this type
is denoted ‘super soft’. These binaries also include some ‘ex-
treme ultrasoft’ (EUS) sources.

17. ZS: Z-type source. This type of X-ray binary is similar to the
atoll type (also contains weakly magnetised NS), but the plot
on the colour—colour diagram is different (Z-letter shape).

TS

[c BN oY

We note that the ‘XB’ (X-ray burster) flag — originally
introduced by RK03 — in our catalogue specifically refers to
thermonuclear (type-I) bursts only. Type-II X-ray bursts likely
caused by instabilities in the accretion flow are relatively rare,
and to the best of our knowledge have only been detected from
two LMXBs: MXB 1730-335 (‘rapid burster’; Bagnoli et al.
2015) and GRO J1744-28 (‘bursting pulsar’; Court et al. 2018),
and one HMXB: SMC X-1 (Rai et al. 2018), and are there-
fore not flagged separately. The MXB 1730-335 is known to
exhibit bursts of both types, and is therefore still flagged. On the
other hand, type-I bursts have been suggested to be present but
have never been unambiguously detected from the bursting pul-
sar (Giles et al. 1996; Lamb et al. 1996; Doroshenko et al. 2015),
and so this source is not flagged.

2.2. X-ray properties

Considering that X-ray emission dominates the bolometric lumi-
nosity of XRBs, one of their main characteristics is their X-ray
flux and spectrum. In our catalogue, we therefore tried to com-
pile information on X-ray fluxes in soft and hard X-ray bands for
all LMXBs in a uniform way. For the soft X-ray band, we report
fluxes observed by XMM-Newton’ (Schartel et al. 2022; Webb
et al. 2020), the Chandra X-ray Observatory® (CXO, Weisskopf
et al. 2000; Evans et al. 2010), and Swift/XRT9 (Burrows et al.
2005; Evans et al. 2020) throughout their lifetime. In particu-
lar, we report the 0.2—12 keV energy band flux (equivalent to the
EPIC_8 band used in XMM-Newton catalogues) and/or the X-
ray flux in similar energy bands of CXO and Swift/XRT, that is,
the 0.3—10 keV observed flux for Swift/XRT, and either the broad
ACIS band (0.5-7.0keV) or the wide HRC band (0.1-10.0keV)
for CXO. We note that although the difference in energy bands
for various instruments might result in a factor of ~1.5 differ-
ence for a given source, here we only report the range of fluxes
detected over a long period. This range is therefore dominated
by intrinsic variability and differences in source spectra, and so
the difference in energy range between the various instruments is
not really relevant to our purposes. In the hard X-ray band, fluxes
from INTEGRAL'? (Krivonos et al. 2012) and Swift/BAT'! (Oh
et al. 2018; Barthelmy 2004) are reported. Here, we report fluxes
in the energy range of 14-145keV for Swift/BAT and in the en-
ergy range of 17-60keV for INTEGRAL. We note that these
bands are largely equivalent as the flux above 60 keV is compar-
atively small for most sources, and the variability argument still
applies.

Another key property provided by X-ray observations is the
localisation that is essential to identify or assess the reliability
of the identified optical counterparts. We therefore also include
information on the most accurate X-ray position available either
from the literature or directly from soft (Chandra, XMM-Newton
or Swift/XRT) and hard (INTEGRAL, Swift/BAT) catalogues as
described in the following section.

7 https://heasarc.gsfc.nasa.gov/W3Browse/xmm-newton/
xmmssc.html

8 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=IX/57/csc2master

® https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=IX/58/2sxps

10 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=]/A%2bA/545/A27

I https://heasarc.gsfc.nasa.gov/W3Browse/swift/
swbat105m.html
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2.3. Astrometry and identification of the optical counterparts

Considering that the properties of XRBs are largely defined by
the properties of the donor star, the identification of the optical
counterparts and the characterisation of their multi-wavelength
properties are essential. Some of the LMXBs in the sample al-
ready have robustly identified optical counterparts; however, the
optical positions (as well as other optical data) reported in Liu07
and RKO03 are in many cases outdated, and lack accuracy by cur-
rent standards. We therefore attempted to improve position accu-
racy using the latest astrometry data from Gaia DR2'?, eDR3'3,
DR3'“ (Gaia Collaboration et al. 2018, 2021, 2023), Two Micron
All Sky Survey'> (2MASS, Skrutskie et al. 2006; Cutri et al.
2003b,a) and the mid-IR CatWISE2020 catalogue16 (Marocco
et al. 2021).

We started the process of identifying counterparts in these
catalogues by verifying whether the SIMBAD database already
had any pre-existing matches with Gaia DR3 (eDR3, DR2),
2MASS, and/or WISE and checking their correctness manu-
ally. It should be noted that in some cases, the associations pro-
vided by SIMBAD were indeed incorrect, and we list such cases
in Sect. 3.2. In cases where no SIMBAD optical/IR identifiers
were provided, we attempted to find counterparts reported in
the literature. In some cases where precise optical, IR, or ra-
dio coordinates were available, these coordinates were used to
find the corresponding counterparts in Gaia DR3, 2MASS, and
CatWISE2020. All solid cross-matches and relevant data were
added to the catalogue. In particular, identifications by Arnason
et al. (2021) proved to be useful, and so these are considered as
the main references for the cases marked in Table A.l1 in Ap-
pendix A. This table lists all sources for which optical/IR coun-
terparts are available, except those correctly listed in SIMBAD.

As mentioned above, some LMXBs have been classified as
such only based on their X-ray properties, and have no uniquely
identified optical counterparts in the literature. In most cases,
these are relatively poorly studied sources (sometimes only de-
tected once with X-ray monitors during an outburst). However,
in some cases, accurate X-ray positions obtained at a later time
are available. For those objects, we used CXO, XMM-Newton, or
Swift/XRT positions (in order of preference). The search radius
was set to match the full positional uncertainty (i.e. statistical
plus systematic) reported in the respective X-ray catalogue. The
final identification of plausible optical counterparts was done
manually by inspection of the finding charts also released as part
of the current catalogues and by searching for tentative counter-
parts in the literature based on their properties. In all cases where
it was possible to identify a plausible counterpart, we list it as
such; however, the optical position is only assigned as primary if
a unique counterpart is identified.

2.4. Additional information

For all optical counterparts identified as described above, we
include information on IR and/or optical magnitudes wherever

2 https://vizier.cds.unistra.fr/viz-bin/VizieR?
-source=1/345

3 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=I/350/gaiaedr3

4 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=1/355

5 https://vizier.cds.unistra.fr/viz-bin/VizieR?
-source=I1/246

16 https://vizier.cds.unistra.fr/viz-bin/VizieR?
-source=I1/365
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possible. In particular, we include Gaia G-band or V-band mag-
nitudes in the optical band, near-IR photometry either from
2MASS or Visible and Infrared Survey Telescope for Astron-
omy (VISTA, Emerson et al. 2006; Dalton et al. 2006) Vari-
ables in the Via Lactea (VVV) DR4 catalogue (VVV'!’, Min-
niti et al. 2010) surveys, or from the literature. Finally, we
also include magnitudes in the W1 and W2 bands reported in
the CatWISE2020, AIIWISE, or WISE (in that order of pref-
erence) catalogues (Marocco et al. 2021; Cutri et al. 2021,
Wright et al. 2010). In all cases, we provide the references to the
sources where the V-band, G-band, JHK, and WISE magnitudes
were taken from and show them in ‘Vmag_Ref’, ‘Gmag_Ref”,
‘JHK_Ref’, and “WISE_Ref’ columns, respectively. It should be
noted that we mainly tried to include the optical/IR magnitudes
during the quiescent state of the corresponding binary (to rep-
resent the LMXB population in the state in which it is found
most of the time). However, in some cases, ‘quiescent’ magni-
tudes were not available, and so we list magnitudes during the
outburst, if any.

Besides more accurate positions and photometry, we also
include some additional information unavailable at the time of
publication of Liu07 and RKO03. For all LMXBs for which a
Gaia counterpart was ultimately identified, we provide distance
estimates from Gaia DR3, those based on Gaia eDR3!? (Bailer-
Jones et al. 2021) or Gaia DR2' (Bailer-Jones et al. 2018), and
estimations from StarHorse12°/2%! (Anders et al. 2019, 2022). In
addition, we manually searched the literature for any distance
estimations, especially in cases where Gaia/StarHorse data were
unavailable.

We were also interested in the spectral type of the optical
counterpart, and we therefore attempted to include this infor-
mation based on either Gaia DR3, SIMBAD, or the literature
search. We note that the list of X-ray pulsars maintained by
Mauro Orlandini®> was found to be a useful resource in this
regard (and also for reported spin and orbital periods) and we
would like to acknowledge it here. For sources where the re-
ported spectral type and corresponding reference were published
before 2007, the spectral information in RKO3 or Liu07 was
used.

Finally, for convenience, we also provide the X-ray absorp-
tion neutral hydrogen column density (Ny) estimates, which
might be relevant to estimate some additional LXMB properties
such as X-ray to optical luminosity ratios in order to facilitate
searches for new LMXBs with similar properties. We report val-
ues based either on Swift/XRT data (Evans et al. 2020) or on re-
sults reported in the literature (all references are listed). In cases
where one of the two (Ny or Ag) was unknown, we calculated
the other one through the Ny(Ag) relation reported by Foight
et al. (2016).

7 http://vvvsurvey.org

8 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=1/352

19 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=1/347

20 https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=I/349/starhorse

2l https://vizier.cds.unistra.fr/viz-bin/VizieR-37?
-source=I/354/starhorse2021

2 http://www.iasfbo.inaf.it/~mauro/pulsar_list.html
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3. Catalogue content and quality assurance
3.1. Description of the fields

There are 349 entries in the catalogue, each of which corre-
sponds to a single Galactic source. The objects are sorted by
right ascension (the second column) in increasing order. There
are a total of 62 columns listing various parameters and cor-
responding references. The content and format of individual
columns is described in detail in Table B.1 in Appendix B.

3.2. Finding charts and problematic cases

We provide finding charts for all sources in our catalogue, which
includes up to six different images, covering bands from mid-IR
to hard X-rays. Corresponding charts can be found on a dedi-
cated website?® or obtained via CDS system?*. The top row of
each finding chart includes images from the VVV DR4 cata-
logue (Minniti et al. 2010) or 2MASS?® (left, in order of pref-
erence), an image of unWISE?’ (Schlafly et al. 2019) (middle),
and an RGB-image of either Chandra®®, XMM-Newton®, or the
Roentgensatellit (ROSAT?, Truemper 1982; Boller et al. 2016;
Voges et al. 1999) (right, in order of preference).

The bottom row includes the soft X-ray image of Swift/XRT
(SwiftXRTInt in astroquery.skyview) in the left corner, and hard
X-ray images from Swift/BAT?' and INTEGRAL?? in the mid-
dle and right corners, respectively. The field of view for VVV,
2MASS, unWISE, XMM-Newton, and Chandra images was set
at 1 arcmin, while for Swift/XRT and ROSAT it was set at
5 arcmin and 15 arcmin, respectively. The field of view for
Swift/BAT and INTEGRAL was chosen to be 10°, with the size
of the region chosen based on the field of view and angular res-
olution of the given instrument.

Each panel of the finding chart includes the coordinates and
uncertainties of all detected sources within the respective re-
gions, with position uncertainties represented by error circles.
A red cross indicates the position listed in SIMBAD for the
source, while a dark-blue diamond represents the coordinates
described in the literature (Liu07 or RKO03). The position used
for this catalogue is indicated with an orange star. In the case
of soft X-ray instruments, observation positions are indicated
by error circles to prevent overcrowding. A golden circle in-
dicates the Chandra position, a red circle indicates the XMM-
Newton position, a green circle indicates the Swift/XRT position,
and a navy-blue circle indicates the ROSAT position. Swift/BAT
and INTEGRAL are indicated as a deep-pink pentagon and a
lime-green triangle, respectively. In the optical band, we indi-
cate CatWISE2020 with an orange ‘X’, 2MASS with a cyan ‘+’,
and Gaia DR3 data with a purple square. From a technical per-
spective, we used the Hierarchical Progressive Surveys (HiPS)
data from Fernique et al. 2015, using SkyView Query only for

2 http://astro.uni-tuebingen.de/~xrbcat

2 https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
675/A199

2 http://alasky.cds.unistra.fr/VISTA/VVV_DR4/
VISTA-VVV-DR4-]

26 http://alasky.cds.unistra.fr/2MASS/]

27 http://alasky.cds.unistra.fr/unWISE/W1

2 https://cdaftp.cfa.harvard.edu/cxc-hips

2 http://skies.esac.esa.int/XMM-Newton/EPIC-RGB

30 http://alasky.cds.unistra.fr/RASS

31 http://cade.irap.omp.eu/documents/Ancillary/4Aladin/
BAT_14_20

3 http://cade.irap.omp.eu/documents/Ancillary/4Aladin/
INTEGRAL_17_60

Swift/XRT to obtain images. Both services were queried us-
ing astroquery.hips2fits®’, and astroquery.skyview*
modules.

As an example, the finding chart of GRO J1744-28 can be
seen in Fig. 2. We also note that imaging in more bands with a
catalogue overlay is available via the Aladin lite interface (Bau-
mann et al. 2022) on the website hosting the catalogue™.

Based on the literature search and inspection of the finding
charts described above, we identified several problematic cases:

— The X-ray source SAX J0840.7+2248, which is classified
as a LMXB in Liu07, is excluded from our catalogue. This
transient is more likely to be the X-ray-rich gamma-ray burst
GRB980429 rather than an XRB (Sidoli et al. 2007).

— SWIFT J0732.6—1330, which is listed as a LMXB in SIM-
BAD, is also not presented in our catalogue due to the fact
that the source is an intermediate polar (accreting magnetised
white dwarf, IP) (Butters et al. 2007).

— Peng & Shen (2021) find the LMXB candidate
OGLE BLG511.6 25872 to be of the same polar nature. We
therefore do not include it in our catalogue.

— The X-ray transient Swift J061223.0+701243(.9), listed as
LMXB in Liu07, could also be an IP (Butters et al. 2011).
In this case, the authors suggest that an LMXB nature can-
not be ruled out, and so the source can still be found in our
catalogue; however, we urge caution when considering the
classification of this source.

- 2E 1613.5-5053 (listed as 1E 161348-5055.1 in Liu07
LMXB catalogue) is an X-ray source located close to the
centre of the supernova remnant RCW 103. Based on XMM
observations, it was discovered that the source has a 6.67 h
periodicity, which may originate from either an orbital pe-
riod of a LMXB or a spin period of an isolated neutron
star (INS) (De Luca et al. 2006). After some time of search-
ing for an optical/IR counterpart to confirm or refute a binary
nature origin, Tendulkar et al. (2017) finally reported the de-
tection of an IR counterpart, the properties of which clearly
indicate that the IR emission was coming from an INS, ruling
out an LMXB origin scenario.

— V#* V934 Cen, another SIMBAD LMXB, seems to possess
no XRB characteristics (the corresponding link in SIMBAD
for the suggested LMXB type does not provide any data re-
garding the source), and so it is excluded from our catalogue
as well.

— The same also goes for the binary TWA 22 (TWA 22AB),
which is considered to be a LMXB in the SIMBAD database.
SIMBAD refers to Bonnefoy et al. (2009) as the source of
the corresponding classification. However, these authors es-
timated the total mass of the binary to be about a 220Mj,p,
which is far too low for the XRB. Although the system emits
X-rays via coronal activity (Stelzer et al. 2022), it cannot be
classified as an XRB.

— 4U 1745-203 (H 1745-203) is a transient that was consid-
ered to be a separate LMXB, but the source appears to simply
be a counterpart of SAX J1748.9-2021 (NGC 6440 CX1),
which has already been noted in Liu07.

— The same goes for bursting source MXB 1742-29. Follow-
ing Marti et al. (2007), we consider it to be the counterpart
of LMXB 1A 1742-294.

3 https://astroquery.readthedocs.io/en/latest/
hips2fits/hips2fits.html

3 https://astroquery.readthedocs.io/en/latest/skyview/
skyview.html

3 http://astro.uni-tuebingen.de/~xrbcat
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— AX J1620.1-5002 is also an X-ray transient, which for a
long time was considered to be a separate XRB, but it is
now strongly associated with the bursting transient LMXB
MAXI J1621-501 (Chenevez et al. 2018; Gorgone et al.
2018).

4U 0614+09 (4U 0614+091) is an UCXB with an uncertain
orbital period, which is only constrained to be greater that 1 h
(Baglio et al. 2014). However, following Liu07 and RK03
in the catalogue, we provide a value of 51.3 min based on
Shahbaz et al. (2008).

The nature of IGR J17404-3655 is not well constrained,
because it is unclear whether the source is a LMXB or a
HMXB, and is potentially a BeXRB (Coleiro et al. 2013).
However, Fortin et al. (2018) used K-band spectroscopy for
the source, and revealed that the object is more likely to be
a CV with a K3-5V donor star. Consequently, we made the
decision to not include it.

CXOGBS J174623.5-310550 is an accreting binary, and is
presented in our catalogue. However, its exact classification,
that is, as either LMXB or CV, is still unknown (Torres et al.
2019).

IRXS J180431.1-273932 was at first considered a symbi-
otic LMXB system (Nucita et al. 2007) hosting a NS with a
MS III donor star. However, based on optical observations,
Masetti et al. (2012) excluded a possible symbiotic LMXB
nature and identified the source as a magnetic CV. Therefore,
despite the fact that 1IRXS J180431.1-273932 is listed as a
symbiotic X-ray binary in Kuranov & Postnov (2015), we do
not include it.

Based on IR observations of 4U 1556—60 made by Revnivt-
sev et al. (2013), we associated an optical counterpart to this
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Fig. 2. Finding chart of GRO J1744-28. The finding charts display markers and error circles representing observations made by different instru-
ments. The error circles are used for soft X-ray observations to prevent overcrowding, with a yellow circle indicating Chandra and a green circle
representing Swift/XRT. The red cross and the blue diamond indicate the positions reported by SIMBAD and that found in the literature (Liu07 or
RKO03), respectively. An orange star denotes the position of the LMXB used in this catalogue.

source, namely Gaia DR3 583304229928809907 (see Ta-
ble A.1), which lies well inside the position error circle of
073. However, according to the provided parallax, the dis-
tance to this source should not exceed lkpc (Bailer-Jones
et al. 2021), which is 3—4 times less than the distance esti-
mations to 4U 1556—60 (Christian & Swank 1997; Grimm
et al. 2002). We decided to leave this association with the
Gaia DR3 source, but this discrepancy should be borne in

mind.
For the source IGR J17597-2201, Walter et al. (2006) pro-

posed 2MASS J17594556—-2201435 as a potential counter-
part. However, based on Very Large Telescope (VLT) obser-
vations conducted by Fortin et al. (2018), we can exclude this
possibility.

The persistent X-ray-bright LMXB 4U 1624-49 seems
to have incorrect coordinates and optical/IR associations
in the SIMBAD database. The source was localised by
Chandra with 0”76 uncertainty at the position ajggo.0
16"28™025825, Syp0000 = —49°11754”761 (Wachter et al.
2005), which corresponds to the known XMM source
2XMM J162802.8—491154, which is located = 53” away
from the position of 4U 1624—-49 in SIMBAD. In our ta-
ble, we provide the Chandra coordinates and uncertainty,
as well as the K-band data obtained by Wachter et al.
(2005). In the corresponding Chandra error circle, there are
no Gaia, 2MASS, or CatWISE2020 sources. We also la-
bel 2XMM J162802.8—491154 as an alternative name for
4U 1624-49 due to the fact that this name is not listed as
an identifier for this source in any other databases to the best

of our knowledge.
There is also an incorrect SIMBAD association with opti-

cal/IR archives for the LMXB GX 5—1 (4U 1758-25). At the
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position provided by SIMBAD, there is a bright star located
~ 200 pc away (Gaia Collaboration et al. 2023), a distance
which is totally inconsistent with distance estimations for
GX 5-1 (4.2-5.6 kpc, according to Clark 2018). Jonker et al.
(2000) found an IR counterpart of the X-ray source at the
position @000 = 18h01m08§222, 0120000 = —25°04742'46
with 0”/35 uncertainty, leading to it being located ~ 20" away
from the position of GX 5—1 in SIMBAD. As in the case of
4U 1624-49, there are no Gaia, 2MASS, or CatWISE2020
counterparts. However, in the error circle, we find a VVV
source, for which the JHK magnitudes are provided in the
table.

We also decided to add the object named AX J1659.0-4208
as a LMXB in our catalogue. The source was detected dur-
ing the Advanced Satellite for Cosmology and Astrophysics
(ASCA) Galactic plane survey (Sugizaki et al. 2001). At the
time, the X-ray flux of the source was at the level of 6x 10~!2
erg/s/cm2 (0.7 — 10keV), but its coordinates were not well
constrained. Its accurate position was then derived by Chan-
dra, which led to identification of a near-IR counterpart by
Revnivtsev et al. (2013). These latter authors suggested that
the source is likely to be a symbiotic LMXB or a CV. How-
ever, based on high extinction towards this area, and distance
estimations of about 5-10 kpc (Revnivtsev et al. 2013), unab-
sorbed X-ray luminosity can be estimated to be 103 ergs~!
at the very least (most likely even 10¥ergs™!), which is sig-
nificantly greater than expected for a typical CV. We there-
fore suggest that the source is very likely to be a LMXB and
it is added to our catalogue table.

We add an X-ray source IGR J19308+0530, which seems to
be an IMXB hosting an NS and s F4V-type donor star (Fortin
et al. 2018). At first it was not clear whether the object
is a CV or a L/IMXB (Ratti et al. 2013), and even the
SIMBAD database presents the source as a CV. However,
based on the spectral analysis (Ratti et al. 2010) and K-
band spectroscopy (Fortin et al. 2018), we suggest that
IGR J19308+0530 is most likely not a CV but an IMXB.
It should also be noted that the star TYC 486-295-1 is a
counterpart of IGR J19308+0530 (Rodriguez et al. 2008;
Ratti et al. 2010), but it is considered to be a separate source
(also a CV type instead of XRB) by SIMBAD, ~ 88" away
from the INTEGRAL position for IGR J19308+0530 listed
in SIMBAD.

The source LMXB 4U 1728-34 was given an orbital period
of ~ 11 min (Galloway et al. 2010), and this value is also
given for the binary in RK03. However, in an analysis of
other X-ray observations, no further evidence was found for
a periodic signal at 11 min. Subsequently, based on an anal-
ysis of its type-I X-ray burst, Vincentelli et al. (2020) stated
that the orbital period should be much higher, probably ~ 66
min or even > 2 hr. In our catalogue, the value of 66 min
is quoted, but readers should be aware of the lack of robust
confirmation.

The X-ray source J2039-5617 (listed as [SMD2015] 3 in
SIMBAD) is presented in the RK03 catalogue as a LMXB.
However, due to a likely association with the known RB
source 1FGL J2039.4-5621 (Salvetti et al. 2015), it is ex-
cluded from our catalogue.

XB 1832-330 is a globular cluster LMXB (in NGC 6652)
that was tentatively assigned a 43.6min orbital pe-
riod (Deutsch et al. 2000). However, Engel et al. (2012) argue
that the 43.6 min candidate period is probably spurious and
suggest a longer period (by a factor 3) of about 2.15 hr (this
value is quoted in our catalogue).

Table 1. tMSP candidates presented in our catalogue.

Source Name References
1FGL J1417.7-4407 (J1417-4402 in RK03) [1]
CXOGlIb J183544.5-325939 (NGC 6652B) [2]
4FGL J0427.8—6704 [31, [4]
4FGL J0407.7-5702 [5]
CXOGlIb J174804.5-244641 (Terzan 5 CX1) [6]

CXOU J110926.4-650224
3FGL J1544.6-1125
4FGL J0540.0-7552
RX J1739.4-2942 (GRS 1736-297)

(71, [8]
[91, [10], [11]
(12]

[13]

Notes. Along with the candidates, all three confirmed tMSPs:
XSS J12270-4859, IGR J18245-2452 and PSR J1023+0038
are also included in the catalogue.

References. [1] Swihart et al. (2018), [2] Paduano et al. (2021),
[3] Kennedy et al. (2020), [4] Li et al. (2020), [5] Miller et al.
(2020), [6] Bahramian et al. (2018), [7] Coti Zelati et al. (2019),
[8] Coti Zelati et al. (2021), [9] Bogdanov & Halpern (2015),
[10] Britt et al. (2017), [11] Jaodand et al. (2021), [12] Strader
et al. (2021), [13] Tetarenko et al. (2016).

— There is uncertainty over the orbital period of the tMSP can-
didate 4FGL J0540.0—7552. Strader et al. (2021) identified a
consistent periodic signal at 2.7 h in their photometry. How-
ever, this signal could represent either the orbital period, half
the orbital period (if due to ellipsoidal variations), or could
even be spurious. We decided to keep the 2.7 h orbital period
value in our catalogue table for this source, but other possi-
bilities may be worth consideration.

As mentioned in Sect. 1, we decided to add all three
known tMSP: XSS J12270-4859, IGR J18245-2452, and
PSR J1023+0038 (all three are also listed in RKO03 by the names
J1227-4853, J1824-2452, and AY Sex, respectively). In addi-
tion, we include some tMSP candidates identified as such in the
literature, which can be found in Table 1 with references. In the
catalogue table itself, one can find a corresponding flag column
named ‘tMSP_Flag’ (see Table B.1).

Several objects originally listed in the HMXB catalogue of
Liu et al. (2006) are now moved to the current LMXB catalogue
as their preferred classification changed:

— According to Karasev et al. (2008), XTE J1901+014 was
suggested to be the first low-mass fast X-ray transient. How-
ever, the exact nature of this source remains unclear. Never-
theless, according to Sato et al. (2019), it appears to be more
similar to a LMXB, hence its inclusion in our catalogue.

— IGR J16358-4726 was initially identified as an HMXB by
Chaty et al. (2008). However, Nespoli et al. (2010) later in-
validated this identification, and now the source is classi-
fied as a symbiotic X-ray binary, which we consider to be
a LMXB subclass based on the typical donor mass.

— The situation is similar for IGR J17407-2808. This source
was first classified as part of a supergiant fast X-ray tran-
sients (SFXT, Sguera et al. 2006), which are all HMXBs.
However, subsequent works (Heinke et al. 2009; Greiss et al.
2011) ruled out the presence of a supergiant companion, and
showed that this source is more likely to be a LMXB with an
F-type dwarf. Kaur et al. (2011) also found that a few days
after the outburst, the IR counterpart was 1 mag brighter.
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Such behaviour is more expected during the LMXB outburst
due to the exposure of the optical component to the X-rays
emitted by the compact object.

— After analysing the X-ray spectra and near-IR observations
of SAX J1452.8-5949, Kaur et al. (2009) were able to es-
timate the distance to SAX J1452.8—5949 (< 10 kpc). This
estimation eliminated the possibility of the system being a
HMXB, as it would have to be an extragalactic source in that
case. Consequently, the authors suggested that the binary has
a low-mass companion and could either be a LMXB or an IP.
Therefore, we classify SAX J1452.8—-5949 as a LMXB can-
didate.

— It has been unclear for some time whether 4U 1807-10 is
a HMXB or a LMXB. However, based on the ratio of spin
and orbital periods (Blay et al. 2008), as well as the fact
that the system shows type-I X-ray bursts (Chelovekov et al.
2017), we conclude that an LMXB origin is more likely for
this source, despite the fact that 4U 1807-10 is marked as a
HMXB candidate in Blay et al. (2008), and therefore we add
4U 1807-10 to our LMXB catalogue.

In addition, there is one source that is present in both
of our catalogues, in this one, and in the one dedicated to
HMXBs (Neumann et al. 2023). This is due to the presence of
conflicting results and the absence of any final decision on the
true nature of the source:

— Cir X—1 was originally classified as a LMXB after its discov-
ery. However, Heinz et al. (2013) were able to determine that
the system is only about 4500 years old, which led to a re-
vision of its classification. Additionally, Jonker et al. (2007)
reported that Cir X—1 contains a supergiant companion of
A0 to BS5 type. However, Cir X—1 has also exhibited type-I
X-ray bursts (Tennant et al. 1986), which are characteristic
of LMXBs. Furthermore, the fact that the companion star in
Cir X-1 has yet to be decisively detected at optical wave-
lengths supports a possible LMXB nature for the system.
Johnston et al. (2016) concluded that the optical counterpart
in Cir X—1 could either be an unevolved low-mass star or a
giant star that is still in the process of recovering from the
supernova explosion that occurred less than 5000 years ago.
Due to the ambiguity surrounding the nature of Cir X—1, the
source has been included in both our LMXB and HMXB cat-
alogues.

As mentioned previously, several objects included in RK03
and Liu07 have been removed from our catalogue. Sometimes
this was necessary because objects reported as independent in
RKO3 and Liu07 represented the same source (in either of the
catalogues). This was mainly due to large positional uncertain-
ties at the time of the catalogue compilation, or in some cases
because the objects are extragalactic. In the case of the former,
we include only the element from the pair in our LMXB list
with the most used name, omitting the other, and summing up all
known data. In the extragalactic origin scenario, the correspond-
ing source is removed as we only consider Galactic LMXBs. Our
initial source list was therefore modified as follows:

— The relatively bright source 2A 0521-720, which is more
commonly referred to as LMC X-2, is located in the LMC
(as the name suggests). As we consider only Galactic objects,
we exclude it from our catalogue.

— The same is true for RX J0532.7-6926 (located in LMC),
and so it is also not included in the current catalogue.
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— Two sources AX J1745.6—2901 and 1A 1742-289 listed in
Liu07 actually correspond to the same LMXB, and as the
name ‘AX J1745.6—2901’ is more commonly used, we com-
bine information regarding the two from Liu07 under this
name.

— The second case of identical sources is 1E 1743.1-2852 and
SAX J1747.0-2853, and so again we gave the most popular
name to the object, SAX J1747.0-2853.

3.3. Summary of other differences with respect to the Liu07
and RKO03 catalogues

In addition to the problematic cases described above, and the
overall expansion of the sample, several other changes have been
made compared to Liu07 and RK03:

— To standardise the reported X-ray fluxes, we revised the en-
ergy ranges used in the Liu07 study. Instead of using a single
range of 2-10 keV, we now present ‘soft’ and ‘hard’ X-ray
fluxes separately, each in well-defined energy ranges.

— In addition, X-ray fluxes (absorbed) in our table are repre-
sented in cgs units (ergs™' cm™2, instead of Jy reported in
Liu07), which are more commonly used and meaningful for
X-ray sources. We also now report both maximum and mini-
mum flux values for each of the two energy bands instead of
only reporting the maximum, as done in Liu07.

— To better reflect various phenomenological features reported
in the literature, we increased the number of flags used to de-
scribe the properties of the sources. In comparison to Liu07,
where 11 flags were used, we use 17.

— Our new version of the LMXB catalogue has additional (in
comparison with Liu07) columns for hydrogen column den-
sity, near- and mid-IR data (from 2MASS, VVV, WISE, liter-
ature, etc.), BP-RP colour, optical Gaia/StarHorse/literature
data, and distances.

— In addition, we include up to six finding charts (from mid-IR
images to hard X-ray bands) for each object, instead of just
a reference to a finding chart.

— Finally, our catalogue now includes 349 objects, which is a
71% increase from the 204 objects listed in Liu07 and RK03
combined.

4. Summary and conclusions

In this paper, we present a new LMXB catalogue, which provides
an up-to-date census of known LMXBs in the Galaxy with a va-
riety of corresponding multi-wavelength information extracted
from current optical/IR surveys. In total, the catalogue contains
349 sources and has 62 columns. Descriptions of the columns are
presented in Table B.1. The full version of the catalogue can be
obtained through the VizieR database?®, and can also be found
on a dedicated website®’. We ask authors who use our catalogue
in their research to refer to us by citing this article, as well as by
referring to the website link in either the acknowledgements or a
footnote.

We would like to emphasise here that the origin of some of
the sources listed in the catalogue is not yet certain; some sources
have only been tentatively classified as LMXBs due to the sim-
ilarity of their X-ray properties to those of the systems identi-
fied, with no counterparts found in other bands. Along with this

3 https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
675/A199
3 http://astro.uni-tuebingen.de/~xrbcat
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article, a new similar catalogue of HMXBs is being published
Neumann et al. (2023). We hope that both catalogues will be
useful tools for future studies, which includes (but is not lim-
ited to) population studies of various types of X-ray-emitting ob-
jects (especially XRBs), searches for new XRBs in ongoing and
upcoming surveys, classification of unidentified X-ray sources,
and as training data-sets for machine learning classification algo-
rithms (Yang et al. 2021, 2022). In particular, our catalogue be
relevant in the context of the ongoing analysis of eROSITA sur-
vey data, which is expected to substantially increase the number
of known XRBs (Doroshenko et al. 2014). We therefore plan
to update our catalogues to the best of our ability to keep the
ever-increasing census of the Galactic LMXBs up to date and
accessible to the community.
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Appendix A: Optical/IR counterparts

Table A.1. Identified archive optical/IR counterparts of LMXBs.

Source name

Gaia DR3

2MASS

CatWISE2020

MAXI J0556-332

4FGL J0427.8-6704

IGR J17494-3030

1FGL J1417.7-4407

XTE J1637-498

MAXI J1807+132

3A 1837+049

MAXT J1828-249

1RXS J180408.9-342058
IGR J17091-3624

IGR J17585-3057

4U 1543-624

Swift J1858.6—-0814
MAXI J1305-704

IGR J17329-2731

IGR J16358-4726
XMMU J174445.5-295044
IGR J17454-2919

4U 1705-250

4FGL J0540.0-7552
3FGL J1544.6-1125
CXOU J110926.4-650224
4FGL J0407.7-5702
1RXH J173523.7-354013
IGR J16287-5021

4U 1556-60

EXO 1846-031

AX J1735.8-3207

IGR J16293-4603

4U 1626-67

SAX J1810.8-2609

XTE J1709-267

XTE J1710-281

IGR J19308+0530

Swift J2037.2+4151

GS 1826-238

SRGA J181414.6—-225604

GRO J1655-40

SWIFT J061223.0+701243
1A 1246-588

MXB 1659-29

Based on optical/IR/radio follow-ups:

2890346074897001216
4656677385699742208
4056028099172996352
6096705840454620800
5940421734427982336
4497207964419829632
4283919201304278912
4076998775244833280
4042163562572848384
5976921951382731520
4044163406621956992
5826501373348972288
4203799300867262720
5843823766718594560
4061336747511224704

4112450294268643456
4648562676357022208
6268529198286308224
5240167590731178624
4682464743003293312
5974787971132982144
5934583950467938304
5833042299288099072
4258794192383316864
4055019091071763712
5942210433690960640
5809528276749789312
4064636102946481408
4108865783346597760
4108449755564592256
4294249387962232576

4077372536242802944
4066460746608630912

J04274958-6704350

J14173057-4402574
J16370267-4951401

J18395759+0502113

J17325067-2730015
J16355369-4725398
J17444541-2950446
J17452768-2919534

J18491710-0303559
J17354627-3207099
J16291285-4602506

J19305075+0530582
J20370560+4150051

J18141475-2256195

Based on Arnason et al. (2021):

5969790961312131456
1107229825742589696
6059778089610749440
6029391608332996224

J16540014-3950447

J042749.64-670435.0

J141730.57-440257.5

J183957.57+050210.5

J170907.75-362425.0
J175829.80-305702.3

J130655.74-702704.2
J173250.54-273003.4
J163553.75-472541.0
J174445.43-295044.5

J054001.80-755419.7
J154439.38—-112804.5
J110926.21-650227.1
J040731.65-570025.1

J184917.08—-030355.3

J162912.85-460250.4

J193050.75+053058.0
J203705.60+415005.2

J181414.78-225619.4

J165400.13-395044.7
J061222.63+701243.1
J124939.17-590516.3
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Table A.1. continued

Source name Gaia DR3 2MASS CatWISE2020

SAX J1711.6—3808 5973177495780065664 J17113714-3807073 J171137.14-380707.4
4U 1724-307 4058208396397618688 J17273315-3048076 J172733.28-304809.0
EXO 1747-214 4118590585673834624

4U 1755-33 4042473487415175168

HETE J1900.1-2455 4074363039644919936

4U 1915-05 4211396994895217152

XTE J1901+014 4268294763113217152
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Appendix B: Catalogue format

Table B.1. Description of columns in the LMXB catalogue table.

Ne  Column name Unit Description

1 ’Name’ Object name, which is the most common name in the literature.

2  °’RAdeg’ deg Right Ascension in degrees (ICRS).

3  ’DEdeg’ deg Declination in degrees (ICRS).

4 ’PosErr’ arcsec Positional error in arcseconds.

5 ’Coord_Ref’ The source from which the position of the object is taken.

6 °GLON’ deg Galactic longitude in degrees.

7 °GLAT” deg Galactic latitude in degrees.

8 Xray_Type’ List of the X-ray types assigned to the object. For more information see Sect. 2.1.
9 ’Porb’ day Orbital period of the binary system in days.

10 ’Ppulse’ S Pulsation period (spin) of a NS in seconds.

11 ’Alt_Name’ Most frequently used alternative name.

12 ’SpType’ Spectral type of the optical counterpart.

13 ’Vmag’ mag Optical magnitude in V-band according to SIMBAD database and literature.
14 ’e_Vmag’ mag Corresponding magnitude error in V-band.

15 ’Gaia_DR3_ID’ Name in Gaia DR3(eDR3) catalogue.

16 ’Gmag’ mag Optical magnitude in G-band according to a Gaia catalogue or the literature.
17 ’e_Gmag’ mag Corresponding magnitude error in G-band.

18 °BP-RP’ mag BP-RP colour.

19 "2MASS_ID’ Name in 2MASS catalogue.

20 ’Jmag’ mag IR magnitude in J-band according to 2MASS or the literature.

21 ’e_Jmag’ mag Corresponding magnitude error in J-band according to 2MASS or the literature.
22 ’Hmag’ mag IR magnitude in H-band according to 2MASS or the literature.

23 ’e_Hmag’ mag Corresponding magnitude error in H-band according to 2MASS or the literature.
24 ’Kmag’ mag IR magnitude in K-band according to 2MASS or literature.

25 ’e_Kmag’ mag Corresponding magnitude error in K-band according to 2MASS or the literature.
26 "WISE_ID’ Name in CatWISE, AIIWISE, or WISE catalogue.

27 *Wlmag’ mag IR magnitude in W1 WISE band.

28 ’e_Wlmag’ mag Corresponding magnitude error in W1 WISE band.

29 "W2mag’ mag IR magnitude in W2 WISE band.

30 ’e_W2mag’ mag Corresponding magnitude error in W2 WISE band.

31 'N_H’ 10?2 cm™2 Neutral hydrogen column density.

32 ’MinSoftFlux’ 10~"2erg/s/cm? Minimum flux (absorbed) from a source in soft X-ray.

33 ’MaxSoftFlux’ 10~"2erg/s/cm? Maximum flux (absorbed) from a source in soft X-ray.

34 ’Soft_Xray_Var Ratio of maximal soft X-ray flux and minimal soft X-ray flux.

35 ’Soft_Xray_Range’ keV Soft X-ray flux energy range used.

36 ’MinHardFlux’ 10’12erg/s/cm2 Minimum flux (absorbed) from a source in hard X-ray.

37 ’MaxHardFlux’ 10‘lzerg/s/cm2 Maximum flux (absorbed) from a source in hard X-ray.

38 ’Hard_Xray_Var’ Ratio of maximal hard X-ray flux and minimal hard X-ray flux.

39 ’Hard_Xray_Range’ keV Hard X-ray flux energy range used.

40 AG’ mag G-band absorption Ag.

41 ’Mean_Dist’ pc Mean estimate of the distance to the binary system.

42 ’Low_Dist’ pc The lowest (minimum) estimate of the distance to the binary system.

43 ’High_Dist’ pc The highest (maximum) estimate of the distance to the binary system.

44 ’Incl’ deg Binary system inclination.

45 °Mx’ Mg Mass of the compact object.

46 ’Mopt’ M, Mass of the optical counterpart.

47 'B-V’ mag B-V colour index.

48 "E(B-VY mag E(B-V) colour excess.
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Table B.1. continued
Ne  Column name Unit Description
49 *tMSP_Flag’ tMSP flag, which can take one of the two values, indicating that the source is:

1 — one of the three solidly considered tMSPs.
2 — a tMSP candidate.

50 °Liu07_IDX’ Ordinal number of the source in the table of Liu07 LMXB catalogue.
51 ’RKO03_IDX’ Ordinal number of the source in the table of RK03 LMXB catalogue.
52 ’Orb_Ref’ Orbital period origin reference.

53 ’Pulse_Ref’ Spin (pulsation) period of the NS origin reference.

54 ’Spect_Ref’ Reference to the origin of the optical spectral type of the star.

55 ’Vmag_Ref’ Reference to the origin of the V-band magnitude.

56 ’Gmag_Ref’ Reference to the origin of the G-band magnitude.

57 ’JHK_Ref’ Reference to the origin of the JHK information.

58 *WISE_Ref’ Reference to the WISE IR catalogue used (CatWISE, AIIWISE or WISE).
59 °N_H_Ref’ Ny value origin reference.

60 "AG_Ref’ Reference to the origin of the G-band absorption Ag .

61 ’Dist_Ref’ Reference to the origin of the distance estimations.

62 ’Mass_Ref’ Reference to the origin of the mass estimations.
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Website

In addition to the catalogues accessible on VizieR!? a website was created with the
purpose to regularly update its content. This website contains the HMXBs catalogue
of Neumann et al. (2023) and the LMXBs catalogue of Avakyan et al. (2023).

On the home page of the website, users have the overview of the spatial distribution
of HMXBs and LMXBs. The default image layer is an all-sky image of eROSITA, but
can be switched to other surveys ranging from infrared (allWISE) over soft X-rays
(XMM-Newton) to hard X-rays (INTEGRAL). In this interactive map the LMXBs are
represented as red circles and the HMXBs as blue squares. The user can click on
one of those symbols to open a popup with more information about this source,
this includes the source name and coordinates but also other information like the
magnitude in different energy bands. It is possible to click on the source name in the
popup, if the user wants to see the available information in a more organized way.
The link which is stored as the source name, redirects the user to a new webpage
which contains the information of this object. In the following, the general structure
of the webpage is described for the case of HMXBs. The differences between the
webpages for HMXBs and LMXBs are described at the end of this section. The
general information is separated into four main parts, plus an additional part for
miscellaneous information and finding charts at the end of the webpage.

The first part contains the coordinates, this includes right ascension (RA) and
declination (DEC) in sexagesimal units in the ICRS J2000 reference system. If the
positional uncertainty is available, this value is also given in the third row in arcsec.
Also available are the galactic coordinates which were calculated from RA and DEC.
The last row in this part then contains the reference paper for the coordinates, in
case it is available. The user can use the coordinate-reference link that redirects
them to the Astrophysics Data System (ADS) operated by NASA. The redirection to
the NASA ADS website basically applies to all following references.

The second part contains general information about the binary system, starting with
an alternative name for the source; this alternative name was selected as the second
most common name used for the binary system. The alternative name is the object

"https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+A/677/A134
https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+A/675/4199
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identifier, which is the second most common identifier used in the abstract of paper
about the specific object. In the next row, a summary of X-ray types is given to which
the binary belongs, those X-ray types are described in Neumann et al. (2023) as
well as how they were compiled. The mean distance as well as the distance range is
given in kiloparsecs (kpc). If a reference is given in form of a superscript number, a
different paper was used than the Gaia Collaboration et al. (2023), Bailer-Jones et al.
(2021), or Anders et al. (2022) as described in Neumann et al. (2023). Swift/XRT
nH-column density values in 10~2! cm? are the last information in this part.

The third part contains essential information of the compact object in the binary
system. If mass estimations of the compact object are available, the mean mass as
well as a mass range can be found in this part similar to the distance estimations
described earlier. The mass estimation of the compact object is given in solar masses
M. The user can also find the orbital period and in case of NSs also the pulsation
period and their corresponding references in this part. The orbital period is given in
days and the pulsation period in seconds. For NSs systems with known cyclotron
resonant scattering feature (CRSF), the line-energy of this feature is given in this
part in keV. In general, if only one energy is given, this would be the energy of
the fundamental line, in the case where more energies are provided also higher
harmonics are included. In this part the user can find fluxes for the different
X-ray instruments, this includes XMM-Newton, Chandra, Swift/XRT, Swift/BAT
and INTEGRAL. If multiple observations with the same instrument are available,
the maximal and the minimal flux values are given as a flux range. For all five

2

instruments the values are provided in units of 107!? erg cm~2s~!, the energy-range

of the instrument is given in brackets at the end of the line.

The last big block of this page contains the information on the optical companion.
Starting with the Gaia identifier, if a Gaia counterpart is identified, the name of the
source in the most recent Gaia catalogue (Gaia DR3) is given here. In addition to
that, the following line should visualize if the identification of the optical companion
is solid, tentative or if no optical companion is detected so far. If the spectral
type of the optical companion is known, the next line contains the spectral type
with a corresponding reference. The following six lines list the magnitudes in
different wavelength bands. The included bands are G-band (330-1050 nm) from
Gaia, the J-band (centered at 1.235um) from 2MASS, as well as H-band (centered at
1.662 um) and Kg-band (centered at 2.159 um), and for WISE the W1-band (centered
at 3.4um) and the W2-band (centered at 4.6 um). If there is a value for the effective
temperature of the optical companion reported, either by Gaia Collaboration et al.
(2023) or Anders et al. (2022) this estimation can be also found in this section.
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Luminosity values of the optical companion reported by Gaia Collaboration et al.
(2023), were also added in this part.

Any additional information which could be useful can be found in the comments
section, this includes but is not restricted to the informations like super orbital
periods for the X-ray binary system or if the system is only a XRB candidate. Another
small section contains other references which were collected during the creation of
the catalogue but could be allocated to one of the values above. At the very bottom
of the website finding charts are provided for the user, ranging from near infrared
with VVV to hard X-rays with INTEGRAL, the creation as well as the explanations of
the markers are described in Neumann et al. (2023).

In general, the webpages for the LMXBs are structured in the same way as the
ones for the HMXBs with some adjustments. In addition to the G-band magnitude,
a value for the extinction in the G-band is provided. Another difference is that
instead of reporting the flux ranges for every single instrument, the fluxes for the
soft X-ray instruments (Chandra, XMM-Newton, and Swift/XRT) are combined to
one single flux range, the same was done for the hard X-ray instruments (Swift/BAT
and INTEGRAL). Due to the fact that the instruments are combined, an additional
field was added, which informs the reader about the energy range for which the flux
is reported. In the cases where, a flux range is reported instead of a singular value,
the variability is calculated. For the optical companion the only additional field is
the mass of the star and the respective reference.

The ‘HMXB Cat’ and ‘LMXB Cat’ buttons at the top of the webpages allows the user
to navigate to a different webpage which includes all objects in a tabular format. In
this table the user has a possibility to search for a specific source by using the source
name in the search bar or sort the systems for example, by increasing or decreasing
spin period. Additionally, at the bottom of the table there are the FITS-file, VOT-file,
and csv-file of the current version of the catalogues, as downloadable files.

Last but not least, the ‘Updates’ webpage provides the user not only with the newest
version of the catalogues as a FITS-, VOT-, or csv-file but also the older versions. In
addition to that, this page provides the user with information about what changes
were done to the catalogue, e.g added sources, or the updated parameters of
systems.
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Updating the Catalogue

Adding New Sources

The following chapter describes how to update and maintain the website, using the
HMXBs-catalogue as an example. In general, updating the LMXBs-catalogue is done
similarly. However, as I only modified the scripts for the HMXBs-catalogue for easier
use, I cannot comment on the steps which need to be undertaken to update the
LMXBs-catalogue, for this please consult Artur Avakyan'.

Prerequisites

A few prerequisites need to be fulfilled, for the pipeline to work as intended. The
overall folder structure can be seen in the Directory Tree in Figure 7.1.

First and foremost, the most recent iteration of the catalogue needs to be in the
‘XRBcats HMXB’-folder, typically it is called XRBcats HMXB.fits’. Also the most
recent ‘IDs_cat.pickle’ file should be in the root-folder of this project. This file
contains the most popular names for the sources in the catalogue. In general, this
file should automatically update if new sources are added to the catalogue. The
script for the most popular ids is depending on the api-token from NASA-ADS which
has a daily limit of requests. Upon reaching the limit, a new account needs to be
created to generate a new api-token or one needs to wait 24 hours.

All already created Finding Charts should be in the ‘HMXB_Charts’-folder, from there
they will be copied into the right folder as soon as the script starts. Lastly, the
‘HMXBTemplate.html’ file should be stored in the ‘HMXBTemplate’-folder.

"https://arturavakyan.github.io/
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/
| yyyy-mm-dd-Folder
yyyy-mm-dd-Table.html
Added_HMXB_Charts
LA,Source—Name.png
HMXBcat_web.xml
HMXBHTMLfile
kSource-Name.html
HMXB_Charts
L,Source—Name.png
Sorted_XRBcat_HMXB.fits
Sorted_XRBcat_HMXB.xml
Unsorted_XRBcat_HMXB.xml
XRBcat_HMXB.csv
XRBcat_HMXB.html
XRBcat_HMXB.vot
|  HMXB_Charts
L,Source—Name.png
| HMXBTemplate
LA,HMXBTemplate.html
| Scripts
Update_Sources.py
Remove_Sources.py
NewWebsiteTable.py
NewSortingTable.py
NewFindingCharts.py
New_Sources.py
New_get_most_popular_id.py
HTML_Files.py
HTML_CSV.py
CreateDayFolder.py
CorrectionScript.py
|  XRBcats_HMXB
LA,XRBcats_HMXB.fits
| NewSources.csv
| RemoveSources.csv
| UpdateSources.csv
| IDs_cat.pickle
| HMXBcat.html
| ReadME.pdf
| _AutomationScript.py

Figure 7.1. — Project structure for updating the HMXBs catalogue.
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New Sources

To add new sources to the catalogue, the user needs to fill in information about the
source into the ‘NewSources.csv’ file. In general, all information can be added in
this file, however, the source name as well as the coordinates are necessary fields
that needs to be filled. In principle, it is sufficient to only provide the coordinates;
however, it is recommended to add a source name which is resolvable by SIMBAD,
else issues could arise in the other parts of the script that depends on the source

name.

Update Sources

To update a specific source, the user needs to add the source to the ‘Update-
Sources.csv’ file, in general any identifier which is listed in the catalog can be
used in the ‘Name’-column; however, it is recommended to use the identifier which
is already used as the name in the catalogue. Any new information regarding the
source should be filled in the corresponding field of the file. The most common fields
are already added in the ‘UpdateSources.csv’ file, nevertheless missing fields can
be added. In the case that a field is added to the file and the script is not working
anymore, it needs to be adjusted accordingly.

Removing Sources

If a source is no longer classified as a HMXBs, it can be removed from the cata-
logue. In order to do this, one of the source identifier needs to be added in the
‘RemoveSources.csv’ file. Similar to the other cases every source identifier can be
used, but it is strongly suggested to use the source name.

For all three cases (New Sources, Update Soures and Remove Sources), it is in
general not necessary to remove older entries from former updates, but removing
them should also not influence the outcome of the later updates.

Run Script

Once all prerequisites have been met and all changes were added to the respective
files, the AutomationScript.py’ can be run. This script executes the others in quick
succession. Starting with ‘CreateDayFolder.py’, this script creates a folder with the
name (yyyy-mm-dd) indicating the current date, when the script was executed. It
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also creates two additional folders into this, first is the Added HMXB_Charts’-folder
and the other is the ‘ HMXBHTMLfile’-folder. As the name indicates, the newly created
finding charts will be copied into the Added HMXB_Charts’-folder. Similar to the
‘Added HMXB_Charts’-folder, the html-files of the single sources are copied into the
‘HMXBHTMLSfile’-folder. ‘CreateDayFolder.py’ also copies the already existing finding
charts into the ‘HMXB_Charts’-subfolder inside the ‘HMXBHTMLSfile’-folder. Finally,
the ‘HMXBTemplate.html’ file is also copied into the yyyy-mm-dd-folder and renamed
yyyy-mm-dd-Table.html which is later used to create the html-table? on the website.
The following three scripts (Update, Remove and New_ Sources_Scripts) are changing
the .fits-file accordingly to the changes in their respective .csv-file. The changes to the
catalogue are saved in the ‘Updated XRBcats HMXB.fits™-file. In cases of new sources
added to the catalogue, those are saved in the ‘Unsorted XRBcat HMXB.xml-file.
For now the new sources are only appended at the end of the list, to solve this
‘Sort_func.py’ is sorting the list in ascending order of the RA-coordinate. The now
sorted table is saved as ‘Sorted XRBcat HMXB.fits’ and ‘Sorted XRBcat HMXB.xml'.
‘HTML_CSV _Script.py’ is creating a .csv-file for the updated catalogue, saving it
as XRBcat  HMXB.csv'. In addition to the .csv-file it also creates a .vot- and .fits-
file with the same syntax. Furthermore, a html-version (‘XRBcata HMXB.html) of
the catalogue is created by ‘HTML CSV_Script.py’ however, in this file the source
names are replaced with an hyperlink, which redirects the user of the website to
the corresponding html-file of the source. ‘HTML _Files.py’ is creating a single html-
webpage for every source and saves it with the source name in the HMXBHTMLfile’-
folder. The last script is the ‘WebsiteTabel Script.py’ which also changes the source
name in the .xml-file to a hyperlink which later can be used on the website in the
Aladin-skymap to access the single source html-file. This new xml-file is saved as
‘HMXBcat_web.xml’.

To-Do

Before uploading the files to the website, a couple of minor changes need to be done
manually in some files. In the future this could be done automatically, but currently
it needs to be done manually. First of all, the finding charts of the new sources need
to be copied from the Added HMXB_ Charts’-folder to the ‘HMXB_Charts’-folder
inside the ‘HMXBHTMLSfile’-folder. After that, it is necessary to replace inside the
‘XRBcat HMXB.htm! file all occurrence of ‘&lt;’ with ‘<’ and all ‘&gt;” with ‘>". Next,
the user needs to copy everything inside the yyyy-mm-dd-Table.html file between
the <html> and </thead> -tags (including <html> and </thead>) into the

2http://astro.uni-tuebingen.de/ xrbcat/HMXBcat.html
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‘XRBcat HMXB.html’ file in the same position. In a similar fashion, everything
between the </table> and </html>-tags (including </table> and </html>) is
copied from the yyyy-mm-dd-Table.html file to the end of the XRBcat HMXB.htmlI’
file. As a last change, one needs to replace the datatype ‘long’ for the ‘Gaia DR3 ID’-
column inside the ‘HMXBcat_web.xml!’ to ‘double’, otherwise the catalogue-overlay
in the Aladin-window on the website does not show the entries.

Updating the Website

After creating all the necessary files, it is time to update the website. To do so, the
user needs to connect through ssh and change the necessary files in the ‘public_htm!’-
folder of the ‘xrbcat’-user. Before uploading the files, one should create an additional
subfolder in the ‘HMXBcat’-folder, typically the folder name is choosen to be ‘Mon-
thYear’ (e.g. ‘March2025’). Inside the ‘HMXBcat-folder there is the ‘Current Version’
folder, this is not the current version but an artifact from the initial release of the
website (i.e. the oldest version of the catalogue). Inside the ‘MonthYear’-folder one
needs to copy the .csv-, .fits- and .vot-files of the updated catalogue. The naming
convention can be found in the Table 7.1.

File Name Website Name
HMXBcat web.xml | HMXBcat web.xml
XRBcat_ HMXB.csv HMXBcat.csv
XRBcat HMXB.vot | HMXBcat.vot
XRBcat HMXB.fits | HMXBcat.fits

XRBcat HMXB.html | HMXBcat.html

Table 7.1. — File names which are created by the script and how they need to change for
the website.

The single source html-files should be copied into the HMXBHTMLS(ile’-folder and
their corresponding finding charts into ‘HMXB_Charts’-subfolder. This can be also
done by uploading the whole ‘HMXBHTMLfile’-folder from the local machine into the
‘public_html’-folder. ‘HMXBcat web.xm!l’ and XRBcat HMXB.html’ can be uploaded
into the ‘public_html’-folder and renamed accordingly to Table 7.1. In addition to
that, the directory-path as shown in Figure 7.2 at the end of the ‘HMXBcat.htm!’-file
needs to be updated.

Changes in the catalogue should be also explained on the ‘Updates’ webpage. For
that one needs to add the changed information in the ‘Updates.html’-file. An example
of such a change can be seen in Figure 7.3.
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class="">
Current Version

href="./HMXBcat/September2023/HMXBcat. fits" download="HMXB_cat.fits"> HMXB_cat.fits

HMXB_cat.vot-
HMXB_cat.csv'"> HMXB_cat.csv- > >
target="_self" href="./Updates.html">Updates

href="./HMXBcat/September2023/HMXBcat.vot" download="HMXB_cat.vot"
href="./HMXBcat/September2023/HMXBcat.csv" download=
Previous versions of the catalog can be found under -

Figure 7.2. — Lines which need to be changed in the ‘HMXBcat.html’-file (e.g. Septem-
ber2023 — March2025).

‘margin-top:

"> HMXB_cat. Fits

: 5/H t.vot L : HUXB_cat. vot:

href=". /HMXB / / /"> HMXB_cat. csv
Added HMXB:

target="_blank" hr
15. August 2024
hr . /HY ‘Au

0.1-17511.htm1">4XMM J181330.1-17511.

XB_cat. fits"> HMXB_cat. fits:

M vot"> HMXB_cat.vot

HMXB_cat. csv
31.4-144036. htm1">CX0U J182531.4-144036
~0037.htm1">Swift 11845.7-0037
IGR J16327-4940 : most likely a
IGR J17586-2129 : probably a <a href="htt bs.harvard. edu/a
SyXB
Updated Field:

h HMXBHTMLile/2MASS J08504008-4211514.html">2MASS J@8504008-4211514</a>: Mean Distance changed to 12.@ kpc (<a hre
..38D=De et al. 2024

://ui.adsabs.harvard.edu/

href="http:

Figure 7.3. — Example html-code for updates.
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Introduction

Noise is an intrinsic property in all imaging fields. While this is not a problem in
everyday applications (e.g. taking pictures on your vacation in Sicily), this poses a
problem in imaging fields where the amount of photons are low. How to deal with
noise is an ever developing field, while there are multiple methods they have their
own advantages and disadvantages. One of the approaches involves modeling the
background however, it often requires the modeling of the X-ray source first. This
is not always a feasible option specially in the case of a newly detected source. An
alternative method is the subtraction of an offset value however, for a very faint
source, it’s possible that due to the Poissonian fluctuation, the background needed
to be subtracted is higher than the source count itself leading to a negative value.
However, due to low event rates in such cases, removing a possible source event
can be a huge loss. To counteract this we used a technique proposed by Ehlert et al.
(2022) in conjunction with background map we developed to test if this could be a
valuable addition for the X-ray Multi-Mirror Mission.

This project is structured as follows, Chapter 9 introduces the instrument and the
components that make up the background. Chapter 10 explains the mathematical
foundation of the estimator and its benefits. Additionally, the workflow to create the
background maps and the metrics which were used to evaluate the performance of
the estimator are described in Chapter 10. In Chapter 11 the estimator is applied on
an artificial source as a proof of concept and later to the real observations. The last
chapter; Chapter 12 concludes this part of the thesis.
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9.1

Instruments

XMM-Newton

The X-ray Multi-Mirror Mission (XMM-Newton) was launched on December 10,
1999 as one of the cornerstone missions in the ‘Horizon 2000’ program of the
European Space Agency (ESA). It was launched into a highly elliptical orbit (apogee
~ 114000 km) with an orbital period of 48 hours (Jansen et al., 2001), provided
which, uninterrupted exposures of up to 65 ks are possible (Jansen et al., 2001).
However, because XMM-Newton has no onboard storage capability (Lumb et al.,
2012) all obtained data needs to be downlinked to the ground station immediately.
Originally planned for a mission lifetime of ten years, XMM-Newton is now over
25 years operational and might continue working until 2030 (Kirsch et al., 2014).
The ten meter long and four tons heavy spacecraft has six different instruments
on-board. The Optical/UV Monitor (OM) is mounted at the front of the spacecraft,
allowing observation in optical and ultraviolet band between 170 nm and 650 nm
(Mason et al., 2001). Together with the other instruments, it provides the possibility
for a simultaneous multiwavelength observation. Behind two of the three X-ray
telescopes a Reflection Grating Array (RGA) is installed (seen in Figure 9.1). The
RGA deflects about half of the incoming light onto the Focal Plane Camera (RFC),
together they form the Reflection Grating Spectrometer (RGS) instrument, providing
high-resolution spectroscopy in the 0.3-2.1keV energy range (den Herder et al.,
2001). The undeflected light (about 44% of the original flux) is detected by one of
the European Photon Imaging Camera (EPIC) Metal Oxide Semi-conductor (MOS)
Charge-Coupled Device (CCD) detectors at the focus of the telescope (Turner et al.,
2001). At the focus of the third telescope, with an unobscured beam path, another
EPIC detector is installed, the EPIC pn-detector. Both EPIC detector types are
described in more detail in the following sections.
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Figure 9.1. - XMM-Newton spacecraft. Image courtesy of Dornier Satellitensysteme GmbH
and ESA. ESA/XMM-Newton, CC BY-SA 3.0 IGO. Cropped from original.

EPIC MOS-CCD

The EPIC MOS-CCD detectors (hereafter MOS-detector) consists of seven front-
illuminated MOS-CCDs, that partially overlap each other (as seen in Figure 9.2) to
minimize dead space (Turner et al., 2001). In the full-frame mode the MOS-detector
has an imaging area of 600 x 600 with a pixel size of 40 um x 40 yum, to increase
the time resolution it is possible to reduce the imaging area. The different scientific
modes of the MOS-detector are described later in this section. The limiting factor for
the MOS-detector is its quantum efficiency that limits the detector to an energy range
of 0.2-10keV (Turner et al., 2001). With its smaller pixel size the MOS-detector has
a better spatial resolution in comparison to the pn-CCDs and a slightly better energy
resolution (ESA: XMM-Newton SOC, 2025).

Besides the full frame mode, the MOS-detector has additional three modes, the large
and small window mode as well as the timing mode. In each modes, the reduction
of the imaging area is only applied to the central CCD. Everything inside the imaging
area is kept while everything outside is discarded during the readout. For the full
frame mode, the whole central CCD is operational, which means the imaging section
of the central CCD is a square of 600 x 600 pixels, with a time resolution of 2.6
seconds (Turner et al., 2001). For bright sources, it is recommended to either use
the large window (300 x 300 pixels) with a timing resolution of 0.9 seconds or the
small window (300 x 300 pixels) with an even lower time resolution of 0.3 seconds
(Turner et al., 2001). In the timing mode, a row of 100 pixels is compressed into
one dimension, losing the spatial information of the source but achieving the lowest
time resolution (1.75 ms) of all MOS-detector modes (Turner et al., 2001).
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Figure 9.2. — Image of the EPIC MOS-detector. Image courtesy of Leicester University,
University of Birmingham, CEA Service d’Astrophysique Saclay and ESA.
ESA/XMM-Newton, CC BY-SA 3.0 IGO. Cropped from original.

EPIC PN-CCD

The EPIC pn-detector (hereafter pn-detector) was produced on a single wafer and
consists of 12 pn-CCDs (as seen in Figure 9.3) which are back illuminated (Striider
et al., 2001). Similar to the MOS-detector, the pn-detector can be operated in
different scientific modes, in the full frame mode the pn-detector has an imaging
area of 398 x 384 pixels with a pixel size of 150 um x 150 um, and a time resolution
of 73.4 ms (Striider et al., 2001; ESA: XMM-Newton SOC, 2025). The MOS-detector
might have a higher spatial resolution due to its smaller pixel-size, however the
pn-detector has a significantly higher quantum efficiency which allows for efficient
detection of photons up to 15 keV (Striider et al., 2001).

The different modes in which the pn-detector can be operated are the full frame,
extended full frame, large and small window mode as well as timing and burst
mode. In the full frame and extended full frame mode the whole pn-detector is
read out. This means a total of 376 x 384 pixels need to be read out, which results
in a time resolution of 73.4 ms for the full frame mode as described earlier (ESA:
XMM-Newton SOC, 2025). In the extended full frame mode the readout time stays
the same, however, the integration time is increased for a total time resolution of
199.1 ms, which makes this mode suitable for extended sources (ESA: XMM-Newton
SOC, 2025). In the large window mode only the inner half of the CCDs are used for
imaging (198 x 384 pixels), this lowers the time resolution to 47.7 ms (ESA: XMM-
Newton SOC, 2025). In the small window mode, the imaging area is decreased to
63 x 64 pixels on one of the twelve CCDs, with that an even faster readout is achieved

9.1 XMM-Newton
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Figure 9.3. — Image of the EPIC pn-detector prototype at the Institute for Astronomy and

MPE-XMM-LLD

Version 8.1

Astrophysics in Tiibingen.

Window Mode | Time resolution [ms] Image Size [pixel]
MOS

MOS ph (cent. CCD) pn
ext. full frame 199.1 376 x 384
full frame 2600 73.4 600 x 600 376 x 384
large window | 900 47.7 300 x 300 198 x 384
small window | 300 5.7 100 x 100 63 x 64
timing 1.75 0.03 100 x 600 64 x 200
burst 0.007 64 x 180

Table 9.1. — The different science modes for the EPIC MOS-detector and the EPIC pn-
detector with their imaging area in pixels and their respective time resolution.

further reducing the time resolution to 5.7 ms (ESA: XMM-Newton SOC, 2025).
Similar to the timing mode in the MOS-detector, a row of pixels are compressed into
one dimension for the timing (64 x 200 pixels) and burst modes (64 x 180 pixels),
achieving a time resolution of 0.03 ms and 7 us respectively (ESA: XMM-Newton

SOC, 2025). A full list can be seen in Table 9.1.
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9.2 Background Components

As XMM-Newton is flying through space, there are interactions of the detector with
its surrounding which can not be avoided. Such interactions can be separated
into particle-like, electronic noise, and photon background. Each of these exhibit
a unique temporal, spectral, and spatial behaviour. In the following sections, the
components are described in further detail.

Soft Protons

Soft protons are one of the particle components in the EPIC background. They are
solar soft protons, that are accelerated by magnetospheric reconnection events in
the sun reaching energies of a few hundred kilo-electron volts. Thereafter, they are
trapped by the Earth’s magnetosphere, where they get collected by the mirrors and
focused onto CCDs. Soft protons are the dominating component in times of high
background as seen in the lightcurve of the XMM-Newton observation 0841320101
(Figure 9.4a) however, XMM-Newton’s analysis software has tools to remove those
times of high background as seen in Figure 9.4b. The soft proton flares are highly
unpredictable, affecting around 36% of the observation time (Kuntz and Snowden,
2008). However, as mentioned in Kuntz and Snowden (2008), regions such as the
ones closer to the magnetopause have a higher possibility of flares. (Kuntz and
Snowden, 2008) also mention that greatest flare-free times occur when the satellite
is outside the bowshock in summer or when it is deep within the magnetotail in
winter. The intensity of the soft proton flares is also highly variable and can reach
up to 1000% of the intensity in quiescence (Carter and Read, 2007). As the soft
protons are focused, they are typically only observed within the Field of View (FOV),
but during intense unfocused solar flares the counts outside the FOV can also be
increased (Carter and Read, 2007). The spectrum of soft protons are variable in
shape and intensity, but the continuum for energies above 0.5 keV can be modeled
with a broken power-law with a break-energy at around 3.2 keV (Kuntz and Snowden,
2008).

Cosmic-ray Induced

The cosmic-ray induced instrumental background is the component of the back-
ground produced by the interaction of high energy particles with the detector. While
the component typically varies up to 10% during an observation (Carter and Read,

9.2 Background Components 67



68
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Figure 9.4. — Lightcurves of the observation 0841320101. Figure 9.4a shows the original
lightcurve before clean-up. Figure 9.4b is the lightcurve after removing times
of soft proton flares.

2007), the changes between observations can be more significance, since it depends
on the flux of the particles which has a larger timescale than usual observations (De
Luca and Molendi, 2004). During the intense solar flares this component can vary
up to 10 times the normal intensity (Carter and Read, 2007). The interaction of
cosmic rays with the detector typically result in instrumental fluorescence lines, for
the pn-detector those lines can be seen at 1.5keV (Al-K) or in the energy range of
7.48-9.57keV for the Ni-,Cu-, and Zn-lines (Freyberg et al., 2004), see Figure 9.5
for a spectrum of the Filter-Wheel-Closed data with visible instrumental lines. The
intensities of the instrumental lines show spatial variation from the electronic board
( Figure 9.6) behind the detector, the most prominent variation being the copper-free
zone in the center of the pn-detector (Figure 9.7) (Carter and Read, 2007). Some
residual contributions of minimum ionizing particles can be seen close to the CMOS
Amplifier and MultiplEXer (CAMEX) readout at the top and bottom of the detector
(Figure 9.8).
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Figure 9.6. — Image of the electronic board on which the pn-detector is mounted. The

red arrows indicates the CAMEX read-out chips at the top and bottom of the
detector.
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Figure 9.5. — EPIC pn-spectrum in 1.0-12.0 keV energy range, created from the Filter Wheel

Closed data. Instrumental lines are clearly visible at around 1.5keV and
7.0-9.0keV.
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Figure 9.7. — Image of the background in the energy range 7.2-9.2keV. The "copper-hole"
is clearly visible in the center of the image, as well as the four screw holes at
the edge of the detector.

Electronic Noise

The electronic noise component of the background includes bright pixels, bright
columns, and the read-out noise of the CAMEX (Figure 9.6). The bright pixels and
columns, for example caused by micro-meteorites can vary up to 10% during an
observation (Carter and Read, 2007), but an even larger fluctuation can be seen
between observations, since sometimes they do not contribute to the observations
while on other occasions they are active again. The CAMEX read-out noise on the
other hand is mostly stable during a single observation and its variation depends
on the observation-mode. The lowest read-out noise is achieved in the extended
full frame mode, while the small window mode suffers the most (Carter and Read,
2007). Bright pixels and columns are seen at the location where the detector is
damaged (Figure 9.8), while the read-out noise is at the top and the bottom of the
CCD near the CAMEX (Figure 9.8).
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Figure 9.8. — Image of the background in the energy range 200-400¢V. Increased back-
ground levles are visible at the top and bottom of the CCD close to CAMEX.
Also bright pixels are visible, distributed all over the CCD, and bright columns
in the top right corner.
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X-ray

The photon background can be further classified into nonthermal (hard) X-rays and
thermal (soft) X-rays.

Hard X-rays: The main contributors of hard X-rays in the FOV of the detector are
unresolved Active Galactic Nuclei (AGN), apart from that, straylight from sources
outside the FOV and Out-of-Time (OoT) events in case of the pn-detector (Carter
and Read, 2007) also contribute to the same. The hard X-ray component is the
dominant factor below 5keV in times of low background and can be modeled by a
power-law with photon-index of ~ 1.4 (Carter and Read, 2007). Straylight could
originate from all kinds of sources outside the FOV which are singly reflected by a
mirror shell into the FOV (Carter and Read, 2007), producing arcs in the resulting
image as seen in Figure 9.10.

OoT events are typically seen in observation of bright sources. As the detector
registers the photons during the readout, it is possible that some of these photons
get a wrong position assigned on the CCD (ESA: XMM-Newton SOC, 2025). Because
such OoT events happen during the readout, they can be seen as a straight line
between the source and the readout (Figure 9.9) (ESA: XMM-Newton SOC, 2025).
OoT events are also mode-dependent, similar to the electronic read-out noise. Since,
the amount of OoT events depends on the read-out time, modes with faster read-out
are typically experience fewer OoT events. The full-frame mode has the highest
fraction of OoT events followed by the extended full frame which has the same
readout-time but a higher integration time (Carter and Read, 2007). The large
window mode, with 0.16% has the lowest fraction of OoT events (ESA: XMM-Newton
SOC, 2025).

Soft X-rays: The effect of soft X-rays show similar behavior as the hard X-rays, this
includes OoT events, straylight as well as the diffuse X-ray background. However,
the origin of the diffuse X-ray background differs from the origin of hard X-rays.
Instead of unresolved AGNs the soft X-rays originate from the local bubble, the
galactic halo, and galactic disk but could also originate from the Solar Wind Charge
Exchange (SWCX) (Carter and Read, 2007). As described in Cravens (1997) and
Snowden et al. (2004) the SWCX is the interaction of highly charged ions in the
solar wind with neutral material in the heliosphere or the Earth’s exosphere. In
long observation the SWCX-component of the soft X-ray background can affect
the observation Carter and Read (2007). Spectral-wise observations which were
influenced by SWCX exhibit stronger features of the OVII and OVIII emission lines
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(Carter and Sembay, 2008). The contributions from galactic sources show a thermal
component with emission lines below 1keV, whereas the extragalactic component
above 0.8keV can be modeled with a power-law with photon-index of 1.4 (Carter
and Read, 2007). The diffuse contributions are also pointing-dependent and can
vary up to 35% depending on right ascension (RA) and declination (DEC) (Carter
and Read, 2007). Straylight and OoT events influence the observations in the same
way as the hard X-ray.

Figure 9.9. — Image of Her X-1 with a straight line between the source and the readout at
the top, caused by OoT events.

Figure 9.10. — Image of a region where photons from a out-FOV bright source (SPICY
70967), are single-reflected into the FOV, producing the Straylight-arcs.

9.2 Background Components 73






10.1

Methods

Statistical Methods

High energy astrophysics deals with mostly single incoming photons hence, it is
reasonable to assume a Poisson distribution in this scenario. The probability of
observing k photons from a source while expecting  Photons can be calculated
using the following equation:

e Mk
Pk|p) = k'“ (10.1)

It is however important to note that the photons from the source, and the photons
from the background are usually drawn from two independent Poisson distributions.
However, the subtraction of the background from the source results into a distri-
bution that is no longer a Poisson distribution, but a Skellam distribution Skellam
(1946). Let’s consider an observation with k events, it is then possible to hypothesize
that kx events originate from the background and kg from the source. It is evident
that both values are non-negative and add up to k. It is important to note that,
since it is only possible to measure the combination of ky and kg directly and not
individually, the probabilistic estimator should account for all possible realizations of
kxn and kg (i.e. ky reaching from O to k). In order to comprehend the probabilistic
estimator, it is first necessary to understand what a microstate is. Within the area
of interest, the microstate is defined as one of many combinations of ky and kg to
sum up to k. For each of these microstates, the posterior probability density function
(PDF) ! for an expectation value of s is calculated, while observing kg events and
assuming that every value of ug has the same probability to be correct (i.e. an
uniform prior for ug). The posterior PDF of this microstate is given by the normal
Poisson distribution:
e Hs u@s

Since P(us|ks) ~ P(ks|pus)P(us) and given the uniform prior, it can be deduced
that the posterior PDF will be maximum where:

!posterior PDF: probability density function of a hypotheses after observing new data.

75



76

OP(ks|ps)

=0 (10.3)
Ops

The result of this calculation is the point us = kg. Substituting kg by the relation
k = ks + kx would result in the maximum at pg(ky) = k — ky. It is possible to
calculate the probability of observing a given number of background counts, given
an estimated expected background count p and the overall counts k:

e~ KN kN
wlknlpy, k) = SN (10.4)
kn!
The expected source count p% in the region of interest can be calculated by utilizing
ps(kn) and w(kn|un, k) in the following formula:

k
Z s(kn) * w(ky|pn, k) (10.5)

with V; being the sum of the weights w(ky|un, is, k):

Vi= Z w(k:N|MNa us, k) (10.6)
k=0

Examples of the newly calculated % are shown in Figures 10.1 to 10.3. All his-
tograms show the probability w(ky|un, k) of observing ky = k — kg background
events while expecting uy events originating from the background and & total
events. While the red line indicates the expectation value for the source events as
calculated from the probabilistic estimator.

Figure 10.1 shows the case where a total of k¥ = 2 events were detected and it is
expected that uy = 0.5 of such events originate from the background. Using a
simple subtraction would result in an expected source count of ug = 1.5, however,
the calculation from the probabilistic estimator reveals an expected source count
of g ~ 1.5385 (marked by the red line in Figure 10.1). The real benefits of the
probabilistic estimator however, lies in the low, and high count limits.

The low count limit in our case is where the expected background count exceeds
the overall count by a significant amount. Two cases of the low count limit are
shown in Figure 10.2. Figure 10.2a shows the result for an expected background
count of iy = 10 and an overall count of £ = 3 while Figure 10.2b shows the result
for uy = 50 and k£ = 3. A subtraction would yield in both cases an unphysical
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Figure 10.1. — Histogram for an expectation value for the background of ux = 0.5 and an
overall count rate of k = 2.

negative expected source count; us = —7 for the uy = 10-case and pug = —47
for the uy = 50-case. The probabilistic estimator, on the other hand, outputs a
non-negative expected source count, in case of uy = 10 the resulting expected
source count is ;1§ = 0.3206 and in the pn = 50-case it is p§ = 0.0611.

The high count limit, in our case is when there is a significant number of overall
events, in this case the desired outcome should be similar to a simple subtraction.
Figure 10.3 shows two of such high count limit cases. Figure 10.3a shows the case
where the expected background count is yx = 10 and the overall count is k£ = 20,
the other case is for uy = 10 and k£ = 1000. In these scenario, a simple subtraction
would yield an expected source count of g = 10 and pg = 990 respectively. In the
best scenario, the estimator would output similar values, and indeed for the case of
k = 20 the estimator calculates the expected source count to be pg = 10.0187. For
k = 1000, it is even more prominent, as the expected source count of the estimator
is 115 = 990.0000.

In conclusion, the probabilistic estimator shows some advantageous features in
comparison to a simple subtraction. In the low count limit it stays positive and
converges to zero (as seen in Figure 10.2) in comparison to negative counts for a
simple subtraction. Whereas, in the high count limit it converges to a similar result
as a simple subtraction as seen in Figure 10.3.

10.1 Statistical Methods
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(a) Histogram for an expectation value for the (b) Histogram for an expectation value for the
background of unx = 10 and an overall count background of ux = 0.5 and an overall count
rate of k = 3. rate of k = 2.

Figure 10.2. — Example calculation of the probabilistic estimator in low count limits.
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(a) Histogram for an expectation value for the (b) Histogram for an expectation value for the
background of n = 10 and an overall count background of ux = 10 and an overall count
rate of k = 20. rate of k = 1000.

Figure 10.3. — Example calculations of the probabilistic estimator in high count limits.
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So far, we have only calculated an expected source count. However, this alone
does not help to clean up an event list from potential background events. For the
probabilistic estimator to be useful, another parameter needs to be defined which
uses the output of the estimator. By combining the estimated expected background
count 4 and the newly calculated expectation value for the source counts p%, it is
possible to estimate the probability that an individual event originates form a source
photon as:

ps =15 (10.7)
UN + g
Similarly, the probability that the event originates from the background can be

calculated as:
UN

= — (10.8)
BN+ [y

2\

Three distinct techniques to create meaningful images using pg or py were proposed
by Ehlert et al. (2022).

First technique is the ‘Random Removal’. In this technique, a random number is
drawn from a uniform distribution between 0 and 1. This is then compared with the
ps-value of an individual event. Depending on whether the number is greater than
or less than pg, the event is flagged as either a background or a source event. The
process of drawing a random number and comparing it with the pg-value is repeated
for every individual event. A principal disadvantage of this technique is predicated
on its random nature. It is conceivable that, on the one hand, hot pixels or areas
with an artificial high event count can survive the process. Conversely, events from a
‘real’ source could be removed, thereby reducing its Signal-to-noise ratio (SNR).

Another alternative to the ‘Random Removal’ method is the creation of a fractional
photon map. The ‘Fractional Photon’ technique does not remove events outright,
rather it assigns a fraction of a photon to the event. The fraction of the photon is
determined by the probability of the event originating from a source photon pg.
Since no events are entirely removed, there are far more non-zero value pixels in
comparison to the ‘Simple Subtraction’ technique.

The third technique described by Ehlert et al. (2022), that utilizes the estimator,
would be the false probability map. Instead of the pg-value, this method makes use
of the py-value. In the scenario where a mission involves multiple telescopes with
similar performance, the probability can be calculated as follows:

PF = HPN,]' (10.9)

J
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with py ; being the py-value of one of the telescopes. The false probability is then
calculated as 1 —pp. This technique can be used to identify regions with an atypically
high source count rate.

Data Processing

In order for the background calculation to work, two parameters must be consid-
ered. Firstly, the overall count of the observation k& and secondly, the expected
background count .. The total count is easily obtainable by using the eventlist of
the observation. However, the process of obtaining uy is somewhat more complex.
A long-term observation, which does not show any known sources, could be a good
estimation of the background, including an instrumental, and astrophysical source
of the background, which could help reduce the computation time. Such long-term
observation does not exist therefore, the idea was to stack the background maps of
multiple observations, creating a single background map which serves as a database
for the background count estimation. However, it is anticipated that the background
will vary according to the energy band. Consequently, it was imperative to devise
distinct background maps for each energy band in order to estimate u accurately.
The following chapter will provide a comprehensive explanation of the methods
used in achieving this goal.

Observation Selection

XMM-Newton has accumulated a significant number of observations over the course
of its 25-year scientific operation, it is imperative to select a suitable set of observa-
tions for the following steps.

In order to find suitable observation, the XMM-Newton Serendipitous Source Cata-
logue in the 4XMM Version, in particular, the Data release 13 (4XMM-DR13) was
utilized (Webb et al., 2020).

With the provided information of start and end of the observation as well as the
summed up Good Time Interval (GTI) time (time of low background activity) of the
pn-CCD, it was possible to calculate the ratio between observation-time and GTI
time. Depending on the ratio, only observations were selected with at least 10% of
their total exposure time contained in the pn-GTI. Following the initial selection of
observations, an additional filtering step was required, since XMM-Newton has a
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variety of different imaging modes and depending on that the image size is different
as described in Section 9.1.

In order to guarantee that the images have a common size, only observations in
which MOS1/MOS2 and PN operated in PrimeFullWindow-Mode (Table 9.1 for a
summary of the window modes) were selected. A further point to consider was, that
XMM-Newton has the capability to remove point-like sources however, the process
of removing extended sources like supernova remnants is more complicated. Fortu-
nately, the 4XMM catalogue includes a parameter that facilitates the identification
of observations with extended sources. This parameter is referred to as ‘EP_EXTENT’
and indicates the extended radius in arcsec of an object as determined by emldetect.
It was determined that observations in which sole objects with a EP_ EXTENT = 0
were detected should be selected for further processing. After all those prerequisites,
a total of 1339 unique observation IDs were obtained for further processing.

Energy-Band Separation

As mentioned above, it is expected that the background differs depending on the
energy range. Consequently, it is required to define energy ranges in which the
background-maps are created. Katayama et al. (2004) separated the full energy
range (0.2-12keV) into seven energy bands. Their lowest energy band is the
0.2-0.4keV. It is characterized by the dominating X-ray noise around the read-out
nodes. Three other energy bands (0.4-1.3keV, 1.7-4.0keV, 4.0-7.2 keV) are charac-
terized by the Cosmic X-ray Background (CXB). In addition to the CXB component,
the 1.7-4.0keV and 4.0-7.2keV energy band also shows internal instrument back-
ground. This internal background is also a characterizing feature in the 9.2-12.0 keV
energy band. The instrumental lines are the characteristics of the 1.3-1.7 keV (Al-K)
and 7.2-9.2keV (Ni-K, Cu-K and Zn-K) energy band. Inspired by the aforementioned
separation, we devised energy bands seen in Table 10.1.

In order to encompass both the lowest and the highest energies, two additional
energy-bands were created ( < 0.2keV and > 12keV). Furthermore, the 1.7-4.0 keV
and 4.0-7.2keV energy bands were combined into one single 1.7-7.2keV energy
band, as they exhibit the same features and to reduce the runtime of the extraction.

10.2 Data Processing
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Nr Name Energy-Range (keV)
1 very low <0.2

2 low 0.2-0.4

3 | CXB Internal 1 0.4-1.3

4 AIK 1.3-1.7

5 | CXB Internal 2 1.7-7.2

6 NiCuZn 7.2-9.2

7 | CXB Internal 3 9.2-12.0

8 very high >12.0

Table 10.1. — The eight energy ranges in which the full range of 0-12 keV was seperated.

un-Map Creation

Following the selection of observations to be used for further processing and the
definition of the energy bands in which the u should be created, the proper data
processing can begin. The initial step in the process was to download the observation.
In order to do so, the observation ID was used to search through the XMM Science
Archive 2, and the corresponding Observation Data File (ODF) was then downloaded.
After unpacking the files, the XMM-Newton Science Analysis System (XMM-SAS)
start-up was done as explained on XMMs data analysis thread®. The Calibration
Index File (CIF) and the SAS summary file (SAS) were created using cifbuild and
odfingest respectively. As the event list is one of the obligatory inputs in the majority
of the following procedures, the subsequent step was to create the event list. This
was done using epchain for the pn-detector and emchain for both MOS-detectors.
It may appear counterintuitive to create the event list for the MOS-detectors, given
that the current focus is to test the method first on the pn-detector before extending
it to the MOS-detectors in the future. However, it should be noted that the MOS
event lists are a prerequisite for the cheese task, which should remove the point-like
sources.

As the pn-CCDs are subjects to OoT events, it was necessary to rerun the epchain task
with withoutoftime=True. The epchain and emchain tasks provide some filtering
of the data, e.g. removing bad pixels. However, to filter soft-proton contamination,
a specific task can be utilised. The functionality of espfilt involves an attempt to fit a
gaussian onto the histogram, which was created by using the lightcurve values from
the events in the FOV of the detector. The peak of the gaussian is then considered to
be the nominal count rate, and everything above a certain o that can be set by the
user (in our case 30) are discarded.

2https://nxsa.esac.esa.int/nxsa-web/#home
®https://www.cosmos.esa.int/web/xmm-newton/sas-thread-startup
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Figure 10.4. — Resulting image in the linear scale in the energy band 7.2 — 9.2keV after
using region-file outputed by cheese-task.

XMM-SAS provides the user with the cheese task to remove point-like sources. One
of the parameters that must be specified in the cheese task is the energy range. In
this instance, the task required multiple iterations to encompass all the energy ranges
presented in Table 10.1. In addition to the energy bands previously mentioned, the
task was repeated once more for the 0.4 — 1.25kev energy-band. This decision was
made on the basis that the result obtained using this energy-band showed promise
in terms of point-like source removal, which had previously been disregarded in the
other energy-bands. The most important output of the cheese task is the region file,
which contains all the different regions utilised in the observation to conceal the
sources. Using the region file in the ‘expression’-parameter in the evselect task, an
image can be created in which the point-like sources are covered by these regions,
therefore no counts from such sources contribute in this area. Such a resulting image
without point-like sources is shown in Figure 10.4.

In order to obtain an exposure-corrected image, it was first necessary to create
exposure maps in the corresponding energy bands. This was achieved by utilizing
the eexpmap task. It was possible to create the ‘cheese’-images using evselect;
however, it was proven to be impossible to create "cheesy"-exposures utilizing the
same method. In order to create the "cheesy"-exposures, it was necessary to create a
region-mask using regionmask task. In a later stage of the process, the region-masks
were used in conjunction with the exposure-maps in their respective energy-bands
to create the "cheesy"-exposures. Despite the fact that a total of 1339 observations
were selected for further processing, it was not possible to process all of them,
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Figure 10.5. — Galactic coordinate map of the observation which were used to generate the
W -maps.
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Figure 10.6. — Resulting image in linear scale in the 7.2-9.2 keV energy range after stacking.

due to missing data. A total of 1282 single images and exposure maps, from 1282
observations were obtained for each of the energy bands, from all areas in the sky
as seen in Figure 10.5

However, all of these images contained "holes". The objective was to obtain a
background map without such "holes". In order to address this issue, the images
were stacked. The underlying idea was that the sources are not always detected
in the same position within the CCD. This means that the "holes" present in one
observation can be masked by other observations, ensuring that the final product is a
single image in every energy band without any zero-count areas. As an example, the
resulting image in the energy range 7.2-9.2 keV is shown in Figure 10.6 The exposure
maps were processed in a similar manner; however, it should be noted that XMM-SAS
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Figure 10.7. — Resulting exposure map in linear scale for the 7.2-9.2keV energy range after
stacking of the individual "cheesy"-exposures.
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Figure 10.8. — Exposure-corrected background image in the 7.2-9.2keV energy range. A
different colorscale was selected to make the copper-free region in the center
of the CCD more visible.

does not possess the capability to generate the same "cheesy"-exposures as for normal
images, as previously described. Therefore, the exposure maps were multiplied with
the masked produced by regionmask, thereby producing the "cheesy"-exposures
prior to their stacking. A resulting stacked exposure maps in the same energy range
than Figure 10.6 can be seen in Figure 10.7. In order to carry out the exposure
correction, the stacked image was divided by its corresponding exposure map in each
energy-band. This process resulted in the creation of exposure corrected p-map,
which can be utilised in conjunction with the probabilistic estimator to calculate the
expected source count jg. Figure 10.8 shows the exposure-corrected uy-map for
the 7.2-9.2 keV energy band.
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Eventlist Preparation

The preceding step yields one of the two ingredients needed for the probabilistic
background removal. The images which can be used to calculate the expected
background counts py. The other main ingredient is the overall counts k£ which is
the combination of the expected background counts yuy and the expected source
counts ug. To obtain the overall counts it is necessary to extract and filter the
XMM-Newton observation which should be analysed.

The steps for obtaining the event list are analogous to the steps in the creation of the
background images. First, the setup steps as explained in the previous section with
cifbuild and odfingest. Because only the calibrated event list of the pn-detector is
of interest, this time only the epchain task is necessary. After that, the event list
is cleaned up from soft proton events with the help of the espfilt task. With that,
all the necessary ingredients for the background removal are ready. The expected
background counts in different energy bands as an image and the overall counts as
an event list.

Background Removal

The first step to implement the background removal technique, is to separate the
events in their corresponding energy bands. The following steps are then done
for every energy band individual, starting with transforming the detector coordi-
nates into image coordinates to make them comparable with the already created
background images described in the previous chapter. As described in the image
extraction 4 within the evselect task, the LT My, LT My, LTV;, and LTV, parame-
ters can be used to transform the physical coordinates into image coordinates. After
transforming the coordinates, the binned_statistic_2d function from the Python
scipy.stats package can be used to create an image of the distribution of the counts.
It is possible to use other functions which also create two-dimensional histograms
like the histogram2d from the numpy package. However, the key advantage of
binned_statistic_2d is that with the parameter expand_binnumbers=true the
function can also output the bin numbers which proves useful later on. To get the
expected background u y, the stacked image in the specific energy range is multiplied
by the live time of the central CCD. This time can be found in the header of the
event list under the keyword ‘LIVETIME’. With the image of the overall counts and
the expected background count image in the same energy range, the probabilistic
estimator can now calculate the expected source counts ;5.

*https://xmm-tools.cosmos.esa.int/external/sas/current/doc/evselect/node10.html
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10.3

After calculating p%, it is finally possible to calculate the probability for the events
to be originating from the source pgs. The output of this procedure is a pg-map in
the same size than the original image, because it is an important parameter for both
background removal techniques (‘Fractional Photons’ and ‘Random Removal’) this
ps-map is saved in a separate file. But the values should be also part of the event
list, for example if someone wants to filter the event list with XMM-SAS commands.
For that, the image coordinates of the pg-map needs to be transformed back to the
detector coordinates, to ensure that every event gets assigned the right value. Now
the expanded bin number comes in handy, because the additional output has the
same size as the X- and Y-list which was used to create the image, therefore, the first
element in the bin number list also belongs to the first event in the filtered event list
for the specific energy range. So by seeing into which bin (or better pixel) this event
belongs, it is possible to retrieve the right value from the pg-map by checking the
value of the pixel. In the end, the entire list of pg-values can be attached to the event
list. Simultaneously, to retrieve the pg-value a random number between zero and
one is drawn from a uniform distribution, and compared to the pg-value. This step
is important for the background removal using the ‘Random Removal’ technique. If
the random number is smaller, than the pg-value an 1 is attached to the event while
for the other cases an 0 is attached. This value is saved in a similar fashion as the
ps-value in a separate column in the event list.

Evaluation Methods

Signal to Noise Ratio

To later evaluate the performance of the background removal methods, we made use
of different statistical metrics, which are typically used in X-ray astronomy. First of
all, we used the Signal-to-noise ratio (SNR) to quantify the detected source against
the statistical fluctuation of the background. The calculation of the SNR was done

using:

(10.10)

with Cg the reconstructed source count and C;,; the total counts (i.e. detected
background and source counts), which was adopted from Goldwurm and Gros
(2022). The corresponding uncertainty is calculated using error propagation, under
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the assumption that C;,; consists of two independent variables C's (Source-Count),
and Cp (Background-Count):

Ciot = Cs +Cp (10.11)

As mentioned earlier, it is expected that the background changes in the different
energy ranges, therefore, we calculated the source counts as well as the total
counts for every energy range individual. In the end, all the individual values were
combined using a slightly modified version of Equation (10.10):

7
Zizg CS,i

\/ 23:2 Ctot,i

with Cs; being the source count in the energy range ‘i’ described in Table 10.1 and

(10.12)

C'ot,i the total detected counts in the same energy range. The reason why the very
low and the very high energy range are excluded originates from the fact that with
the normal filtering we applied, there are typically no events left in those energy
ranges. In all of the three different background removal methods, the total count
C'ot,i is calculated in the same way, by using every event in the event list in a specific
energy band and creating an image with those events. However, the source count
C's,; might differ depending on the method in use.

For the ‘Simple Subtraction’, the source count is reconstructed by creating an image
of the expected background using the stacked background images and multiplying it
with the exposure time of the observation. Then the background image is subtracted
from the image of the total counts. In areas with low overall counts this can result in
negative counts, since this would be unphysical, those events are set to zero instead.
For the ‘Fractional Photon’ method a weight map is created which assigns every
pixel in the image a probability pg to contain a source event. The image of all events
is then multiplied with the weight map to receive the image for the reconstructed
source counts. As explained earlier, the event list has an additional column which
contains a numerical value for every event to indicate if it should be discarded as a
non-source event (0) or kept as a source event (1). So to obtain the source counts
using the ‘Random Removal’ technique, only the events with an assigned value of 1
are used to create the image.
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Li-Ma Significance

As a second performance metric the significance of the pixel was calculated. To do
so we used the calculation from Li and Ma (1983):

1+« Non
« Non+Noff

Nojs }1/2
(1+a) (Nm " Ngff)]

with & = t,,/tsf, Non the counts during the on-time and N, the counts during

S = \@{Non In

(10.13)
+ Nogyr ln

the background measurement.

While Li and Ma (1983) used the on-source time ¢,,, and the off-source time ¢, to
calculate «, we instead decided to use an on-source region A,, and an off-source

region A, y: )
on

Aosr

(10.14)

o=

Because the calculation needs to be done for every pixel in the image, we are only
considering pixels with counts, with this limitation the computational time could
be reduced. For the on-source region A,, we selected an area around the pixel we
want to calculate the significance for with a typical radius of one pixel. For the
off-source region A, the area was increased to a radius of two pixels, however only
the events laying between 7,,, and r,s¢ are considered background counts. After
collecting all on-source counts N, and all off-source counts N,, the significance
was calculated using Equation (10.13).
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11.1

Test and Analysis

Proof of Concept

In Section 10.1 the mathematical concepts behind the probabilistic estimator as well
as the practical applications of its outputs were discussed, with that in mind, the
next chapter should serve as a demonstration of the applicability of the probabilistic
estimator using an artificially generated source and background.

X- and Y-coordinates were sampled from a normal distribution, to generate an artifi-
cial source. To have sufficient source counts, a total of 50000 pairs of coordinates
were created. For creating the artificial background, a similar technique was utilized,
but instead of using a normal distribution, the coordinates were drawn from a uni-
form distribution. Since, the background should cover a wider range of coordinates,
a total of 1000000 coordinate pairs were sampled to have sufficient background
counts everywhere in the resulting image. Subsequently, the coordinate pairs were
used to generate an image with dimensions of 600 pixels in both directions. The
resulting images produced by these coordinate pairs can be seen in Figure 11.1a for
the source and in Figure 11.1b for the background. The combination of background
and source is displayed in Figure 11.1c. For the estimator, Figure 11.1c is used for
the overall count & and Figure 11.1b for the estimated expected background .

Using Equation (10.5) the probabilistic estimator is calculating the ;§-value for every
pixel individual using the k- and u-value of the pixels in the corresponding images.
After calculating 1, it can be used with Equation (10.7) to get the probability of
the pixels to be associated with a source event and with Equation (10.8) to get the
probability to be associated with a background event. As an example, Figure 11.2
shows the probability map to be associated with a source event.

The pg-Map can then be used with the ‘Random Removal’ and ‘Fractional Photon’
technique. First, let’s discuss the ‘Fractional Photon’ technique and its result. To
assign every pixel its "fractional photon" we used the pg-Map from Figure 11.2 as a
weight map and multiplied it with the combined image (Figure 11.1c). The resulting
image can be seen in Figure 11.3a, in comparison to the Figure 11.1c it is evident
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Figure 11.1. — Figure 11.1a is the artifical created source using generalized normal distri-
bution to sample 5 x 10* X/Y-coordinate-pairs. Figure 11.1b is the artifical
background generated by sampleing 10° X/Y-coordinates from a uniform
distribution. Figure 11.1c is the combination of source and background.

Probability Source Photon pg

0

0.8
100 07
200 0.6

05
300

0.4
400 0.3

0.2
500

0.1

0.0

0 100 200 300 400 500

X{pix]

Y/pix]
Ps

Figure 11.2. — pg-map calculated from Equation (10.7). Using the expected background
un from Figure 11.1b and the estimated expected source count ug from
Equation (10.5).
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that the image from the Fractional Photon technique is less noisy than the combined
image and the artificial source in the center is more visible.

In case of the ‘Random Removal’ technique the random number is drawn for every
pixel and then compared with the pixel value in th pg-map. This creates a matrix
containing only O (for background events) and 1 (for source events). The combined
image (Figure 11.1c) is then multiplied with the matrix. The result of this technique
can be seen in Figure 11.4a. In comparison to the combined image, the resulting
image from the ‘Random Removal’ technique contains less noisy pixels, and the
source is slightly more prominent. But in comparison to the ‘Fractional Photon’
technique, it is less distinct.

The last technique we want to compare is the ‘Simple Subtraction’. For the ‘Simple
Subtraction’, we calculated the mean pixel value of the background image and
then subtracted it from every pixel in the combined image. The resulting image is
displayed in Figure 11.5a, there is no change because every value gets reduced by
the same amount, however, at the colorbar the present of negative pixel-values are
visible. Those negative values are not physical and should be set to zero. Figure 11.6a
shows the resulting image if the negative values are set to zero. The resulting image
is comparable with the image from the ‘Random Removal’ technique as it shows also
less noisy pixels but in comparison to the ‘Fractional Photon’ technique, the source
is nearly indistinguishable.

Comparing the pixel-values and their occurrence-frequency is also a good way to
show the benefits of novel calculation in comparison to the ‘Simple Subtraction’.
In case of the ‘Simple Subtraction’ technique, the histogram (Figure 11.5b) shows
the downside of this method as the lowest pixel value which occurs is negative.
As described before, this can be avoided by setting all negative values to zero (
Figure 11.6b), at the cost of information loss.

On the other hand, the histogram for the ‘Random Removal’ technique (Figure 11.4b)
and for the ‘Fractional Photon’ technique (Figure 11.3b) does not show any negative
pixel values, so indeed the new calculation is positive definite.

If the histogram of the ‘Fractional Photon’ technique is compared with both his-
tograms of the ‘Random Removal’ technique and the ‘Simple Subtraction’ technique
it also shows that it has fewer zero-value pixels, as this technique does not remove
any events outright in comparison to the other two techniques.

11.1  Proof of Concept
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11.3. — Figure 11.3a is the resulting image using the ‘Fractional Photon’ technique
and the pg values from Figure 11.2. Figure 11.3b is the histogram of the
pixel-values in Figure 11.3a.
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11.4. — Figure 11.4a is the result of the ‘Random Removal’ technique using the pg
values calculated from Equation (10.7). Figure 11.4b is the histogram for
the pixel values in Figure 11.4a.
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Figure 11.6. — Figure 11.6a is the result of replacing all negative values with zero. Fig-
ure 11.6b is the histogram of pixel values in this case.

In Section 10.1 the concept of the false probability map was also introduced. Even
though it is not used as one of the background removal techniques, it was still
used with the artificial source. Figure 11.7 shows with Figure 11.7a the probability
map to be associated with background events, while Figure 11.7b is the inverse
of the probability map. Similar to the background removal techniques the inverse
probability maps (Figure 11.7b) shows an increased probability in the center of the
image, where the artifical source was placed. The py-map on the other hand shows

a decrease in the center.
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Figure 11.7. — Figure 11.7a shows the px-map calculated from Equation (10.8). The false
probability map is shown in Figure 11.7b and calculated by 1 — py, an area
of elevated counts is visible which is consistent with the source location.
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Observations

After explaining the mathematical concept of the probabilistic estimator in Sec-
tion 10.1 and applying the method on an artificial source in Section 11.1, it is now
time to apply those methods on real data to examine their performance. In order to
do so, four different observations were selected and processed, so the estimator can
be applied. The four observations include a variety of different astrophysical sources,
most of them point-like sources, but we also included extended sources. The follow-
ing paragraphs are introducing the selected observation first, before continuing to
the single source analysis.

ObsID_0504810301: The observation with the ID 0504810301 was done on August
25, 2007 between 2:49 and 23:34 for a duration of around 75 ks. The target of this
observation was the supernova remnant shell RCW86 NW (RA: 14h 41m 59.42s,
DEC: -62d 13’ 00.9") (Rodgers et al., 1960), which is frequently identified as part
of the supernova remnant Cen X-1 or at least interacting with it. This observations,
was selected since its diffuse structure covers a great part of the CCD in addition
to that, some faint "filaments" are visible which offer an opportunity to test if the
method shows any improvement in comparison to the normal clean-up.

ObsID_0743850101: The galaxy cluster merger A2744 (RA: 00h 14m 20.00s, DEC:
-30d 23’ 18.0") (Eckert et al., 2016) was observed by XMM-Newton between De-
cember 18th 2014 (19:09) and December 20th 2014 (2:14) for around 100 ks. Its
observation ID is 0743850101 and it was selected due to its extended source in the
center of the CCD, which is many times brighter than RCW86.

ObsID_0932200801: Since the method should not be exclusively tested on extended
sources the observation with the ID 0932200801 was selected to test it also on point-
like sources. The target of this observation was a part of the galactic plane around
RA: 17h 53m 12.02s DEC: -25d 29’ 02.3". XMM-Newton observed it on October 2nd
2023 between 1:15 and 7:38 for a total of 23 ks.

ObsID_0804300501: The last observation which was used has the ID 0804300501.
The observation was done between March 25th 2018 (3:27) and March 26th 2018
(15:21) for a total of ~ 129ks. The target of this observation was a part of the
supernova remnant RX J1713.7-3946 (Pfeffermann and Aschenbach, 1996). First
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the idea was to use this observation to study another supernova remnant, but this
was discarded in the course of the analysis, instead one of the bright sources visible
in the observation was selected for further analysis.

Single Source Analysis

After the short introduction of the four observations from which sources were picked,
it is time to introduce the sources and report on the finding after applying the
different removal techniques. To cover a wide variety of different sources, we
decided to use two faint and two bright point-like sources as well as one bright and
one faint extended source. The result of the analysis for every individual source is
listed in the following section as well as in the summary table (Table 11.2).

A2744: A2744 is an X-ray bright merged cluster of galaxies (Eckert et al., 2016). It
is the central-observed object in the observation with the observation ID 0743850101
(Figure 11.8). The selection of circular region with a radius of 41 pixels around the
most prominent features of the cluster resulted in a surface brightness of 32.24 +
0.078 counts pixels 2 in case of the original event list. In all three cases of background
removal, a slight decrease in surface brightness could be seen. For the Fractional
Photon method, it decreased to 27.714-0.072 counts pixels 2 whereas for the Random
Removal technique it decreased to 27.73 + 0.072 counts pixels~2. In case of a simple

subtraction, the surface brightness is found to be 27.03 4 0.071 counts pixels 2.

The Signal-to-noise ratio calculation described in Section 10.3 in conjunction with
the identical region as in the measurement for the surface brightness, resulted
in a SNR for the ‘Simple Subtraction’, ‘Fractional Photon’ and ‘Random Removal’
technique of 4.38(53), 4.49(50), and 4.50(50) respectively. Therefore, the ‘Fractional
Photon’ method improved the result by 2.7% while ‘Random removal’ showed an
improvement of 2.8%. In addition to the SNR, the significance was also calculated
as outlined in Section 10.3. From the original event list, the significance of A2744
was determined to be 5.78¢0. With regard to the other three methods, it is observed
that the significance decreases in the following order: first ‘Fractional Photons’ and
‘Random Removal’ to 5.290 each and second ‘Simple Subtraction’ to 5.19¢.

RCW 86 Filaments: A2744 was one of the extended sources which were used as a
testing ground for the novel methods. However, given the brightness of A2744, it
would be also appropriate to test the methods on fainter object. For that purpose, a

11.3 Single Source Analysis
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Figure 11.8. — Image of observation 0743850101 in detector coordinates and a logarithmic
scale with the galaxy cluster merger A2744 in the center. The circular region
with a radius of 41 pixels around the source is also used in the following
analysis steps. 4XMM J001506.8-302433 is the other source analysed from
this observation, in this case, a circle with a radius of 5 pixels was used.

part of the supernova remnant RCW86 (Rodgers et al., 1960) was selected, especially
a small part on the outer edge of the supernova remnant with fine "filaments" as seen
in Figure 11.9. The image of the event list showed that the filaments had a surface
brightness of 6.63 + 0.03 counts pixels~2, while in the other cases it decreased to
4.31 + 0.03 counts pixels~2 (‘Fractional Photons’), 4.30 + 0.03 counts pixels~2 (‘Ran-
dom Removal’) and 3.35 4 0.02 counts pixels 2 (‘Simple Subtraction’). The signifi-
cance was the highest for the event list with 2.72¢ followed by ‘Random Removal’
and ‘Fractional Photons’ with 2.160 each and ‘Simple Subtraction’ with 1.87¢. The
SNR for ‘Fractional Photons’ ended up to be 1.61(53) and for ‘Random Removal’
1.61(49), while for the ‘Simple Subtraction’ the SNR was 1.24(53). In the case of
those faint "filaments", ‘Fractional Photons’ as well as ‘Random Removal’ showed an
improvement of 31% compared to the ‘Simple Subtraction’.

4XMM J175337.3-253241: 4XMM J175337.3-253241 (hereafter J175337) is one of
the sources in observation 0932200801, which was selected for further investiga-
tion. The object is a rather faint source (as seen in Figure 11.10), with a flux in
the 0.2-12keV energy range of (8.49 4 3.63) x 10~ Pergs~! cm~2 as denoted in the
4XMM-DR14 Catalogue (Webb et al., 2023). J175337 had a surface brightness of
0.95 & 0.11 counts pixels~2, 0.64 £ 0.09 counts pixels~2, 0.62 £ 0.09 counts pixels 2
and 0.43 + 0.07 counts pixels 2 for the original event list, ‘Fractional Photons’, ‘Ran-
dom Removal’, and ‘Simple Subtraction’, respectively. The SNR for J175337 was
0.54(20) (‘Fractional Photons’), 0.53(10) (‘Random Removal’) and 0.36(40) ( ‘Simple
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Figure 11.9. — Image of observation 0504810301 in detector coordinates and a linear scale.
It shows the north-west part of the supernova remnant RCW 86. The red
box shows the area which contains some faint filamnents of the supernova
remnant which was selected for further studies.

Subtraction’). In comparison to the ‘Simple Subtraction’, the ‘Fractional Photon’
method was able to improve the SNR by 49% and the ‘Random Removal’ technique
by 47%. For J175337 the significance for the methods was 0.98¢ ( original event
list), 0.78c0 (‘Fractional Photons’), 0.770 (‘Random Removal’) and 0.62¢ (‘Simple
Subtraction’).

4XMM J175304.3-253449: The other object in observation 0932200801, which was
also selected for further studies is 4XMM J175304.3-253449 (hereafter J175304),
which is a bright source (as seen in Figure 11.10) in comparison to J175337 with a
flux of (4.684+1.30) x 10~ ergs~! cm 2. The image derived from the original event
list, reveals that J175304 had a surface brightness of 2.54 + 0.18 counts pixels 2.
For the ‘Fractional Photons’, ‘Random Removal’ and ‘Simple Subtraction’ J175304
showed a surface brightness of 1.9240.16 counts pixels~2, 1.95+0.16 counts pixels 2
and 1.54 + 0.14 counts pixels 2 respectively. In the case of J175304, the SNR-value
was determined to be 1.05(38) for the ‘Fractional Photon’ method, 1.06(31) for
‘Random Removal’ and 0.88(53) for the ‘Simple Subtraction’. In conclusion, the
‘Fractional Photons’ and the ‘Random removal’ improved the SNR by 20% compared
to the ‘Simple Subtraction’. The significance in the case of J175304, was the highest
for the original event list with 1.64¢ followed by ‘Random Removal’ with 1.410 and
‘Fractional Photon’ with 1.40c the lowest significance showed the ‘Simple Subtraction’
with 1.260.

11.3 Single Source Analysis
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Figure 11.10. - Image of observation 0932200801 in detector coordinates and a logarith-
mic scale. 4XMM J175337.3-253241 and 4XMM J175304.3-253449 were
selected for further analysis. In both cases, the circle around the sources
has a radius of 5 pixels.

4XMM J171339.1-392659: The X-ray emitting star 4XMM J171339.1-392659 (here-
after J171339) (Lin et al., 2012) is another bright point-like source with a flux of
(2.050 £ 0.26) x 10~ B ergs~ cm~? in the energy-range of 0.2-12keV. This source
had a surface-brightness of 37.14 & 0.68 counts pixels—2 and a significance of 6.14c
in case of the event list, while for the ‘Fractional Photon’ method this decreased to
32.16 + 0.63 counts pixels~2 and 5.640 respectively. For the ‘Random Removal’, it
decreased further to 32.11 £ 0.63 counts pixels—2 and 5.620. The ‘Simple Subtraction
method’ showed the lowest values with 30.04+0.61 counts pixels—2 and 5.540. While
in the analysis of the other sources, it was found that the ‘Simple Subtraction’ typi-
cally exhibits the lowest SNR this was not the case for J171339. Here, the ‘Random
Removal’ has the lowest SNR of 4.514(444), followed by the ‘Simple Subtraction’ with
4.526(518) and ‘Fractional Photon’ with 4.527(449). Whereas this was an marginal
improvement of 0.01% for the ‘Fractional Photon’, it was a degradation of 0.27% for
the ‘Random Removal’ in comparison to the ‘Simple Subtraction’.
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Figure 11.11. — Image of observation 0804300501 in detector coordinates and a linear scale.
Encircled in red is the point-like source 4XMM J171339.1-392659.

4XMM J001506.8-302433: The Quasar 4XMM J001506.8-302433 (hereafter JO01506)
(Véron-Cetty and Véron, 2010) is a low luminosity source in comparison to other

sources analysed in this section, with a flux of 7.53 4 0.86 x 10~ 4 ergs™'em~2 in
the 0.2-12keV range. Its surface brightness, in case of the image created from the
original event list, was 11.00 + 0.38 counts pixels~2 and it showed a significance of
3.470. In the image of the ‘Fractional Photon’ it showed a surface brightness of
6.4940.29 counts pixels 2 and a significance of 2.56¢ while for the ‘Random Removal’
it was 6.45 4 0.29 counts pixels~2 and 2.53c. The outcome of the ‘Simple Subtraction’
was a significance of 2.29¢ and a surface brightness of 5.20 & 0.26 counts pixels 2.
The ‘Fractional Photon’ method showed the highest SNR with 1.69(50), followed by
‘Random Removal’ with 1.66(45) and ‘Simple Subtraction’ with 1.41(50). In compari-
son to the ‘Simple Subtraction’, ‘Fractional Photon’ enhanced the SNR by 20% and

‘Random Removal’ by 18%.

J001506 was also used to validate the usability of the probabilistic background
method. As the previous results suggested, that the ‘Fractional Photon’ as well as
the ‘Random Removal’ method might yield better results in a comparison to the
‘Simple Subtraction’. For that, we compared the aforementioned methods for one
single source with an alternative subtraction method. However, in this method
rather than extracting the expected background from the stacked image, a region
is selected using the XMM-SAS task ebkgreg. The necessary inputs for ebkreg are
the source location as well as an image, and the result of this task is then a region
that is recommended by the algorithm to utilise as the background region. The
mean pixel-value of the recommended region is then used as the local background.

11.3 Single Source Analysis
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This process was repeated for each energy band and the results can be seen in
Table 11.1.

Subsequently, the local background levels were subtracted from the images generated
by the event list. The subtraction of local background resulted in a Surface-Brightness
for J0O01506 of 8.82 4 0.34 counts pixels—2, a significance of 3.120 and a SNR of
2.54(56).

Energy-Band | mean pixel value
low 0.160
CXB Internal 1 0.359
AIK 0.157
CXB Internal 2 0.677
NiCuZn 0.438
CXB Internal 3 0.192

Table 11.1. — Energy-bands and their mean pixel-values which were used as local back-
ground levels .
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Methods Surface Brightness | Significance | Signal-to-noise ratio | Improvement
(in ;f;;;g ) (in o) (in %)
A2744
Fractional 27.71 £0.072 5.29 4.49(50) 2.7
Photons
Random 27.73+£0.072 5.29 4.50(50) 2.8
Removal
Simple 27.03 + 0.071 5.19 4.38(53)
Subtraction
RCW 86 Filaments

Fractional 4.31+£0.03 2.16 1.61(53) 31
Photons
Random 4.30 +0.03 2.16 1.61(49) 31
Removal
Simple 3.35 4+ 0.02 1.87 1.24(53)
Subtraction

4XMM J175337.3-253241
Fractional 0.64 £0.09 0.78 0.54(20) 49
Photons
Random 0.62 £ 0.09 0.77 0.53(10) 47
Removal
Simple 0.43 +£0.07 0.62 0.36(40)
Subtraction

4XMM J175304.3-253449
Fractional 1.92+0.16 1.40 1.05(38) 20
Photons
Random 1.95+0.16 1.41 1.06(31) 20
Removal
Simple 1.54 +0.14 1.26 0.88(53)
Subtraction

4XMM J171339.1-392659
Fractional 32.16 £ 0.63 5.64 4.527(449) 0.01
Photons
Random 32.11 £0.63 5.62 4.514(444) —0.27
Removal
Simple 30.04 4 0.61 5.54 4.526(518)
Subtraction

11.3 Single Source Analysis
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4XMM J001506.8-302433

Fractional
Photons

6.49 & 0.29 2.56 1.69(50) 20

Random
Removal

6.45 + 0.29 2.53 1.66(45) 18

Simple
Subtraction

5.20 £+ 0.26 2.29 1.41(50)

Local
Simple
Subtraction

8.82+£0.34 3.12 2.54(56)

Table 11.2. — Summary table of the source analysis to compare the different background

removal techniques. The table includes the surface brightness of the source
for all techniques as well as the significance of the detection and the Signal-
to-noise ratio of the image. The last column shows the improvment of the
two novel methods in respect to the ‘Simple Subtraction’.

Chapter 11 Test and Analysis




Conclusion 1 2

In this part of the thesis, we combined the probabilistic background removal tech-
nique proposed by Ehlert et al. (2022) and the exposure-corrected stacked images,
which can be used to estimate the expected background rate, to reduce the back-
ground in XMM-Newton observations. As seen in the last chapter, the ‘Fractional
Photon’ method as well as the ‘Random Removal’ method have advantages in com-
parison to the ‘Simple Subtraction’ method, provided that the expected background
counts are derived from the stacked image. However, compared to results from
the background subtraction using a local area around the source which should be
analyzed (which is usually done), neither the ‘Fractional Photon’ method nor the
‘Random Removal’ method show any discernible improvements. On the other hand,
using the local background, requires the careful manual selection for every source
individually. This is not necessary for ‘Fractional Photons’ and ‘Random Removal’, as
these are solely dependent on the exposure-corrected stacked images. It was also
demonstrated that the performance gain for bright sources is marginal and in some
cases (4XMM J171339.1-392659) even absent. This was as expected, as explained
in Section 10.1 both techniques show diminishing return and higher computation
times in the high-count regime, in comparison to the ‘Simple Subtraction’. How-
ever, for faint sources (e.g. 4XMM J175337.3-253241), this probabilistic method
can prove useful especially for source identification. While this method might not
surpass the results of already established algorithms in pointing instruments like
XMM-Newton, it might present a valuable addition for faint source detection in
future telescopes.
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