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Introduction

During the 80s, point-like X-ray sources with luminosities in excess of 1039 erg s−1 have been
observed for the first time in the images of nearby galaxies. Thanks to their variability properties in
the X-ray band they have been interpreted as accreting compact objects. It was soon clear that they
were a class of sources different from the Galactic X-ray binaries, due to their larger luminosities,
above the Eddington limit for accretion onto a black hole (BH) of∼ 10M⊙ . They are usually indicated
as Ultraluminous X-ray sources (ULX) and while at first they were thought to host intermediate mass
BHs, there are now evidences that most of them contain a stellar mass compact object, i.e. a stellar
mass BH or a neutron star (NS), accreting at super-Eddington rates. Even if many progresses have
been done towards the comprehension of the ULXs in the last years, many aspects of their physics
are still matter of study. Just in few cases the nature of the compact object has been identified, but the
relative fraction of BHs and NSs in ULXs and a detailed description of the super-Eddington accretion
physics are still missing.

A key role in the understanding of ULXs can be played by variability studies. The variable X-
ray emission is associated to the accreting matter, therefore variability can bring information to
shed light onto the accretion mechanism powering ULXs. Individual high-statistics observations
are useful to characterize a single spectral state and to study the short-term temporal variability
typical of that configuration. Thus, combined spectral-timing studies have been used to investigate
the properties of the accretion structures, e.g. accretion disc or outflows, to derive information about
the physical mechanisms at stake in each spectral state. On the other hand, the weakness of such
short-term studies is that they do not give us a complete view of the accretion cycle, fundamental for
our understanding of the super-Eddington accretion processes, which instead can be obtained with
a regular monitoring, as demonstrated by analogous studies of the sub-Eddington accretion cycle in
Galactic X-ray binaries. Therefore, long-term variability studies of ULXs are very important in this
context to obtain information about the timescales linked to each spectral regime and to spectral state
transitions and have already given their first results, such as the discovery of super-orbital periodic-
ities, possibly linked to a precession motion, or of bimodal flux distributions, proposed to indicate
propeller phases and thus an indirect method to individuate NS candidates.

As a consequence of these considerations, we focused on a long-term variability study of a sample of
ULXs in spiral galaxies. We interpret our results in the context of super-Eddington accretion, with
the accretion disc expected to become geometrically thick inside the spherization radius, where the
Eddington limit is reached, and to be characterized by advection and outflows.

In addition, we investigated both the short and long-term variability in another sample of ULXs
in a ring galaxy, the Cartwheel, which contains the largest number of ULXs in a single galaxy and
therefore is particularly suitable for a population study.



Chapter 1

Ultraluminous X-ray sources

Ultraluminous X-ray sources (ULXs) are defined as point-like, non-nuclear extragalactic sources,
with luminosities larger than 1039 erg s−1 in the X-ray band. The most luminous ULXs reach
luminosities of 1041–1042 erg s−1 (see e.g. Kaaret et al. 2017). They are usually interpreted as
accreting compact objects, i.e. neutron stars (NSs) or black holes (BHs), in binary systems, thus
they are particularly luminous X-ray binaries. The luminosity threshold of 1039 erg s−1, used to
identify such objects, was chosen because it is the Eddington luminosity for accretion onto a ∼ 10M⊙
BH, assuming spherical hydrogen accretion. The Eddington luminosity, L𝐸𝑑𝑑 , is the maximum
luminosity which can be emitted from a system maintaining an equilibrium between gravity and
radiation pressure. Assuming spherical accretion of ionised hydrogen and a dominant Thomson
scattering process, it is expressed as:

𝐿𝐸𝑑𝑑 =
4𝜋𝐺𝑀𝑚𝑝

𝜎𝑇

, (1.1)

where c is the speed of light, G the universal gravitational constant, M the mass of the source
considered, 𝑚𝑝 the proton mass and 𝜎𝑇 is the Thomson cross section. Overcoming the Eddington
luminosity in an accreting system would imply a larger radiation pressure exerted on the accreting
matter with respect to gravity, with a consequent interruption of accretion.

The easiest way to explain such objects was with sub-Eddington accretors, similar to the X-ray
binaries observed in our Galaxy, but with a larger mass and consequently a larger 𝐿𝐸𝑑𝑑 , allowing
to reach the observed luminosities without overcoming the Eddington limit. For a long time ULXs
have been supposed, by the scientific community, to be the place where intermediate mass black
holes (IMBHs) could be host (e.g. Colbert and Mushotzky 1999). IMBHs are BHs with masses
between those of the stellar mass BHs, originating from stellar evolution, and those of supermassive
BHs (SMBHs), with masses of millions/billions times the solar mass and observed in the center of
galaxies. The IMBHs may have been the seeds for the formation of SMBHs, which were already
present in the early universe as demonstrated by the discovery of AGNs (active galactic nuclei) at
high redshifts (e.g. Fan et al. 2003, Bañados et al. 2018).

ULXs have been discovered thanks to the advent of imaging X-ray astronomy. The first X-ray
satellite able to resolve the images of external galaxies (e.g. Long et al. 1981, Fabbiano 1989) was
the Einstein Observatory. These images revealed some non-nuclear X-ray sources, with luminosities
larger than 1039 erg s−1 (e.g. Fabbiano 1989). In the 90s, with ROSAT and ASCA, the first spectra of
ULXs have been obtained. In order to have high quality spectra, it was necessary to wait until the
2000s, with the launch of Chandra and XMM-Newton.

Only in a small fraction of ULXs, the compact object has been firmly identified. In 2014, Bachetti
et al. discovered coherent pulsations, emitted by M82 X-2, confirming for the first time the presence
of a NS in a ULX. We refer to such pulsating ULXs as PULXs. This implies that the accretion should
happen in a super-Eddington regime. Thus, the ULXs may be super-Eddington accretors containing
stellar mass BHs, with masses between ∼ 3 and 100 𝑀⊙ or NSs, which have even smaller masses of ∼
1.4 – 3 𝑀⊙ . There are also other observational evidences supporting the super-Eddington accretion
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scenario: the discovery of a new spectral state in ULXs, the ultraluminous state (e.g. Roberts 2007,
Gladstone et al. 2009); the detection of nebular emission around ULXs in optical, radio and X-rays
(e.g. Pakull and Mirioni 2002, 2003, Pakull et al. 2010, Abolmasov 2011, Cseh et al. 2012, Belfiore
et al. 2020), which is an indirect evidence of the winds expected in super-Eddington accretion systems
(Shakura and Sunyaev 1973); and the direct evidence of the existence of such winds thanks to the
detection of emission and absorption lines in the high resolution X-ray spectra of some ULXs (e.g.
Pinto et al. 2016, Kosec et al. 2018a). Sub-Eddington accretion onto IMBHs still remains a possibility
for some of the most luminous ULXs.

By now, the only direct method to confirm the nature of the compact object in a ULX is the
detection of pulsations. No methods are currently available to identify BHs in ULX systems.
Indirect methods have been suggested to identify NSs, also in absence of pulsations. A possibility
is the detection of a cyclotron line, which can be only emitted by a NS (e.g. Walton et al. 2018a,
Brightman et al. 2018). Also the long-term light curves of ULXs can be used to identify candidate
NSs (e.g. Earnshaw et al. 2018, Song et al. 2020): if a bimodal flux distribution, with large flux
difference between the two flux levels, is observed, it could indicate propeller phases, during which
accretion stops and matter is ejected from the system (e.g. Tsygankov et al. 2016, Grebenev 2017).
This mechanism is caused by the magnetosphere of highly magnetized NSs, thus cannot be produced
by BH accretors. Also the spectra of ULXs may give information about the accretor: Pintore
et al. (2017) found that the spectra of the known PULX are among the hardest spectra in the ULX
population, thus the hardest ULXs may be considered as PULX candidates.

We are still far from a satisfactory description of the ULXs, regarding which there are many open
questions. The aim of this thesis is to study the variability properties of ULXs. We will focus on a
systematic analysis of the long-term temporal variability in ULXs samples. X-ray emission and its
variability are thought to be produced by the accreting matter. Therefore, a systematic study of the
variability may be used to derive information useful to characterize the accretion processes in ULXs,
which are still not fully understood.

Before focusing on the variability (see Chapter 2), in the rest of this chapter we summarize the
known properties of the ULXs.

1.1 Neutron stars and black holes in binary systems
ULXs may host neutron stars (NSs) or black holes (BHs). BHs are usually observed in two mass
ranges: below 100 𝑀⊙ 1 we find the stellar mass BHs (sMBHs) and above 106 𝑀⊙ there are the
supermassive BHs (SMBHs). The existence of a third class of BHs with intermediate masses be-
tween sMBHs and SMBHs has been supposed for a long time and has been confirmed thanks to
the gravitational waves (GWs) detection. The existence of IMBHs is also supported by studies on
tidal disruption events (TDE). The GWs have shown evidence of BH masses around ∼ 102 𝑀⊙ (e.g.
Abbott and et al. 2020a), thus just at the lower end of the mass range expected for IMBHs. Some
TDE have instead suggested a BH mass of 104–105𝑀⊙ (e.g. Maksym et al. 2013, Donato et al. 2014,
Lin et al. 2018), covering the upper end of the mass range for IMBHs.

Neutron stars and stellar mass black holes: NSs and sMBHs are the final product of stellar
evolution. During its life, a star is sustained by the radiation pressure, released by the nuclear re-
actions that occur in the nucleus of the star, which is directed outwards and balances the pressure
of gravity, the latter directed towards the center of the star. When a sufficiently massive star ends
the nuclear burning, there is nothing which can oppose to the gravity of its particles. The star core,
composed of iron, begins to collapse towards its center, becoming very compact and rich of neutrons.
A shock waves propagates from the core to the envelope, the external layers of the star, which expands
outwards, in a spectacular explosion: a core collapse supernova. The remnant compact core is a NS.
Part of the material launched during the supernova may fall back onto the compact nucleus, inducing
further collapse, if the infalling matter makes the core mass larger than the Chandrasekar limit. What

1𝑀⊙ is the mass of the Sun, i.e. 1.99 × 1033 g
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remains is an extreme compact object: a stellar mass BH. NSs originate from stars with initial mass
between 9 – 10 and 20 – 25 𝑀⊙ (e.g. Heger et al. 2003), while stellar mass BHs originate from stars
with initial stellar mass larger than ∼ 20 – 25 𝑀⊙ (e.g. Heger et al. 2003) and their mass is < 100
𝑀⊙ . sMBHs are sometimes divided in two sub-categories: ordinary sMBHs, the ones originating by
fallback after a supernova explosion as previously explained (𝑀𝐵𝐻 < 20 𝑀⊙ , which may be larger
in low metallicity environments; e.g. Heger et al. 2003) and massive sMBHs (40 𝑀⊙ < 𝑀𝐵𝐻 <100
𝑀⊙; e.g. Belczynski et al. 2010). The latter may form through direct collapse of low metallicity
stars, with initial mass above 40 𝑀⊙ (e.g. Belczynski et al. 2010, Heger et al. 2003) and may power
the ULXs (e.g. Zampieri and Roberts 2009, Mapelli et al. 2009).

Super massive BHs: (SMBHs), with masses > 106 𝑀⊙ (e.g. Ferrarese and Ford 2005), are
observed in the center of galaxies. They were already present in the early universe, thus they
must have formed in a "short" time: the formation channels of SMBHs are still matter of study (e.g.
Inayoshi et al. 2021). SMBHs are not thought to be hosted in ULXs, so we do not treat them in details.

Intermediate mass BHs: (IMBHs) are BHs with masses between 100 𝑀⊙ and 106 𝑀⊙ , filling
the mass gap between the other two BH categories. They appeared to be the easiest way to explain
the luminosities emitted by the ULXs, without the need of introducing an accretion physics different
from that usually observed in Galactic X-ray binaries, i.e. a super-Eddington process. ULXs should
then simply represent a class of X-ray binaries similar to the Galactic X-ray binaries, but with larger
accretors masses, which allows to reach higher luminosities through sub-Eddington accretion. The
existence of IMBHs has remained for a long time only an hypothesis without direct evidences.

Thanks to the observation of the merger event GW190521, the LIGO and Virgo collaborations
detected, through the gravitational waves signal, the first evidence of an IMBH. The remnant of the
event is ∼ 140 𝑀⊙ and the progenitors masses are ∼ 85 and 66 𝑀⊙ (Abbott and et al. 2020a,b). How
more massive IMBH, with masses of the order of 1000 𝑀⊙ or more, whose existence is suggested
by TDE studies (see e.g. Greene et al. 2020, Gezari 2021), forms is still an open question. IMBHs
may have played a role in the formation of the SMBHs: a possible explanation for the presence of
SMBHs in the young universe is accretion onto IMBHs (e.g. Volonteri 2010, Inayoshi et al. 2021).

Some scenarios have been proposed as possible formation channels for IMBHs, such as mergers
or accretion in dense environments, i.e. star clusters, or direct collapse of very massive stars, which
may form in low metallicity environments, where less mass is lost through stellar winds (e.g. Vink
2011). In dense star clusters, very massive stars may form through mergers; the collapse of such
massive stars would form IMBH (e.g. Portegies Zwart and McMillan 2002). Mergers of lighter BHs
(Miller and Hamilton 2002) and gas accretion (Vesperini et al. 2010), which could increase up to
one hundred times the initial BH mass, in dense globular clusters may be a channel of formation
for IMBHs. In low metallicity environments, very massive stars with masses larger than 260 𝑀⊙ –
stars with masses in the range 140–260 𝑀⊙ are completely disrupted in the supernova, due to the
electron-positron instability, without leaving any remnant (e.g. Ober et al. 1983, Heger and Woosley
2002) – may form and produce IMBHs through direct collapse (e.g. Heger et al. 2003).

1.1.1 Accretion in X-Ray Binaries and Ultraluminous X-ray sources
Both neutron stars and black holes may be in X-ray binaries, which are indeed binary systems com-
posed of a compact object, a BH or NS, accreting mass from a companion star. The compact object
assumes the role of accretor and the companion star is called the donor.
Galactic X-ray binaries are divided in two main classes:
- High Mass X-ray Binaries (HMXBs): the donor star has larger mass than the accretor. They are
thought to be mainly wind-fed systems.
- Low Mass X-ray Binaries (LMXB): the donor mass is smaller than the accretor mass. They are
thought to accrete through Roche-Lobe overflow.
If ULXs contain IMBHs they might be powered by the same sub-Eddington accretion processes in
act in the Galactic X-ray binaries. In case of stellar mass accretors, ULXs would need a different
accretion mechanism allowing them to reach super-Eddington luminosities.
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Bondi-Hoyle-Lyttleton (BHL) model for wind accretion:
The usually adopted model to explain the wind accretion is the Bondi-Hoyle-Lyttleton model (see
Edgar 2004 for a review). It is assumed that a steady and uniform supersonic wind moves towards
the accretor. When the wind reaches the accretion radius (𝑟𝑎), the matter is accreted by the compact
object. It is also possible that an accretion disc forms (e.g. Karino et al. 2019, Hirai and Mandel
2021), thanks to the transportation of angular momentum coming from the orbital motion.

Roche-Lobe overflow (RLOF):
The Roche surfaces are equipotential surfaces around the binary system. The surfaces around each
component of the binary system, which meet in the inner Lagrangian point, form a limit surface.
The limit equipotential surface encloses the space around each of the elements of the binary and the
enclosed volumes are called Roche lobes. Inside the lobe, the material is gravitationally bound only
to the star inside the lobe. In the case of the X-ray binaries, when the companion star becomes larger
than its Roche lobe, a transfer of matter towards the compact object, through the inner Lagrangian
point, begins. The accreting matter starts to orbit around the compact object, forming a disc structure:
the accretion disc.

Wind-Roche-Lobe overflow (WRLOF): A proposed mechanism for accretion in ULXs is a wind
RLOF (El Mellah et al. 2019, Wiktorowicz et al. 2021). In this case the accretor gravitationally drives
the stellar wind towards the inner Lagrangian point (L1), causing a transfer of material similar to the
case of RLOF. Wiktorowicz et al. 2021 estimated that wind-fed ULXs, which could accrete through
BHL mechanism or WRLOF, are a fraction of 49-89%, which can increase in favorable conditions,
such as in very young stellar environments, where they become the dominant component. The ULXs
population is dominated by sources with luminosities < 3×1039 erg s−1, which may be both RLOF
or wind-fed systems, accreting through BHL or WRLOF mechanisms. The most luminous ULXs
instead, if they are wind-fed systems, may be powered through WRLOF only (Wiktorowicz et al.
2021).

1.1.2 Super-Eddington accretion
Assuming that ULXs host stellar mass compact objects, the accretion process in act must be at least
apparently super-Eddington to justify the observed luminosities.

Magneto-hydrodynamical simulations (e.g. Ohsuga and Mineshige 2007, Ohsuga et al. 2009,
Ohsuga and Mineshige 2011) have shown that, if the spherical symmetry is not present, e.g. for disc
accretion, moderately super-Eddington accretion rates, of a factor ∼ 5 above the Eddington accretion
rate ¤𝑀𝐸𝑑𝑑 , may be sustained producing an apparent luminosity by up to 22 L𝐸𝑑𝑑 .

One way to obtain an apparently super-Eddington accretion onto a BH is anisotropic emission.
If the X-ray emission is along our line of sight, the object would appear super-Eddington, even if
it has a sub-Eddington accretion rate (King et al. 2001). There are two types of beamed emission:
relativistic and geometric beaming. In the case of relativistic beaming, we expect the formation of
jets, similar to those observed in the blazars or in gamma ray bursts (GRB), where the emission is
dominated by relativistic electrons which produce synchrotron radiation. We would see the binary
along its jet, as in the case of blazars, which would make the ULXs microblazars (Körding et al.
2002). This scenario can be ruled out by observations: for every ULX with L𝑥 ∼ 1040 erg s−1, there
should be ∼ 30 ULXs with L𝑥 ∼ 1039 erg s−1 (Davis and Mushotzky 2004), considering the ULXs
pointing at other directions than our line of sight, and this is not observed (e.g. Feng and Soria 2011,
Walton et al. 2011). If the relativistic beaming is the main mechanism driving ULXs, we would also
expect X-ray power-law spectra, typical of beamed jets, but they are not usually observed in ULXs
data (Kaaret et al. 2017). On the other hand, the observations of nebular emission observed in the
optical, radio and X-ray bands, around some ULXs (e.g. Pakull et al. 2010, Cseh et al. 2012, Belfiore
et al. 2019, see also figure 1.1), suggest the presence of a quasi-isotropic X-ray emission.

The geometrical or mild beaming originates when structures in the accretion disc limit the escape
of the X-ray photons in preferentially directions (King et al. 2001). This effect can arise in super-
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Figure 1.1: Nebular emission around ULXs. Left: H𝛼 image of the foot nebula around Holmberg
II X-1 (from Pakull and Mirioni 2002). Right: the X-ray bubble around NGC 5907 ULX-1 (from
Belfiore et al. 2020).

Eddington accretion discs, not in standard sub-Eddington discs. A super-critical accretion disc
(Shakura and Sunyaev 1973) is expected to form when the accretion rate is larger than the Eddington
accretion rate ( ¤𝑀𝐸𝑑𝑑 = 48𝜋GM/c𝜅, where M is the accretor mass, c is the velocity of light, 𝜅 is
Thomson opacity and G is the universal gravitational constant; Poutanen et al. 2007). An important
radius in this situation is the spherization radius (Shakura and Sunyaev 1973, King 2008):

𝑅𝑠𝑝 =
27
4

¤𝑀
¤𝑀𝐸𝑑𝑑

𝑅𝑠 , (1.2)

¤𝑀 is the accretion rate, ¤𝑀𝐸𝑑𝑑 is the Eddington accretion rate, 𝑅𝑠 =
2𝐺𝑀

𝑐2 is the Schwarzschild
radius. The spherization radius is the radius where the emitted luminosity is equal to the Eddington
value and where the vertical component of the gravitational force equals the force of the radiation
pressure. At the spherization radius, the disc height becomes equal to the distance from the accretor.
Inside the spherization radius the disc becomes geometrically thick and the mass in excess is not
accreted but ejected from the system through powerful winds (e.g. Poutanen et al. 2007, Ohsuga and
Mineshige 2011). Another model proposed for supercritical accretion discs is the Polish Doughnut
or slim disc model (Jaroszynski et al. 1980, Abramowicz et al. 1988). This model assumes that all
the accretion matter in the disc reaches the BH. The photons are trapped in the disc (at distances less
than the trapping radius, i.e. where the photon diffusion is equal to the accretion time-scale) and
most of the gravitational energy is advected into the black hole. The bolometric luminosity is larger
than the Eddington one and is related to the mass accretion rate ( ¤𝑚, which is expressed in Eddington
units) by a logarithmic relation: L𝑏𝑜𝑙 ∼ L𝐸𝑑𝑑(1 + ln ¤𝑚). The real situation may be between the
Shakura and Sunyaev (1973) supercritical disc and the slim disc model, but the mechanisms at the
base of supercritical accretion are still not well understood (Poutanen et al. 2007).
Observations have confirmed the existence of powerful winds around ULXs (see the next paragraphs
for more details), similar to those observed around SS433, which is an X-ray binary in the Milky
Way, powered by super-Eddington accretion (e.g. Fabrika 2004). The emitted wind assumes the
shape of a funnel, as derived from the simulations (e.g. Kawashima et al. 2012) and, depending on
our line of sight, we can see the hard inner radiation directly or through the wind, in the latter case
a softer emission would be seen. Thus, a combination of geometrical beaming and super-Eddington
accretion may explain the large luminosities emitted by ULX systems.
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Figure 1.2: Artistic impression of a highly magnetized NS ULX. The accretion disc is truncated at
the magnetospheric radius and the accreting matter is funneled onto the magnetic poles. Image taken
from Mushtukov et al. 2019.

1.1.3 Accretion in NS systems
A fraction of ULXs is now known to host NS accretors (e.g. Bachetti et al. 2014, Israel et al.
2017b). NSs may have large magnetic fields (1012–1014 G), which produce a magnetosphere around
the compact star. NSs are usually born as rotating objects, because the rotation of the star, which
evolves into a NS, is amplified, for angular momentum conservation, during the collapse which
follows the interruption of the nuclear burning inside the star core. The magnetosphere plays a role
in the accretion onto a NS. An accretion disc forms around the compact object, as for BHs, but it
is interrupted by the magnetosphere at the magnetospheric radius (Basko and Sunyaev 1976, see
also figure 1.2). The accretion matter is dragged towards the magnetic poles of the NS, where an
accretion column is formed, which is sustained by the magnetic pressure (Lyubarskii and Syunyaev
1988). The radiation is emitted perpendicular to the direction of the accretion flux, from the side
wall of the column (Basko and Sunyaev 1976). For high accretion rates, larger than 1019 g s−1, it is
possible to reach luminosities of the order of 1040 erg s−1, but assuming a magnetic field larger than
1014 G (Mushtukov et al. 2015). As pointed out by Israel et al. (2017a) other conditions are needed
for a NS to emit super-Eddington luminosities: the accretion has to be mediated by an accretion
disc, which allows the radiation to be emitted in a range of directions, the accretion disc has to
be geometrically thin down to the magnetospheric radius, implying that the emission from the disc
remains sub-Eddington, the angular speed of the disc has to be larger than the NS one, so that gravity
exceeds the force exerted onto the accretion matter by the magnetic field lines and can reach the NS
surface. If the magnetic axis of the NS is misaligned from the rotational axis, we would see the
radiation emitted from the accretion column only when one of the magnetic poles is directed towards
us. This results in a pulsed X-ray emission.

The magnetospheric radius (𝑟𝑚), where the magnetic field begins to control the accreting plasma,
is a fraction of the Alfvèn radius, the distance where the magnetic pressure is equal to the pressure
exerted by the accreting matter.

𝑟𝑚 =
𝜁 𝜇

4
7

¤𝑀 2
7 (2𝐺𝑀) 1

7
(1.3)

where 𝜇 =
𝐵𝑟3

2
is the magnetic dipole, B is the magnetic field, M is the NS mass, ¤𝑀 the accretion

rate, 𝜁 is a numerical factor <1 which indicates the fraction of the Alfvèn radius occupied by the
magnetosphere, G is the gravitational constant.

The accretion disc exerts a torque onto the NS, which accelerates in a "spin-up" phase. When
the magnetospheric radius becomes larger than the corotation radius, (𝑟𝑐𝑜 = (𝐺𝑀𝑃2/4𝜋2)

1
3 , P is the

spin period of the pulsar), i.e. the distance where the Keplerian speed of the matter in the accretion
disc is equal to the rotation speed of the NS, a centrifugal barrier prevents matter from accretion.
The accreting matter is ejected from the system in a so called "propeller phase".
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The propeller mechanism (e.g. Illarionov and Sunyaev 1975) is an inhibition of accretion, caused
by the magnetospheric radius becoming larger than the corotation radius of the matter in the accre-
tion disc of a neutron star. During the accretion a "spin-up" happens: the accretion disc exerts a
torque on the NS, which is accelerated in the rotation around its rotational (or "spin") axis. Also the
magnetosphere, which corotates with the NS, is accelerated and when its dimension becomes larger
than the corotation radius, a centrifugal force emerges, creating a gravitational barrier. The effect is
that the accreting matter experiences a force outwards and it is ejected from the system. As a result
of the interruption of the accretion, the X-ray luminosity of the system is drastically reduced and the
system leaves the ultraluminous regime. When no accretion happens, the NS decelerates, during a
"spin-down" phase, until the magnetospheric radius becomes smaller than the corotation radius. The
accretion disc can form again and accretion is restored.

1.1.4 ULX as gravitational waves progenitors
Gravitational waves are perturbations of the space-time, generated by accelerated masses, which
propagate as waves in the empty space. During their propagation, at the speed of light, they deform
the space-time itself and everything inside it.

On September 14, 2015 the first gravitational wave signal was detected by the LIGO interferom-
eters (Abbott and et al. 2016). The gravitational waves were produced by the merger of two BHs,
with masses of ∼ 36 and 29 𝑀⊙ . The first double NS merger was instead observed on August 17,
2017 with the Advanced LIGO and VIRGO detectors (Abbott and et al. 2017).

ULXs could evolve in gravitational waves progenitors. Considering double BH mergers, originat-
ing from very massive stars, when the primary star has evolved in a BH, the mass transfer can be high,
causing an ultraluminous phase (Belczynski et al. 2014). This stage should be short, considering that
both stars are massive.

Mondal et al. 2020a considered the formation channels of merging double compact objects
(DCOs): BH-BH, BH-NS and NS-NS, that have an ultraluminous X-ray phase. They discovered that
∼50% of the progenitors of BH-BH mergers evolved through a ULX stage. They also derived that a
fraction of 5–40% of the observed ULXs will evolve in merging DCOs, the exact fraction depending
on the common envelop model assumed and on metallicity.

Wiktorowicz et al. 2021 studied the wind-fed ULXs, finding a large fraction of systems powered
by wind accretion: ∼75–96% of wind-fed systems are expected in young star forming environments
(<100 Myr). About 46% of wind-fed ULXs will form a DCO, but only ∼6% of them can evolve in
merging DCOs, in the other cases the system will be too wide to merge in a time < 10 Gyr.

1.2 Observational properties of ULXs
1.2.1 Hyperluminous sources (HLX)
Some ULXs are found to reach luminosities larger than 1041 erg s−1 and have been labelled as
hyperluminous sources (HLX). According to the recent catalog of ULXs candidates (Walton et al.
2022), the HLX represent ∼ 4% of the whole ULXs number. They constitute the most extreme
subclass in the ULX population and are the best group of sources where to look for IMBHs, which
could explain the emitted radiation with standard sub-Eddington accretion. However, one of the
HLXs is NGC 5907 ULX-1, which is a confirmed PULX, indicating that also NSs can reach such
extreme luminosities (Israel et al. 2017b).

Among the HLX, there are M82 X-1, ESO 243-49 ULX-1 (HLX-1), which have often been
considered as good IMBH candidates (e.g. Kaaret et al. 2017), and N10 in the Cartwheel galaxy
(Wolter and Trinchieri 2004, Pizzolato et al. 2010), compatible with a massive stellar mass BH,
formed from a low metallicity star.

ESO 243-49 ULX-1, or HLX-1, has a peak luminosity of ∼ 1042 erg s−1 (Farrell et al. 2009) and
a spectrum consistent with a hard state in some observations and a thermal state in others, which
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Figure 1.3: Swift/XRT light-curve of ESO 243-49 ULX-1 (HLX-1) where the quasi-periodicity trend
of the outbursts is visible. The image is taken from Soria et al. 2017. The vertical blue lines indicate
HST observations also analysed in the cited paper.

are typical states of the Galactic BH binaries (Servillat et al. 2011). In addition, the disc luminosity
has been found to scale with the fourth power of its inner temperature, as expected for a standard
accretion disc (Servillat et al. 2011). Many estimations for the mass of the BH in ESO 243-49
ULX-1 have been made; for example Straub et al. 2014 estimated a value of ∼ 6,000–200,000 𝑀⊙ ,
in accordance with the IMBH hypothesis. HLX-1 has quasi-periodic outbursts (e.g. Lasota et al.
2011; see figure 1.3) with an increasing recurrence time (e.g. Soria et al. 2017, Lin et al. 2020); the
time separation between the outbursts is of the order of hundreds of days. Different explanations
have been proposed for the quasi-periodicity of the outbursts, such as an enhanced accretion due to
a tidal stripping at the periastron position of a star in a very eccentric orbit (Lasota et al. 2011), an
oscillation in the accretion rate linked to wind emission from the inner disc regions (Soria et al. 2017)
or a disc precession induced by tidal interactions (Lin et al. 2015).

M82 X-1, with peak luminosity of ∼ 1041 erg s−1 (e.g. Kaaret et al. 2006), shows twin-peaked
HF-QPOs (see section 2.1.5) which led to a mass estimate of 428±105 𝑀⊙ (Pasham et al. 2014). In
the spectrum observed during a flaring episode, Feng and Kaaret (2010) found that the luminosity of
the disc was proportional to the disc inner temperature at the fourth, using a standard thin disc model.
They derived from the spectral analysis a BH mass of 200–800 𝑀⊙ , assuming a rapidly rotating BH.
Brightman et al. (2016b) instead modelled the spectrum of M82 X-1 as a slim disc, estimating a
mass of 20–573 𝑀⊙ depending on the BH spin and inclination angle. So, with the actual knowledge,
the BH in M82 X-1 may be interpreted both as a massive stellar BH or as an IMBH.

Pizzolato et al. (2010) showed that N10 in the Cartwheel galaxy has a (0.5-10) keV peak
luminosity of ∼ 1.2×1041 erg s−1. From their spectral analysis, they found that it is compatible with
a BH mass of ∼ 100 𝑀⊙ . A similar mass may be explained through the stellar evolution of a massive
star in a low metallicity environment.

1.2.2 ULX spectra
The first low quality spectra of ULXs, such as those obtained in the 90s with ROSAT and ASCA, may
be fit with single component models (see figure 1.4 left).

With the launch of Chandra and XMM-Newton, in the 2000s high quality spectra of ULXs have
been obtained for the first time.
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Figure 1.4: Left: ASCA spectra of IC 342 X-1, in two different epochs, fitted with a single component
model: a multicolour blackbody disc. Image taken from Makishima et al. 2000. Right: IC 342 X-1
spectrum of the XMM-Newton EPIC cameras, fitted with a two components model: a multicolour
blackbody disc plus a Comptonizing component. Image taken from Pintore et al. 2014.

Thanks to high quality data, two typical features can be identified in the ULXs spectra: an
excess at soft energies and a curvature at 2–5 keV (see e.g. Stobbart et al. 2006, Roberts 2007,
Gladstone et al. 2009). Such spectra are not consistent with IMBHs models, but can be explained
with extreme accretion onto stellar mass compact objects. Gladstone et al. (2009) tried to fit high
quality spectra (i.e. with more than 10000 counts) of ULXs with single component models, a power-
law or a multicolor blackbody disc, obtaining non-acceptable fits in most cases and contrasting results
between the two models: the power-law fits suggested the presence of IMBHs in at least some of the
analysed sources, while the disc model temperatures suggested sMBHs accreting at high rates. They
concluded that a good description of the ULXs can be obtained with at least two components models
(see figure 1.4 right). One possible scenario is that we see the cool emission of the outer disc regions,
while the inner regions are obscured by an optically-thick corona, that is possible to form thanks to
the extreme accretion rates (Roberts 2007). Another possibility, proposed by Gonçalves and Soria
(2006), is that we see a negligible emission from the disc and a dominant power-law component
modified by absorption from a ionised and fast outflow. From the spectral analysis of ULXs with
a two components model, composed of a multicolor blackbody disc and a power-law, Gladstone
et al. (2009) found either a hot disc, as expected for a stellar mass BH accreting at or above its
Eddington limit, but with a soft excess never observed before, or a cool disc with a high-energy tail,
not observed in the spectra of the Galactic X-ray binaries. Gladstone et al. (2009) named this new
spectral state observed in ULXs, i.e. a cool disc plus a broken harder component, the ultraluminous
state and they interpreted this new state as a signature of extreme accretion onto stellar mass BHs.
To better characterize the ultraluminous state, they substituted the power-law with a more physical
model: a Comptonization model. This resulted in a cool optically thick corona, different from
the hot and optically thin one, usually found in Galactic X-ray binaries in standard sub-Eddington
accretion states: the optically thick corona represents the high energy spectral component, while
the cool disc, i.e. the low energy component, was interpreted as the soft emission coming from the
external regions of the accretion disc. The thickness of the corona in ULXs, can derive from the
winds launched when there are super-Eddington accretion rates (Poutanen et al. 2007, Gladstone
et al. 2009). Alternatively, the soft component could originate from the wind photosphere, while the
hard component may be the hot emission of the inner disc regions (Middleton et al. 2011a). Sutton
et al. (2013) suggested an empirical classification for ULXs based on the spectral shapes observed:
a broadened disc, appearing at around the Eddington limit, and two ultraluminous regimes, hard
ultraluminous and soft ultraluminous, at increasing luminosities, with two components and a peak
respectively in the high energy or low energy component. In figure 1.5 (from Kaaret et al. 2017) the
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Figure 1.5: Comparison of ULX and Galactic BH binaries (GBHB) spectral states. Red solid line:
ULX soft ultraluminous (soft UL); blue solid line: ULX hard ultraluminous (hard UL); green solid
line: ULX broadened disc (BD); magenta solid line: ULX super-soft ultraluminous (SSUL); orange
solid line: GBHB thermal state; purple solid line: GBHB hard state. Dashed and dotted lines
represent respectively the two components of the ultraluminous regimes, modeled with a multicolour
disc and an optically thick corona. Image from: Kaaret et al. 2017.

ULX and Galactic BH binaries spectral states are compared. The ultraluminous regimes represent
the same kind of system, seen at different angles. The angular dependence comes both from the
inclination of the system and from the presence of an outflowing wind, originating at super-Eddington
accretion rates, which assumes the shape of a funnel (e.g. Poutanen et al. 2007, Kawashima et al.
2012). So, if the ULX is seen face-on, we can detect the hard emission of the inner regions, while
with an edge-on system we see it through the wind’s photosphere, resulting in a softer emission.
When the accretion rate increases, the wind’s opening angle becomes narrower (the beaming factor b
is proportional to ¤𝑚−2, b ∝ 73/ ¤𝑚2, with ¤𝑚 the accretion rate in Eddington units; King 2009) and the
wind may intercept the observer line of sight. So, especially when the ULX is seen at intermediate
angles, it is possible to see a transition between the two ultraluminous regimes, if there is a change
in the accretion rate and consequently in the wind opening angle.

In many ULXs an additional third spectral component is needed to model an hard excess in the
emission above 10 keV. This emission could originate in the accretion column and could indicate a
NS accretor (e.g. Walton et al. 2018c).

The relation between the luminosity (L) and the temperature (T) of the disc component for sub-
Eddington accretors, with a standard thin disc (Shakura and Sunyaev 1973), is L ∝ T4. Some ULXs
show a different relation between L and T, such as L ∝ 𝑇2 (e.g. Mondal et al. 2021a), which is
expected for a slim disc (Watarai et al. 2000), or an anti-correlation with 𝐿 ∝ 𝑇−4 (e.g. Robba et al.
2021), supporting the presence of stellar mass super-Eddington accretors.

1.2.3 Observational evidences for outflows
X-ray spectra: Low energy residuals have been identified in ULX spectra (Gladstone et al. 2009)
and Sutton et al. (2015) showed that they are probably associated with the ULX, at least in the case
of NGC 5408 X-1. Middleton et al. (2014) studied the XMM-Newton / EPIC spectra of NGC 5408
X-1 and NGC 6946 X-1 and found that the soft residuals can be modeled by absorption from an
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Figure 1.6: Left: XMM-Newton EPIC-pn spectral residuals for a sample of ULXs fitted with a
multicolour blackbody disc plus a Comptonization model. Image taken from Middleton et al. 2015c.
Right: XMM-Newton RGS spectrum of NGC 1313 X-1. The model indicated with a red solid line
represents rest-frame absorption and emission with a relativistically-outflowing and photoionized
absorber, with 𝑣 = 0.2𝑐. The blue line includes also a broadened absorber, with 𝑣 = 0.25𝑐. The insert
represents the EPIC-pn spectrum. Image taken from Pinto et al. 2016.

outflowing wind, partially ionized and optically thin, with a velocity of ∼ 0.2c. The shape of the
residuals has been found to be the same in a sample of sources (see figure 1.6 left), suggesting that
they have a common origin. From the analysis of NGC 1313 X-1, it was found that the strenght of
the emission or absorption features anticorrelates with the spectral hardness, which is in agreement
with a scenario of atomic transitions in a wind associated with an outflow (Middleton et al. 2015c).

These residuals have been resolved for the first time by Pinto et al. (2016), using the high reso-
lution spectra, taken with the RGS (Reflecting Grating Spectrometer) on board XMM-Newton. The
emission lines, originating from a strongly ionized iron, oxygen, neon (Fe XVII, O VIII, Ne X are
significantly detected in the case of NGC 1313 X-1; see figure 1.6 right), are consistent with rest-
frame emission, maybe associated with a shock between the outflowing wind and the surrounding
gas. The blushifted absorption lines (Ne IX, O VIII, O VII) are associated with the fast outflowing
wind and the derived velocity is ∼ 0.2c. Such winds have been identified in a growing number of
ULXs (e.g. Pinto et al. 2017, 2021, Kosec et al. 2018a,b, 2021), with velocities of ∼ 0.1 – 0.3c.

Optical, radio and X-ray bubbles around ULXs: Many ULXs are surrounded by a nebula (or
bubble) emitting in optical or in radio (e.g. Pakull and Mirioni 2002, 2003, Pakull et al. 2010,
Abolmasov 2011, Cseh et al. 2012; see figure 1.1 left). Most of these bubbles are powered by shocks,
originated from the interaction between the outflows of the ULX and the surrounding medium; in
some cases the nebula is powered by photoionization. They extend by up to hundreds of parsecs and
the shock-ionized nebulae are powered by outflows, which could be subrelativistic winds, relativistic
jets emitted continuosly or relativistic particles ejected episodically (e.g. Kaaret et al. 2017, Cseh
et al. 2014, 2015).

Belfiore et al. (2020) discovered the first X-ray emitting bubble around an ULX. The ULX is
NGC 5907 ULX-1, which is also the most luminous known PULX, with a peak luminosity larger than
1041 erg s−1, in excess of ∼ 500 times its Eddington limit. The diffuse X-ray emission was detected
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during a low state of the PULX and has a diameter of ∼ 200 pc and a luminosity of ∼ 2×1038 erg
s−1. Belfiore et al. (2020) interpreted this emission as an expanding nebula fed by the ULX wind.
The mechanical power to obtain such luminosity is 1.3×1041 erg s−1, the derived age of the bubble
is ∼ 70,000 yr and the velocity of the wind ≳ 0.1c, consistent with the outflows velocity obtained for
other sources from the high resolution spectral analysis (e.g. Pinto et al. 2016).

1.2.4 Ultraluminous Supersoft Sources
Some ULXs, named ultraluminous supersoft sources (ULSs), show almost no emission above 1 keV.
They are in the so called supersoft ultraluminous state (SSUL) (Feng et al. 2016). This spectral state
is characterized by a cool blackbody component, with temperature < 140 eV, which dominates the
spectrum and the hard component, if present, is very weak (e.g. Pinto et al. 2021). Their blackbody
radii are ∼ 5×103–105 km and their luminosities a few 1039 erg s−1 (Urquhart and Soria 2016a). The
blackbody radius changes between observations and this is consistent with the photosphere of an
optically-thick outflow, with an increase in the photosphere radius when the outflow becomes thicker.
ULSs can be interpreted as ULXs seen at high inclination angles and very high accretion rates, which
causes the outflow to become very thick and to absorb completely and reprocess the hard emission of
the inner regions (Urquhart and Soria 2016a). This scenario has been observationally confirmed by
the detection of rest-frame emission and of blueshifted absorption lines, indicating powerful winds,
in the high resolution grating spectra of some sources that appear as soft ULX or ULS in different
epochs (NGC 55 ULX, NGC 247 ULX-1; Pinto et al. 2017, 2021).

1.2.5 Optical counterparts
Out of about 400 known ULXs (see e.g. Walton et al. 2011, Earnshaw et al. 2019b; recent catalogues
contain even more candidate ULXs: 629, Kovlakas et al. 2020; 1843, Walton et al. 2022; 779
Bernadich et al. 2021) only in few cases, about 20, the optical counterpart has been uniquely
identified (Tao et al. 2011, Gladstone et al. 2013), usually appearing as a giant or supergiant OB
type (e.g. Zampieri et al. 2004, Soria et al. 2005). The small number of identifications depends
on the difficulty of this kind of observations. ULXs are often observed in crowded field, hence for
the identification of the optical counterparts it is often needed the use of both the Hubble Space
Telescope, for the optical imaging, and Chandra for the X-ray localization (Kaaret et al. 2017). Most
ULXs counterparts have optical apparent magnitudes in the range m𝑣 ∼ 21–24 (Tao et al. 2011,
Gladstone et al. 2013), while the V-band absolute magnitudes are in the range M𝑣 ∼ (–3) – (–8)
(Kaaret et al. 2017). The variability of the optical counterparts of ULXs are usually smaller than
0.1 – 0.2 magnitudes (Tao et al. 2011), except for some sources with a large variability in the X-ray
band (factor of hundred or more) which show a strong variability also in the optical range (up to
several stellar magnitudes) (Fabrika et al. 2021, Soria et al. 2012, Motch et al. 2014). The flux ratio
of ULXs between the X-ray and the optical band, defined as B0 + 2.5log(f𝑥) (B0 is the dereddened B
magnitude and f𝑥 is the flux in 2–10 keV in microjanskys), is usually high (> 100–200) and similar
to those observed in LMXBs (Kaaret et al. 2017, Fabrika et al. 2021). This finding suggests that
the ULXs optical emission is mainly dominated by the light reprocessed by the accretion flow, while
the contribution from the companion star may be very small. The flux ratios found in ULXs can
be used to distinguish between ULXs and AGN (active galactic nuclei), the latters have flux ratios
usually smaller than 10, except in some cases where they reach a factor ∼ 100, due to the large
absorption in the host galaxy (Aird et al. 2010, Della Ceca et al. 2015, Fabrika et al. 2021). The
colours of the optical counterparts of ULXs tend to the blue, with a power spectral energy density
distribution (SED) F𝜈 ∝ 𝜈𝛼, with 𝛼 ∼ 1 – 2 (Tao et al. 2011, Vinokurov et al. 2013). These slopes
agree with the emission expected from hot winds emitted by supercritical discs, with small emission
from the companion star (Fabrika et al. 2015). In conclusion, the determination of the companion
star through the study of the emission of the optical counterpart is usually very difficult. NGC 7793
P13 is an exception: in this case absorption lines have been detected in the optical spectrum, allowing
a classification of the companion star which is a supergiant B9Ia, with a mass of 18 – 23 𝑀⊙ (Motch
et al. 2014). Also in M101 ULX-1 (labelled M101 28ULX in this thesis) optical spectral features,
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in this case absorption lines, have been detected from the donor star which is probably a Wolf-Rayet
(WR) star (Liu et al. 2013).
In addition to the optical study of the ULXs, also near infra-red (NIR) data have been used to find
information about the companion star in ULXs. Heida et al. (2014) found the NIR counterparts for
a sample of ULXs, 11 of which not previously detected in the optical or infrared band. Some other
NIR candidate counterparts have been detected from other single sources (Heida et al. 2015, 2016,
2019) and are usually consistent with red supergiant donor stars.

1.2.6 ULX populations
ULXs are found in all galaxy types. The most luminous of them are in spiral and irregulars, while
ULXs in elliptical galaxies are usually less luminous (e.g. Swartz et al. 2004, Feng and Soria 2011).
One third of the ULXs in spiral galaxies have luminosities > 4–5×1039 erg s−1 and ∼10% have
luminosities > 1040 erg s−1 (Walton et al. 2011, Earnshaw et al. 2019b). ULXs are often associated
with star forming regions (e.g. Grimm et al. 2003), but sometimes they are found in non- or faint
star forming regions, suggesting that they turn on after the lifespan of an HII region, ∼10–20 Myr
(Swartz et al. 2009, 2011). The number of ULXs correlates with recent star formation, implying
a larger number of ULXs in star forming galaxies and this is confirmed by the discovery of many
ULXs in interacting galaxies (e.g. the Antennae, Zezas et al. 2002, Zezas and Fabbiano 2002; the
Cartwheel, Gao et al. 2003, Wolter and Trinchieri 2004), which have a large star formation rate.

Are there ULXs in the Milky Way and in the Magellanic Clouds? The only binary system
in our Galaxy able to accrete persistently at super-Eddington rates is SS433 (e.g. Fabrika 2004).
Even if its luminosity is always smaller than 1039 erg s−1, i.e. its X-ray luminosity is usually 1035 –
1036 erg s−1, it is thought to be an edge-on ULX: an inclination of ∼ 78.8 deg has been derived for
this system (Margon and Anderson 1989). In addition, jets and a super-critical disc with outflows
have been discovered in SS433 (e.g. Fabian and Rees 1979, Fabrika 1997), which cover the hot inner
accretion regions. An intrinsic X-ray luminosity ≥ 1037 erg s−1 has been estimated for the system,
implying an apparent luminosity > 1039 erg s−1 for an hypothetical face-on observer and confirming
the ULX nature (Middleton et al. 2021). In addition, some transient ULX NSs, which occasion-
ally accrete at super-Eddington luminosities have been observed. The first evidence for a pulsating
super-Eddington accretor is indeed a transient NS, A0538-66 (peak luminosity ∼ 8×1038 erg s−1),
in the Large Magellanic Cloud (Skinner et al. 1982). While the first ULX NS in the Milky Way is
Swift J0243.6+6124, which has reached a peak luminosity of ∼ 2×1039 erg s−1 (Wilson-Hodge et al.
2018). Other similar objects are SMC X-3 (Townsend et al. 2017, Tsygankov et al. 2017), with peak
luminosity of ∼ 1.2×1039 erg s−1, SMC X-1 and GRO J1744-28 (Lucke et al. 1976, Kouveliotou
et al. 1996).

ULXs in globular clusters: A number of ULXs are associated with globular clusters (GCs);
Dage et al. (2019) analysed a sample of 9 GC ULXs. They found that their spectra are well fit with
a single power-law or disc, unlike usually found in spiral galaxies where ULXs are well fit with two
components models. Sources with a power-law best fit show none or little variability in the power-law
index and in luminosity. The sources best fitted with a disc divide in two groups, i.e. with inner
temperature larger or much smaller than 0.5 keV. The sources with inner temperature smaller than
0.5 keV show strong variability in luminosity but not in the disc temperature. Dage et al. (2019) also
suggest a possible correlation between disc temperature and the presence or not of optical emission:
the optical spectra of low temperature sources have forbidden emission lines, while a number of the
high temperature sources show no emission. Dage et al. (2020) analysed other 7 sources in GCs
candidates in M87 finding luminosities between 1 and 4 ×1039 erg s−1 and their spectra are well fit
with single component models as found also in the previous sample analysed by the same authors.
Irwin et al. (2003) suggested that the population of ULXs in elliptical galaxies is different from
the sources observed in spiral galaxies, usually associated with young stellar populations. In GCs
in ellipticals the stellar environment is usually old, thus the companions of the ULXs are likely low
mass donors.
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Figure 1.7: Left: Differential XLF of a sample of ULXs, with superimposed the best-fitting model
obtained with a power-law and with a cut-off power-law. Image taken from Swartz et al. 2011. Right:
Cumulative XLF for a sample of ring galaxies. The solid green line is the Grimm et al. 2003 model
normalized to a SFR of 35 and 50 𝑀⊙𝑦𝑟−1, respectively for the lower and upper curve. The red
dashed line is the Swartz et al. 2011 model. Image taken from Wolter et al. 2018.

XLF: the Luminosity Function (LF) of a class of objects, describes the distribution in lumi-
nosity of the sources included in the considered sample. The LF may be constructed in a cumulative
form, where each luminosity bin contains the sources with luminosity smaller than a reference value,
or in a differential form, where the sources are grouped in luminosity bins and each bin is divided
by its width. The X-ray LF (XLF) is a LF constructed in the X-ray band. For example, Swartz et al.
(2011) studied the XLF of ULXs in star forming galaxies (see figure 1.7 left) and observed a break at
(1–2)×1040 erg s−1, while Wang et al. (2016), considering a larger sample of ULXs, found a break
around 4×1040 erg s−1. The XLF for ULXs is consistent with the high energy tail of HMXBs (e.g.
Wolter and Trinchieri 2004, Zezas et al. 2007, Wolter et al. 2015), given its continuous shape among
different luminosities. This scenario suggests the presence of the same population of sources both at
low and high luminosities, and thus favours stellar mass accretors instead of IMBHs, with the latters
possibly powering a minority of objects in the ULX population (e.g. Zezas et al. 2007).

Grimm et al. (2003) found a relation between the XLF shape of HMXBs in late type galaxies and
the Star Formation Rate (SFR), which is known as the universal XLF for HMXBs. A similar relation
was derived also by Mineo et al. (2012). Wolter and Trinchieri (2004) and Wolter et al. (2015)
found that the XLF of the Cartwheel galaxy and of NGC 2276, both containing a large number of
ULXs, is consistent with the respective SFRs, through the universal relation of Grimm et al. (2003).
The same conclusion was derived for a sample of ULXs in ring galaxies in Wolter et al. 2018, with
the suggestion of a larger luminosity cut-off for the ring galaxies XLF (see figure 1.7 right). The link
between the number of ULXs in a galaxy and its SFR was also found, based on different arguments,
by some authors, e.g. Mapelli et al. (2009, 2010), who also found a possible anticorrelation between
the number of ULXs and the metallicity of the host galaxy, to be confirmed.
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Figure 1.8: Colour-Colour diagram which shows the hardness for a sample of ULXs. The diagram
has been constructed by using the flux ratios in the energy bands 2–4, 4–6, and 6–30 keV. Image from
Pintore et al. 2017.

1.3 Which is the nature of ULXs?
As explained before, because of their large luminosities in the X-ray band, for a long time ULXs have
been supposed to be the ideal place where IMBHs could be host (e.g. Colbert and Mushotzky 1999).
The picture was drastically redrawn after the discovery of coherent pulsations in the ULX M82 X-2
(Bachetti et al. 2014), which was the proof of the presence of a NS in a ULX: the first PULX (pulsar
ULX) was found. This discovery confirmed that super-Eddington accretion can be sustained for long
periods of time and can happen in PULX systems.
After that first PULX, other pulsating objects have been found (Israel et al. 2017a,b, Fürst et al.
2016, Carpano et al. 2018, Sathyaprakash et al. 2019, Rodríguez Castillo et al. 2019), confirming
that at least a fraction of ULXs contains NSs, but the relative fraction of NSs and BHs in ULXs is
still unknown. Considering that only for ∼ 20 ULXs there are data with enough statistics to detect
pulsations (e.g. Earnshaw et al. 2019b, Song et al. 2020), the NSs may be very common among
ULXs.
Some indirect methods have been proposed to find NSs in ULXs. One possibility is the search for
cyclotron lines, that can be only produced by a NS, as happened in the case of NGC 300 ULX-1
(Walton et al. 2018a) and M51 ULX-8 (Brightman et al. 2018).
In the long-term light curve of ULXs a bi-modal flux distribution or a transient behaviour is sometimes
observed. These patterns have been taken as possible indicators of propeller phases (Grebenev 2017,
Tsygankov et al. 2016, Earnshaw et al. 2018).

Another method to select potential candidates NS ULX comes from the spectral analysis: Pintore
et al. (2017) suggested that PULXs are the hardest sources in the ULX population. This conclusion
was based on hardness ratio studies, applied on a sample of sources with data in the energy band 2–30
keV. They constructed a colour-colour diagram for a sample of ULXs: the known PULX occupy the
region with the highest hardness in the diagram (see also fig. 1.8).

On the other hand, no methods are currently known to confirm the presence of a BH in a ULX.
Even if most ULXs are now thought to host stellar mass compact objects, the possibility that some
systems host IMBHs has not been ruled out.

The thesis is organised as follows. In Chapter 2 we focus on the variability, which is also the
central subject of our data analysis. We present the variability properties of ULXs from the literature,
describing short and long-term features, pulsations, spectral variability and the statistical methods
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for data analysis used in this work. Chapters 3 and 4 are dedicated to the data analysis done in this
thesis, with a presentation of the obtained results. In Chapter 3, we present the long-term study of a
sample of ULXs monitored with the Swift Observatory, with the aim of expanding the knowledge of
the ULXs characteristics, with particular attention to their variability properties. Variability in the
X-ray band is thought to generate from the super-critical accretion processes which power ULXs,
thus variability studies together with spectral properties are useful to derive physical information
about the accretion mechanisms in act. In Chapter 4, we instead report the analysis of the variability
of point-like sources and of their luminosity function in a population of ULXs in a single ring galaxy:
the Cartwheel galaxy. We report the conclusions and future perspectives of this work in Chapter 5.
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Chapter 2

Variability in ULX: state of the art

The accreting matter around compact objects releases gravitational energy in form of radiation, which
reaches high temperatures, of the order of keV, and thus the emission is observed in the X-ray band.
This means that the X-ray emission from accreting compact objects, often found to be variable, is
linked to the accretion flow. Thus, variability studies of the X-ray emission may allow us to investigate
the physics of the accretion processes in act in the considered systems. Both Galactic X-ray binaries
(GXBs) (e.g. Remillard and McClintock 2006) and AGNs (e.g. Padovani et al. 2017) have shown
variability in the X-ray band. Also ULXs often show variability in their emission (e.g. Heil et al.
2009, Earnshaw et al. 2018), which can be used to determine the timescales of the physical processes
producing the high luminosities observed in these sources. The luminosities emitted by the ULXs
are intermediate between those observed in the GXBs and in the AGNs, but their masses are not
necessarily intermediate: only some ULXs, possibly containing IMBHs, would be in the mass gap
between GXBs and AGNs masses, while those containing sMBHs or NSs (e.g. Bachetti et al. 2014),
would have masses comparable to those of the GXBs. The variability properties of the GXBs have
been used together with their spectral analysis to identify their canonical sub-Eddington spectral
states (e.g. Remillard and McClintock 2006). The ULXs spectra are different from those typical
of GXBs and are characterized by a different spectral state, an ultraluminous state (Gladstone et al.
2009), produced by a different accretion mechanism, which occurs at super-critical rates. AGNs are
SMBHs, which may have needed a period of super-critical accretion to reach their large masses (e.g.
Volonteri et al. 2003, Volonteri and Rees 2005). Thus, both AGNs and ULXs may be powered by
super-Eddington accretion, which suggests that the same physical processes may be present in these
two classes of objects, but on different mass- and time-scales. Therefore, a detailed characterization
of the super-Eddington accretion processes in ULXs may also be useful to better understand accretion
onto SMBHs.

Variability in an accreting system may be linked to variations in the mass accretion rate, deriving
from changes in the emitted wind of the companion star. Stellar winds from massive stars are thought
to contain dense clumps (e.g. Puls et al. 2008). For example, Lupie and Nordsieck (1987) studied a
sample of 10 OB supergiants and found random variability in the polarization on timescales of days
to months, in seven of the analysed objects. The randomness of the variability has been attributed
to an inhomogeneous structured wind. The accretion onto a compact object in a wind-fed system of
such stellar winds can be used to study the physical properties of the winds and the massive clumps
(e.g. Orlandini et al. 2015). The clumpiness in the stellar wind may produce variability in the emitted
radiation, with an increase in the X-ray emission when a dense clump is accreted. The situation in
the ULXs may be more complex, considering the presence of a disc which mediates the accretion,
preventing us to directly observe the result of the accretion of a single dense wind clump. On the
other hand, we suggest that inhomogeneous injection of material in the accretion disc may produce
the aperiodic variability observed in many ULXs.

In binary systems with a massive companion, the tidal forces exerted by the compact object
onto the companion star produce an enhanced stream of wind in the direction of the compact object
(Blondin et al. 1991). As a result, inhomogeneous accretion structures form in the vicinity of the
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compact object and an enhanced absorption in some directions produces variability in the observed
X-ray emission.

In a super-Eddington accretion flow, as in the case of most ULXs, powerful outflows/winds are
ejected from the accretion disc (Shakura and Sunyaev 1973, Poutanen et al. 2007). Variability may
be produced by variations in the ejected flow of matter, thus variability may also be used to obtain
physical information about the outflows.

Furthermore, the orbital motion or the precession of structures in the accretion flow may produce
some kind of variability, which in this case is expected to be periodic. The study of periodicities in
ULXs may therefore bring information about the orbital parameters or the accreting structures.

Both short-term (minutes to hours; e.g. Roberts and Colbert 2003) and long-term variability (months
to years) are often taken as evidence of accretion onto compact objects (e.g. Makishima et al. 2000;
Fabbiano et al. 2003; Wolter et al. 2006, Crivellari et al. 2009). Also spectral variability has been
used to support the idea that ULXs are accreting objects, as happened with the discovery of spectral
state transitions in the ULXs of IC 342 (Kubota et al. 2001).

Temporal flux variability on different timescales or spectral variability of specific spectral com-
ponents may be caused by different physical processes. In the following sections the main variability
properties observed in ULXs, within their physical implications, are described.

2.1 Short-term variability
Flux variability is observed in ULXs on different timescales. Here we refer to short-term variability
considering timescales from minutes to hours. This kind of variability can be studied within a single
observation with a good statistics.

2.1.1 Short-term aperiodic variability
The variability properties of ULXs on short timescales are different from those observed in Galactic
X-ray binaries or in AGNs. Heil et al. (2009) found some variable sources and a suppressed
variability in other ULXs. They proposed that the lack of variability can be due to the limited
energy or frequency bandpass of the ULXs data, or alternatively that the ULXs are intrinsically less
variable compared to BH binaries and AGNs. This could depend on the reprocessing of the variable,
scattered emission of the hard inner disc through an optically thick layer of inflowing/outflowing
material, resulting in a dilution of the variability (e.g. Middleton et al. 2015a, Mushtukov et al. 2019,
see figure 2.1).

The stochastic variability on short timescales can be caused by the winds launched by the accretion
disc. If the wind has a clumpy structure (e.g. Middleton et al. 2011a, Takeuchi et al. 2013) we can
observe a variable emission caused by the wind blobs intersecting our line of sight and stochastically
obscuring the hard emission from the inner regionsof the accretion flow. In the framework of the
spectral analysis of Sutton et al. (2013), a source can appear in the hard ultraluminous regime, when
the inner regions are directly visible to the observer but, with an increase in the accretion rate and
a consequent narrowing in the wind opening angle, the wind can intercept our line of sight, with a
transition in the soft ultraluminous regime. In this situation the clumpy wind would produce short-
term variability, by obscuring the emission of the inner accretion flow. This implies that the flux
variability should be observed mostly in the soft regime. This hypothesis is confirmed by the study of
the fractional variability (F𝑣𝑎𝑟 ), which is usually larger for sources in the soft ultraluminous regime
(Sutton et al. 2013). On the other hand, not all the soft sources are variable in all the observations,
which may complicate the scenario. Variability, when present, is usually dominated by the hard
band, above 1 keV, while the flux below 1 keV is usually more stable, as seen both from F𝑣𝑎𝑟 (see
section 2.5.3 for a definition) studies (e.g. Sutton et al. 2013) and from the covariance spectra (e.g.
Middleton et al. 2015a) and could be explained with the obscuration of the inner hard emission by
the wind and the puffed disc, expected in a scenario of super-Eddington accretion (e.g. Middleton
et al. 2015a, Pinto et al. 2017).
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Figure 2.1: Supercritical accretion in ULXs. An optically thick outflow is launched from the region
between 𝑅𝑠𝑝ℎ and 𝑅𝑝ℎ,𝑖𝑛. Depending on the observer orientation, and thus on 𝜃, the emission
from the inner regions, i.e. 𝑅 < 𝑅𝑝ℎ,𝑖𝑛, may be boosted (position 1) because of scattering into the
observer line of sight, or reduced (position 2) through scattering out of the line of sight and Compton
down scattering. Position 3 corresponds to supersoft ULXs or to sources which mainly emit at lower
energies than the X-ray band, i.e. in UV. Image taken from Middleton et al. 2015a.

2.1.2 Flaring activity
A forest of narrow peaks is observed in the light curve of some ULXs (e.g. Earnshaw et al. 2019a,
Kara et al. 2020, Pintore et al. 2021, Motta et al. 2020, D’Aì et al. 2021; see also figure 2.2 left).
These flux peaks are not so commonly observed in ULXs and usually last on timescales of∼minutes–
hours. For example, in the case of NGC 4559 X7 (Pintore et al. 2021) a period of flaring activity was
observed in the data taken with XMM-Newton and NuSTAR in 2019. The duration of the flares was
between 5 and 10 ks and the flux increased of a factor ∼ 3–4 during flares, with respect to the pre-flare
flux. Usually there is not a (quasi-)periodic recurrence of the flares; an exception is represented by
ULX 4XMM J111816.0-324910 in NGC 3621 (Motta et al. 2020; see figure 2.2 right), where a
quasi-periodic appearance of ∼ 3500 s is observed, but the origin of the periodic behaviour is still
unclear. The quasi-periodic flares observed in NGC 3621 4XMM J111816.0-324910 are reminiscent
of the variability observed in some other objects: GRS 1915+105 (a galactic BH binary; Belloni et al.
2000), IGR J17091–3624 (probably powered by a sMBH; Altamirano et al. 2011), MXB 1730–335
(a confirmed NS, also known as the Rapid Burster; Hoffman et al. 1978) and the AGN GSN 069
(Miniutti et al. 2019). In the latter, QPEs (quasi-periodic eruptions) have been observed, with a
longer quasi-periodicity than all the other sources indicated, i.e. ∼ 9 hr, probably linked to the larger
BH mass, and with symmetric peaks. The peaks in the other sources have instead an asymmetric
structure with a low-flux plateau and a shoulder before the main peak, which has a slower rise and a
fast decay. See also Arcodia et al. 2021, 2022 for a discussion on QPEs from the nuclei of low-mass
galaxies.

If the flares are rare (e.g. in the case of NGC 4559 X7; Pintore et al. 2021) or have a large
cadence with respect to the typical observation exposures, the probability to detect flaring activity
with a small number or short observations is quite low.
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Figure 2.2: Left: Flares in the stacked EPIC-pn/MOS1/MOS2 light curve of NGC 4559 X7, in
the energy band 0.3-10 keV (a), 0.3-2 keV (b), 2-10 keV (c). Panel d shows the hardness ratio.
Image taken from Pintore et al. 2021. Right: XMM-Newton EPIC light curve of NGC 3621 4XMM
J111816.0-324910, which show "heartbeats" variability. Image taken from Motta et al. 2020.

2.1.3 Flux dips
Some ULXs show dips in their light curve, caused by a drastic flux reduction (e.g. Stobbart et al.
2004, Pinto et al. 2021, Vasilopoulos et al. 2021, Hu et al. 2021, Alston et al. 2021, D’Aì et al. 2021).
The duration of the dips varies in different sources: e.g. in NGC 55 ULX the dips duration is of ∼
100–300 s (Stobbart et al. 2004), while in M51 ULX-7 the dips last ∼ 9 hours (Vasilopoulos et al.
2021, Hu et al. 2021). Also the amplitude of the flux reduction spans a large range of values: e.g. a
reduction of 80–90% was observed in NGC 55 ULX; while 20–30% was found in the case of M51
ULX-7. Absorption dips have been observed in a number of Galactic X-ray binaries (e.g. Parmar
et al. 1986, Díaz Trigo et al. 2009), more frequently in LMXBs, appearing at the same orbital phases
and rarely are transient phenomena (e.g. Galloway et al. 2016), than in HMXBs where usually they
are not periodic (e.g. Naik et al. 2011). They usually cause a reduction of the soft X-ray flux and
induce a spectral hardening (e.g. D’Aì et al. 2014). Different causes may be at the origin of these
dips features.

In the case of Roche-Lobe overflow fed systems, usually in the LMXBs, the dips could be caused
by an obscuring effect from structures in the outer regions of the accretion disc (e.g. White and
Swank 1982). The deformation of the disc in the outer regions may be caused by the interaction
between the accretion flow and the external disc regions (e.g. White and Holt 1982). The dips in
these systems are usually periodic and related to the orbital period of the binary system (e.g. White
and Swank 1982).

In wind-fed systems, usually in the HMXBs, the dips can be explained with the eclipses caused
by the extended atmosphere of the companion star. In fact, the companion star may be illuminated by
the strong X-ray radiation, inducing the formation of a "shadow wind": if the emitted X-ray radiation
is large, the gas on the portion of the surface of the companion star exposed to the X-rays will be
highly photoionized, preventing the formation of a wind from that part of the star (Blondin 1994).
The wind can escape from the other side of the stellar surface, producing a large column density at
some directions and orbital phases. When the X-ray emission intercepts the regions with enhanced
column density, it is shadowed by the dense material and flux dips are observed in the light curve.

Mechanisms similar to those described and usually observed in standard Galactic X-ray binaries,
or maybe a combination of different processes, may cause the flux dips observed in the ULXs.

2.1.4 Eclipses
We define an X-ray eclipse as an obscuration of the compact object by the companion star, the latter
being interposed between the telescope and the compact object along the line of sight. This implies
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Figure 2.3: Examples of QPOs in the BH XTE J1550-564, from Motta et al. 2014.

an occurrence of one eclipse per orbital period. The effect is the same observed in flux dips: a
drastic reduction of the X-ray flux in the X-ray light curve. Eclipses have been observed in some
ULXs: CG X-1 (Qiu et al. 2019) and four ULXs in M51 (Urquhart and Soria 2016b, Wang et al.
2018). For three of the ULXs, the eclipses have been used to derive the orbital period: 𝑃𝐶𝐺𝑋−1 ∼
7.2 hr, 𝑃𝑀51𝑈𝐿𝑋−1 ∼ 6.3 d or 12.5-13 d, 𝑃𝑀51𝑆2 ∼ 52.75 hr (Qiu et al. 2019, Urquhart and Soria
2016b, Wang et al. 2018). An eclipse does not necessary induce a null flux emission. A residual
X-ray emission may be detected during the eclipses: different mechanisms could cause the observed
residual emission (e.g. Qiu et al. 2019). A possible scenario is that the observed emission originates
in the collision between the wind of the stellar companion and the wind of the accretion disc, around
the compact object. This picture requires a strong and fast wind both from the star and the disc
wind, an assumption satisfied by the Wolf-Rayet ULX CG X-1. Another possibility is emission
from the photosphere of the optically thick outflows launched by the super-Eddington accretor. The
photons emitted from the outflow are scattered many times before propagating towards us and the last
scattering surface radius results larger than the photosphere dimension (Qiu et al. 2019); otherwise
the wind photosphere may extend on a scale comparable to, or larger than the companion star size
and the emission comes directly from the external part of the outflow (Urquhart and Soria 2016b).
Another possible explanation is that the X-ray radiation, emitted through the polar funnel, is down
scattered by the wind into our line of sight at a distance larger then the dimension of the companion
star (e.g. Qiu et al. 2019).

2.1.5 QPOs
Quasi periodic oscillations (QPOs) are features (peaks) observed in the power spectrum of the
Galactic X-ray binaries (XRBs) light curves (see Ingram and Motta 2019 for a review; see fig.
). They are classified in low frequency (LF) QPOs, for frequencies smaller than 30 Hz and high
frequency (HF) QPOs, for frequencies higher than 60 Hz, in BH systems, while in NSs there are also
additional QPO classes. HF QPOs in BHs are connected with the particles motion near the innermost
stable circular orbit (ISCO; e.g. Morgan et al. 1997) and they are rare features. The LF QPOs are
divided in 3 types, usually linked to the canonical spectral states observed in Galactic XRBs. The
most common are type C QPOs, which appear in all the accretion states typical of X-ray binaries:
low-hard, hard-intermediate, soft-intermediate and high-soft state (see e.g. Belloni 2010). They are
narrow and have rms ∼ 20% and frequency between mHz and 30 Hz. Type B appear in the soft
intermediate state and are narrow features with rms ∼5% and frequency of 5–6 Hz. Type A are weak
and broad features, appearing in the soft state with frequency 6–8 Hz.

QPOs have been observed in some ULXs (e.g. Mucciarelli et al. 2006, Strohmayer and Mushotzky
2009). The QPOs in ULXs were initially used to derive the mass of the accreting BH, assuming a
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Figure 2.4: The soft time lag in NGC 1313 X-1. The image is taken from Kara et al. 2020.

different order of magnitude caused by larger BH masses with respect to the galactic BH binaries: for
example Pasham et al. 2014 considered the QPOs they had discovered in M82 X-1 analogous to the
HF QPOs of the XRBs and they used them to derive a mass for the accretor, which resulted of ∼ 400
𝑀⊙ . The PULX M82 X-2 also showed a QPO (Caballero-García et al. 2013) which was suggested
to be a type-C QPO analogue, but considering that the ULX is a NS, the feature observed could
be simply an analogue of the mHz QPOs of Galactic XRBs, or a different class of QPOs, possibly
associated with super-Eddington accretion.

2.1.6 Time lags
Time lags are delays in the emission between different energy bands. The emission in different energy
bands is associated with the spectral components of the ULXs, which may usually be modelled with
two thermal components (e.g. Stobbart et al. 2006). The soft component models the emission
from the outer disc or the wind photosphere and the hard component is instead emitted by the inner
regions of the accretion disc (e.g. Middleton et al. 2011a). Time lags are a useful tool to study the
casual connection between the two spectral components and may help to understand the emission
mechanism in ULXs (e.g. Kara et al. 2020).

Some ULXs – NGC 5408 X-1, NGC 55 X-1, NGC 1313 X-1, NGC 7456 ULX-1 (Heil and
Vaughan 2010, Pinto et al. 2017, Kara et al. 2020, Mondal et al. 2021b) – have shown a delay in the
emission of the soft band with respect to the hard band, a soft or negative lag, at frequency ∼ 10
mHz, 0.1 mHZ, 0.1–0.5 mHz and 0.07 mHz respectively. Soft lags are thought to derive from the
reprocessing of the hard photons, emitted from the inner accretion flow, through the optically thick
base of the outflowing wind (e.g. Pinto et al. 2017, Pintore et al. 2021). In addition, NGC 5408 X-1
and NGC 4559 X-7 have also shown a low frequency hard lag at ∼0.1 mHz (Hernández-García et al.
2015, Pintore et al. 2021) of ∼ 1 ks and ∼ 300 s, respectively. NGC 4559 X-7 showed also a weak
soft lag. The amplitudes of the soft lags observed in the ULXs are different e.g. ∼ 1000 s in NGC
55 X-1 (Pinto et al. 2017) and ∼ 5 s in NGC 5408 X-1 (De Marco et al. 2013). Given the different
soft lag amplitudes observed, it is not clear if the origin is the same in all the sources. Kara et al.
(2020) noted that the amplitudes of the soft lags observed in NGC 5408 X-1 and NGC 1313 X-1
are ∼ 5% of the average variability timescale of each source, while in NGC 55 X-1 the percentage
is closed to but larger, ∼ 10–30%, than for the other sources. They proposed that the three sources
time lags can have the same origin, but while for NGC 5408 X-1 and NGC 1313 X-1 they are mostly
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Figure 2.5: Left: Chandra image of the region of M83 where a transient ULX has been discovered.
No emission was detected in the yellow region in the image taken in 2000, while a clear emission is
visible in the image taken with 2010-2011 data. Image from Soria et al. 2012. Right: X-ray light
curve of the transient ULX NGC 5907 ULX-2, taken from Pintore et al. 2018a.

produced by the hotter spectral component, suggesting that they are linked to the inner accretion flow,
for NGC 55 X-1 both the colder and hotter components contribute. Pinto et al. (2017) attributed
the variability observed in NGC 55 X-1 to fluctuations in the inner disc (hard component) and to the
reprocessing of radiation through the wind (soft component) and proposed a different origin for long
and short time lags, suggesting that the long ones are related to processes in the outer regions (e.g.
interactions in/with the wind), while the short ones may be linked to processes in the inner regions
of the accretion flow.

2.2 Long-term variability
Long-term variability (days to months timescales) is often observed in ULXs. Different patterns
have been identified in the long-term light curves of ULXs, which may be linked to periodic or
aperiodic variability. Studying the long-term variability of ULXs is useful to understand the physical
mechanisms responsible for the observed emission, especially because some features might help to
shed light on the nature of the compact object in the observed source. For example features indicating
possible propeller phases can be used to individuate candidate NSs (e.g. Earnshaw et al. 2018, Song
et al. 2020). In the following, the patterns observed in the long-term light curves of ULXs will be
analysed in detail.

2.2.1 Transient behaviour
In the context of ULXs, a transient source is defined as an object with at least one detection and
one non-detection in different observations. Examples of transient ULXs (see fig. 2.5) are CXOU
133705.1-295207 in M83 (Soria et al. 2012), NGC 5907 ULX-2 (Pintore et al. 2018a) or M51
ULX-7 (Terashima and Wilson 2004). While some transient ULXs remain bright for months or
years after their first brightening (e.g. Soria et al. 2012), other objects have been detected in just
a single observation (e.g. Isobe et al. 2008). Their outburst may originate from an unstable mass
transfer from the companion star. A transient behaviour could also be caused by propeller phases, if
the accretor is a strongly magnetised NS. The fact that the number of transient ULXs is increasing,
makes the monitoring of galaxies very important in order to discover new ULXs, i.e. already known
sources which had previously shown only sub-Eddington luminosity, or sources that have been never
detected before, and suggests that the number of ULXs will further increase in the next years. Having
the possibility of studying larger samples of sources, repeatedly observed, would be very useful to
characterize the long-term properties of this class of still elusive objects, considering the fact that the
transients are not detected in every observation.

23



Figure 2.6: Left: Light curve of the PULX NGC 5907 showing its bimodal flux behaviour. From:
Israel et al. 2017a. Right: Histrogram for the luminosity of M51 ULX-4, which shows a bimodal
distribution. From: Earnshaw et al. 2018.

2.2.2 Bimodal flux distribution
A bimodal flux distribution is observed in the light-curves of some ULXs (e.g. Grebenev 2017,
Tsygankov et al. 2016), in particular it is usually observed in the PULXs and can be explained in
terms of the on set and switch off of the propeller mechanism. This means that two different flux
states can be found in the light-curves: an high state in which the source has a large luminosity in
the ultraluminous range and a low state, in which the source flux is reduced of orders of magnitudes
(e.g. Earnshaw et al. 2018). In some cases, during the low state, the source luminosity goes under
the detection threshold of the X-ray telescope that was observing the ULX; other times the source
is observed with a luminosity under the ultraluminous threshold (1×1039 erg s−1). A bimodal flux
distribution is sometimes observed also in non-pulsating ULXs, such as M51 ULX-4, NGC 5194
ULX-4, NGC 628 ULX-1, rendering them candidate PULXs, for which pulsations have not been
already discovered (Earnshaw et al. 2018, Song et al. 2020), if the two flux states are compatible with
the propeller mechanism.

A transient behaviour and a bimodal flux distribution could indicate the same physics. In fact,
a detection or a non-detection depends also on the quality of the observation. If the low state of a
source is under the detection threshold of the instrument used to observe the ULX, the source would
appear as a transient and the low state of the source would not be observed. Long high statistics
observations of the sources are very useful in this case, to determine the low flux level of the X-ray
emission and disentangle this degeneracy.

2.2.3 Long-term periodicities
Some ULXs show periodicities or quasi-periodicities in their long-term light curves (e.g. Foster
et al. 2010). The detected periods are usually found on timescales from days to months. They could
derive by an orbital or super-orbital modulation. In the former case we would see a flux modulation
depending on the orbital period of the binary system. Often, the flux modulation observed in the
long-term light curves of ULXs turn out to be longer than the orbital period of the binary system,
suggesting a super-orbital origin (e.g. Brightman et al. 2020). A (super-)orbital periodicity can be
confused with a flux bimodality, due to limited coverage in the observations, as happened for M82
X-2 (see Tsygankov et al. 2016, Brightman et al. 2019). Super-orbital modulations are also typical
of PULXs (e.g. Walton et al. 2016, Israel et al. 2017a).

The origin of the super-orbital periodicity is still matter of study. Among the proposed explana-
tions, there is the precession of a tilted and warped accretion disc (e.g. Motch et al. 2014, Hu et al.
2017) which would obscure different portions of the inner regions emission during its rotation. An-
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other possibility is a Lense-Thirring precession (Bardeen and Petterson 1975). The Lense-Thirring
effect is a vertical oscillation of particles, orbiting around a rotating body. This happens when the
accretion disc is not in the equatorial plane of the rotating body. In this case, the orbital and the
vertical frequencies of the orbiting particle are different and this inequality generates a torque which
causes a precession of the accretion flow. In the scenario of super-critical accretion, the disc becomes
geometrically thick inside the spherisation radius and can precess as a solid body, causing a super-
orbital periodicity (e.g. Middleton et al. 2018). Middleton et al. (2019) proposed a possible method
to obtain an indication of the compact object mass and spin, based on the precession timescale and on
the temperature of the soft spectral component, by assuming that both the super-orbital periodicities
and the mHz QPOs sometimes observed in ULXs are produced by a Lense-Thirring precession. The
explanation of such (quasi-)periodicities with a precession of the accretion flow/disc is supported by
the observations. The periodic flux modulation is often more evident in the hard band (e.g. Weng
and Feng 2018), which would be covered in some phases of the precession cycle by the accretion
structures, while the soft emission coming from the winds or the outer disc would remain more
stable. Also the precession of the NS and of its magnetic dipole (Lipunov and Shakura 1980), in the
case of PULX, is considered a possible cause of the super-orbital modulations observed (e.g. Fürst
et al. 2017, Mushtukov et al. 2017), but this scenario would explain the periodicities of few months
observed in PULXs, only in case of magnetar-like magnetic fields. Such large magnetic fields (B
∼ 1014–1015 G) have been proposed to explain the large X-ray emission in some PULX (e.g. Israel
et al. 2017a, Brightman et al. 2018), while other authors have proposed weaker magnetic fields (e.g.
King and Lasota 2016, B ⩽ 1011 G; Kluzniak and Lasota 2015, B ∼ 109 G).

2.2.4 Flaring activity and flux dips in the long-term light curves
Usually the long-term monitorings of ULXs are made with the Swift observatory, which allows us to
perform regular monitorings, on a year baseline, with short exposures pointings of 1–2 ks. Should
the duration of the flares be larger than or comparable to the typical observation exposure (e.g. in
the cases presented in Pintore et al. 2021, Motta et al. 2020), or of shorter duration but with a very
large increment in the flux, we could identify the flares as flux peaks (with respect to the average flux
usually observed) in the long-term light curves. Also dips can be seen in the long-term light curves
of ULXs, for example Grisé et al. (2013) discovered and studied dips in the Swift/XRT long-term
light curve of NGC 5408 X-1.

2.3 Pulsations
It is now known that a fraction of ULXs contains NSs. In six sources, and possibly in another one
(NGC 7793 ULX-4; Quintin et al. 2021), coherent pulsations have been detected (M82 X-2, NGC
7793 P13, NGC 5907 ULX-1, NGC 300 ULX-1, M51 ULX-7, NGC 1313 X-2; see Bachetti et al.
2014, Israel et al. 2017a,b, Fürst et al. 2016, Carpano et al. 2018, Rodríguez Castillo et al. 2019,
Sathyaprakash et al. 2019) confirming that they contain a pulsating neutron star (NS) and they are
indicated as PULXs (pulsar ULXs). See table 2.1 for their properties. In addition, the detection of
a transient cyclotron line suggests the presence of a NS in another source (M51 ULX-8, Brightman
et al. 2018). Considering the small number of ULXs having data with sufficient statistics to detect
pulsations, about 20 sources at the time of writing (e.g. Earnshaw et al. 2019b, Song et al. 2020),
NSs may constitute a large fraction among ULXs (e.g. Walton et al. 2018c, Pintore et al. 2017).

The first evidence for a pulsating super-Eddington accretor is the transient A0538-66, in the Large
Magellanic Cloud. It is a pulsar with a spin period of ∼ 69 ms and a peak luminosity of ∼ 8×1038

erg s−1, below the empirical luminosity threshold typically used to define a ULX, but larger than the
Eddington limit for a NS (Skinner et al. 1982).

There is also a claim for a galactic ultraluminous pulsating object, reaching a luminosity of 2×1039

erg s−1 (Wilson-Hodge et al. 2018) and for a PULX in the Small Magellanic Cloud (Tsygankov et al.
2017).
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The pulsation period of the PULX spans the range ∼ 0.5–30 s and the pulsation profile is usually
quasi-sinusoidal in shape. The pulsed fraction, i.e. the ratio between the semi-amplitude of the
sinusoid and the average number of counts, has values of ∼ 5–70% and usually increases with energy.
Pulsations have not been detected in all the observations of the known PULXs, which suggests that
other ULXs may be NSs, even if coherent pulsations have not been observed. The pulsation period
is not constant in PULXs but it varies between the observations and also inside a single observation
and its long term derivative is usually in the range 10−11 < ¤𝑃 < 10−7. The PULX periods, cannot
therefore be detected with standard software, but it is necessary to include a correction for the
derivative of the pulsation period and for the effects of the orbital motion (e.g. Israel et al. 2019,
Rodriguez Castillo and Israel 2020). For example, the detection of pulsations in the PULX M51
ULX-7 used the software PASTA and SOPA, the former corrects for the spin period derivative, while
the latter takes into account the orbital motion (Rodríguez Castillo et al. 2020). An automated search
for periodicities in the X-ray band has been developed in the context of the EXTRAS project (De
Luca et al. 2021), which focuses on the search for variability in the 3XMM-Newton catalog and
brought to the discovery of pulsations in many X-ray sources including the ULXs NGC 5907 ULX-1
and NGC 7793 P13 (Israel et al. 2017a,b).

Some authors proposed possible explanations for the lack of pulsations. In order to see pulsations,
the magnetospheric radius (𝑅𝑀 ) should be only slightly smaller than the spherisation radius (King
et al. 2017, Walton et al. 2018c). In this way the accreting matter reaches the magnetospheric
radius with a super-Eddington rate and the thick inner disc has a narrow extension in radius. The
consequence is a small contribution to the emission from the disc component and a stronger relative
contribution from the accretion column, which favours the detection of the pulsed emission. Other
authors suggested an alternative scenario (Mushtukov et al. 2017, Koliopanos et al. 2017); in this
picture, the hot thermal component originates from a "curtain" just inside 𝑅𝑀 , an envelope formed
by the accreting matter, which follows the magnetic field lines, while the cool thermal component
corresponds to the inner regions of the accretion disc, just outside 𝑅𝑀 . The emission of the accreting
column is reprocessed by the "curtain", which becomes closed and optically thick at high accretion
rates, resulting in a multi-colour blackbody emission. Depending on the viewing angle and on
the inclination of the "curtain", it is possible to detect pulsations, with a smoother profile than that
usually observed in X-ray pulsars, due to the reprocession of the pulsed emission through the extended
envelope. Walton et al. (2018c) noted that the scenario proposed by Mushtukov et al. (2017) cannot
explain the emission of NGC 7793 P13 (Walton et al. 2018b), where the radius of the cooler spectral
component is similar to the co-rotation radius (𝑅𝑐𝑜). In fact, should the cooler spectral component
correspond to 𝑅𝑀 , the system would be in the situation 𝑅𝑀 ∼ 𝑅𝑐𝑜, which is the condition for the
beginning of a propeller stage, with a consequent interruption of the accretion onto the NS.

PULXs show high flux variability on long timescales, which is typical of transient sources: their
variability could reach several orders of magnitude. The bi-modal flux distribution, observed in the
long-term light curves of some ULXs, and often present in the PULXs light curves, may be explained
by the onset and the switch-off of the propeller stage, implying a strong magnetised NS accretor (see
Grebenev 2017, Tsygankov et al. 2016). In addition, Mushtukov et al. (2017) suggested that the
super-orbital period in NS systems could be linked to the precession of the neutron star caused by
the interaction between the magnetic dipole and the accretion disc.

2.4 Spectral variability
In addition to the flux temporal variability, some ULXs also show variability in their spectral shape
(see figure 2.7).

ULXs spectra in the energy band (0.3-10) keV are usually well modelled with two spectral
components: a soft component plus a high energy tail (e.g. Gladstone et al. 2009). The broadband
spectra of ULXs, with data above 10 keV, often require an additional third high energy component
(e.g. Walton et al. 2018c), which models the hard emission of the inner accretion flow, originating
from the accretion column for highly magnetised NSs (e.g. Brightman et al. 2016a, Walton et al.
2018b) or from a Comptonising corona for non-magnetic NSs or BHs (e.g. Reis and Miller 2013).
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Src P𝑠𝑝𝑖𝑛 P. frac. ¤P P𝑜𝑟𝑏 P𝑠𝑢𝑝 L𝑚𝑎𝑥 ΔL𝑚𝑎𝑥

s % ss−1 d d 1039 erg s−1

M82 X-2 1.4 5-23𝑛 −2×10−10 2.5 60 18 ∼ 100
NGC7793 P13 0.4 10-40𝑥 <5×10−11 65 67/1500? 6 ∼ 100

NGC5907 ULX-1 1.1 12-20𝑥+𝑛 −5×10−9 5.3 78.1 220 >1800
NGC300 ULX-1 31 37-70𝑥+𝑛 −5.6×10−7 >300? – 4.7 ∼ 50

M51ULX-7 2.8 5-20𝑥 −1-5×10−10 2 38.5 7.1 ∼ 80
NGC1313 X-2 1.5 ∼ 5𝑥 ∼ 1.2×10−10 2-6? – 11 ∼10

NGC7793 ULX-4 2.5 ∼ 12𝑥 3-5×10−8 – – 3.4 > 1500

Table 2.1: Properties of the confirmed PULXs. Source name, spin period, pulsed fraction, spin
period derivative, orbital period, super-orbital period, maximum luminosity observed in the X-ray
band in units of 1039 erg s−1, maximum variability factor in the luminosity, i.e. L𝑚𝑎𝑥 /L𝑚𝑖𝑛. The
pulsed fraction is energy dependent; we indicate if the interval indicated refers just to XMM-Newton
band (𝑥) or NuSTAR band (𝑛) or both (𝑥 + 𝑛).
Ref. Bachetti et al. 2014, Brightman et al. 2019, Israel et al. 2017b, Fürst et al. 2016, 2018, Israel et al.
2017a, Belfiore et al. 2020, Carpano et al. 2018, Vasilopoulos et al. 2019, Rodríguez Castillo et al.
2020, Brightman et al. 2020, 2022, Vasilopoulos et al. 2020, 2021, Heida et al. 2019, Sathyaprakash
et al. 2019, Zampieri et al. 2012, Robba et al. 2021, Quintin et al. 2021

Figure 2.7: Left: Spectral variability seen in a sample of ULXs. Image taken from Pintore et al.
2017. Right: Different spectral shapes of NGC 1313 X-1, from Walton et al. 2020.
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Spectral state transitions, between a low/hard and a high/soft state, have been observed for the
first time in ULXs in IC 342 X-1 and X-2 (Kubota et al. 2001). Also NGC 1313 X-1 and X-2 have
shown state transitions (Feng and Kaaret 2006): while NGC 1313 X-1 behaviour is similar to that
observed in Galactic BH binaries (Feng and Kaaret 2006), considering the correlation between X-ray
luminosity and power-law photon index, NGC 1313 X-2 has a opposite trend, showing a high/hard
state.

Pintore et al. (2014) analysed a sample of ULXs, observed with XMM-Newton, modelling their
spectra as a multicolor accretion disc plus a Comptonizing component, the latter resulting optically
thick and cool. They suggested that the spectral variability observed on the hardness intensity
diagram (HID) depends on the switch between accretion near and above the Eddington limit. They
interpreted the observed trend with an increasing importance of a (soft) wind component linked to an
increment in the accretion rate. Similar considerations have been previously presented in the work
of Sutton et al. (2013), who explained the transitions between different spectral regimes, in terms of
changes in the accretion rate, driving changes in the wind opening angle. In this framework, spectral
variability and short-term flux variability may be linked: short-term variability may originate when
a clumpy wind intersects our line of sight, as proposed by Middleton et al. (2011a).

Sutton et al. (2013) proposed an empirical method to classify the ULXs spectra in three regimes
(broadened disc, hard ultraluminous, soft ultraluminous), based on the spectral parameters of a
model composed of a multi-temperature blackbody disc and a power-law. The same source may
change spectral regime among different observations.

Mondal et al. (2021a) studied spectral transitions in Circinus ULX-5, finding the source in three
different spectral states, possibly linked to the source luminosity. Also for the source Holmberg
IX X-1, a possible trend between the spectral evolution and the source luminosity has been found
(Luangtip et al. 2016). Gúrpide et al. (2021a), studying the spectra of a sample of 17 ULXs, found
that most of the softer sources – NGC 1313 X-1, NGC 55 ULX-1, IC 342 X-1 and Circinus ULX-5 –
show three spectral states: one at high luminosity and the other two at similar low luminosities, but
with different hardness ratios. They explained this finding in the context of a super-critical funnel:
a source would result dim both at low mass transfer rates and when the gas in the funnel becomes
optically thick obscuring the inner and bright regions of the accretion flow, which happens at high
mass transfer rates. ULXs do not show the canonical spectral states observed in the galactic BH
XRBs, among which they transit following an hysteresis cycle (e.g. Fender et al. 2004, Belloni 2010).
Gúrpide et al. (2021b) discovered a spectral evolution cycle in the ULXs Holmberg II X-1 and NGC
5204 X-1, different from that of the galactic BH binaries. The two ULXs transit among the ULXs
spectral regimes: hard, soft and supersoft, supporting the hypothesis that ULXs and ULSs are the
same kind of system, but viewed at different inclinations.
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2.5 Statistical methods to study ULXs variability
Different methods can be used to investigate variability and to quantify it. In the following paragraphs,
the methods used in the data analysis, reported in the next chapters, are described.

2.5.1 Light curve deviation from a constant value
The first step to investigate variability is to look at the light curve, that is, the intensity of the source
as a function of time and to verify if it is constant. One possibility is to calculate a 𝜒2 of the light
curve count rates and the associated variability significance:

𝜒2 =

𝑁𝑜𝑏𝑠∑︁
𝑁=1

(
𝑟𝑛− < 𝑟 >

𝜎𝑛

)2
(2.1)

where 𝑟𝑛 is the count rate in the single observation, < 𝑟 > is the mean count rate and 𝜎𝑛 is the
uncertainty on the count rate for each observation. The 𝜒2 statistics is not applicable in case of low
counts statistics.

In such a case it is necessary to use the Cash statistics (Cash 1979):

𝐶𝑠𝑡𝑎𝑡 = 2 ×
∑︁

(𝑐𝑜𝑢𝑛𝑡𝑠𝑒𝑥𝑝 − 𝑐𝑜𝑢𝑛𝑡𝑠𝑜𝑏𝑠𝑙𝑛(𝑐𝑜𝑢𝑛𝑡𝑠𝑒𝑥𝑝)) (2.2)

with 𝑐𝑜𝑢𝑛𝑡𝑠𝑒𝑥𝑝 = the counts expected in this case from a constant function equal to the average value
of the light curve, while 𝑐𝑜𝑢𝑛𝑡𝑠𝑜𝑏𝑠 are the observed counts. The best fit is obtained in the case in
which the expected counts are equal to the observed ones, so substituting 𝑐𝑜𝑢𝑛𝑡𝑠𝑒𝑥𝑝 with 𝑐𝑜𝑢𝑛𝑡𝑠𝑜𝑏𝑠
in equation 2.2, we obtain C𝑠𝑡𝑎𝑡−𝑏𝑒𝑠𝑡 . The difference between C𝑠𝑡𝑎𝑡 and C𝑠𝑡𝑎𝑡−𝑏𝑒𝑠𝑡 distributes as a
𝜒2, with degrees of freedom equal to N𝑜𝑏𝑠 - 1. Evaluating the corresponding P𝑣𝑎𝑙𝑢𝑒 it is possible to
derive the corresponding significance of the variability for the analysed light curve.

2.5.2 Kolmogorov-Smirnov test
The Kolmogorov-Smirnov test compares the distribution of data with a reference distribution (one-
sample test) or with another data sample (two-sample test). In this particular case, we compare the
observed distribution of the arrival times of the photons with an equi-spaced distribution. This is a
simple test to verify if a source is variable inside a single continuous observation. If the source flux
is constant, the photons are expected to arrive on the detector at regular time intervals. This means
that we can determine if a source is variable comparing the photons arrival times with a uniform
distribution; if significant deviations from the uniform distribution are present the source may be
considered variable.

2.5.3 Variability factors, normalised excess variance, fractional variability
The previously presented tests can be used to verify if a source has a significant variability in count
rate, but do not give information about the amount of the variability. To quantify the variability it is
possible to define a variability factor, i.e. the ratio between the highest and the lowest flux observed
in the light curve. This is only a rough estimate of the variability, which does not take into account
the uncertainties on the data. In order to account for the uncertainties, we can define the variability
factor in a different way, as the ratio between the highest flux minus its error and the lowest flux plus
its error. This method gives a more conservative estimation and permits to derive a lower limit on
the maximum variability amplitude of the light curve. The derivation of a variability factor gives
only information about the maximum variability amplitude observed, because it considers only two
values: the lowest and the highest flux observed.

A good estimator for the variability, which takes into account all the detected points and their
uncertainties, is the normalised excess variance, 𝜎2

𝑟𝑚𝑠 (see e.g. Nandra et al. 1997), whose squared
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Figure 2.8: Examples of Lomb-Scargle periodograms. Power vs. period for the Lomb-Scargle
periodogram of: Left: M51 ULX-7 (from Vasilopoulos et al. 2020); Right: M82 X-2 (from Brightman
et al. 2019)

root is named fractional variability, 𝐹𝑣𝑎𝑟 (see e.g. Vaughan et al. 2003, Edelson et al. 2002).

𝐹𝑣𝑎𝑟 =
1
⟨𝑋⟩

√︃
𝑆2 − ⟨𝜎2

𝑒𝑟𝑟 ⟩, (2.3)

where ⟨𝑋⟩ is the mean count rate, 𝑆2 is the total variance of the count rate light curve, ⟨𝜎2
𝑒𝑟𝑟 ⟩ is the

mean error squared. The advantage of using 𝐹𝑣𝑎𝑟 , instead of the normalised excess variance, is that
it assumes values between 0 and 1 and can be expressed in percentage terms, which renders easy the
comparison between different sources or epochs for the same source.

Allevato et al. (2013) studied the statistical properties of 𝜎2
𝑟𝑚𝑠 for processes in which red-noise

is present, typical of accreting compact objects. When corrected for a bias, depending on the red-
noise power spectral density slope and on the sampling pattern, 𝜎2

𝑟𝑚𝑠 , or equivalently 𝐹𝑣𝑎𝑟 , is a
good estimator for deriving the amplitude of the variability of a light curve. They also found that,
especially in case of sparse sampling, the estimates based on single light curves are highly uncertain,
even if corrected for the bias, and they suggested to use an ensemble estimate. This approach is based
on the evaluation of the estimator for many light curves of the same object, or of objects with the
same variability properties. The obtained values are grouped in 𝑛 bins and a mean is evaluated for
each bin, here the formula given by Allevato et al. 2013, but adapted for 𝐹𝑣𝑎𝑟 :

< 𝐹𝑣𝑎𝑟 >=

𝑛∑︁
𝑖=1

𝐹𝑣𝑎𝑟,𝑖

𝑛
, (2.4)

where < 𝐹𝑣𝑎𝑟 > is the mean 𝐹𝑣𝑎𝑟 , 𝐹𝑣𝑎𝑟,𝑖 is the fractional variability in the bin 𝑖, 𝑛 is the number of
bins. The mean of the distribution of < 𝐹𝑣𝑎𝑟 > is then the estimate for 𝐹𝑣𝑎𝑟 .

2.5.4 Lomb-Scargle Periodogram
In order to look for periodicities in a light curve we have to derive the power spectral density (PSD)
or power spectrum, which is defined as the modulus squared of the Fourier transform of the light
curve. The Lomb-Scargle periodogram is an algorithm to derive the power spectrum in case of
unevenly sampled light curves (Lomb 1976, Scargle 1982, VanderPlas 2018). If a high power peak
appears in the periodogram, a periodicity is present in the analysed source. To asses the significance
of the peak, we can compute the false alarm probability (FAP), which measures the probability that
a peak with similar height is generated by a data set with no signal. So a large FAP value indicates
that there is a large probability that the observed peak does not come from a periodic signal and
that the peak in question has a very small significance. In general, the FAP assumes that only white
noise, i.e. the spurious peaks are not correlated with frequency, is present. If there is red noise,
i.e. noise with enhanced power toward low frequencies, which is often present in compact accreting
objects (Vaughan et al. 2003), the FAP is not a good estimate for the peaks significance. In order to
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assess the significance of the periodicity also when red noise is present, it is useful to run a Monte
Carlo simulation. The basic idea is to simulate many light curves generated by a PSD affected by
red noise, i.e. with a power-law shape with slope around 1–2 (e.g. An et al. 2016), but with similar
characteristics to the observed light curve, i.e. same mean and sampling. For each simulated light
curve the Lomb-Scargle method is applied and the obtained peaks are compared with the highest
peak in the observed light curve: the significance of the peak is then based on the fraction of peaks
with the same or higher significance in the simulations.
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Chapter 3

Variability in ULXs: analysis of a
sample of ULXs observed with
Swift/XRT

Many efforts have been done in order to understand the variability properties of single sources (e.g.
Heil and Vaughan 2010, Brightman et al. 2019, Gúrpide et al. 2021b, Robba et al. 2021, Walton
et al. 2020, 2016, Pintore et al. 2015, Vasilopoulos et al. 2021, Pintore et al. 2021, 2016, Brightman
et al. 2016a, 2020, Walton et al. 2013, Jithesh 2022, Hu et al. 2021, Motta et al. 2020, Urquhart
et al. 2022, Ghosh et al. 2022), while a smaller number of studies exist on samples of sources (e.g.
Heil et al. 2009, Crivellari et al. 2009, Sutton et al. 2013, Pintore et al. 2014, Earnshaw et al. 2018,
Song et al. 2020, Bernadich et al. 2021, Dage et al. 2019, 2020, Gúrpide et al. 2021a). The analysis
of the properties of ULXs samples is not an easy task. First of all, the ideal way to describe the
common properties of a population of sources, would be the analysis of uniform data sets, with
comparable quality and sampling properties. ULXs, besides often having exposures with different
data quality – both considering the same source or comparing different objects – have also data
often taken with different observation strategies. For example, observations taken with a telescope
with large effective area, e.g. XMM-Newton, or a very good angular resolution, e.g. Chandra, are
usually single exposures of long duration, suitable for spectral studies or for flux variability studies
on short timescales, but not for analysing the long-term behaviour of the sources. On the other
hand, the Swift observatory usually allows us to obtain long-term monitoring, with short exposures
of typically 1–2 ks. These data are particularly useful to study the long-term behaviour of ULXs,
but on the other hand do not allow us to analyse in detail the behaviour of a source inside a single
exposure. In addition, while studying the variability properties of a source, the sampling pattern
should be considered. The uniformity in the data sampling is very important: in particular with a
uniform sampling it is easier to search for periodicities, which may be missed in highly sparse data
samples. Also the aperiodic variability is influenced by the sampling pattern: different datasets may
be sensible to different timescales, so the ideal way to compare datasets is to have sampling patterns
as similar as possible.

Some ULXs studies which analyse samples of sources have been published in the literature. For
example, the works of Gladstone and Roberts (2009) and Pintore et al. (2014, 2017) analysed the
spectral properties in ULXs samples, in order to derive a common spectral description for the ULX
population. Heil et al. (2009) worked on a sample of sources with the aim of deriving information
about their short-term flux variability. Sutton et al. (2013) analysed a sample of ULXs and tried to
give a uniform framework of their spectral and timing properties. Earnshaw et al. (2018) and Song
et al. (2020) identified candidates propeller phases in ULXs data.

ULXs still remain elusive sources: studying their variability is an important tool to unveil the
details of the accretion processes in act in these systems. Many aspects concerning the variability in
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ULXs are still matter of study. Even if a trend between the variability on minutes to hours time-scales
and the spectral regime of the source has been identified, i.e. the soft sources appear to be the most
variable (Sutton et al. 2013), not all the sources in the soft ultraluminous regime present this kind of
variability. In addition, short-term variability studies and the search for QPOs are often limited in
ULXs by the low count rates (e.g. Urquhart et al. 2022). Also the long-term variability properties of
ULXs are not well understood. Different hypothesis have been made about the origin of the long-term
(super-)orbital periodicities observed in some ULXs, which are still matter of study. In addition, the
sparse coverage, often present in the ULXs observations, may bring to miss a super-orbital modula-
tion or to confuse it with a bimodality (see e.g. Tsygankov et al. 2016, Brightman et al. 2019). As a
consequence it is not clear how many ULXs effectively have a super-orbital modulation of their flux,
or if these modulations may have timescales different from the months timescales found so far. The
long-term aperiodic variability is often observed in individual sources, but a systematic study of its
properties in samples of ULXs is still lacking. Therefore, the aim of this project is to enlarge the
physical description of the ULX population through the study of their long-term variability proper-
ties. For this reason, we have undertaken monitoring campaigns of a sample of ULXs with the Swift
satellite. Swift is particularly suitable for such studies because it allows to perform weekly visits for
a long time (e.g. for a year). Long-term studies of the ULXs have been published for a few bright
sources of the ULX population (e.g. Kaaret and Feng 2009, Grisé et al. 2010, 2013, La Parola et al.
2015, Brightman et al. 2020). In addition, the number of known ULXs is increasing, also thanks to
the Swift/XRT monitorings: the recent catalogue of Walton et al. (2022), which considers data taken
with Swift, XMM-Newton and Chandra observatories, contains 1843 ULX candidates.

This chapter is organized as follows: we briefly introduce the X-ray satellites used to take the
data analysed in this thesis. We describe the sample of sources monitored with the Swift observatory
and present the data reduction and analysis in detail. The results obtained are then reported, followed
by their discussion. We also include information on the additional analysis of the ULXs in NGC
925, which presented the most interesting results among the sample analysed and are the subject of
a paper published in MNRAS (Salvaggio et al. 2022).

3.1 X-ray instrumentation
X-rays cannot be collected with telescopes on the Earth surface. Indeed, X-rays are absorbed by the
Earth atmosphere and telescopes on board of satellites are needed to study X-ray sources.

X-rays represent a very energetic emission in the electromagnetic spectrum: they have a frequency
in the band 1017 Hz < 𝜈 < 1019 Hz, higher than the frequency of the ultraviolet emission, but smaller
than the frequency of the gamma rays. Because of the high frequency, X-ray radiation cannot be
detected with normal incidence telescopes: the radiation would penetrate through the telescope
mirrors, which would be unable to reflect the incoming photons onto the focal plane. X-ray radiation
is detected thanks to the grazing incidence (incidence angles smaller than 2𝑜) onto mirrors made
with dense materials: the mirror surface is quasi-parallel to the incoming radiation, thus the latter is
not absorbed but reflected.

The most used configuration is Wolter I (Wolter 1952). In this configuration, the mirror is
composed of a parabolic and an hyperbolic sections: the incoming photons will be reflected twice
before reaching the focal plane, where the detectors are located. In order to increase the effective
area and consequently the capability to collect more of the incoming X-ray photons, many nested
mirrors are usually put in the telescope assembly.
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3.1.1 The Neil Gehrels Swift Observatory
The Swift satellite123 (Gehrels et al. 2004) was launched in November 2004, with the main mission
of studying the Gamma Ray Bursts (GRBs). Swift hosts three scientific instruments: BAT (Burst
Alert Telescope), XRT (X-Ray Telescope) and UVOT (Ultraviolet and Optical Telescope).

1. The XRT (Burrows et al. 2005) is an X-ray telescope working in 0.2–10 keV, with a focal
lenght of 3.5 m and the mirrors configuration is Wolter I. The X-ray telescope has an effective
area of 110 cm2, a field of view (FOV) of 23.6 arcmin2 and a Point Spread Function (PSF)
of 18 arcsec at 1.5 keV (the PSF indicated is expressed in terms of half power diameter: the
diameter of the circle containing half of the counts of the received radiation). The energetic
resolution of the XRT (at launch) is 140 eV and the time resolution is 1.8 ms in WT mode, i.e.
windowed-timing, with 1-dimensional spatial information, and 2.5 s in PC mode, i.e. photon
counting, in two dimensions. The detectors are front-illuminated CCD detectors, with the
same MOS design of the XMM-Newton EPIC MOS cameras (more details in section 3.1.2),
and one pixel covers 2.36 arcsec on the field of view.

2. The UVOT (Roming et al. 2005) is an optical and UV telescope working in the energy band
170–650 nm with a micro-channel plate intensified CCD detector. The mirrors configuration
is Ritchey-Chretien (two hyperbolic mirrors) with a third mirror inclined at 45°, which reflects
the radiation towards the filter wheel containing a set of optical and UV filters. The telescope
PSF is 0.9 arcsec FWHM and the field of view size is 17 arcmin.

3. The BAT (Barthelmy et al. 2005) is the instrument used to detect the GRBs and it is able to
determine their initial position with an accuracy of 3 arcmin, in 20 s. It has a sensibility in the
energy range 15–150 keV, an energetic resolution of 7 keV and a field of view of 2 steradians.
When a GRB event has been detected, Swift autonomously slews to collect the soft X-rays and
optical counterparts of the event.

In this work, we have used the data taken with the Swift/XRT instrument. In addition, to complete
our analysis, we exploited the XMM-Newton, Chandra and NuSTAR archives. In the next section we
describe the main features of the instruments used.

3.1.2 Other X-ray instruments
XMM-Newton:
The X-ray Multi-Mirror Mission4, XMM-Newton (Jansen et al. 2001), is the bigger scientific X-ray
satellite ever launched by the European Space Agency (ESA). It is as heavy as about 4 tons and
10 m long. XMM-Newton hosts three X-ray telescopes, each of them with focal lenght 7.5 m and
composed of an assembly of 58 nested mirrors, in Wolter I configuration, which work by using the
grazing incidence. The mirrors are made of gold and nickel.

The effective area of the XMM-Newton X-ray telescopes is maximum at 1.5 keV, with 1900 cm2,
while 1500 cm2 are found at 2 keV and 900 and 350 cm2 respectively at 7 and 10 keV; the spatial
resolution (in the center of the field of view) is 5′′ in FWHM (or 15′′ in HPD) and the FOV is of 30′

in diameter.
Here we use data taken with the European Photon Imaging Camera (EPIC). It is an instrument

which comprises three cameras based on CCDs arrays: one of them is based on pn CCDs, with
electrodes on both surfaces of the device, while the other two are MOS (Metal-Oxide-Semiconductor)
CCD cameras. CCDs are solid state sensors, made with doped semi-conductors, able to convert the
incoming photons into charged particles, whose number is proportional to the energy of the incoming
photons. Potential wells collect the charged particles, in a depletion region free of majority charge

1https://swift.gsfc.nasa.gov/
2http://www.swift.ac.uk
3https://swift.asdc.asi.it/
4https://www.cosmos.esa.int/web/xmm-newton/technical-details
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carriers. As a consequence, the excess charge is produced by the incoming radiation, which can
be determined through the read-out register. MOS CCDs are composed of a thin oxide layer with
electrodes (gates) above it, a silicon layer n-doped and a silicon substrate p-doped; they are sensible
to energies between 0.2 and 10 keV. In the pn CCDs, which are backside illuminated three phases
devices, there is a silicon substrate n-doped and the MOS gates are substituted by a pn junction.
Thanks to the presence of electrodes on both the device surfaces a fully depleted region can be
obtained in the pn CCDs and the sensibility is in the energy band 0.2-15 keV, larger than that of the
MOS case.

Between the MOS detectors and the telescopes there are the Reflecting Gratings Spectrometers
(RGS), so part of the radiation is deflected towards their detectors and only about 44% of the radiation
reaches the MOS. The pn camera receives instead all the incoming flux. The nominal energy interval
for the EPIC cameras is 0.15 – 15 keV.

On board XMM-Newton there is also an optical telescope, but we did not use its data for this thesis.

Chandra:
Chandra5 (Weisskopf et al. 2000) is a satellite hosting an X-ray telescope composed of four couples
of nested mirrors, each of them composed by an hyperbolic and a parabolic section, coated with
iridium. The scientific instruments on board Chandra are an Advanced CCD Imaging Spectrometer
(ACIS) and an High Resolution Camera (HRC), both in the focal plane and a Low Energy Transmis-
sion Grating Spectrometer (LETG) and a High Energy Transmission Grating Spectrometer (HETG),
which are spectrometers. ACIS and HRC give information about the number, position, energy and
arrival time of the X-ray photons and work nominally in the energy band 0.2-10 keV e 0.1-10 keV,
respectively.

In this work we used data taken with ACIS, which has a very good angular resolution of 0.5′′

(HPD), better than any other X-ray satellite. ACIS-I is composed of 4 front illuminated CCDs, while
ACIS-S is composed of 4 front illuminated and 2 back illuminated CCDs. The two ACIS instruments
have respectively a field of view of 16′×16′ and 8′×48′.

NuSTAR:
NuSTAR6 (Harrison et al. 2013) is a satellite working with the hard X-rays: it is sensible to 3 – 79
keV. It hosts two X-ray telescopes with 133 nested mirrors in a conic approximation of the Wolter
I configuration. It has two detector units, each of them composed of four Cadmium-Zinc-Telluride
detectors, able to convert high-energy photons into electrons. The energy resolution of the detectors
is 0.4 keV. NuSTAR has an angular resolution of 43′′ HPD and its FOV is 13′×13′.

We have used the NuSTAR observations of NGC 925 to better characterize the ULXs spectra at
high energies.

3.2 Swift/XRT monitoring campaigns: sample description
In order to obtain a sample of ULXs suitable for temporal variability studies, aimed at collecting
information about the variability on timescales from days to months, and to search for new transients,
our research group proposed the monitoring of a sample of nearby spiral galaxies, with the Swift
satellite. The monitored galaxies have a distance < 15 Mpc and contain at least one known ULX. The
selection criteria were the following: the galaxies had to contain at least one known ULX and they
had to be only poorly monitored before our observation request. The limit on distance was chosen to
guarantee the detection of known sources, at least when they are ultraluminous (L𝑥 above 1039 erg
s−1), with observations of 1–2 ks exposure, which allowed us also to be sensible to new transients in
the ultraluminous range.

The monitoring campaign began in 2019 and included the observations of seven galaxies with a
two weeks cadence. This cadence allowed us to monitor the galaxies over an entire year and therefore
to investigate the variability from weeks to months timescales. On the other hand, features on days

5http://chandra.harvard.edu
6https://www.nustar.caltech.edu
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Galaxy RA Dec Dist.(Mpc) n.ULX logd25 log(r𝑚𝑎 𝑗 /r𝑚𝑖𝑛) area
Circinus 14:13:09.9 −65:20:20.8 4.2 6 1.94±0.02 0.31±0.04 0.016
M101 14:03:12.6 +54:20:56.7 7.0 6 2.38±0.02 0.02±0.03 0.189

NGC3486 11:00:24.1 +28:58:30.1 12.6 1 1.76±0.02 0.15±0.04 0.013
NGC3623 11:18:55.9 +13:05:32.5 13.3 1 1.88±0.03 0.59±0.05 0.019
NGC3627 11:20:15.0 +12:59:30.0 8.4 2 2.01± 0.03 0.35±0.04 0.022
NGC4945 13:05:27.3 −49:28:04.3 3.6 4 2.37±0.01 0.76±0.04 0.044
NGC5236 13:37:00.9 −29:51:56.1 4.7 4 2.13±0.02 0.01±0.03 0.028
NGC925 02:27:20.2 +33:34:12.8 8.9 3 2.03±0.02 0.27±0.03 0.028
NGC5055 13:15:41.4 +42:02:25.7 9.0 3 2.07±0.02 0.22±0.04 0.038
NGC4517 12:32:42.7 +00:06:54.9 8.6 1 1.96±0.02 0.80±0.02 0.006

Table 3.1: Sample of the observed galaxies. The coordinates (J2000) of the galaxies, logd25 (log of
the apparent diameter in units of log(0.1arcmin)) and log(r𝑚𝑎 𝑗 /r𝑚𝑖𝑛) (r𝑚𝑎 𝑗 and r𝑚𝑖𝑛 are the major and
minor axis) are taken from HyperLeda (http://leda.univ-lyon1.fr/). The references for the distances
are reported in the text. We indicate the number of the ULXs in each galaxy, including both the
confirmed and the candidate ULXs. The galaxy area (in deg2) is derived from the d25, except for
M101, which is not completely included in the Swift/XRT image, does we used the area visible in
the field of view.

timescales may be lost with such a cadence. In the following year, 2020, the monitoring of three
of the galaxies, i.e. the ones containing the most variable and luminous ULXs, was extended: we
asked for a denser sampling, with weekly cadence, to investigate variability on a smaller timescale
and sometimes we asked for additional intra-week observations. In 2021, we extended the original
sample monitoring other three galaxies: the final sample analysed comprises 10 galaxies, in which
we detect 25 ULXs; some more ULXs are contained in the analysed galaxies but they are not detected
or spatially resolved in these data. The tables containing the observations details are reported in the
appendix (see appendix A). The main characteristics of each galaxy are reported in table 3.1. The
coordinates of the ULXs detected in the Swift/XRT data are indicated in table 3.2, where we also
indicate Chandra coordinates from the literature, when possible. The Swift/XRT observations are in
PC mode.

We evaluated the number of background AGN expected at the fluxes considered in our analysis.
The number of the extragalactic sources expected in a square degree was derived by the LogN-LogS
relation given in Moretti et al. (2003), which corresponds to ∼ 0.8 contaminants in the field of view
of the sum of the areas of the observed galaxies.

Circinus galaxy
At a distance of 4.21 Mpc (Tully et al. 2013), Circinus galaxy is a spiral Sb galaxy and contains six
ULXs (Bauer et al. 2001, Liu and Mirabel 2005, Winter et al. 2006, Ptak et al. 2006, Swartz et al.
2004, Walton et al. 2013). Four of them are near the nuclear region and cannot be resolved from the
nucleus in Swift/XRT images and another one is a candidate ULX (indicated as 6ULX in this thesis),
which is usually around and sometimes above 1039 erg s−1 in our Swift/XRT monitoring. Thus here
we analyse just the two ULXs further from the nuclear region, i.e. 4ULX (ULX5 in the literature;
Walton et al. 2013) and 6ULX (see table 3.2 for their coordinates).

M101
This galaxy is a face-on barred SABc spiral galaxy at a distance of 6.95 Mpc (Tully et al. 2013) and
contains many point-like X-ray sources. Five of them have been classified as ULX (Pence et al. 2001,
Colbert and Ptak 2002, Liu and Mirabel 2005, Liu and Bregman 2005, Heida et al. 2014); one of
them (indicated as 24ULX in this thesis) was previously classified as an X-ray source, in particular
a HMXB (Mineo et al. 2012), but reached ULX luminosities in our analysis in the Swift/XRT data.
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Galaxy name RA Dec𝑆𝑤𝑖 𝑓 𝑡 RA Dec𝐶ℎ𝑎𝑛𝑑𝑟𝑎 Ref.
Circinus galaxy

4ULX 14:12:39.0 −65:23:32.2 14:12:39.1 −65:23:32.7 (4)
6ULX 14:12:53.6 −65:22:54.7 14:12:53.5 −65:22:54.7 (1)

ULX1;CG X-1 14:13:12.3 −65:20:13.0 (2)
ULX2;CG X-2 14:13:10.0 −65:20:44.0 (2)

ULX3 14:13:10.3 −65:20:17.0 (2)
ULX4 14:13:10.4 −65:20:22.0 (2)

M101
2ULX 14:02:48.2 +54:13:51.7 14:02:48.2 54:13:50.7 (3)
16ULX 14:02:29.7 +54:21:18.1 14:02:29.9 +54:21:18.7 (4)
24ULX 14:03:04.0 +54:27:35.9 14:03:03.9 +54:27:35.1 (5)
27ULX 14:04:14.3 +54:26:03.6 14:04:14.2 54:26:04.5 (4)
28ULX 14:03:32.4 +54:21:03.0 14:03:32.4 +54:21:02.8 (4)
29ULX 14:03:14.3 +54:18:06.0 14:03:14.3 +54:18:06.2 (4)

NGC3486
ULX1 11:00:22.4 +28:58:18 (10)∗

NGC3623
18ULX 11:18:58.5 +13:05:30.9 11:18:58.5 +13:05:31.0 (4)

NGC3627
5ULX 11:20:20.8 +12:58:46.0 11:20:20.9 +12:58:46.6 (4)
23ULX 11:20:18.2 +12:58:58.9 11:20:18.3 12:59:00.3 (6)

NGC4945
4ULX 13:05:20.8 −49:28:23.1 13:05:21.9 −49:28:26.6 (1)
6ULX 13:05:32.8 −49:27:34.1 13:05:32.9 −49:27:34.1 (1)

Suzaku_J1305-4931 13:05:05.5 −49:31:39.0 (7)∗∗
41ULX∗∗∗ 13:04:56.1 −49:31:58.2

NGC5236
58ULX 13:37:19.7 −29:53:48.9 13:37:19.8 −29:53:48.7 (4)
79ULX 13:37:04.9 −29:52:07.6 13:37:05.1 −29:52:07.2 (8)
9ULX 13:36:59.3 −29:49:59.5 13:36:59.5 −29:49:59.1 (4)
82ULX 13:37:04.4 −29:51:23.0 13:37:04.4 −29:51:21.6 (4)

NGC925
ULX-1 02:27:27.5 +33:34:42.8 02:27:27.5 +33:34:43.0 (9)
ULX-2 02:27:21.4 +33:34:59.1 02:27:21.5 +33:35:00.7 (9)
ULX-3 02:27:20.1 +33:34:12.5

NGC5055
ULX-1 13:15:19.5 +42:03:03.1 13:15:19.6 +42:03:02.3 (1)
ULX-2 13:15:39.9 +42:01:51.8 13:15:39.3 +42:01:53.4 (1)
ULX-3 13:16:01.9 +42:01:52.0 13:16:02.3 +42:01:53.6 (1)

NGC4517
ULX-1 12:32:42.8 +00:06:53.4

Table 3.2: Sample of the studied ULXs; when a source was not detected in our analysis of Swift/XRT
data, we reported the name from the literature. The reported coordinates come from the source
detection onto the stacked Swift/XRT image. We indicate also the Chandra coordinates from the
literature when possible. In the last column we indicate the reference for the Chandra coordinates.
(1) Swartz et al. 2004; (2) Liu and Mirabel 2005; (3) Heida et al. 2014; (4) Chandra Source Catalog
2.0; (5) Mineo et al. 2012; (6) Swartz et al. 2009; (7) Isobe et al. 2008, ∗∗ the reported coordinates
are from Suzaku; (8) Soria et al. 2012; (9) Swartz et al. 2011; (10) Foschini et al. 2002, ∗ the reported
coordinates are from XMM-Newton; ∗∗∗ see section 3.4.3
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NGC 3486
It is a barred Sc spiral galaxy at a distance of 12.60 Mpc (Tully et al. 2016), containing one known
ULX (Foschini et al. 2002). In our Swift/XRT monitoring the ULX was not detected. When we
asked the observations we had used a slightly smaller distance for this galaxy. Thus the detection
threshold in an average exposure of 1.5 ks was underestimated. The sensibility in the Swift/XRT
observations, for a 3𝜎 detection, corresponds to a luminosity of ∼ 5×1039 erg s−1.

NGC 3623
With a distance of 13.30 Mpc (Tully et al. 2016), NGC 3623 is the more distant galaxy in the sample.
It is an Sa barred spiral galaxy, which hosts one known ULX (Liu and Bregman 2005).

NGC 3627
It is a barred Sb spiral galaxy, at a distance of 8.39 Mpc (Tully et al. 2016). Two ULXs are included
in the D25, i.e. the apparent diameter of a galaxy, of NGC 3627 (Liu and Bregman 2005, Swartz
et al. 2009).

NGC 4945
This barred spiral SBc edge-on galaxy has a distance of 3.55 Mpc (Tully et al. 2009). It contains three
known ULXs, two of them are persistent (J130521.94-492826.6, J130532.89-492734.1; Swartz et al.
2004), while the third is a transient object, discovered with Suzaku (Suzaku J1305-4931; Isobe et al.
2008) and never detected in subsequent observations. In addition, a fourth object switched on and
reached a ULX luminosity during the Swift/XRT monitoring analysed in this work (see section 3.4.3).

NGC 5236
NGC 5236, or M83, at a distance of 4.66 Mpc (Tully et al. 2013), is a barred Sc spiral galaxy with
two known ULXs (Colbert and Ptak 2002, Soria et al. 2012) and one of them is a transient source. In
addition, two sources, previously classified as X-ray sources (Berghea et al. 2008), sometimes exceed
1039 erg s−1 in the Swift/XRT data in our analysis.

NGC 925
It is a barred Scd spiral galaxy, at a distance of 8.9 Mpc (Tully et al. 2013) and hosts three ULXs.
NGC 925 ULX-1 and ULX-2 (Swartz et al. 2011, Pintore et al. 2018b) are persistent sources, while
ULX-3 (Earnshaw et al. 2020) is a transient object.

NGC 5055
This galaxy is a spiral, Sbc, at a distance of 9.04 Mpc (Tully et al. 2013) containing three ULXs
(Roberts and Warwick 2000, Swartz et al. 2004).

NGC 4517
It is an egde-on Sc spiral galaxy, at a distance of 8.58 Mpc (Tully et al. 2013). The galaxy hosts
one ULX (Swartz et al. 2011) and before our monitoring had never been observed with the Swift
observatory.

3.2.1 Swift/XRT data reduction
We reduced data with standard procedures, running xrtpipeline7, version 0.13.4 (release date: 2017-
03-15). To detect the X-ray sources in each exposure, we ran ximage8, with a detection threshold
of 3 sigma. We constructed a catalog of the known X-ray sources, for each galaxy in our sample,

7https://heasarc.gsfc.nasa.gov/ftools/caldb/help/xrtpipeline.html
8https://heasarc.gsfc.nasa.gov/docs/xanadu/ximage/ximage.html
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consulting the literature and the astronomical databases Simbad9 and NED10 and compared the
detected sources with the resulting catalog.

In addition, we constructed a stacked image with the Swift/XRT data of each galaxy. We report
these images, with the regions corresponding to the ULXs super-imposed in figure 3.1. We also
super-impose the optical contours of each galaxy from DSS. The ULX in the galaxy NGC 3486 is
visible in the stacked image, even if it was not detected in the individual observations. We used
all the available Swift/XRT exposures to construct the image, given the small number of counts in
the observations. We also derived an average luminosity for NGC 3486 1ULX from the stacked
exposures taken in 2019-2020, obtaining a value of (3.7±0.6)×1039 erg s−1.

The spectra and light curves were extracted using 20′′ regions, while the background was ex-
tracted from circular regions of 50′′ radius, where no sources were present, but including part of the
host galaxy to consider its contribution to the detected emission.

Light curves: The light curves of both sources and background, in each Swift/XRT observation,
have been extracted using xselect (version 2.4) and have been corrected using xrtlccorr, which
takes into account the telescope vignetting, losses due to the point spread function (PSF) and to bad
pixels/columns in the extraction region. We obtained a background subtracted light curve, using
lcmath, for each source in each observation. We used the light curves from the single observations
to construct the light curve with all the analysed Swift/XRT exposures, for each ULX, using lcurve
from the xronos package for timing analysis version 5.22. We binned the light curves in 6 days bins,
to have a common baseline for every ULXs while studying the variability. This ensures to include in
the same bin additional intra-week observations, occasionally available for some ULXs, and to study
the variability down to days timescales also in the first year of observations, when some additional
exposures, with respect to our observations every two weeks, have been done, especially for Circinus
galaxy.

Spectra: The Swift/XRT spectra of each source in each observation have been extracted using
xselect. The exposure maps have been obtained with xrtexpomap version 0.3.1 and the ancillary
response files (ARFs) with xrtmkarf version 0.6.3. The Redistribution Matrix File (RMF) used
(swxpc0to12s6_20130101v014.rmf) was downloaded from the more recent CALDB release11. Due
to the low statistics in the individual short-exposure Swift/XRT observations, we have not grouped
the single spectra to apply a spectral fit. We just assumed a spectral model to derive a flux from each
Swift/XRT spectrum. See section 3.3.2 for more details.

3.2.2 XMM-Newton data reduction
We reduced archival XMM-Newton EPIC data data using the software SAS v.17.0.0. For the pn, we
selected single pixel and double pixel events (PATTERN ≤ 4), for the MOS single and multiple pixel
events (PATTERN ≤ 12). We cleaned the data removing high particle background time intervals, in
which the count rate was > 1 cts s−1, at energies > 10 keV. We extracted the spectra from circular
regions of 20, 30 or 35′′ radius, depending on the specific source, e.g. a smaller radius was chosen to
avoid contamination between the sources in crowded field, a larger radius to include the emission of
the most luminous or off-axis sources. The background was extracted from circular regions free of
sources, in the same CCD quadrant and close to each source, with a radius of 50 or 60′′. We grouped
the spectra in 20 (or 25, depending on the source statistics) counts per bin. For the spectral analysis
we used xspec version 12.10.1 (Arnaud 1996).

9http://simbad.u-strasbg.fr/simbad/
10https://ned.ipac.caltech.edu/
11https://www.swift.ac.uk/analysis/xrt/files/SWIFT-XRT-CALDB-09_v19.pdf
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Figure 3.1: Swift/XRT stacked image for the observed galaxies. The ULXs positions are indicated with circles of 20′′ radius
and the optical contours from DSS of each galaxy are super-imposed with solid lines. Left (from top to bottom): Circinus
galaxy, NGC 3486, NGC 3627, NGC 5236, NGC 5055. Right (from top to bottom): M101, NGC 3623, NGC 4945, NGC
925, NGC 4517.

40



Galaxy ULX 𝜎𝑣𝑎𝑟 F′𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒′

𝑣𝑎𝑟, [0.3−10]𝑘𝑒𝑉 F′𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒′

𝑣𝑎𝑟, [0.3−1.5]𝑘𝑒𝑉 F′𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒′

𝑣𝑎𝑟, [1.5−10]𝑘𝑒𝑉 t𝑚𝑖𝑛 (days) ΔF
Circinus galaxy 4ULX >38 0.70±0.01 0.63±0.01 0.77±0.01 0.7 D 11.2

6ULX 4.0 0.52±0.01 0.63±0.01 0.57±0.01 0.4(∗) R >6.7
M101 2ULX 2.74 – – – – >3.9

16ULX 3.63 0.73±0.04 0.51±0.02 0.10±0.04 8.4 D >3.7
24ULX 4.15 0.36±0.01 0.47±0.01 0.45±0.01 5.8 R 5.4
27ULX 6.14 0.59±0.01 0.59±0.01 0.59±0.03 7.8 D 3.7
28ULX 0.96 – – – – >3.7
29ULX 5.76 0.64±0.05 0.41±0.05 0.04±0.03 10.9 R >6

NGC3486 1ULX – – – – –
NGC 3623 18ULX 0.46 – – – – >2.7
NGC 3627 5ULX 2.89 – – – – 2.0

23ULX 1.97 – – – – >2.5
NGC4945 4ULX 10.29 0.51±0.01 0.60±0.02 0.60±0.01 3.2 R >11

6ULX 6.46 0.41±0.01 0.65±0.02 0.54±0.01 4.4 R >8.9
NGC5236 9ULX 3.18 0.52±0.01 0.53±0.02 0.63±0.02 2.3 D >3.4

58ULX 13.40 0.57±0.01 0.57±0.01 0.75±0.01 1.1 D 6.2
79ULX 5.44 0.51±0.01 0.55±0.01 0.61±0.02 4.9 R 5.1
82ULX 3.28 0.48±0.01 0.51±0.01 0.65±0.01 2.9 R 6.1

NGC925 1ULX >38 0.63±0.01 0.62±0.01 0.69±0.01 5.4 R 10.4
2ULX 5.8 0.39±0.01 0.42±0.01 0.54±0.01 – 4.2
3ULX 29.8 0.77±0.01 0.65±0.01 0.72±0.01 2.0 R >25

NGC5055 1ULX 18.41 0.66±0.01 0.57±0.01 0.92±0.01 1.6 R 9.6
2ULX 3.41 0.51±0.02 0.48±0.05 0.45±0.10 0.8 R >3.4
3ULX 2.60 – – – – >3.5

NGC4517 1ULX 0.54 – – – – 1.6

Table 3.3: The significance of the variability (𝜎𝑣𝑎𝑟 ) on timescales of days calculated using the
Cash statistics; F𝑣𝑎𝑟 for the variable ULXs in the total, soft (0.3–1.5) keV and hard (1.5–10) keV
energy bands, in the studied sample; minimum half times (t𝑚𝑖𝑛) (using unabsorbed fluxes); maximum
variability factor. We used the light curves with bins large six days for deriving F𝑣𝑎𝑟 and the Cash
statistics; the half times are instead derived considering the flux variation among the observations.
We write ’D’ if the minimum half time derived has been found during a flux decaying phase, or ’R’
if it has been found during a rising phase.
(*) the model derived from the average values of the XMM-Newton fit is non-acceptable for the
Swift/XRT average spectrum and no other acceptable fit has been found by modelling the average
Swift/XRT spectrum. Thus the fluxes used to derive the half time may not always be correct.

3.3 Data analysis for the whole Swift/XRT sample
3.3.1 Temporal variability
To study the variability properties of the long-term light curves (stacked in six days bins) of the ULXs
monitored with the Swift satellite, we applied the methods described in section 2.5.

For each ULX we verified if the light curve significantly differs from a constant value, by applying
the Cash statistics (Cash 1979): the resulting significances are reported in table 3.3. To quantify
the variability, we evaluated the F𝑣𝑎𝑟 of the Swift/XRT data. We applied the "ensemble" approach
proposed in Allevato et al. 2013, as described in section 2.5.3, which is more reliable than single
estimates especially for sparse sampled light curves, as in this case. We simulated 5000 light curves,
starting from the observed binned one, and we derived F𝑣𝑎𝑟 for each of them. We grouped those
values in bins of 50 points and derive a mean F𝑣𝑎𝑟 for each bin. We then constructed the distribution
of the obtained values and derived the "ensemble" estimate from the mean of the distribution (see
table 3.3). The same method was used both to derive F𝑣𝑎𝑟 in the total energy band (0.3-10 keV) and
in the soft and hard energy bands, respectively below and above 1.5 keV.

The simulations were performed using a Monte Carlo approach. In case of a detection, a random
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value was extracted from a Poissonian distribution centered on the observed total counts. We used the
relative contribution of the observed source and background counts to derive the contribution of each
component to the simulated total counts. We then obtained the net count rate dividing the obtained
simulated source counts by the exposure time. We derived the uncertainty for each simulated count
rate from the total counts: we used the Gehrels approximation (Gehrels 1986) if the total counts were
less than twenty, and the square root of the counts otherwise. For the evaluation of F𝑣𝑎𝑟 the upper
limits are usually excluded and we did the same. As a consequence, when many significant upper
limits are present in the light curve, F𝑣𝑎𝑟 may be underestimated.

Given that the F𝑣𝑎𝑟 calculation does not take into account the upper limits, we derived the
maximum variability factor observed for each ULX, considering also the information provided by
the upper limits. We report the results in the last column of table 3.3. We defined the variability factor
(ΔF) as the ratio between the maximum and minimum flux of the source. We used the symmetric
fluxes, i.e. we used the central value in the error bar for each flux, and we summed the flux error (i.e.
half error bar) to the minimum flux value and subtracted the error to the maximum flux value before
computing the ratio, in order to take into account the uncertainties. If the minimum value was an
upper limit we report a ">", which indicates that the variability may be larger.

To derive information about the timescales of the variability, we also estimated the time needed to
halve or double the flux of the sources significantly variable and with at least a factor two of variation
among the observations; for this test we used the light curves with one observation per bin. The single
Swift/XRT observations have not enough statistics to do a spectral analysis thus, to derive the fluxes,
we used the spectral parameters from the fit of the average Swift/XRT spectrum or, when also the
statistics of the average Swift/XRT spectrum was to low to do a spectral fitting, we used the average
spectral parameters derived from the spectral analysis of the XMM-Newton data, which is reported
in section 3.4.2, and we verified if they were a good fit also for the average Swift/XRT spectrum.
We considered consecutive couples of fluxes and we summed the upper error to the smaller flux and
subtracted the lower error to the larger flux. In this way we could verify if at least a variation of
a factor two was present taking into account also the uncertainties. If the ratio between these two
values was larger than 2, we evaluated the logarithm of the two values and derived the line connecting
the two points. We determined the point on the line corresponding to a variation of a factor two and
evaluated the time needed for this flux variation. We selected the minimum time interval found for
each source and we report these values in table 3.3.

We also looked for flux periodicities by applying the Lomb-Scargle method to the Swift/XRT
light curves (stacked in 6 d bins). No periodicities have been detected, except for one ULX: NGC
925 ULX-3. The details about this part of the analysis are included in section 3.5.1 and 3.5.2.

3.3.2 Spectral analysis
ULXs spectra have been modeled in the literature with different spectral models, e.g. power-law,
disc-like or comptonizing models (e.g. Roberts et al. 2006, Middleton et al. 2011b, Walton et al.
2013, Brightman et al. 2016b, Pintore et al. 2016, Bachetti et al. 2013). Simple models, i.e. one
component models, allow for good fits only for low statistics spectra; when the statistics of the
spectrum is good, at least two components are usually needed to describe the complex spectral shape
typically observed in ULXs (see e.g. Gladstone et al. 2009, Pintore and Zampieri 2011, Middleton
et al. 2015a, Walton et al. 2020).

In the context of super-Eddington accretion, the two spectral components can be explained with
an inflated disc inside the spherization radius (e.g. Poutanen et al. 2007), producing a complex
structure composed of zones with different temperatures. The colder component may model the
outer disc and/or the photosphere of the ejected winds (e.g. King and Pounds 2003); the hotter
component may reproduce a hot inner accretion flow.

As a consequence of the above considerations, we decided to model the spectra with a cold
blackbody model, bbodyrad in xspec and a hotter multi-color blackbody disc, diskbb (Mitsuda
et al. 1984) in xspec. We also used an absorption component, tbabs, which models both the Galactic
one and the local absorption, if present, thus we fixed a minimum to the absorption component equal
to the Galactic absorption for each source.
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Because of the low statistics in the short-exposure Swift/XRT data, they are not useful to study
the spectral shape of the sources. So we used archival XMM-Newton data to characterize the ULXs’
spectra. We also constructed an average Swift/XRT spectrum for each ULX and, when the statistics
was enough to do a spectral analysis, we fit it with the same spectral model used in the fit of the
XMM-Newton spectra (bbodyrad + diskbb, or just a diskbb in some cases). See table 3.4 (3.7 for
NGC 5055 ULX-2: in this case the Swift/XRT average spectrum was better modelled by a power-law).
In some sources just one thermal component is sufficient to model the spectrum: in such cases we
used just a diskbb. We used the data of all the three EPIC cameras (pn, MOS1, MOS2) when possi-
ble. We excluded the data where the source of interest falls in a CCD gap or on a bad column. We
considered the spectra in the energy range (0.3-10) keV and binned the data with a minimum of 20 (or
25, depending on the source statistics) counts per bin. We also consider a multiplicative constant in
the model used for the spectral fit to take into account differences in the calibration of the instruments.

Sutton et al. (2013) proposed a method to classify the spectral shape of a ULX in three spectral
regimes (soft ultraluminous, hard ultraluminous or broadened disc), based on the spectral parameters
of a diskbb+power-law model. Such spectral shapes are linked to different geometrical configu-
rations of the system, i.e. a soft regime implies that a ULX is seen trough its wind, while a hard
shape suggests a less inclined source where the emission of the inner regions is directly visible to the
observer. In addition, the broadened disc shape is expected for sources around their Eddington limit,
while the hard and soft ultraluminous regimes are expected for increasing accretion rates. Therefore
this classification can be used to obtain information about the accretion configuration of the analysed
sources. We thus fit the ULXs in our sample also with a tbabs*(diskbb+power-law) model and
used this model to classify the ULXs in our sample. The resulting parameters for this second spectral
model are reported in table 3.7.

3.4 Results
3.4.1 Temporal variability on days timescales
We studied the variability of all the detected ULXs (see table 3.3), using a common binning of
six days for the light-curves, in order to consider similar timescales while comparing the analysed
sources. Some ULXs were not detected (NGC 3486 ULX1 and NGC4945 Suzaku_J1305-4931) or
not spatially resolved (Circinus galaxy ULX1, ULX2, ULX3, ULX4) in the Swift/XRT data analysed
in this work, while NGC 4945 41ULX was detected only once, so we brought the analysis on the
other 24 sources. By applying the Cash statistics we found that 17/24 sources, which correspond to
∼ 71% of the ULXs, result variable with at least a 3𝜎 significance on days to months timescales. We
further investigated their variability computing the fractional variability of the variable ones. This
estimator gives us information about the fraction of flux involved in the variation: for each observed
light curve we simulated 5000 light curves and used the simulated curves to compute the F𝑣𝑎𝑟 , by
applying an "ensemble" approach. First, we estimated the variability amplitude in the total energy
band (0.3–10 keV), where all the sources have a F𝑣𝑎𝑟 of at least 30%. In 12 sources the F𝑣𝑎𝑟 value
is larger than 50% in the total energy band. We then computed the F𝑣𝑎𝑟 in the soft (0.3–1.5) keV
and hard (1.5–10) keV energy bands. In 9 cases (∼53% of the variable sources), the hard band
dominates the variability. In M101 16ULX, M101 29ULX and NGC4945 6ULX, the variability is
instead dominated by the soft band.

To derive information about the variability timescale, for each source which has varied its flux
of at least a factor 2, we also evaluated the time needed to halve or double the flux. The results are
shown in table 3.3: the obtained timescales are between ∼ 1 and 11 days. NGC 925 ULX-2 varies
less than a factor 2 considering the uncertainties, in the data taken after 2019. Circinus 6ULX has
instead a smaller t𝑚𝑖𝑛 (∼0.4 d), but we could not find a good fit for the average Swift/XRT spectrum,
thus the fluxes used for the determination of the half time may not be correct. We fit the average
Swift/XRT spectrum with both a power-law and a multicolour disc; both the fits are not statistically
acceptable, but the disc model has a better fit statistics than the power-law one. We used the average
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Figure 3.2: Swift/XRT light curves of the ULXs monitored for this work, with the observations taken
after 2019. X-axis: time; Y-axis: unabsorbed luminosities in units of erg s−1 in (0.3-10) keV. The
conversion from observed count-rate to luminosity has been done by assuming the average spectral-
fitting with the model tbabs*(bbodyrad+diskbb) done with XMM-Newton data, which usually has
a higher quality than the Swift/XRT one; when the model was not a good fit for the average Swift/XRT
spectrum, we fit the average Swift/XRT spectrum.
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Figure 3.3: Swift/XRT light curves of the ULXs monitored for this work, with the observations taken
after 2019. X-axis: time; Y-axis: unabsorbed luminosities in units of erg s−1 in (0.3-10) keV. The
conversion from observed count-rate to luminosity has been done by assuming the average spectral-
fitting with the model tbabs*(bbodyrad+diskbb) done with XMM-Newton data, which usually has
a higher quality than the Swift/XRT one; when the model was not a good fit for the average Swift/XRT
spectrum, we fit the average Swift/XRT spectrum.
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Figure 3.4: Swift/XRT light curves of the ULXs monitored for this work, with the observations taken
after 2019. X-axis: time; Y-axis: unabsorbed luminosities in units of erg s−1 in (0.3-10) keV. The
conversion from observed count-rate to luminosity has been done by assuming the average spectral-
fitting with the model tbabs*(bbodyrad+diskbb) done with XMM-Newton data, which usually has
a higher quality than the Swift/XRT one; when the model was not a good fit for the average Swift/XRT
spectrum, we fit the average Swift/XRT spectrum.
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Figure 3.5: Swift/XRT light curve of M101 29ULX. We have stacked the upper limits to highlight
the bi-modal behaviour of the source.

values from the XMM-Newton parameters of the disc model to derive the flux (𝑛H = 0.8×1022 cm−2,
𝑘𝑇𝑖𝑛 = 0.74). The fact that we could not find an acceptable model for the average Swift/XRT spectrum
suggests the presence of spectral variability.

The long-term light curves of ULXs may also show diverse variability patterns, such as super-
orbital periods and bi-modal flux distribution. Bi-modal flux distribution could in principle indicate a
candidate PULX, because it can be produced by propeller stages. We have looked for these variability
patterns in our data. NGC 925 ULX-3 (Salvaggio et al. 2022) has a flux modulation on a period
of about four months, similar to the super-orbital periodicities found in other ULXs: more details
are given in sections 3.5.1 and 3.5.2. Another source in the sample, M101 29ULX, has shown a
bi-modal flux distribution. It has been detected only twice during the Swift/XRT monitoring. By
stacking the upper limits between the detections, we found a flux variation of about an order of
magnitude (see figure 3.5), which may be linked to propeller phases. Therefore we consider this
source a candidate PULX. M101 29ULX is not spatially resolved from other X-ray sources in the
Swift/XRT image, which may have influenced our results, thus further analysis is needed to confirm
our findings. Urquhart et al. (2022) have analysed this source in the Chandra data, where it is
resolved, and they suggest a fast-spinning NS to explain this source, but the nature of this ULX is
still not confirmed. In the analysed sample, we also found a possible flaring activity in NGC 5236
58ULX: the source presents short high flux states, where it can increase its flux by up to a factor 5.
We have asked for intra-week observations in order to track a flaring episode, but in none of those
supplementary observations the source was caught in a peak of emission. Therefore, if the observed
peaks correspond to episodes of flaring activity, we can only put an upper limit on the flares duration,
which should be of the order of a week, otherwise we would have caught the source at high flux in
consecutive observations.
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3.4.2 Spectral analysis with archival XMM-Newton data
The best-fitting parameters, obtained from the analysis of archival XMM-Newton data with the model
tbabs*(bbodyrad+diskbb), are reported in table 3.4 (the results for the ULXs in NGC 925 are
instead reported in a dedicated table 3.10), where we also report the unabsorbed fluxes for the
blackbody and disc component, in band 0.3-10 keV for each source. We also report the results for the
average Swift/XRT spectrum, when the statistics was enough to obtain a spectral fit, or alternatively
the average XMM-Newton parameters used to convert the Swift/XRT count rate to flux. The fluxes
have been derived with the convolution model cflux. In the same table we also report the 𝜒2 over the
degrees of freedom and the P𝑣𝑎𝑙𝑢𝑒 of the fit. The latter indicates the null hypothesis probability, which
is the probability that the data derive from the model. We consider the fits statistically acceptable
when they have a P𝑣𝑎𝑙 larger than 0.05, which corresponds to a confidence level > 2𝜎.

The unfolded XMM-Newton spectra of the ULXs, except for the sources in NGC 925, are displayed
in figures 3.6, 3.7, 3.8 and 3.9 (the spectra are rebinned for display purposes, when needed). For
each ULX we plot also the best-fit model for the observation with the larger statistics, to highlight
the possible spectral variability in some sources. The spectra of the ULXs in NGC 925 are instead
shown in figure 3.16, where we plot also Swift/XRT and Chandra data.

From the bbodyrad and diskbb normalizations it is possible to derive an estimate of the radius
of the emitting region for each spectral component. The bbodyrad emitting radius in km is equal to
the 𝑑×√

normbb, where 𝑑 is the galaxy distance in units of 10 kpc. The diskbb emitting radius in km

is
√︂

normdisk

𝑐𝑜𝑠(𝑖) × 𝑑, where 𝑖 is the inclination of the disc. The inner radius derived from the diskbb

component is an apparent radius; to derive the emitting region radius we have to apply corrections
(e.g. Kubota et al. 1998, Vierdayanti et al. 2008) which take into account the physics of the disc
atmosphere and a boundary condition. We thus have to multiply the resulting apparent radius by
𝑓 2
𝑐𝑜𝑙

× 𝜁 . 𝜁 = 0.4 is the boundary condition factor (e.g. Kubota et al. 1998), while 𝑓𝑐𝑜𝑙 is the colour
correction factor and it is usually taken equal to 1.7 for standard thin discs (e.g. Shimura and Takahara
1995). In case of super-Eddington accretion a better value for 𝑓𝑐𝑜𝑙 is 3 (e.g. Watarai and Mineshige
2003) and the correction factor may be radial dependent (Soria et al. 2008). We derived the emitting
regions for both the spectral components. For the disc component we derived the radii both assuming
a colour correction equal to 1.7 and 3 and we assumed an average inclination of 60 degrees. The
obtained values are indicated in table 3.5, we did not derive the radius when the normalization was
not well constrained, i.e. when we derived an upper limit.
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OBS. ID(1) 𝜒2/dof(2) P(3)
𝑣𝑎𝑙

𝑛
(4)
H kT(5)

𝑏𝑏
norm(6)

𝑏𝑏
kT(7)

𝑑𝑖𝑠𝑘𝑏𝑏
norm(8)

𝑑𝑖𝑠𝑘𝑏𝑏
F(9)
𝑏𝑏

F(10)
𝑑𝑖𝑠𝑘𝑏𝑏

instr.(11) net counts(12)

1022 cm−2 keV keV 10−13 erg s−1 cm−2 10−13 erg s−1 cm−2

Circinus 4ULX N𝐻,𝑔𝑎𝑙 = 0.53

0111240101 318.54/364 0.96 0.7+0.1
−0.1 0.42+0.04

−0.1 2.0+1.1
−0.6 2.0+0.3

−0.2 0.006+0.004
−0.003 6.7±0.3 17.91±0.04 1 11312.3

0656580601 413.01/422 0.61 0.8+0.1
−0.1 0.32+0.04

−0.04 5.6+4.9
−2.4 1.9+0.3

−0.2 0.005+0.003
−0.002 5.9±0.3 13.9±0.5 0,1,2 6103.2

0701981001 1497.21/1478 0.36 0.79+0.04
−0.04 0.5+0.1

−0.1 0.8+1.4
−0.4 2.0+0.1

−0.1 0.026+0.004
−0.004 3.7±0.4 74.1±0.1 0,2 39213.7

0780950201 359.79/327 0.1 0.8+0.2
−0.2 0.23+0.04

−0.03 12.9+27.2
−8.8 2.3+0.3

−0.2 0.002+0.001
−0.001 3.7±0.5 11.9±0.1 0,1,2 1548.7

0792382701 319/78/335 0.72 0.7+0.1
−0.1 0.3+0.1

−0.1 2.7+15.6
−1.9 1.2+0.1

−0.1 0.05+0.02
−0.02 1.8±0.4 22.8±0.5 0,1 7441.4

0824450301 1294.21/1240 0.14 0.74+0.02
−0.02 0.6+0.1

−0.1 0.4+0.1
−0.1 1.9+0.1

−0.1 0.024+0.004
−0.004 5.5±0.3 66.53±0.04 0 93412.5

Swift/XRT av. 201.86/218 0.78 0.6+0.1
−0.1 0.4+0.1

−0.1 1.6+3.4
−0.9 2.0+0.4

−0.3 0.009+0.006
−0.005 4.6±0.5 26.3±0.8 – 5606.0

Circinus 6ULX N𝐻,𝑔𝑎𝑙 = 0.53

0111240101 268.74/227 0.03 0.9+0.1
−0.1 – – 0.70+0.03

−0.03 0.08+0.02
−0.02 – 4.0±0.1 0,1 4028.1

0656580601 45.44/43 0.37 0.7+0.1
−0.1 – – 0.8+0.1

0.1 0.04+0.02
−0.01 – 3.2±0.2 0 1067.7

0701981001 161.47/183 0.87 0.8+0.1
−0.1 – – 0.73+0.03

−0.03 0.07+0.02
−0.01 – 3.6±0.2 0,1,2 2046.7

0780950201 90.69/86 0.34 0.9+0.1
−0.1 – – 0.7+0.1

−0.1 0.06+0.03
−0.02 - 3.0±0.3 0,1,2 327.5

0792382701 38.38/48 0.8 0.6+0.2
−0.2 0.4+0.1

−0.1 0.5+0.6
−0.2 4.9(> 1.8) <0.0005 1.6±0.1 1.3±0.3 0,1,2 733.6

XMM-Newton av. – – 0.8 – – 0.74 0.06 – – – –

M101 2ULX N𝐻,𝑔𝑎𝑙 = 0.085

0104260101 5.58/6 0.47 18+19
−8 – – 1.0+0.8

−0.4 0.04+0.01
−0.01 – 7.7±1.6 1,2 107.3

0164560701 11.7/14 0.63 8.1+6.8
−3.4 – – 2.0+2.4

−0.8 0.0006+0.0001
−0.0001 – 1.4±0.3 0,1,2 107.7

0212480201 27.72/19 0.09 8.2+5.1
−2.5 – – 5.1(>1.9) 0.00004+0.00001

−0.00001 – 3.2±0.6 0,1,2 144.1

0824450501 44.19/32 0.07 12+4
−3 – – 2.2+3.7

−0.7 0.0011+0.002
−0.0007 – 5.1±0.6 0,2 311.7

XMM-Newton av. – – 14.5 – – 1.3 0.01 – – – –

M101 16ULX N𝐻,𝑔𝑎𝑙 = 0.085

0104260101 56.69/42 0.07 0.25+0.1
−0.1 0.15+0.02

−0.02 47.8+123.2
−31.2 0.8+0.6

−0.3 0.0041+0.03
−0.0004 2.2±0.2 0.4±0.1 1,2 542.4

0164560701 34.75/31 0.29 0.2+0.2
−0.1 0.15+0.02

−0.02 31.3+104.8
−21.1 1.1+2.5

−0.6 <0.01 1.3±0.1 0.1±0.07 0,1,2 536.1
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0212480201 5.91/8 0.66 0.5+0.4
−0.3 – – 0.16+0.10

−0.04 87+81
−44 – 5.7±0.9 1,2 161.5

0824450501 25.88/15 0.04 0.5+0.4
−0.3 0.11+0.04

−0.03 698+22624
−666 0.7+0.7

−0.3 0.010+0.08
−0.009 7.0±0.9 0.5±0.1 2 337.1

XMM-Newton av. – – 0.18 0.15 31.2 0.97 0.006 – – – –

M101 24ULX N𝐻,𝑔𝑎𝑙 = 0.085

0104260101 217.06/203 0.24 0.13+0.1
−0.1 0.2+0.3

−0.1 1.5+17.2
−1.5 1.4+0.5

−0.1 0.006+0.002
−0.005 0.3±0.1 5.1±0.2 0,1,2 1331.1

0164560701 43.15/42 0.42 0.085 0.3+0.1
−0.1 0.4+0.3

−0.3 1.4+0.6
−0.3 0.003+0.005

−0.002 0.5±0.1 2.2±0.2 0 1133.3

0212480201 62.34/68 0.67 0.085 0.4+0.1
−0.2 0.3+0.3

−0.2 1.9+0.7
−0.4 0.002+0.003

−0.002 0.7±0.2 5.7±0.4 1,2 882.3

0824450501 320.94/309 0.31 0.13+0.10
−0.03 0.25+0.08

−0.06 1.0+3.1
−0.7 1.5+0.1

−0.1 0.005+0.001
−0.001 0.4±0.1 5.3±0.2 0,1,2 4231.9

Swift/XRT av. 14/15 0.53 0.51(<1.36) 0.12+1
−0.1 211(<26617) 1.2+0.4

−0.3 0.01+0.03
−0.01 2.7±1.4 5.6±0.5 – 420.5

M101 27ULX N𝐻,𝑔𝑎𝑙 = 0.085

0104260101 100.26/90 0.22 0.085 0.16+0.02
−0.02 15.4+12.0

−5.4 0.8+0.1
−0.1 0.03+0.03

−0.01 0.9±0.1 1.8±0.1 0,1,2 1283.6

0164560701 37.79/33 0.26 0.085 0.21+0.02
−0.03 8.0+3.5

−2.2 1.1+150.7
−0.5 0.005+0.05

−0.004 1.9±0.2 1.3±0.2 1,2 560.7

0212480201 72.35/89 0.9 0.085 0.17+0.02
−0.02 28.6+14.9

−8.5 0.6+0.1
−0.1 0.11+0.08

−0.05 2.2±0.3 3.5±0.3 1,2 1238.6

0824450501 370.25/340 0.13 0.085 0.16+0.01
−0.01 14.6+3.8

−2.7 0.66+0.1
−0.04 0.05+0.02

−0.01 1.0±0.1 1.8±0.1 0,1,2 5737.5

XMM-Newton av. – – 0.085 0.18 16.7 0.79 0.05 – – – –

M101 28ULX N𝐻,𝑔𝑎𝑙 = 0.085

0164560701 (6.12/7)/(6.71/8) 0.53/0.6 <0.4/0.085 0.07+0.02
−0.02/− <245839/− –/0.09+0.01

−0.01 –/<572 0.6±0.1/– –/0.34±0.06 0 158.7

0212480201 (29.63/39)/(29.61/39) 0.86/0.86 0.2+0.1
−0.1/0.2+0.1

−0.1 0.06+0.01
−0.01/− <114350/− –/0.06+0.01

−0.01 –/374310.06+108870
−29527 7.5±0.4/– 10.0±0.1 0,1 964.3

XMM-Newton av. – – 0.14 – – 0.08 187441 – – – –

M101 29ULX N𝐻,𝑔𝑎𝑙 = 0.085

0104260101 114.33/100 0.16 0.085 0.21+0.01
−0.01 9.5+3.0

−2.2 2.8+1.2
−0.7 0.0003+0.0004

−0.0002 1.6±0.1 3.2±0.3 1,2 1304.7

0164560701 116.74/81 0.12 0.085 0.19+0.02
−0.02 6.2+2.9

−1.8 2.2+0.8
−0.5 0.0004+0.0006

−0.0002 0.8±0.1 1.5±0.1 0,1,2 1261.4

XMM-Newton av. – – 0.085 0.2 7.85 2.5 0.00035 – – – –

NGC 5236 9ULX N𝐻,𝑔𝑎𝑙 = 0.04

0110910201 117.23/101 0.13 0.2+0.2
−0.1 0.13+0.03

−0.02 34+153
−31 1.9+0.4

−0.3 0.0007+0.0006
−0.0003 1.2±0.1 1.6±0.1 0,1,2 1209.2

0503230101 26.21/11 0.13 0.3+0.4
−0.2 − − 1.5+1.4

−0.6 <0.014 – 2.7±0.5 2 177.0

0552080101 15.44/1 0.22 0.04 − − 2.2+2.0
−0.8 <0.002 – 1.5±0.3 0 185.6
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0723450101 21.61/21 0.42 0.04 0.3+0.1
−0.2 <94.2 2.2+2.9

−0.8 <0.002 0.22±0.06 1.3±0.1 2 529.5

0723450201 87.07/87 0.48 <0.23 0.2+0.1
−0.1 3.1+24.1

−2.5 2.5+0.9
−0.5 <0.001 0.4±0.1 2.0±0.2 1,2 888.2

0729561001 49.88/44 0.25 0.04 0.14+0.04
−0.03 9.7+28.0

−6.6 2.3+0.8
−0.5 0.0004+0.0004

−0.0003 0.4±0.1 2.1±0.3 1,2 412.5

0729561201 75.75/109 0.99 <0.24 0.2+0.1
−0.1 2.0+26.9

−1.8 1.9+0.4
−0.3 0.0007+0.001

−0.0004 0.2±0.1 1.7±0.1 0,1,2 1189.6

0761620101 202.2/204 0.52 0.06+0.1
−0.05 0.16+0.03

−0.02 7.3+13.2
−4.5 2.1+0.2

−0.2 0.0006+0.0003
−0.0002 0.48±0.04 2.4±0.1 0,2 3802.9

0761620201 127.18/141 0.79 <0.2 0.26+0.04
−0.04 6.3+45.4

−4.8 1.7+0.4
−0.3 0.001+0.001

−0.0005 0.39±0.08 1.7±0.1 1,2 1082.9

XMM-Newton av. – – 0.13 0.12 46.99 1.9 0.0007 – – – –

NGC 5236 58ULX N𝐻,𝑔𝑎𝑙 = 0.04

0110910201 117.23/101 0.12 0.2+0.2
−0.1 0.14+0.03

−0.02 34.0+153.3
−30.6 1.9+0.4

−0.3 0.0066+0.001
−0.0003 1.2±0.1 1.6±0.1 0,1,2 2748.1

0503230101 55.04/51 0.32 0.04 0.33+0.03
−0.04 3.3+1.2

−0.9 2.4+7.4
−0.9 <0.007 3.9±0.3 7.0±0.7 2 1368.0

0552080101 36.88/39 0.57 0.04 0.18+0.04
−0.04 12.3+22.8

−6.4 0.9+0.3
−0.2 0.02+0.01

−0.01 1.1±0.2 2.7±0.3 1,2 537.2

0723450101 85.41/98 0.81 0.04 0.23+0.03
−0.03 3.5+1.8

−1.2 1.0+0.1
−0.1 0.02+0.01

−0.01 1.1±0.1 4.3±0.2 2 2722.3

0723450201 140.65/166 0.92 0.05+0.05
−0.04 0.23+0.05

−0.04 4.7+9.0
−2.8 1.0+0.1

−0.1 0.03+0.01
−0.01 1.4±0.1 7.1±0.2 1 4865.6

0729561001 120.54/116 0.37 0.04 0.19+0.02
−0.02 7.6+3.2

−2.0 1.0+0.1
−0.1 0.011+0.01

−0.004 1.0±0.1 2.3±0.1 0,2 2129.7

0729561201 273.36/266 0.37 0.05+0.03
−0.03 0.24+0.03

−0.03 4.7+3.5
−1.7 1.0+0.1

−0.1 0.02+0.01
−0.01 1.5±0.1 4.1±0.2 0,1,2 4459.5

0761620101 90.2/76 0.13 0.04 0.21+0.02
−0.02 5.0+2.5

−1.5 1.2+0.2
−0.1 0.006+0.004

−0.002 1.0±0.1 2.6±0.1 0,2 6237.5

0761620201 102.7/96 0.3 0.04 0.23+0.02
−0.02 4.1+1.3

−1.0 1.3+0.3
−0.2 0.004+0.004

−0.002 1.2±0.1 2.4±0.1 1 2426.2

Swift/XRT av. 65.73/53 0.11 0.04 0.27+0.05
−0.08 2.0+2.2

−1.1 1.1+0.3
−0.2 0.01+0.02

−0.01 1.0±0.2 4.5±0.3 – 1183.4

NGC 5236 79ULX N𝐻,𝑔𝑎𝑙 = 0.04

0723450101 496.31/602 0.99 0.05+0.02
−0.02 0.3+0.1

−0.1 1.5+2.1
−0.8 1.7+0.1

−0.1 0.008+0.001
−0.001 0.7±0.1 11.7±0.2 0,2 13601.6

0723450201 217.93/201 0.20 0.11+0.1
−0.1 0.17+0.03

−0.02 8.6+15.3
−5.2 1.0+0.1

−0.1 0.009+0.003
−0.003 0.7±0.1 2.0±0.1 0,2 3496.2

0729561001 110.14/120 0.73 <0.2 0.17+0.07
−0.04 6.1+33.9

−5.1 1.2+0.1
−0.1 0.008+0.004

−0.003 0.5±0.1 3.1±0.2 0,2 1888.9

0729561201 291.5/295 0.55 0.04 0.22+0.03
−0.03 3.3+1.6

−1.0 1.5+0.1
−0.1 0.008+0.002

−0.002 0.8±0.1 8.5±0.2 0,2 6086.0

0761620101 523.33/556 0.84 0.04+0.02
−0.02 0.21+0.03

−0.03 3.1+3.1
−1.5 1.4+0.1

−0.1 0.009+0.001
−0.001 0.6±0.1 7.7±0.1 0,2 12202.3

0761620201 463.02/495 0.85 0.04 0.21+0.02
−0.02 3.6+1.2

−0.9 1.4+0.1
−0.1 0.008+0.001

−0.001 0.7±0.1 6.4±0.1 0,2 9035.3

Swift/XRT av. 24.29/35 0.91 0.04 0.18+0.04
−0.04 6.1+6.7

−3.2 1.1+0.2
−0.2 0.01+0.01

−0.01 0.8±0.2 2.9±0.2 – 790.4
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NGC 5236 82ULX N𝐻,𝑔𝑎𝑙 = 0.04

0110910201 106.57/96 0.22 0.19+0.2
−0.1 0.14+0.1

−0.03 29+274
−26 0.8+0.1

−0.1 0.02+0.01
−0.01 0.8±0.1 1.7±0.1 0,1 1372.3

0552080101 44.38/43 0.41 0.04 − − 0.96+0.1
−0.1 0.012+0.01

−0.004 – 2.1±0.2 0,1,2 496.9

0723450101 35.99/43 0.77 0.04 − − 0.9+0.1
−0.1 0.013+0.01

−0.003 – 2.1±0.1 1 1066.4

0723450201 232.74/220 0.27 0.2+0.1
−0.1 0.17+0.04

−0.03 9.2+28
−6.6 1.0+0.1

−0.1 0.011+0.004
−0.003 0.7±0.1 2.0±0.1 0,1,2 3247.8

0729561001 106/103 0.4 0.2+0.2
−0.1 0.16+0.1

−0.04 15.3+109.5
−13 1.0+0.1

−0.1 0.011+0.007
−0.005 0.9±0.1 2.1±0.2 0,1,2 1250.9

0729561201 19.76/27 0.84 0.04 − − 0.8+0.1
−0.1 0.03+0.01

−0.01 – 2.3±0.2 1 677.6

0761620101 69.66/63 0.26 0.3+0.3
−0.2 0.14+0.1

−0.03 125.4+1877
−123.9 0.9+0.1

−0.2 0.02+0.02
−0.01 3.8±0.4 2.8±0.2 1 1988.1

0761620201 313.2/288 0.15 0.3+0.1
−0.1 0.14+0.03

−0.02 34.9+102.6
−26.2 0.9+0.1

−0.1 0.016+0.01
−0.004 1.3±0.1 2.1±0.1 1 1789.9

Swift/XRT av. 19.27/29 0.91 0.34+0.4
−0.3 0.12+0.07

−0.03 330.3+13177
−300 1.0+0.2

−0.2 0.02+0.02
−0.01 4.0±0.6 2.9±0.3 – 686.2

NGC 3623 18ULX N𝐻,𝑔𝑎𝑙 = 0.02

0082140301 69.3/60 0.19 0.1+0.2
−0.1 0.3+0.2

−0.1 0.3+3.6
−0.3 1.5+0.3

−0.2 0.001+0.0008
−0.0007 0.14±0.04 1.4±0.1 0,1,2 886.7

NGC 3627 5ULX N𝐻,𝑔𝑎𝑙 = 0.02

0093641101 25/32 0.81 0.02 0.15+0.03
−0.03 19.2+34.1

−11.3 1.5+0.3
−0.2 0.005+0.003

−0.002 0.9±0.2 4.7±0.5 1,2 473.2

Swift/XRT av. 36.9/49 0.9 0.04(<0.15) 0.23+0.15
−0.04 3.5+50

−3.3 1.4+0.3
−0.2 0.001+0.009

−0.008 1.0±0.3 11.1±0.6 – 1185.8

NGC 3627 23ULX N𝐻,𝑔𝑎𝑙 = 0.02

0093641101 18.97/23 0.7 0.02 − − 0.95+0.1
−0.1 0.012+0.007

−0.004 – 1.9±0.2 0,1,2 337.2

NGC 4945 4ULX N𝐻,𝑔𝑎𝑙 = 0.14

0112310301 19.55/24 0.72 0.3+0.2
−0.2 − − 1.0+0.2

−0.2 0.009+0.009
−0.005 − 2.3±0.2 1,2 345.5

0204870101 135.58/150 0.79 0.5+0.1
−0.1 − − 1.1+0.1

−0.1 0.017+0.004
−0.003 – 5.8±0.2 0,1 3891.3

Swift/XRT av. 52.51/49 0.34 0.28+0.09
−0.08 – – 1.4+0.2

−0.1 0.007+0.004
−0.003 – 5.9±0.3 – 1094.0

NGC 4945 6ULX N𝐻,𝑔𝑎𝑙 = 0.14

0112310301 69.85/78 0.73 0.6+0.3
−0.2 <0.9 <3.2 1.9+1.1

−0.3 0.002+0.002
−0.002 0.6±0.2 4.6±0.3 1,2 640.9

0204870101 132.75/147 0.9 0.6+0.3
−0.1 0.3+0.2

−0.1 0.7+13.1
−0.6 1.8+0.3

−0.2 0.002+0.001
−0.001 0.5±0.1 4.2±0.2 0,1 2368.6

Swift/XRT av. 39.51/51 0.88 – – 0.69+0.2
−0.2 1.4+0.2

−0.1 0.009+0.005
−0.003 – 7.8±0.4 – 1112.6

NGC 5055 1ULX N𝐻,𝑔𝑎𝑙 = 0.037

52



0405080301 180.51/164 0.18 0.037 0.19+0.01
−0.01 28.6+6.7

−5.2 1.4+0.2
−0.1 0.011+0.01

−0.004 3.8±0.2 7.6±0.5 0,1,2 2248.6

0405080501 54.29/50 0.31 0.037 0.19+0.02
−0.02 22.8+9.9

−6.5 1.6+0.3
−0.3 0.006+0.01

−0.003 3.1±0.3 8.0±0.6 0 1439.3

Swift/XRT av. 90.84/84 0.29 0.037 0.22+0.02
−0.02 11.0+4.7

−3.2 1.8+0.4
−0.3 0.004+0.004

−0.002 3.0±0.2 9.3±0.5 – 2090.8

NGC 5055 2ULX N𝐻,𝑔𝑎𝑙 = 0.037

0405080301 16.61/10 0.08 0.037 − − 1.6+0.8
−0.4 0.0009+0.001

−0.0006 – 1.1±0.2 0,1,2 179.9

0405080501 16.82/18 0.54 0.037 − − 1.3+0.3
−0.2 0.002+0.002

−0.001 – 0.9±0.2 0,1,2 143.1

NGC 5055 3ULX N𝐻,𝑔𝑎𝑙 = 0.037

0405080501 3.71/3 0.3 0.037 − − 0.4+0.2
−0.1 <0.7 – 0.7±0.2 2 101.6

NGC 4517 1ULX N𝐻,𝑔𝑎𝑙 = 0.02

0203170301 456.85/493 0.88 0.7+0.1
−0.1 0.06+0.04

−0.03 <3e6 1.6+0.1
−0.1 0.006+0.001

−0.001 3.0±1.4 7.7±1.6 0,1,2 7159.1

Table 3.4: In this table: spectral-fitting of the XMM-Newton data with two thermal components:
tbabs*(bbodyrad+diskbb) in xspec.
(1) Observation ID (2) Ratio between 𝜒2 and degrees of freedom (dof) (3) Null hypothesis probability
for the spectral model: we consider a fit statistically acceptable when P𝑣𝑎𝑙 >0.05, corresponding to
∼2𝜎 (4) Hydrogen column density (𝑛H) in units of cm−2×1022; we imposed a minimum equal to the
Galactic value, the latter is reported in the table for each galaxy (5) Black body temperature in keV units
(6) Black body normalization (7) Inner disc temperature in keV units (8) Disc normalization (9) Black
body flux in 0.3-10 keV, in units of 10−13 erg cm−2 s−1 (10) Disc flux in 0.3-10 keV, in units of 10−13 erg
cm−2 s−1 (11) Instruments data used in the spectral analysis: 0=pn, 1=MOS1, 2=MOS2 (12) Net counts
of pn or, when the source is not visible in the pn image, the MOS1 (or MOS2 when the source is visible
only in the MOS2 image) net counts. We highlight in bold the instrument in column 11, to which the
reported net counts correspond.
We also report the spectral parameters obtained from the spectral-fitting of the Swift/XRT average
spectrum, when possible. In the other cases we just report the average parameters derived from the
XMM-Newton best-fitting parameters, used to convert Swift/XRT count rate to flux.
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Circinus 4ULX:
Circinus 4ULX is well fitted by two thermal components (a bbodyrad + diskbb). Variability is seen
in the spectral parameters, especially in the blackbody temperature. In observation 0792382701, the
ULX has a smaller inner disc temperature than in the other epochs and also a single diskbb is an
acceptable fit in this case.

Circinus 6ULX:
This source was indicated as a ULX in Swartz et al. (2004). In the considered Swift/XRT data it is
found around 1039 erg s−1 with large error bars and only occasionally above it. In the XMM-Newton
spectra just one thermal component, i.e. a diskbb, is needed to fit data. The statistics of the two
thermal components model is similar to that of the single component model. Just in one observation,
0792382701, the second thermal component, i.e. bbodyrad, represent a significant improvement in
the spectral model. In the XMM-Newton exposures the source is observed under the ultraluminous
threshold.

M101 2ULX:
The statistics is scanty in the XMM-Newton observations, therefore we used just a diskbb component
to derive the fluxes from the XMM-Newton spectra of 2ULX.

M101 16ULX:
The statistics of the source is rather low. In observation 0212480201, with the smaller statistics,
we used just a diskbb to fit the data. In the other observations we applied the two components
model (bbodyrad + diskbb). The fit is statistically acceptable both in observation 0164560701 and
0104260101, but in the latter the fit statistics is low. In observation 0164560701 the normalization
of the hot component is an upper limit, which may suggest that this component is not needed, instead
it is necessary to make the fit acceptable. In observation 0824450501 the two components fit is not
an acceptable model for the data. Both in 0104260101 and 0824450501 some residuals are present
around 1 keV, with a similar shape to that often found in ULXs where winds have been detected (e.g.
Middleton et al. 2014, 2015c, Pinto et al. 2016, 2017). We found a large improvement to the fit by
adding a thermal plasma component (apec in xspec), with temperature ∼ 1.2 keV. The low statistics
in our data did not allow us to do a more detailed study.

M101 24ULX:
The two thermal components model (bbodyrad +diskbb) gives a good fit for M101 24ULX. The fit
parameters are consistent among the observations within the uncertainties. In the two observations
where we used the Galactic 𝑛𝐻 for the fit we found a negligible additional intrinsic contribution of
the order of 1010 and 1017 cm−2.

M101 27ULX:
Both the thermal components, i.e. bbodyrad and diskbb are detected. The spectra are consistent
among the observations, except for a possible variability in observation 0164560701, especially in
the normalizations of the two components. For all the observations the additional contribution of the
intrinsic 𝑛𝐻 to the Galactic one is negligible (< 1016 cm−2).

M101 28ULX:
The statistics is low and most of the emission is below 1 keV. Just one thermal component, i.e. a
diskbb or a bbodyrad, is needed to fit the data. The results for both models are reported in table
3.4. The temperature is smaller than 0.1 keV and this ULX is a supersoft ULX, or ULS, as already
reported in the literature (Soria and Kong 2016, Urquhart and Soria 2016a). The characteristics of
the ULS are described in section 1.2.4.

M101 29ULX:
We analysed only observations 0104260101 and 0164560701, with a bbodyrad + diskbb model,
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Figure 3.6: XMM-Newton spectra for each observation where the ULXs are detected. We report
for each observation the data of the instrument highligthed in bold in column (11) of table 3.4. We
also plot the model tbabs*(bbodyrad+diskbb) from the spectral fitting of the observation with the
larger statistics. M101 2ULX: black: 0104260101, red: 0164560701, green: 0212480201, blue:
0824450501, model: 0824450501. M101 16ULX: black: 0104260101, red: 0164560701, green:
0212480201, blue: 0824450501, model: 0164560701. M101 24ULX: black: 0104260101, red:
0164560701, green: 0212480201, blue: 0824450501, model: 0824450501. M101 27ULX: black:
0104260101, red: 0164560701, green: 0212480201, blue: 0824450501, model: 0824450501.
M101 28ULX: black: 0164560701, red: 0212480201, model: 0212480201. M101 29ULX: black:
0104260101, red: 0164560701, model: 0164560701.
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Figure 3.7: XMM-Newton spectra for each observation where the ULXs are detected. We report
for each observation the data of the instrument highligthed in bold in column (11) of table 3.4. We
also plot the model tbabs*(bbodyrad+diskbb) from the spectral fitting of the observation with the
larger statistics. Circinus 4ULX: black: 0111240101, red: 0656580601, green: 0701981001, blue:
0780950201, cyan: 0792382701, magenta: 0824450301, model: 0824450301. Circinus 6ULX:
black: 0111240101, red: 0656580601, green: 0701981001, blue: 0780950201, cyan: 0792382701,
model: 0111240101. NGC 3627 5ULX and NGC 3627 23ULX: obsID 0093641101. NGC 4945
4ULX and NGC 4945 6ULX: black: 0112310301, red: 0204870101, model: 0204870101.
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Figure 3.8: XMM-Newton spectra for each observation where the ULXs are detected. We report
for each observation the data of the instrument highligthed in bold in column (11) of table 3.4.
We also plot the model tbabs*(bbodyrad+diskbb) from the spectral fitting of the observation
with the larger statistics. NGC 5236 9ULX and NGC 5236 58ULX: black: 0110910201, red:
0503230101, green: 0552080101, blue: 0723450101, cyan: 0723450201, magenta: 0729561001,
yellow: 0729561201, orange: 0761620101, green2: 0761620201, model: 0761620101. NGC
5236 79ULX: black: 0723450101, red: 0723450201, green: 0729561001, blue: 0729561201,
cyan: 0761620101, magenta: 0761620201, model: 0761620101. NGC 5236 82ULX: black:
0110910201, red: 0552080101, green: 0723450101, blue: 0723450201, cyan: 0729561001, ma-
genta: 0729561201, yellow: 0761620101, orange: 0761620201, model: 0723450201.
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Figure 3.9: XMM-Newton spectra for each observation where the ULXs are detected. We report for
each observation the data of the instrument highligthed in bold in column (11) of table 3.4. We also
plot the model tbabs*(bbodyrad+diskbb) from the spectral fitting of the observation with the larger
statistics. NGC 3623 18ULX: obsID: 0082140301. NGC 5055 1ULX and NGC 5055 2ULX: black:
0405080301, red: 0405080501, model: 0405080301. NGC 5055 3ULX: obsID: 0405080501. NGC
4517 1ULX: obsID: 0203170301.
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because in the other observations the source was too weak or out of the field of view. No spectral
variability is found in these data. The 𝑛𝐻 is consistent with the Galactic one; the additional contri-
bution of the intrinsic 𝑛𝐻 would be smaller than 1016 cm−2.

NGC 5236 9ULX:
The candidate ULX NGC 5236 9ULX is a source that occasionally overcomes the ultraluminous
threshold of 1039 erg s−1, in the Swift/XRT data. The two thermal components fit, i.e. bbodyrad +
diskbb, is usually a good model. The 𝑛𝐻 cannot always be constrained, which can influence the flux
estimation. When we use the Galactic value for the 𝑛𝐻 , the additional local contribution is smaller
than 1015 cm−2. In most of the XMM-Newton observations both the thermal components are present,
except in the two observations with the smaller statistics, where we used just a diskbb to fit the data,
suggesting that it may really be an ultraluminous X-ray binary.

NGC 5236 58ULX:
Despite the large flux variability, we found only little spectral variability for this source. The
blackbody (bbodyrad) temperature shows some differences among the observations, while the disc
(diskbb) inner temperature is consistent among the observations within the uncertainties. The 𝑛𝐻
is consistent with the Galactic one in some observations, with an upper limit on the additional local
contribution of 0.01×1022 cm−2.

NGC 5236 79ULX:
We applied the two thermal components fit (bbodyrad + diskbb), to all the XMM-Newton observa-
tions of this ULX. The blackbody temperature appears constant among the observations, inside the
error bars. Some variations are seen instead in the disc temperature.

NGC 5236 82ULX:
It is a candidate ULX, occasionally overcoming 1039 erg s−1 in the Swift/XRT data. In the
XMM-Newton observation 0761620101, NGC 5236 82ULX is ultraluminous, with a luminosity
of ∼1.6×1039 erg s−1. In some of the observations two thermal components (bbodyrad + diskbb)
are present, while in others just one component (diskbb) is needed to describe the spectrum. The
observations where only one component is present are also low statistics observations, where the 𝑛H
is not well determined and thus we fixed it to the Galactic value, which may influence the overall fit.
We found an upper limit of 0.03×1022 cm−2 on the additional intrinsic contribution.

NGC 3623 18ULX:
Just one XMM-Newton observation is available for this source. Both thermal components (bbodyrad
and diskbb) are present in the spectrum, but the disc component dominates the source flux, con-
tributing to ∼90% of the emission.

NGC 3627 5ULX:
Both thermal components (bbodyrad and diskbb) are present in the spectrum. There is only one
XMM-Newton observation for this galaxy, thus we cannot search for spectral variability in the ULXs
of NGC 3627 with the currently available data. The 𝑛𝐻 is consistent with the Galactic value, while
the local contribution is just of the order of 1015 cm−2.

NGC 3627 23ULX:
We used only one thermal component, i.e. the diskbb, to fit the spectrum of this source, which has
a low statistics and it is in the ultraluminous range in the XMM-Newton data.

NGC 4945 4ULX:
The fits with the bbodyrad+diskbb model and with just a disc give similar statistics. In the double
components fit the parameters are not well constrained in the lower statistics observation 0112310301;
we thus report in the table the one component fit.
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NGC 4945 6ULX:
We used the double thermal components model (bbodyrad + diskbb) with the Galactic 𝑛𝐻 . We found
an upper limit on the local absorption contribution of 0.03×1022 cm−2. In observation 0112310301,
which has a small statistics, the blackbody is not well constrained.

NGC 5055 1ULX:
1ULX is the most luminous of the three ULXs in the galaxy NGC 5055. Two XMM-Newton exposures
are available and, in both, the ULX has two thermal components, i.e. bbodyrad and diskbb. No
spectral variability is present among the two epochs. The absorption is consistent with the Galactic
one, we found an upper limit of 0.01×1022 and 0.04×1022 cm22 on the local absorption in the two
observations, 0405080301 and 0405080501 respectively.

NGC 5055 2ULX:
Just one thermal component is needed for modelling the spectrum, which has a scanty statistics. We
thus used a diskbb. The parameters in the two observations are consistent within the errors. The
absorption is consistent with the Galactic 𝑛H, we found an upper limit of 0.05×1022 and 0.04×1022

cm−2 on the local absorption in observation 0405080301 and 0405080501 respectively.

NGC 5055 3ULX:
This source is visible in just one XMM-Newton observation and it is not ultraluminous in this epoch.
In the recent Swift/XRT monitoring the source was detected only a few times, while in most of the
observations it was below the detection threshold of the instrument. We modelled its XMM-Newton
spectrum with a diskbb. The 𝑛H is consistent with the Galactic one, with a negligible contribution
from the local absorption of the order of 1014 cm−2.

NGC 4517 1ULX:
There is one XMM-Newton observation of NGC 4517, where the ULX is visible with all the three
EPIC cameras. It is well modelled with the double thermal component fit (bbodyrad + diskbb).

NGC 925 ULX-1, ULX-2, ULX-3:
For the ULXs in NGC 925, the double thermal components model (bbodyrad + diskbb) is a good
fit for the XMM-Newton data. In addition, we have also analysed NuSTAR and Chandra data for these
sources. The results of the spectral fitting for the ULXs of NGC 925 are reported in table 3.10 and
they are discussed in sections 3.5.2 and 3.5.3.

OBS. ID(1) R(2)
𝑏𝑏

R(3)
𝑑𝑖𝑠𝑘𝑏𝑏,1.7 R(4)

𝑑𝑖𝑠𝑘𝑏𝑏,3 𝑀
(5)
𝐵𝐻

km km km 𝑀⊙
Circinus 4ULX

0111240101 594+146
−97 53+16

−16 166+48
−49 19

0656580601 994+367
−243 49+13

−11 151+40
−34 17

0701981001 376+247
−110 111+8

−9 345+26
−28 39

0780950201 1509+1151
−658 31+7

−9 96+22
−28 11

0792382701 694+1104
−311 154+28

−35 478+88
−108 54

0824450301 266+31
−36 106+9

−9 331+27
−29 37

Circinus 6ULX
0111240101 – 194+23

−26 605+71
−81 68

0656580601 – 137+31
−18 428+96

−57 48
0701981001 – 182+24

−14 566+76
−42 64

0780950201 – 168+38
−31 524+118

−96 59
0792382701 297+144

−67 – – –
M101 2ULX
0104260101 – 229+27

−31 713+84
−96 80

0164560701 – 28+2
−2 87+7

−8 10
0824450501 – 38+26

−15 118+80
−47 13
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M101 16ULX
0104260101 4840+4314

−1988 73+138
−4 228+430

−11 26
0164560701 3916+4250

−1681 – – –
0824450501 18494+88407

−14533 114+229
−78 356+713

−244 40
M101 24ULX
0104260101 857+2169

−857 89+14
−53 276+43

−163 31
0164560701 443+143

−221 63+40
−27 195+124

−83 21
0212480201 383+159

−162 51+30
−51 159+93

−159 18
0824450501 700+717

−317 81+8
−9 252+24

−27 28
M101 27ULX
0104260101 2747+917

533 198+82
−36 617+256

−113 69
0164560701 1980+394

−294 81+188
−45 252+584

−139 28
0212480201 3744+873

−605 380+119
−99 1181+371

−309 133
0824450501 2675+328

−260 256+47
−27 797+146

−84 90
M101 29ULX
0104260101 2158+317

−266 20+9
−7 62+33

−26 7
0164560701 1743+369

−275 23+13
−7 71+41

−21 8
NGC 5236 9ULX

0110910201 1112+184
−149 15+5

−5 48+16
−14 5

0723450201 828+1624
−464 – – –

0729561001 1464+1422
−636 15+6

−8 48+20
−24 5

0729561201 665+1862
−455 20+11

−7 63+35
−22 7

0761620101 1270+858
−483 19+4

−4 59+13
−11 7

0761620201 1180+2200
−604 24+10

−7 76+31
−22 9

NGC 5236 58ULX
0110910201 2741+3692

−1874 62+5
−1 194+14

−5 22
0503230101 854+143

−126 – – –
0552080101 1648+1136

−507 109+24
−32 338+76

−99 38
0723450101 879+203

−167 109+24
−32 338+76

−99 38
0723450201 1019+721

−371 133+21
−24 415+64

−76 47
0729561001 1296+249

−184 81+31
−16 251+96

−51 28
0729561201 1019+327

−205 109+24
−32 338+76

−99 38
0761620101 1051+236

−172 60+17
−11 185+54

−34 21
0761620201 952+141

−124 49+20
−14 151+63

−44 17
NGC 5236 79ULX

0723450101 576+316
−182 69+4

−4 214+13
−14 24

0723450201 1378+919
−512 73+11

−13 227+35
−42 26

0729561001 1161+1812
−691 69+16

−14 214+48
−45 24

0729561201 854+187
−141 69+8

−9 214+25
−29 24

0761620101 828+343
−233 73+4

−4 227+12
−13 26

0761620201 892+138
−120 69+4

−4 214+13
−14 24

NGC 5236 82ULX
0110910201 2531+5650

−1717 109+24
−32 338+76

−99 38
0552080101 – 84+30

−48 262+93
−48 30

072345101 – 88+29
−11 273+90

−34 31
0723450201 1426+1441

−668 81+14
−12 251+42

−37 28
0729561001 1838+3412

−1126 81+23
−21 251+70

−65 28
0729561201 – 133+21

−24 415+64
−76 47

0761620101 5263+15769
−4688 109+45

−32 338+140
−99 38

0761620201 2777+2735
−1390 97+27

−13 303+83
−41 34

NGC 3623 18ULX
0082140301 729+1898

−729 69+24
−31 214+73

−97 24
NGC 3627 5ULX

0093641101 3681+2452
−1320 97+26

−22 302+80
−68 34

NGC 3627 23ULX
0093641101 – 150+39

−28 469+121
−86 53

NGC 4945 4ULX
0112310301 – 56+23

−19 174+72
−58 20

0204870101 – 77+9
−7 239+27

−22 27
NGC 4945 6ULX

0112310301 – 26+22
−26 82+34

−82 9
0204870101 301+1036

−187 26+6
−8 82+18

−24 9
NGC 5055 1ULX

0405080301 4813+534
−460 154+59

−31 481+183
−97 54

0405080501 4297+849
−664 114+72

−33 355+225
−104 40

NGC 5055 2ULX
0405080301 – 44+20

−19 138+62
−58 16

0405080501 – 66+27
−19 205+85

−60 23
NGC 4517 1ULX

61



0203170301 – 109+9
−10 339+27

−30 38
NGC 925 ULX1

0784510301 2106+299
−239 89+9

−9 276+28
−27 31

NGC 925 ULX2
0784510301 933+356

−244 21+9
−6 64+27

−18 7
NGC 925 ULX3

0784510301 3766+2023
−1248 36+37

−21 111+111
−66 13

Table 3.5: (1) Observation ID
(2) Emitting radius for the bbodyrad component
(3) Emitting radius for the diskbb component, assuming a colour correction factor 1.7
(4) Emitting radius for the diskbb component, assuming a colour correction factor 3
(5) Hypothetical BH mass derived by R𝑑𝑖𝑠𝑘𝑏𝑏,3, assuming that it corresponds to the ISCO of an
accreting BH, in solar mass units

Emitting radii:
The hotter spectral component is thought to originate from the emission of the inner accretion flow,
or alternatively may come from a corona covering the inner regions of the accretion flow. The colder
spectral component is thought to arise from the emission of the wind photosphere or of the external
regions of the accretion disc. We thus expect to find a large emitting radius for the colder component
and a smaller radius for the hotter one, consistent with what we have found (see table 3.5), except for
Circinus 4ULX while using a colour correction of 3, which results in comparable radii for the two
components. This suggests that a smaller colour correction may be more appropriate in this source,
or that the source is seen at an inclination angle smaller than 60 deg, which would imply a smaller
radius for the hot spectral component. A small inclination for Circinus 4ULX is also consistent
with the absence of a strong wind as reported in the analysis of the XMM-Newton RGS data done by
Mondal et al. (2021a). One, in principle, could link the emitting region of the hot spectral component
to the innermost stable circular orbit (ISCO) in case of a BH accretor, which is defined as a multiple

of the Schwarzschild radius (R𝑠 =
2𝐺𝑀

𝑐2 ; R𝐼𝑆𝐶𝑂 = 3R𝑠 for a non-rotating BH). In the last column of
table 3.5, we report the hypothetical mass for the central compact object estimated from the hotter
emitting radius, should this distance correspond to the ISCO of a non-rotating BH and an 𝑓𝑐 = 3. The
values we obtained are all consistent with a stellar mass BH in each source. We have to note that the
interpretation of the emitting radius derived from the spectral fitting as the inner edge of the accretion
disc may not be correct, considering that we expect to have a super-Eddington accreting system and
thus the spectral modelling with a multicolour blackbody disk is just a simplification of the real
situation. Even if not corresponding to the inner edge of the accretion disc, which may be covered by
the inflated disc and the winds, the derived radii are too small to be emitted by a system containing
an IMBH, whose radius would be > 900 km. In some ULXs, i.e. Circinus 4ULX, M101 27ULX,
NGC 5236 58ULX, NGC 5236 82ULX, the radius of the hot component is variable among the
observations, thus difficult to interpret it simply as the inner edge of the accretion disc corresponding
to the ISCO. Should the inner disc radius differ from the ISCO, we would need a truncation of the
disc beyond the ISCO radius, which is improbable for these sources, as also discussed in Walton
et al. (2013) in the case of Circinus 4ULX, because such truncations are only expected for very low
accretion rates (e.g. Tomsick et al. 2009). The variability observed in R𝑑𝑖𝑠𝑘𝑏𝑏 may be associated to
a variable 𝑓𝑐 instead of a true geometrical change in the disc structure. Otherwise, it is possible that
we see the inner regions of the accretion flow just in some of the observations, while the inner regions
of the accretion flow are covered by the outflows or by a corona-like structure in the observations
where we observe the larger radii. In such a case, we would expect a larger temperature in the
observations when the hot inner accretion flow is visible and the emitting radius is smaller and a
smaller temperature when we can see more external regions. We evaluated the Spearman correlation
coefficient, by using the python library scipy.stats.spearmanr, to look for any possible correlation
among luminosity-temperature, radius-temperature and radius-luminosity, see table 3.6. For M101
27ULX, NGC 5236 58ULX, NGC 5236 82ULX (see figure 3.10) we found a strong anti-correlation
among the diskbb radius and its temperature as expected.
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COLD HOT
coeff P𝑣𝑎𝑙 coeff P𝑣𝑎𝑙

Circinus 4ULX
𝐿 − 𝑇 0.38 0.46 –0.32 0.53
𝑅 − 𝑇 –0.82 0.04 –0.62 0.19
𝑅 − 𝐿 0.15 0.78 0.83 0.04

Circinus 6ULX
𝐿 − 𝑇 – – –0.11 0.90
𝑅 − 𝑇 – – –0.63 0.37
𝑅 − 𝐿 – – 0.80 0.20

M101 24ULX
𝐿 − 𝑇 1.0 0 0.99 0.05
𝑅 − 𝑇 –1.0 0 –0.63 0.37
𝑅 − 𝐿 –1.0 0 –0.40 0.6

M101 27ULX
𝐿 − 𝑇 0.74 0.26 –0.95 0.05
𝑅 − 𝑇 –0.32 0.68 –1.0 0
𝑅 − 𝐿 0.20 0.8 0.95 0.05

NGC 5236 9ULX
𝐿 − 𝑇 –0.50 0.39 0.37 0.54
𝑅 − 𝑇 –0.7 0.19 –0.92 0.03
𝑅 − 𝐿 0.3 0.62 0 1.0

NGC 5236 58ULX
𝐿 − 𝑇 0.52 0.19 -0.60 0.12
𝑅 − 𝑇 -0.86 0.01 -0.75 0.03
𝑅 − 𝐿 -0.24 0.56 0.78 0.02

NGC 5236 79ULX
𝐿 − 𝑇 0.56 0.25 0.99 0.0003
𝑅 − 𝑇 –0.88 0.02 –0.53 0.29
𝑅 − 𝐿 –0.15 0.77 –0.41 0.41

NGC 5236 82ULX
𝐿 − 𝑇 –0.67 0.22 –0.17 0.70
𝑅 − 𝑇 –0.89 0.04 –0.94 0.0004
𝑅 − 𝐿 0.90 0.04 0.42 0.30

Table 3.6: Spearman’s rank correlation coefficients for the cold (bbodyrad) and hot (diskbb) spectral
component of the spectral model tbabs*(bbodyrad+diskbb). We indicate both the correlation and
the corresponding P𝑣𝑎𝑙𝑢𝑒, for Luminosity-Temperature, Radius-Temperature, Radius-Luminosity for
each of the components.
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Figure 3.10: Anti-correlation among diskbb radius and its inner temperature T𝑖𝑛.
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Figure 3.11: Luminosity of the diskbb spectral component with XMM-Newton data in the band
(0.001-10) keV vs. its inner temperature T𝑖𝑛 in keV for NGC 5236 79ULX. We also plot the result
of the fit with a power-law (solid black line): the best fit power-law index is ∼ 3.6.

The anti-correlation seems evident by eye also for Circinus 4ULX, but the statistical significance
is low (P𝑣𝑎𝑙 > 0.05). The Spearman coefficient may have missed it because it does not consider the
uncertainties in the calculation. An anti-correlation among diskbb radius and temperature is also
found for NGC 5236 9ULX. The relationship among bolometric luminosity (we use the luminosity in
0.001-10 keV) and temperature is useful to study the disc structure. A standard thin disc is expected to
have L∝ T4 (Shakura and Sunyaev 1973), while for an advection dominated disc the expected relation
is L ∝ T2 (Watarai et al. 2000). In some ULXs an anti-correlation, i.e. L ∝ T−4 has been observed,
usually in the soft spectral component, and suggests the influence of a strong wind (e.g. Walton
et al. 2020, Robba et al. 2021, Gúrpide et al. 2021a). A significant correlation (or anti-correlation)
between luminosity and temperature in our sample is present just for M101 24ULX, M101 27ULX
and NGC 5236 79ULX. We fit the values obtained for these three sources with a power-law model
to determine the power-law index and compare the resulting values with theoretical expectations.
Unfortunately, the small number of points and the large error bars did not allow us to constrain the
fitting parameters for M101 24ULX and M101 27ULX. For NGC 5236 79ULX we instead obtained
a power-law index 𝛼 = 3.6±0.4, compatible with those usually found in sub-Eddington accretors (fig.
3.11). This suggests that NGC 5236 79ULX was not accreting at strongly super-Eddington rates in
the considered observations and that the observed diskbb radius may really correspond to the inner
edge of the accretion disc, which is also consistent with the constant value found for R𝑑𝑖𝑠𝑘𝑏𝑏 in this
case. In addition, if the accretion flow is not strongly super-Eddington the radii estimated with an 𝑓𝑐 =
1.7 may be more reliable estimates, suggesting a light stellar mass BH with 𝑀 < 10 𝑀⊙ . Considering
the diskbb radius and its luminosity, we found a significant positive correlation in sources Circinus
4ULX, M101 27ULX, NGC 5236 58ULX. A possible interpretation is that at the higher accretion
rates, we cannot directly observe the inner regions of the accretion flow which may be covered by the
outflows. In such a situation we could see the emission coming from an outer emitting radius with
respect to epochs with a smaller contribution of the wind component. We have compared the derived
radii with the radius of the ISCO for a non-rotating BH. The ISCO for an extreme co-rotating BH
would be larger, with a maximum increase of a factor 12 (Zhang and Liu 2019), allowing in some
cases the presence of an IMBH, but just with 𝑓𝑐 = 3 and if we are really looking at the inner edge of
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Figure 3.12: bbodyrad radius vs. its temperature (XMM-Newton data) for NGC 5236 58ULX, NGC
5236 79ULX, Circinus 4ULX.

the accretion disc, which is improbable in super-Eddington accretors, while it is more probable that
in most cases we are observing a slightly external region. To directly see the innermost regions of
the accretion flow, uncovered by the outflows or the modified disc structure, we should have a nearly
face-on line of sight, which would make the estimated emitting radii smaller, thus again in favour of
stellar mass accretors, i.e. sMBHs or NSs.

The soft colder spectral component may be attributed to the emission of the wind photosphere or
to the emission of the outer disc, expected to be a standard thin disc. An anti-correlation among the
radius and temperature of the cold spectral component is present for Circinus 4ULX, M101 24ULX,
NGC 5236 58ULX, NGC 5236 79ULX and NGC 5236 82ULX (fig. 3.12). This is consistent with
an accretion disc, where we expect lower temperatures at increasing radii. When the accretion rate
increases the spherization radius, , i.e. where the winds begin to be launched, becomes larger, thus
such a trend may also indicate a wind launched from an external and thus colder region. On the other
hand, no correlation is found among temperature and luminosity preventing us to draw any conclusion.
The correlation among flux and radius in NGC 5236 82ULX is not reliable, because the ULX is
constant in radius among the observations. Also the perfect correlations or anti-correlations found
for the cold component in M101 24ULX are not reliable because both the radius and temperature are
constant within the uncertainties.
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OBS. ID 𝜒2/dof 𝑛H kT𝑖𝑛 Γ F𝑝𝑜𝑤 /F𝑑𝑖𝑠𝑐 L𝑥 /1039 erg s−1 P𝑣𝑎𝑙 Spectral regime

1022 cm−2 keV (0.3 – 1 keV) (0.3 – 10 keV)

Circinus 4ULX

0111240101 321.43/364 1.0+0.2
−0.1 1.0+0.8

−0.2 2.0+0.4
−0.4 16 7.2±0.1 0.95 hard/soft

0656580601 304.68/336 1.2+0.3
−0.2 0.2+0.1

−0.1 2.2+0.1
−0.1 1.3 8.3±0.2 0.89 soft

0701981001 1495.45/1478 0.9+0.2
−0.1 1.9+0.1

−0.1 1.9+1.0
−0.5 0.9 16.47±0.1 0.37 Disc

0780950201 361.2/327 1.3+0.3
−0.3 0.17+0.1

−0.03 1.7+0.1
−0.1 0.21 7.6±0.4 0.09 hard

0792382701 318.99/335 1.0+0.3
−0.2 1.1+0.1

−0.1 2.8+1.3
−0.8 3.7 7.7±0.2 0.73 Disc

0824450301 1301.14/1240 0.81+0.06
−0.04 1.7+0.1

−0.1 1.5+0.5
−0.9 0.3 14.98±0.08 0.11 Disc

Circinus 6ULX

0792382701 38.06/48 0.9+0.3
−0.2 0.6+0.2

−0.2 0.7+1.7
−2.5 0.05 0.77±0.05 0.9 Disc

M101 16ULX

0164560701 37.41/31 0.3+0.2
−0.1 0.17+0.04

−0.04 2.2+1.8
−1.5 0.1 1.6+0.1

−0.1 0.2 soft

M101 24ULX

0104260101 214.16/203 0.14+0.2
−0.06 1.2+0.4

−0.2 1.5+1.8
−3.9 0.6 3.2±0.1 0.28 Disc

0164560701 42.84/41 0.11+0.19
−0.06 0.9+0.5

−0.2 1.3+1.5
−4.2 0.4 1.7±0.1 0.39 Disc

0212480201 60.68/67 0.5+0.3
−0.1 0.06+0.04

−0.05 1.8+0.2
−0.2 0.3 10.8±0.6 0.69 hard/soft

0824450501 322.03/309 0.3+0.2
.0.1 1.6+0.1

−0.3 2.5+1.4
−0.9 2.6 3.9±0.1 0.29 Disc

M101 27ULX

0104260101 95.64/89 0.1+0.1
−0.1 0.6+0.5

−0.2 2.7+0.9
−0.8 5.4 2.0±0.1 0.3 hard/soft/Disc

0164560701 39.26/34 0.4+0.1
−0.1 – 3.5+0.4

−0.4 – 2.7±0.2 0.23 soft

0212480201 76.38/88 0.3+0.1
−0.1 0.6+0.1

−0.2 3.7+0.9
−0.7 15.1 8.8±0.4 0.81 soft

0824450501 335.15/338 0.2+0.1
−0.1 0.5+0.1

−0.1 2.9+0.3
−0.3 4.9 2.2±0.1 0.53 soft/Disc

M101 28ULX

0164560701 6.71/8 0.085 0.09+0.01
−0.01 – – 0.19±0.03 0.57 SSUL

0212480201 29.61/39 0.2+0.1
−0.1 0.06+0.01

0.01 – – 5.6±0.3 0.86 SSUL

M101 29ULX
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0104260101 83.09/99 0.085 0.31+0.04
−0.04 1.2+0.3

−0.3 0.3 3.0±0.1 0.88 hard

0164560701 89.8/81 0.085 0.3+0.1
−0.1 1.4+0.3

−0.4 0.5 1.4±0.1 0.24 hard

NGC 5236 9ULX

0110910201 118.02/101 0.5+0.2
−0.2 0.12+0.03

−0.02 1.7+0.2
−0.2 0.08 2.0±0.1 0.12 hard

0723450101 18.89/22 <0.2 – 1.6+0.2
−0.2 – 0.4±0.1 0.65 hard

0723450201 93/90 0.04 – 1.4+0.1
−0.1 – 0.62±0.04 0.39 hard

0729561001 58.75/46 0.04 – 1.4+0.1
−0.1 – 0.64±0.07 0.1 hard

0729561201 83.06/111 0.10+0.1
−0.04 – 1.6+0.1

−0.1 – 0.56±0.04 0.98 hard

0761620101 220.82/205 0.04 0.2+0.1
−0.1 1.4+0.1

0.1 4.6 0.75±0.02 0.21 hard

0761620201 135.68/141 0.2+0.3
−0.2 0.14+0.2

−0.03 1.6+0.2
−0.2 0.5 1.6±0.1 0.61 hard

NGC 5236 58ULX

0110910201 202.57/196 0.2+0.1
−0.1 1.0+0.2

−0.3 2.8+0.6
−0.3 11 1.5±0.1 0.36 soft

0503230101 53.58/50 0.2+0.1
−0.1 0.5(<0.67) 1.5+2.0

−2.3 0.65 3.4±0.2 0.34 Disc

0552080101 32.45/38 0.2+0.4
−0.2 <0.14 2.5+0.4

−0.3 1.8 2.1±0.2 0.72 soft

0723450101 88.93/97 0.2+0.1
−0.1 0.9+0.2

−0.2 2.7+0.8
−0.6 5 2.1±0.1 0.71 soft/Disc

0723450201 151.22/166 0.2+0.1
−0.1 1.0+0.1

−0.2 2.7+0.7
−0.6 4 3.1±0.1 0.79 Disc

0729561001 119.88/115 0.2+0.1
−0.1 1.1+0.2

−0.3 3.0+0.8
−0.5 11 1.3±0.1 0.36 soft

0729561201 280.16/266 0.3+0.1
−0.1 1.0+0.1

−0.2 3.0+0.6
−0.4 11.5 2.8±0.1 0.26 soft

0761620101 93.49/75 0.2+0.1
−0.1 1.3+0.5

−0.5 2.7+1.1
−0.5 1 1.4±0.1 0.07 Disc

0761620201 103.63/97 0.18+0.04
−0.04 – 2.4+0.1

−0.1 – 1.4±0.1 0.29 soft

NGC 5236 79ULX

0723450101 498.59/602 0.12+0.06
−0.04 1.6+0.1

−0.2 2.0+0.6
−0.4 1.2 3.4±0.1 0.99 Disc

0723450201 229.67/201 0.3+0.2
−0.1 1.1+0.1

−0.1 3.5+1.1
−0.8 12.5 1.40±0.04 0.08 soft

0729561001 113/120 0.2+0.3
−0.1 1.2+0.2

−0.3 2.8+1.8
−0.9 3.7 1.2±0.1 0.66 Disc

0729561201 291.23/294 0.1+0.1
−0.1 1.5+0.1

−0.2 2.1+0.7
−0.5 2.1 2.6±0.1 0.54 Disc

0761620101 543.22/556 0.2+0.1
−0.1 1.5+0.1

−0.1 2.6+0.5
−0.4 2.3 2.46±0.04 0.64 Disc
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0761620201 461.76/494 0.14+0.06
−0.04 1.4+0.1

−0.2 2.4+0.6
−0.4 2.8 2.13±0.04 0.85 Disc

NGC 5236 82ULX

0110910201 114.18/97 0.19 0.9+0.1
−0.1 2.9+0.5

−0.3 3.7 0.70±0.03 0.11 Disc

0723450201 245.46/221 0.2 0.9+0.1
−0.1 2.6+0.2

−0.2 4.5 0.82±0.03 0.12 Disc

0729561001 117.48/104 0.2 0.9+0.2
−0.2 2.4+0.4

−0.3 3.7 0.78±0.04 0.17 Disc

0761620201 322.7/289 0.3 1.0+0.1
−0.1 3.0+0.3

−0.2 9.7 1.12±0.04 0.08 soft

NGC 3623 18ULX

0082140301 70.23/60 0.4+0.5
−0.3 1.5+0.3

−0.2 3.2 (<-5.4) 4.96 4.8±0.3 0.17 Disc/soft/hard

NGC 3627 5ULX

0093641101 25.75/32 0.02 1.7+0.9
−0.8 2.4+1.1

−0.7 2.7 4.6±0.4 0.77 Disc/hard(∗)

NGC 3627 23ULX

0093641101 12.02/20 0.6+0.4
−0.5 0.1 (<1.5) 2.2+0.5

−0.6 0.2 12.3±1.2 0.92 soft/hard

NGC 4945 6ULX

0112310301 69.91/77 0.7+0.6
−0.2 1.5+0.5

−0.4 1.7< 4.6 1.1 0.85±0.04 0.7 Disc

0204870101 135.05/148 0.7 1.7+0.3
−0.4 2.0+0.7

−0.3 3.2 0.79±0.03 0.81 Disc

NGC 925 ULX-1

0784510301 1095.25/1054 0.34+0.1
−0.04 0.21+0.1

−0.04 1.71+0.04
0.04 2.9 27.7±0.4 0.18 hard

NGC 925 ULX-2

0784510301 122.4/118 0.3+0.1
−0.1 0.3+0.1

−0.1 1.7+0.3
−0.4 1.3 4.4±0.2 0.37 hard/soft

NGC 925 ULX-3

0784510301 40.36/38 0.3 0.13+0.03
−0.02 2.0+0.5

−0.5 0.2 0.8±0.1 0.37 hard/soft

NGC 5055 1ULX

0405080301 165.5/164 0.10+0.1
−0.04 0.3+0.1

−0.1 2.0+0.2
−0.2 3.4 13.5±0.5 0.34 soft/hard

0405080501 53.54/49 0.11+0.06
−0.09 0.2+0.2

−0.2 1.9+0.2
−0.3 2.2 12.9±0.6 0.3 hard/soft

NGC 5055 2ULX

Swift/XRT av. 13.69/12 0.037 – 1.8+0.2
−0.2 – 1.6±0.2 0.32 –

NGC 4517 1ULX

0203170301 456.6/493 0.8+0.2
−0.1 1.6+0.1

−0.1 >4.7 7 12.2±0.3 0.88 Disc(∗∗)
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Table 3.7: In this table: spectral classification with the spectral model tbabs*(diskbb+pow). 𝑘𝑇𝑖𝑛 is the
inner disc temperature, Γ is the power-law index, 𝐹𝑝𝑜𝑤 and 𝐹𝑑𝑖𝑠𝑐 are the fluxes for the power-law and
disc component in (0.3-1) keV. The total luminosity is reported in units of 1039 erg s−1 in (0.3-10) keV.
In the last column we indicate the spectral regime in which we classify the observation analysed. (*) The
source is classified as a broadened disc by the disc plus power-law model, but a similar fit statistics is also
given by a single hard power-law fit, with Γ = 1.7. (**) From the spectral parameters the source should
be classified as SUL, but the spectrum is well fit also with just a disc. From a disc plus a comptonizing
model we classify the source as a BD; see text for more details.
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Spectral classification:
We derived a spectral classification for our sources, based on a multi-colour black body plus power-law
model, to obtain some information about the accretion system configuration, following the empirical
classification method from Sutton et al. (2013). For inner disc temperature < 0.5 keV, a source is
classified as hard ultraluminous if the power-law index is < 2, as soft ultraluminous for a power-law
index > 2. When the inner disc temperature is > 0.5 keV, if the flux ratio between the power-law and
the disc in (0.3–1) keV is > 5, the source is in the ultraluminous regime, hard or soft determined by
the power-law index. If the flux ratio is < 5, the spectrum is dominated by the disc and the source is
defined as a broadened disc. We used the XMM-Newton archival data and the obtained results can
be found in table 3.7; we report only the observations where the adopted model gives an acceptable
fit. In the following, we group the ULXs with a similar classification and comment each of them.
A summary of the classification is also reported in table 3.8, where we show how many times each
ULX has been classified in each spectral shape, we report the overall classification (ST = the ULX
shows spectral state transitions, D = the ULX has always or mostly a BD shape, UL = the ULX is
usually in an ultraluminous regime, U = the spectral regime of the ULX remains unclassified). We
also report the maximum difference in luminosity (ΔL) observed in the XMM-Newton observations,
i.e. the ratio between the maximum and minimum luminosity observed, the minimum time in which
a spectral state transition has been observed and the ΔL corresponding to the spectral transition.

Spectral state transitions: five sources are classified in different spectral regimes in at least
two observations in the considered data. Circinus 4ULX shows spectral variability, with transitions
among the ultraluminous and the broadened disc regimes. NGC 5236 58ULX has usually a soft
spectral shape and transits between the soft ultraluminous and the broadened disc regimes. M101
24ULX, NGC 5236 79ULX and NGC 5236 82ULX have a broadened disc shape, but in one epoch
their spectra are classified in the ultraluminous state. However, we note that NGC 5236 79ULX
has a worse 𝜒2

𝜈 and P𝑣𝑎𝑙 in the observation where it appears with a softer shape than in the other
observations. We will thus describe this ULX with the broadened disc sources. In the following we
describe the other three cited sources in detail.

• Circinus 4ULX: This is a spectrally variable source, as found also from the spectral-fitting
with the two thermal components model. Spectral variability was already found for this source
in previous works (Circinus ULX5 in Walton et al. 2013, Mondal et al. 2021a). In particular,
Mondal et al. (2021a) found the ULX in three different spectral states: a high flux disc-like
spectrum, a low-flux power-law dominated spectrum and an intermediate state with a low flux
and a dominant disc component. Here, we found both disc and power-law dominated obser-
vations. The source appeared in all the three spectral regimes proposed in the classification
scheme of Sutton et al. (2013) and adopted here, i.e. broadened disc, soft ultraluminous
and a hard ultraluminous. In addition, we derived the hardness ratio from the XMM-Newton
data, has the ratio between the pn count rate in the energy bands (1.5-10) keV and (0.3-10)
keV, which is always large (> 0.6); see figure 3.14. A clear trend is visible with an increas-
ing hardness at high luminosities, where we find the two luminous disc dominated epochs,
while at a smaller hardness and luminosity there are the epochs classified in the hard or soft
ultraluminous regime and the observation with a dominant disc but a low luminosity, which
seems to have an intermediate behaviour. Walton et al. (2013) and Mondal et al. (2021a),
found that the short-term variability is not always present in this ULX and, when found it is
always smaller than 20% in terms of F𝑣𝑎𝑟 . Thus, we propose an intermediate/small inclination
angle for Circinus 4ULX, where the wind sometimes intersects our line of sight, producing the
observed flux and spectral behaviour, consistent also with our reasoning about the emission
radii derived from the bbodyrad+diskbb spectral model. In addition, we suggest that the
mass accretion rate plays an important role for this source, producing a variation in the wind
opening angle and the strong long term-variability that we have found in the Swift/XRT data.
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Figure 3.13: Light curves (luminosity in (0.3-10) keV in units of 1039 erg s−1 vs. year) of the
XMM-Newton observations for the ULXs where spectral state transitions have been observed: Upper
left: Circinus 4ULX; Upper right: M101 24ULX; Bottom left: NGC 5236 58ULX; Bottom right:
NGC 5236 82ULX. The luminosities are derived from the spectral model tbabs*(diskbb+pow). We
also indicate the spectral regime as classified through the spectral-fitting with a tbabs*(diskbb+pow)
model: D = broadened disc, S = soft ultraluminous, H = hard ultraluminous, HS = between hard and
soft ultraluminous. For NGC 5236 82ULX we just plot the epochs where the adopted spectral model
gives a statistically acceptable fit.
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Figure 3.14: HID: count rate in the total band (0.3-10) keV vs. hardness ratio, evaluated as the
ratio between the count rate in (1.5-10) keV and (0.3-10) keV. We used the XMM-Newton EPIC-pn
count rates; when a source was not visible in the pn image we converted the MOS count rate to the
expected pn count rate in the energy bands of interest. Upper left: Circinus 4ULX; Upper right:
M101 24ULX; Middle left: NGC 5236 58ULX; Middle right: NGC 5236 82ULX; Bottom: NGC
5236 79ULX.
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The minimum time in which a spectral state transition has been observed for this ULX is ∼ 7
months and the corresponding change in luminosity is ∼ 2 (see fig. 3.13).

• NGC 5236 58ULX: This ULX is on a spiral arm of the galaxy and it is characterized by a
large variability, reaching a factor of 5 in flux variation in 2 weeks. Its fractional variability
is larger than 50% in all the considered energy bands and 58ULX is able to change its flux
of a factor 2 in about 1 day, but also on short timescales. We exploited the EXTraS archive
(De Luca et al. 2016) to see if the ULX has shown variability also on short timescales and we
found that the source is variable in some of the XMM-Newton observations. In particular, in
observations 0503230101 and 0723450201 it is able to change its flux of a factor ∼ 2 in ∼ 50
min. In the Swift/XRT long-term light curve of this ULX, there are also some peaks that may
indicate a flaring activity. Our monitoring was not sufficiently dense to track the flux rise and
decay phases and constrain the typical duration of a flare.
Some spectral variability is visible in the spectral parameters of this source. From the disc plus
power-law model we classified this source in a soft ultraluminous regime and in some epochs
as a broadened disc. This spectral and timing behaviour may be generated by a high inclined
system, where the wind intersects our line of sight. The shorter state transition observed is of
∼ 5.5 months, with no significant luminosity variation.

• NGC 5236 82ULX: It is a candidate ULX, occasionally above the ULX luminosity threshold.
Just in four of the XMM-Newton observations the disc plus power-law model can be used to fit
the data. The 𝑛H resulted large and not well constrained, giving extremely large luminosities,
highly unlikely for this source which is always around or below the the ultraluminous threshold
in the long-term Swift/XRT monitoring. We therefore fixed the 𝑛H to the values obtained
with the two thermal model, to attempt a spectral classification. NGC 5236 82ULX is mainly
classified as a broadened disc, but in one observation, where its luminosity exceeds 1039 erg
s−1, it has a softer shape. The spectral state transition happened in 11 months, with a luminosity
variability factor of 1.4 among the two observations. The transition may have occurred in a
shorter time: the two considered observations were not consecutive in this case because the
intermediate observation was not possible to classify with the adopted model. In figure 3.13
we just plot the observations for which the spectral classification was possible.

• M101 24ULX: In three of the four available observations this ULX as a broadened disc shape.
In observation 0212480201 it is instead classified in the hard ultraluminous regime, but also a
soft regime is allowed by the spectral parameters. The transition among the BD shape and the
ultraluminous regime happened on a timescale of ∼ 6 months with a luminosity change of a
factor 6.4.

Broadened disc sources: We classify some of the ULXs always or mostly in the broadened disc
regime, suggesting that these sources are accreting at about their Eddington limit. Such sources are
Circinus 6ULX, NGC 5236 79ULX, NGC 4945 6ULX and NGC 4517 1ULX.

• Circinus 6ULX: Except in one observation, the spectrum of Circinus 6ULX can be modelled
with just a multi-color blackbody disc and also in the observation where two components are
present the disc dominates the flux. This source was indicated as ULX in Chandra data by
Swartz et al. (2004), but they determined the luminosity with two models and only one of
them gave an ultraluminous value. In the spectra analysed here this source is always under
1039 erg s−1 and its spectrum is similar to the high/soft thermal state observed in Galactic
BH binaries. Therefore, both the low luminosity usually observed in this source and its
spectral shape suggest a sub-Eddington X-ray binary hosting a stellar mass BH, which may

74



sometimes accrete around its Eddington limit, entering the broadened disc regime, as happened
in observation 0792382701.

• NGC 5236 79ULX: NGC 5236 79ULX, M83 ULX in the literature, is a transient ULX and has
been suggested to be a LMXB (Soria et al. 2012). From the analysed spectra, we found some
variations in the spectral disc temperature, considering the blackbody plus disc blackbody
model. We classify this ULX as a broadened disc, in all the XMM-Newton observations,
except in observation 0723450201, where the fit with the disc plus power-law suggests a softer
spectral shape.

• NGC 4945 6ULX: The long-term variability of this source is dominated by the hard energy
band. In observation 0204870101 the disc plus power-law model gives a very large value for
the 𝑛H, with respect to the value obtained with the two thermal component model, which we
considered unlikely. We thus repeated the fit by fixing the 𝑛H to the value derived with the two
thermal components fit. We classified 6ULX as a broadened disc. In both the observations the
source has a luminosity smaller than 1039 erg s−1.

• NGC 4517 1ULX: This is the only ULX detected in the galaxy NGC 4517, which was
never observed with the Swift satellite before our monitoring campaign. We did not found
flux variability in the Swift/XRT data, but we have to consider that this galaxy has been
observed only seven times with the Swift satellite. The source was visible in one XMM-
Newton observation. The source spectrum can be modelled both with a single disc or with two
components and it is compatible with both a dominant disc and a soft regime of accretion. The
statistics of the source is good enough to use a more complex model, i.e. a diskbb+comptt
in xspec. From this model we obtained a cold comptonizing component, with temperature
∼2 keV and optical depth ∼6 and this model favours a broadened disc classification. Given
the high luminosity of ∼1.2×1040 erg s−1 observed, this spectrum resembles the soft/high
disc dominated state observed in Circinus 4ULX (Mondal et al. 2021a). New observations
are needed to investigate the possible similarity with Circinus 4ULX and to possibly identify
similar spectral state transitions.

Ultraluminous sources: Eight of the sources are mostly classified in the ultraluminous regime, sug-
gesting that they are accreting at super-Eddington rates in the considered exposures. M101 27ULX
is consistent with a soft ultraluminous regime; while M101 29ULX, NGC5236 9ULX and NGC
925 ULX-1 are classified in a hard ultraluminous regime. NGC 3627 23ULX, NGC 5055 1ULX,
NGC 925 ULX-2 and NGC 925 ULX-3 are also classified in a ultraluminous regime, but we cannot
distinguish between the hard and soft one.

• M101 27ULX: This ULX is classified as a soft ultraluminous source in two of the XMM-
Newton observations. In one of them, both the disc and power-law components are detected,
while in the other just a soft power-law is sufficient to model the spectrum. In the remaining
two observations the classification is not unique, but the soft state is allowed in all the epochs.
We thus suggest an intermediate/large inclination angle for this source, or alternatively the
presence of a strong wind with a narrow opening angle.

• M101 29ULX: This source is the only ULX in our sample which shows a possible bi-modal
flux distribution, rendering it a candidate PULX. It is spatially unresolved from other X-ray
variable sources in the data analysed in this work, which can be resolved only in Chandra data
and this fact may influence both the variability and spectral results obtained in this work. If
most of the flux is accounted for by the ULX, 29ULX is a significantly variable source on days
timescales and from its spectrum it can be classified as a hard source, in accordance with the
PULX hypothesis.

• NGC 5236 9ULX: This source is a candidate ULX, which is usually observed at luminosi-
ties smaller than 1039 erg s−1, but occasionally it is observed above this threshold. In the

75



XMM-Newton observations where a spectral classification is possible, it appears in the hard
ultraluminous regime in three epochs. In other four observations just a single hard power-law
gives a good fit for the data. The hard spectral shape may be explained with a small inclination
angle for the system or with the absence of a strong wind.

• NGC 3627 23ULX: NGC 3627 23ULX is less luminous than the other ULX in the same galaxy,
with a luminosity of the order of 1039 erg s−1 and sometimes even smaller. Its XMM-Newton
spectrum is compatible both with a soft and a hard ultraluminous regime of accretion.

• NGC 925 ULX-1: NGC 925 ULX-1 results a hard ultraluminous source, suggesting that we are
directly seen the hard emission of the inner regions of the ULX. Pintore et al. (2018b) proposed
that the system is nearly face-on, with a small inclination angle, so that the inner emission is not
covered by the winds launched by the accreting compact object in a ultraluminous accretion
regime scenario.

• NGC 925 ULX-2: NGC 925 ULX-2 cannot be uniquely classified in the XMM-Newton
observation, owing to the large uncertainties on the spectral-fitting parameters, which are
compatible with both the hard and soft ultraluminous regime. The best fitting parameters
allowed us to prefer the interpretation of the source in a hard ultraluminous regime. This is
also in agreement with the HID (see section 3.5.2), where a linear trend, with an increasing
ULX hardness at larger count rates, is present. This suggests that the source may be seen at
a small inclination angle, closer to the face-on than to the edge-on orientation, with the inner
accretion flow directly visible to the observer.

• NGC 925 ULX-3: In the case of NGC 925 ULX-3, the disc plus power-law model had spectral
parameters with large uncertainties due to the low statistics in the XMM-Newton data, where
the source is not seen above the ULX luminosity threshold. In particular, the 𝑛H value resulted
large and not well constrained. We thus fixed it at the value obtained with the blackbody
plus disc model, to derive the spectral classification, but we found a doubtful classification
(hard/soft). Considering the average Swift/XRT spectrum it appears a hard ultraluminous
source. Our result is in agreement with the finding of Earnshaw et al. (2020), who noted
that the spectrum of ULX-3 is softer at low luminosity and harder when the source is brighter.
Earnshaw et al. (2020) also suggested that this trend may indicate propeller phases, during
which the absence of accretion may cause a soft and dim state; otherwise, the XMM-Newton
flux can be explained by the periodic flux modulation observed in the Swift/XRT light curve.
In contrast, the hardness ratio is constant among the Swift/XRT observations (see figure 3.17).

• NGC 5055 1ULX: NGC 5055 1ULX, NGC 5055 X-1 in the literature (Mondal et al. 2020b),
is the most luminous ULX in the galaxy NGC 5055, reaching luminosities of the order of 1040

erg s−1. It is among the most variable ULXs in our sample, with a F𝑣𝑎𝑟 larger than 50% in
all the energy bands and of ∼90% in the hard one. In contrast to the long-term behaviour,
Mondal et al. (2020b) did not found significant short-term variability. The source spectrum
remains constant in the two XMM-Newton observations that we have analysed in this thesis
and it can be classified as a ultraluminous regime of accretion: both the soft and hard regimes
are allowed from the analysed data.

Unclassified sources: M101 2ULX, NGC 3623 18ULX, NGC 3627 5ULX, NGC 4945 4ULX, NGC
5055 2ULX, NGC 5055 3ULX and M101 16ULX allow both a disc or a ultraluminous spectral
classification or the disc plus power-law model cannot be used to fit the spectrum.

• M101 2ULX: The scanty statistics of this source did not allow us to use the XMM-Newton
data to obtain a spectral classification.

• NGC 3623 18ULX: It is visible in just one XMM-Newton observation, which allowed all the
three possible spectral regimes of the Sutton et al. (2013) classification.
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• NGC 3627 5ULX: No significant long-term variability has been found for this source in the
data of our Swift/XRT monitoring. In the XMM-Newton observation the source appears to
be a broadened disc source. It can also be fit with a single hard power-law, which suggests
instead a hard ultraluminous spectral regime. The hard interpretation of the spectral shape and
the luminosities above 1040 erg s−1 usually observed in the Swift/XRT data, may be explained
with a low inclination, leaving the hot and hard inner emission directly visible. The absence
of significant long-term flux variation may be explained with a rather constant mass accretion
rate.

• NGC 4945 4ULX: The long-term lightcurve of this ULX is significantly variable. The
spectral parameters are not well constrained in the XMM-Newton data when using two spectral
components, therefore we did not derive a spectral classification.

• NGC 5055 2ULX: This source is variable on long timescales. We found no spectral variability
and due to the low statistics we did not determine a spectral classification.

• NGC 5055 3ULX: This ULX has a low statistics in the analysed data and it is visible just in
one XMM-Newton observation. Only one single component is needed for the spectral fitting,
preventing us from spectrally classifying this source.

• M101 16ULX: The spectral-fitting of this source with the disc plus power-law model is
statistically acceptable in just one observation, i.e. 0164560701, where the ULX resulted in
a soft ultraluminous regime, while we could not classify the source in the other epochs. In
two of the other XMM-Newton observations, i.e. 0104260101 and 0824450501, M101 16ULX
shows residuals around at 1 keV in its spectrum when a two thermal components model is
used and an improvement in the fit is obtained by adding a thermal plasma component. As
already noted while discussing the double thermal model, this behaviour resembles the spectral
features often observed in the ULXs (e.g. Middleton et al. 2015c, Pinto et al. 2016) in which an
absorbing/emitting wind component has been detected. This picture suggests that a dominant
wind component may be present also in 16ULX, suggesting a large inclination angle for this
source and/or a large accretion rate, implying a narrow wind opening angle.

The ULS M101 28ULX:

• M101 28ULX, M101 ULX-1 in the literature, is the only supersoft ULX in our sample, with
most of the emission below 1 keV, probably seen at a high inclination angle and/or at a high
accretion rate. Its spectrum is modelled in the XMM-Newton data with a single thermal
component, with a low temperature, <0.1 keV, as typical of the supersoft sources. Some
residuals are seen in the hard part of the spectrum, suggesting a second spectral component, as
also found in the literature (e.g. Soria and Kong 2016, Urquhart and Soria 2016a), but the low
statistics of the data did not allow us to fit and constrain this component. This ULX is almost
always undetected in the Swift/XRT monitoring, resulting with no sufficient statistics to study
the long-term flux variability, which resulted non-significant.

3.4.3 A new ULX in NGC 4945?
On February 8th, 2021 a new X-ray source (not visible in previous observations taken with Swift/XRT
or other X-ray satellites) switched-on in the galaxy NGC 4945 which was observed by Swift/XRT
(Brightman 2021). The source position is RA=13:04:56.06, DEC=−49:31:58.2 (error radius 8.8′′ at
90% confidence). Its count rate in the Swift/XRT observation was ∼0.02 cts s−1. The spectrum, not
well constrained, can be modelled with an absorbed power-law, with photon index∼2 and 𝑛H <2×1022

cm−2. Assuming this spectral shape, the observed count rate corresponds to a luminosity of about
1.5×1039 erg s−1 at the galaxy distance, which is in the ultraluminous range. Both us and other
researchers asked for other observations with Swift/XRT but the source was not detected, thus we
could not deepen the study of this new source.
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ULX BD SSUL SUL HUL UL/BD SUL/HUL Class. ΔL t𝑚𝑖𝑛 ΔL(t𝑚𝑖𝑛)
Circinus 4ULX 3 – 1 1 – 1 ST 2.3 7 +2.0
Circinus 6ULX 1 – – – – – D – – –
M101 16ULX – – 1 – – – UL – – –
M101 24ULX 3 – – – – 1 ST 6.4 6 +6.4
M101 27ULX – – 2 – 2 – UL 4.4 – –
M101 28ULX – 2 – – – – UL 29.5 – –
M101 29ULX – – – 2 – – UL 2.1 – –

NGC5236 9ULX – – – 7 – – UL 5.0 – –
NGC5236 58ULX 3 – 5 – 1 – ST 2.6 5.5 1.0
NGC5236 79ULX 5 – 1 – – – D 2.8 – –
NGC5236 82ULX 3 – 1 – – – ST 1.6 11 +1.4
NGC3623 18ULX – – – – 1 – U – – –
NGC3627 5ULX – – – – 1 – U – – –
NGC3627 23ULX – – – – – 1 UL – – –
NGC4945 6ULX 2 – – – – – D 1.1 – –
NGC925 ULX-1 – – – 1 – – UL – – –
NGC925 ULX-2 – – – – – 1 UL – – –
NGC925 ULX-3 – – – – – 1 UL – – –
NGC5055 1ULX – – – – – 1 UL 1.1 – –
NGC4517 1ULX 1 – – – – – D – – –

Table 3.8: Spectral classification for the analysed ULXs, according to the spectral modelling with a
diskbb+powerlaw model. We report the number of observations in which each ULX (column 1)
has been classified in column: (2) broadened disc (BD), (3) super soft ultraluminous regime (SSUL),
(4) soft ultraluminous regime (SUL), (5) hard ultraluminous regime (HUL), (6) compatible with both
an ultraluminous regime or a BD shape, (7) compatible with both the SUL and HUL regimes. In
column (8): overall classification for the ULX: ST = the ULX shows spectral state transitions, D =
the ULX has always or mostly a BD shape, UL = the ULX is usually in an ultraluminous regime,
U = the spectral regime of the ULX remains unclassified. In column (9): maximum luminosity
variability factor derived in the XMM-Newton epochs. In column (10): minimum time interval,
in months, among two different spectral states in consecutive observations (just for ULXs showing
state transitions). In column (11): luminosity variability factor corresponding to the shorter spectral
transition observed.
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Figure 3.15: Luminosity in the XMM-Newton data in units of 1039 erg s−1 vs. fractional variability obtained from the
Swift/XRT data for each ULX. We also indicate the spectral state classification, derived with the tbabs*(diskbb+pow)
model, for each point shown in the plot: D = broadened disc, S = soft ultraluminous, H = hard ultraluminous. Upper panel:
luminosity in (0.3-10) keV vs. fractional variability in the total band (0.3-10) keV. Bottom panel: luminosity in (0.3-10)
keV vs. fractional variability in the hard band (1.5-10) keV.
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3.4.4 Discussion
Long-term variability is useful to characterize the properties of the X-ray binaries and thus also of
the ULXs. Most of the sources analysed in this thesis, i.e. 71%, are variable on long timescales with
at least a 3𝜎 significance. In order to quantify the amplitude of the variability, we have derived the
fractional variability for the significantly variable sources, i.e. the sources which vary with at least 3𝜎
significance. The minimum timescale analysed here is 6 days and the maximum timescale is of the
order of 1–3 years, depending on the specific source. We derived the fractional variability to quantify
the variability. Following the prescription of Allevato et al. (2013), we used an "ensemble" approach,
applied on simulated light curves, to derive a more reliable estimation of the F𝑣𝑎𝑟 . We derived F𝑣𝑎𝑟

both for the total energy band (0.3–10) keV and for the soft and hard bands, (0.3–1.5) and (1.5–10)
keV, respectively. The emission in the soft and hard energy bands is associated respectively to the
low (i.e. bbodyrad) and high energy (i.e diskbb) spectral component, which can be interpreted as
the wind or the outer disc (soft) and the hot inner accretion flow (hard). This is the first sample of
ULXs for which the fractional variability is derived systematically on long timescales. The typical
behaviour observed in ULXs on short timescales (e.g. Sutton et al. 2013, Middleton et al. 2015a,
Pintore et al. 2020) is that variability has usually a larger amplitude in the ULXs spectrally classified
as soft sources and the amplitude of the variability is even larger in the hard energy band than in the
soft one, when present. The same trend, i.e. larger amplitude in the hard band, has been observed
on long timescales in many of the ULXs analysed here, where in at least 9/17 (53%) of the variable
sources the variability is dominated by the hard band. The main exception is represented by M101
16ULX, M101 29ULX and NGC 4945 6ULX. In the remaining sources the variability is similar in
the two energy bands.

The fact that the variability amplitude is usually dominated by the hard band, in the ULXs, is
attributed to the obscuration of the inner accretion flow, which emits hard radiation, by the wind and
the inflated disc (e.g. Middleton et al. 2015a). In the context of short-term variability, the wind blobs,
assuming a clumpy wind (e.g. Middleton et al. 2011a, Takeuchi et al. 2013), which stochastically
intersect our line of sight, produce the observed variability. This variability should mainly arise in
the soft spectral regime, where the contribution of the wind to the emission is more important. The
similar trend we observed on longer timescales can no longer be explained by the variation in the
hard emission due to the individual wind blobs, which are usually linked to timescales of the order
of seconds to thousands of seconds (e.g. Middleton et al. 2015a). In fact, on days timescales, we
expect that the contribution to the variability of the individual blobs may be averaged out, deleting
the effect observed on smaller timescales. Variability caused by a clumpy wind crossing our line
of sight would happen on days timescales only for a BH with a very large mass, as those typical of
the SMBHs powering the AGN (e.g. Takeuchi et al. 2013, Tombesi et al. 2012, Cappi et al. 2009,
Braito et al. 2007), which is highly unlikely for the ULXs given the observed luminosities and the
super-Eddington spectral shapes. In addition, if the same super-Eddington mechanisms were in act
in both AGN and ULXs, we expect that the same physical processes would happen on much smaller
timescales in the ULXs. Therefore, observing the same variability timescale in AGN and ULXs may
be an indication that the variability in the two classes of objects has a different physical origin.

On the other hand, the propagation of fluctuations in the mass accretion rate through the disc
may produce variability on longer timescales: Middleton et al. (2015a) estimated timescales of
hours-days, by assuming a system similar to SS433, expected to be a Galactic super-Eddington
accretor, and a BH accretor with mass of 10–100 𝑀⊙ . If the assumptions made by those authors
about the system characteristics are correct, such mechanism may explain the aperiodic variability
on hours to days timescales, the latter comparable to the timescales analysed in this work, at least
for BH accretors. As pointed out by Middleton et al. (2015a), this effect may produce variability in
both the hard and soft spectral components: in the hard one by modulation of the high energy flux
emitted by the inner disc, through scattering or directly; in the soft one by variations in the intrinsic
emission of the wind, due to changes in the material column density. In addition, the variation in the
soft component would act also on the wind opening angle. Therefore, when the wind opening angle
narrows we would see the source through the wind, when it is larger we would see the hard emission
directly. The switch between these conditions, or also among intermediate situations, may produce
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the additional variability on days timescales that we have observed in the hard component of many
ULXs in the analysed sample.

The timescale of the aperiodic variability observed in our Swift/XRT data is also similar to
that observed in Holmberg II X-1 (Gúrpide et al. 2021b). In the latter, long-term variability has
been attributed to the transitions between a bright/soft state and a dim/softer state (Gúrpide et al.
2021a,b), but it is not clear what drives repeatedly and rapid transitions among the SUL and SSUL
regimes in Holmberg II X-1. Gúrpide et al. (2021a) suggested that the line of sight is grazing to
the wind in the soft regime, thus a source precession may cause the spectral transitions. The same
authors who proposed this explanation, in a following paper (Gúrpide et al. 2021b) argued that such a
mechanism should cause periodic variability, in contrast with what they observed, and attributed the
aperiodic variability to a combination of the narrowing of the opening angle of the wind funnel and
the stochastic variability imprinted by the wind, which is in agreement also with the interpretation
of our data.

To better characterize the timescales of the aperiodic variability observed, we also computed the
minimum time in which a flux variation of a factor two is observed. The estimates are between
0.7 and 10.9 days (excluding Circinus 6ULX, for which we found 0.4 d, but the estimation may be
wrong because we could not find an acceptable fit to the average Swift/XRT spectrum to assume
when deriving the flux). The larger values have been found for the ULXs in M101, but this fact
should be associated with the less dense Swift/XRT monitoring of this galaxy. In fact, M101 has
been observed once every two weeks, while the other sources, showing at least a factor of two of
variation in their flux, had also periods with a denser monitoring. This suggests that most of the
significantly variable sources may change their flux on timescales of a week or even smaller. This
is important in view of future monitoring campaigns: a cadence longer than one week may bring to
lose possible variability features and in case of the most variable ULXs, timescales down to one day
should be also considered.

According to the analysed Swift/XRT data, only one source in the sample has shown long-term
periodic variability (Salvaggio et al. 2022): NGC 925 ULX-3 (see sections 3.5.1 and 3.5.2 for more
details on the period search). This finding may suggest that the periodic variations, sometimes
observed, are not so common in ULXs and may be caused by a process present only in some objects.
On the other hand, deriving long-term periodicities is not easy, so we suggest that super-orbital
periodicities may be present in many ULXs, but due to the low data quality of some ULXs they are
not always found. Many factors may influence the periodicity detection. First of all, a source could be
near the detection threshold of the instrument and, considering that often ULXs are variable sources,
a ULX may be often non-visible in the observations. Having a small number of points makes the
detection of a period difficult and the situation is still more complicated in case of a sparse sampling,
which is often the situation that we find in ULXs data. In addition, the super-orbital periodicities
observed in ULXs are not always stable: a shift in phase has been observed in some cases (see e.g.
Brightman et al. 2019 for M82 X-2) and may be also the case for NGC 925 ULX-3, while a change
in the period duration as been found in M51 ULX7 (see Brightman et al. 2021, Vasilopoulos et al.
2020).

In the ten galaxies analysed, just one new X-ray transient has been observed during our monitoring.
The object was found in the galaxy NGC 4945, at ULX luminosity, but it suddenly switched off,
preventing us from a detailed study.

Concerning the spectral analysis, through the study of archival XMM-Newton data we have
observed different spectral regimes in four ULXs, Circinus 4ULX, M101 24ULX, NGC 5236 58ULX
and NGC 5236 82ULX. Considering that for some sources just one or two XMM-Newton observations
were available and that the statistics in some of the considered epochs was low, we suggest that state
transitions are more common among the ULXs than what emerges in this work. We derived the
minimum time in which a spectral transition has been detected in each source. We found the
minimum value for NGC 5236 58ULX, where a state transition between a broadened disc shape and
a soft ultraluminous regime happened in ∼ 5.5 months. The timescales observed for the spectral
state transitions in the other ULXs analysed are similar, always months timescales. Considering
that the analysed XMM-Newton observations are not so close in time, it is possible that the state
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transitions found can happen in a smaller time interval. The months timescales we have derived from
the spectral state transitions are similar to those usually derived for the super-orbital periodicities in
ULXs. Given the similar timescales, we cannot exclude that the changes in spectral shape are linked
to a super-orbital process. On the other hand, no periodicities have been identified so far in the
Swift/XRT light curves of the sources which have shown state transitions. We found 13 sources in a
ultraluminous accretion regime (hard or soft) at least in one epoch, including M101 28ULX which is
the only source in our sample observed in a supersoft ultraluminous state (SSUL) and it was already
known as a ULS (e.g. Soria and Kong 2016, Urquhart and Soria 2016a). We include also the ULS
among the sources found in a ultraluminous state because it is thought that ULSs are standard ULXs,
but seen at a high inclination angle. This is supported by the observations of systems that sometimes
appear as a soft ULX and other times as a ULS, such as NGC 55 ULX (Pinto et al. 2017) or NGC 247
ULX-1 (Pinto et al. 2021). In addition, two ULXs, Holmberg II X-1 and NGC 5204 X-1, have been
observed to transit through all the three ultraluminous regimes: hard, soft and supersoft (Gúrpide
et al. 2021b). Other 4 ULXs in our sample have instead a broadened disc shape. The remaining 7
sources could not be uniquely classified and are compatible with both an ultraluminous regime or a
dominant disc.

We derived the hardness ratio, as the ratio between the count rate in (1.5-10) and (0.3-10) keV, for
the XMM-Newton data, for the sources with more then one observation, to look for possible trends
among the epochs. In many cases the error bars were too large to detect any trend. We report in figure
3.14 the HID (hardness intensity diagram) for Circinus 4ULX, M101 2ULX, NGC 5236 58ULX,
NGC 5236 82ULX and NGC 5236 79ULX. A clear trend is visible both in Circinus 4ULX and in
NGC 5236 79ULX with an increasing hardness at the higher count rates. A similar trend seems to
be present also in the HID of NGC 5236 58ULX and M101 24ULX, even if less evident, given the
larger error bars. NGC 5236 82ULX may instead have the opposite behaviour, i.e. larger hardness
at smaller count rates, but this is to be verified because also in this case the error bars are large and
the ULX may have a roughly constant hardness ratio. A similar trend to that observed in Circinus
4ULX and NGC 5236 79ULX, i.e. a positive correlation between count rate and HID, has been also
observed in the sources NGC 925 ULX-1 and NGC 925 ULX-2, with Swift/XRT data (see section
3.5.2).

We also compared the results of our temporal analysis, done with the Swift/XRT data, to the
results of the spectral analysis, made with the XMM-Newton data. We highlight that the two datasets
were not simultaneous, therefore we may have missed some correlations among the spectral and the
timing behaviour. We did not find any correlation among the timescale of the variability (which we
have estimated through an "half time" factor; see table 3.3) and the luminosity or spectral shape of
the ULXs. In figure 3.15 we show the luminosity obtained from the spectral fitting in function of the
fractional variability, during the Swift/XRT monitoring. We also indicate the spectral shape for the
ULXs in each epoch. No obvious general trends among luminosity and spectral shape are visible in
the plot. We observe all the spectral shapes at the highest luminosities (hard, soft and disc-like), while
the lower luminosities, below ∼ 1×1039 erg s−1, are dominated by the broadened disc and the hard
state. Two ULXs in our sample, i.e. M101 24ULX and NGC 5236 82ULX, enter in an ultraluminous
regime at high luminosity, while they have a broadened disc shape at lower luminosity. Other sources,
e.g. Circinus 4ULX, NGC 5236 58ULX, NGC 5236 79ULX, have a disc shape at both high and
low luminosities and also enter the ultraluminous regime at low or intermediate luminosities. If we
look at the plot in the upper panel, where we report the F𝑣𝑎𝑟 in the total energy band, we see that
the sources which reach luminosities of the order of 1040 erg s−1 (NGC 925 ULX-1, Circinus 4ULX,
NGC 5055 1ULX) have all large F𝑣𝑎𝑟 , > 0.6, with the exception of M101 24ULX, which reaches a
luminosity in excess of 1040 erg s−1, but it is the less variable ULX in the sample. NGC 925 ULX-1,
Circinus 4ULX, NGC 5055 1ULX have also a variability factor of about one order of magnitude.
Among the sources with peak luminosity below 1040 erg s−1 we observe different values for the F𝑣𝑎𝑟 .
A similar behaviour is also present if we consider the F𝑣𝑎𝑟 in the hard band (lower panel of figure
3.15). Comparing the spectral regime with the fractional variability, we see a dominant disc shape
at the lower F𝑣𝑎𝑟 (below ∼ 0.5 for F𝑣𝑎𝑟 in (0.3-10) keV and below ∼ 0.6 for F𝑣𝑎𝑟 in (1.5-10) keV),
while all the spectral shapes are observed at the higher F𝑣𝑎𝑟 values.
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3.5 NGC 925
The most interesting results have been obtained from the study of the ULXs in the galaxy NGC
925 (figure 3.1), which are reported in a paper submitted to MNRAS (Salvaggio et al. 2022). This
galaxy is of particular interest because it contains three previously discovered ULXs, two of them
are persistent sources (NGC 925 ULX-1 and NGC 925 ULX-2; Pintore et al. 2018b), while the
third (NGC 925 ULX-3) is a transient ULX, only recently discovered (Earnshaw et al. 2020). NGC
925 ULX-1 is included in the 10% most luminous ULXs, with a luminosity reaching ∼ 5×1040 erg
s−1 in the data analysed for the paper (in a very recent observation the source has reached an even
greater luminosity; see figure 3.4). NGC 925 ULX-3 is of particular interest among our sample of
sources because it has a candidate super-orbital periodicity, that we investigated in detail thanks to
the Swift/XRT monitoring.

The analysis reported in this section includes also Swift/XRT data taken previously than our
monitoring campaign, resulting in 74 observations spanning ∼ 10 years. In addition, we used
archival XMM-Newton, Chandra and NuSTAR data to analyse the ULXs spectra.

3.5.1 Data Reduction and Analysis
Swift/XRT

NGC 925 was observed with Swift/XRT 74 times between July 2011 and March 2021, see table 3.9.
The observations lasted on average 2 ks. In this case we used the online tool for the XRT products12
(Evans et al. 2009) to extract light curves and spectra. In such a way we verified that our procedure
for the analysis gave consistent results with those obtained with the public tool. The light-curves are
binned in six-days bin. We extracted the time averaged spectrum for each ULX, the spectra of the
individual observations have too low statistics to attempt a spectral-fitting, and we applied a grouping
of 20 counts per bin.

Chandra

The galaxy have been observed with Chandra/ACIS-S twice, on 25 November 2006 and on 1st
December 2018 (Obs. ID: 7104, 20356), the observing time was of 2 and 10 ks. We used CIAO
v.4.11 (Fruscione et al. 2006) to reduce data and the calibration files from CALDB v.4.8.3. To extract
the source events, we used circular regions of 3′′ radius, which was the smallest suitable radius
considering the off-axis position of the sources, particularly in the first observation. The background
was extracted using an annular region, with inner radius 6′′ and outer radius 20′′. Both the sources
and background spectra have been extracted with the CIAO task specextract.

XMM-Newton

The only public XMM-Newton observation, at the time of the analysis, was taken on 18 January 2017.
The details of the data reduction are reported in section 3.2.2. After the data cleaning we obtained a
net exposure time of ∼ 32 ks and ∼ 42 ks, for pn and MOS respectively. The data were extracted from
circular regions of 35′′ radius (ULX-1) and 20′′ radius (ULX-2 and ULX-3). The smaller extraction
radius was chosen for ULX-2 and ULX-3 to avoid contamination between them, because of their
small separation. The background radius was in this case of 60′′. For ULX-2 we did not use the pn
data, because the source falls in a CCD gap in the pn image.

NuSTAR

NuSTAR observed NGC 925 twice, in 2017 (exposure of ∼ 42 ks) and in 2019 (exposure of ∼ 53 ks).
The 2017 observation began about twenty minutes before the XMM-Newton observation.

12https://www.swift.ac.uk/user_objects/
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We reduced NuSTAR data with standard procedures, with the NuSTAR data analysis software
nustardas v.1.3.0 in the Ftools v.6.16; we used the calibration files in CALDB v.20180312. For
ULX-1 we used a circular extraction region of 50′′ radius, while for ULX-2 we used a smaller radius
of 30′′, to avoid contamination from the closed sources. NGC 925 ULX-3 was not detected in 2017,
while it was bright in 2019, but in the latter NGC 925 ULX-2 and ULX-3 contaminate each other.
So we extracted both the spectra for ULX-1 and ULX-2 from the 2017 data, while we extracted only
ULX-1 spectra from the 2019 data. We analysed ULX-1 2019 NuSTAR spectra with three Swift/XRT
observations taken close in time (on 8, 13, 18 December 2019), the latters have been combined to
obtain a stacked spectrum, quasi-simultaneous to the NuSTAR one.
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Instr. Obs.ID Start time Stop time Exposure
[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00045596001 2011-07-21T09:26:28 2011-07-21T15:59:55 2.6
2 Swift/XRT 00045596002 2011-07-26T14:40:42 2011-07-26T14:54:55 0.8
3 Swift/XRT 00045596003 2011-07-27T00:03:18 2011-07-27T14:58:52 5.7
4 Swift/XRT 00045596004 2011-07-31T02:25:56 2011-07-31T23:19:55 0.3
5 Swift/XRT 00045596005 2011-08-02T00:58:52 2011-08-02T02:36:56 0.2
6 Swift/XRT 00045596006 2011-08-06T15:39:11 2011-08-06T15:43:56 0.3
7 Swift/XRT 00045596007 2011-09-07T03:33:50 2011-09-07T03:55:57 1.3
8 Swift/XRT 00045596008 2011-09-13T00:48:18 2011-09-13T12:09:56 3.6
9 Swift/XRT 00045596009 2012-08-23T22:06:46 2012-08-23T23:45:54 0.6
10 Swift/XRT 00045596010 2012-08-24T17:00:02 2012-08-25T14:00:55 5.3
11 Swift/XRT 00045596011 2012-08-27T20:28:20 2012-08-27T20:43:55 0.9
12 Swift/XRT 00045596012 2012-08-28T02:54:05 2012-08-28T20:28:55 4.4
13 Swift/XRT 00045596013 2012-08-29T01:16:16 2012-08-29T22:26:56 6.5
14 Swift/XRT 00045596014 2014-09-07T07:31:45 2014-09-07T09:19:54 2.1
15 Swift/XRT 00045596015 2017-11-19T05:59:52 2017-11-19T07:47:53 2.1
16 Swift/XRT 00045596016 2017-11-19T15:56:16 2017-11-19T17:27:52 1.9
17 Swift/XRT 00045596017 2017-11-21T07:45:23 2017-11-21T09:30:52 1.7
18 Swift/XRT 00045596018 2017-11-25T20:05:50 2017-11-25T22:00:54 1.8
19 Swift/XRT 00045596019 2019-08-18T16:33:23 2019-08-18T22:55:52 1.3
20 Swift/XRT 00045596020 2019-08-21T04:41:38 2019-08-21T05:02:52 1.3
21 Swift/XRT 00045596021 2019-08-25T18:33:26 2019-08-25T18:50:51 1.0
22 Swift/XRT 00045596022 2019-08-27T05:51:49 2019-08-27T21:57:53 1.5
23 Swift/XRT 00045596023 2019-09-01T05:20:20 2019-09-01T16:49:53 1.6
24 Swift/XRT 00045596024 2019-09-08T06:00:36 2019-09-09T03:01:52 2.4
25 Swift/XRT 00045596025 2019-09-15T13:27:33 2019-09-15T23:14:53 2.6
26 Swift/XRT 00045596026 2019-09-22T22:23:05 2019-09-22T22:47:52 1.5
27 Swift/XRT 00045596027 2019-09-25T22:05:20 2019-09-25T22:28:54 1.4
28 Swift/XRT 00045596028 2019-10-06T02:10:34 2019-10-06T21:28:54 1.2
29 Swift/XRT 00045596029 2019-10-09T11:29:11 2019-10-09T19:31:51 1.6
30 Swift/XRT 00045596030 2019-10-13T15:26:57 2019-10-13T17:28:52 2.9
31 Swift/XRT 00045596031 2019-10-20T06:55:11 2019-10-20T21:41:52 2.1
32 Swift/XRT 00045596032 2019-10-27T00:03:15 2019-10-27T22:35:52 2.5
33 Swift/XRT 00045596033 2019-11-03T18:17:09 2019-11-03T21:53:52 2.8
34 Swift/XRT 00045596034 2019-11-13T12:48:09 2019-11-13T22:33:53 2.8
35 Swift/XRT 00045596035 2019-11-17T06:02:31 2019-11-18T10:54:53 2.8
36 Swift/XRT 00045596036 2019-11-28T19:07:33 2019-11-28T22:43:54 2.5
37 Swift/XRT 00045596037 2019-12-08T03:37:33 2019-12-08T15:12:53 3.3
38 Swift/XRT 00089002001 2019-12-13T03:19:50 2019-12-13T05:02:54 1.9
39 Swift/XRT 00045596038 2019-12-18T12:12:51 2019-12-18T15:39:53 1.6
40 Swift/XRT 00045596039 2019-12-22T19:45:59 2019-12-22T19:53:53 0.5
41 Swift/XRT 00045596041 2020-01-02T09:15:03 2020-01-02T14:22:52 3.5
42 Swift/XRT 00045596042 2020-01-07T18:45:42 2020-01-07T22:06:52 1.2
43 Swift/XRT 00045596044 2020-03-01T21:11:49 2020-03-01T23:08:53 2.4
44 Swift/XRT 00045596045 2020-03-08T09:21:10 2020-03-08T11:21:09 2.4
45 Swift/XRT 00045596046 2020-03-15T00:37:12 2020-03-15T03:54:52 2.9
46 Swift/XRT 00095702001 2020-07-01T01:01:15 2020-07-01T09:06:53 2.1
47 Swift/XRT 00095702002 2020-07-11T04:45:24 2020-07-11T06:35:54 2.6
48 Swift/XRT 00095702003 2020-07-21T04:02:28 2020-07-21T13:45:53 1.9
49 Swift/XRT 00095702004 2020-07-31T17:17:45 2020-07-31T22:10:53 2.0
50 Swift/XRT 00095702005 2020-08-10T08:14:50 2020-08-10T10:28:53 2.6
51 Swift/XRT 00089004001 2020-08-17T07:32:05 2020-08-17T07:58:52 1.6
52 Swift/XRT 00095702006 2020-08-20T00:52:59 2020-08-20T16:55:52 2.8
53 Swift/XRT 00095702007 2020-08-30T17:18:07 2020-08-30T19:04:53 2.3
54 Swift/XRT 00095702008 2020-09-09T09:58:56 2020-09-09T12:04:52 2.5
55 Swift/XRT 00095702009 2020-09-19T10:41:53 2020-09-19T14:05:54 2.4
56 Swift/XRT 00095702010 2020-09-29T19:24:34 2020-09-29T21:16:52 2.5
57 Swift/XRT 00095702011 2020-10-08T13:35:29 2020-10-09T21:33:53 2.6
58 Swift/XRT 00095702012 2020-10-19T12:46:33 2020-10-19T12:48:54 0.1
59 Swift/XRT 00095702013 2020-10-22T12:09:32 2020-10-22T13:53:54 2.3
60 Swift/XRT 00095702014 2020-10-29T14:49:06 2020-10-29T16:32:52 1.9
61 Swift/XRT 00095702015 2020-11-08T10:40:54 2020-11-08T12:28:53 2.5
62 Swift/XRT 00095702016 2020-11-18T16:12:05 2020-11-18T22:50:54 1.5
63 Swift/XRT 00095702017 2020-11-29T13:15:24 2020-11-29T16:52:53 2.2
64 Swift/XRT 00095702018 2020-12-08T05:51:23 2020-12-08T07:48:53 2.0
65 Swift/XRT 00095702019 2020-12-18T11:15:01 2020-12-18T17:53:53 1.9
66 Swift/XRT 00095702020 2020-12-28T10:18:55 2020-12-28T10:20:26 0.1
67 Swift/XRT 00095702021 2021-01-01T06:37:39 2021-01-01T08:25:52 2.4
68 Swift/XRT 00095702022 2021-01-07T12:31:39 2021-01-07T16:08:52 2.5
69 Swift/XRT 00095702023 2021-01-17T02:01:45 2021-01-17T08:35:54 2.5
70 Swift/XRT 00095702025 2021-01-31T10:15:05 2021-01-31T13:37:53 2.3
71 Swift/XRT 00095702026 2021-02-06T13:58:46 2021-02-06T15:47:53 2.5
72 Swift/XRT 00095702027 2021-02-15T00:28:25 2021-02-16T13:37:54 2.6
73 Swift/XRT 00095702028 2021-02-26T01:04:10 2021-02-26T22:07:53 2.2
74 Swift/XRT 00095702029 2021-03-08T12:36:39 2021-03-08T14:33:53 2.4
75 Chandra 7104 2005-11-23T07:53:09 2005-11-23T08:57:05 2.2
76 Chandra 20356 2017-12-01T03:38:39 2017-12-01T07:04:06 10.0
77 XMM-Newton 0784510301 2017-01-18T19:45:14 2017-01-19T09:38:34 50.0
78 NuSTAR 30201003002 2017-01-18T19:36:09 2017-01-19T17:41:09 42.6
79 NuSTAR 90501351002 2019-12-12T05:31:09 2019-12-13T11:46:09 53.0

Table 3.9: Log of the observations of NGC 925, used in this section.
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Source Epoch nH kTdiskbb Ndisc kTbbodyrad Nbb Fluxdiskbb Fluxbbodyrad 𝜒2/dof P𝑣𝑎𝑙

1022 cm−2 keV 10−3 keV 10−13 erg s−1 cm−2

ULX1
XMM 0.17+0.02

−0.02 2.3+0.1
−0.1 3.7+0.8

−0.7 0.29+0.02
−0.02 5.6+1.7

−1.2 18.5±0.4 4.1±0.1 1153.29/1131 0.32
XMM/NuSTAR(𝑎) 0.13+0.02

−0.02 2.8+0.1
−0.1 1.7+0.3

−0.3 0.33+0.02
−0.02 3.7+0.8

−0.6 18.0±0.4 4.7±0.1 1371.67/1269 0.02
Chandra 0.17 2.2+0.8

−0.4 4.2+4.7
−2.8 0.3+0.1

−0.1 2.9+3.7
−1.6 19.0±2.0 / 18.8±1.1 2.3±0.7 / 2.5±0.6 70.89/63 0.29

Swift average 0.17 2.1+0.3
−0.2 4.7+2.1

−1.6 0.3+0.1
−0.1 2.7+2.6

−1.2 17.4±0.5 1.8±0.2 181.47/206 0.81
Swift/NuSTAR(𝑏) 0.17 3.7+0.5

−0.4 0.2+0.1
−0.1 0.4+0.1

−0.1 0.9+1.0
−0.6 5.3±2.1 3.5±0.8 87.18/79 0.25

ULX2
XMM/NuSTAR 0.1+0.1

−0.1 2.9+0.7
−0.5 0.2+0.2

−0.1 0.31+0.04
−0.04 1.1+1.0

−0.5 2.6±0.2 1.1±0.1 145.27/139 0.34
Chandra 0.1 1.5+3.9

−0.5 3.1+10.1
−3.0 0.2+0.1

−0.1 3.3+12.6
−2.7 3.2±0.9 / 3.1±0.4 0.8±0.6 / 1.0±0.3 4.23/9 0.90

Swift average 0.1 1.3+0.1
−0.1 7.3+2.0

−1.6 0.03+0.04
−0.03 >242.5 4.2±0.2 0.5±0.3 74.59/62 0.13

ULX3
XMM 0.3+0.4

−0.3 1.1+0.6
−0.3 0.6+1.8

−0.5 0.12+0.02
−0.02 17.9+24.4

−9.9 0.26±0.04 0.3±0.1 40.55/38 0.36
Chandra 0.3 1.6+0.4

−0.3 4.0+3.1
−2.4 0.16+0.05

−0.04 49.0+120.9
−37.4 – / 5.2±0.5 – / 2.6±0.7 17.98/18 0.46

Swift average 0.3 1.5+0.3
−0.2 2.2+1.6

−1.0 0.12+0.03
−0.02 65.3+158.4

−43.4 1.9±0.2 1.2±0.2 34.43/32 0.35

Table 3.10: Spectral parameters for the spectra of NGC 925 ULX-1, ULX-2 and ULX-3: XMM-
Newton2017, XMM-Newton / NuSTAR 2017, Chandra, Swift/XRT / NuSTAR 2019 and Swift/XRT
average spectra. The spectral model used is const × tbabs × (bbodyrad + diskbb) in xspec. The
uncertainties are at 90% confidence level. The unabsorbed X-ray fluxes reported are derived in the
energy band 0.3–10 keV, in units of 10−13 erg s−1 cm−2; the XMM-Newton fluxes in the table are from
EPIC-pn, for NGC 925 ULX-1 and ULX-3, and from MOS1, for ULX-2. We fit the two Chandra
observations together: the flux on the left refers to the observation 7104, while the flux on the right
to the observation 20356. The nH was fixed to the value obtained from XMM-Newton (for ULX-1
and ULX-3) or XMM-Newton / NuSTAR fit (for ULX-2).
In the last column we indicate the null hypothesis probability P𝑣𝑎𝑙 , i.e. the probability for the
observed data to be drawn from the model, given 𝜒2 and the degrees of freedom (dof). We consider
acceptable the fits with P𝑣𝑎𝑙 ≥ 0.05, which corresponds to a confidence level larger than 2𝜎.
(𝑎) The fit was not statistically acceptable: skewed residuals are present above 10 keV, suggesting a
third spectral component; more details are reported in the text (section 3.5.2, Figure 3.19).
(𝑏) For NGC 925 ULX-1 we fit also the Swift/XRT (average of 8, 13, 18 December 2019) together
with the 2019 NuSTAR spectrum.

Spectral analysis

The spectral analysis was carried out with xspec v.12.10.1 (Arnaud 1996). We grouped the spectra
in energy bins containing a minimum of 20 counts and we used the 𝜒2 statistics while doing the
spectral analysis. We included an absorption component in all the spectral fits, which we modeled
with tbabs.

As done for the whole sample of sources analysed we used the bbodyrad + diskbb model to fit
the spectra. We first analysed the highest statistics data, XMM-Newton 2017 plus the simultaneous
NuSTAR data, for ULX-1 and ULX-2, and only XMM-Newton data in the case of ULX-3. In some
ULXs, a third component is needed to model the hard emission above 10 keV, which may arise from
the accretion column, for NS accretors (e.g. Walton et al. 2018c), or from a comptonising corona,
for BH or non-magnetic NS accretors (e.g. Reis and Miller 2013), which is the case for NGC 925
ULX-1. To account for differences in the flux calibrations between different instruments, we added
a multiplicative constant (const in xspec): as expected from previous studies (see Madsen et al.
2017), the constants are consistent within 10%.

For consistency, we used the same model (bbodyrad + diskbb) with the poorer statistics data
taken with Chandra and with the average Swift/XRT spectra. The absorbing column (𝑛H) was not
constrained in some cases, so we fixed it to the best value of the XMM-Newton fit, which was larger
than or comparable to the Galactic value, 𝑛H,gal = 7.26×1020 cm−2.13 The best-fit spectral parameters
are reported in Table 3.10. The unfolded spectra of each ULX are reported in Figure 3.16.

13https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 3.16: Unfolded spectra (𝐸2 𝑓 (𝐸)), using a powerlaw model with photon index Γ = 0,
to compare the spectral shapes without the influence of a particular spectral model, of the three
ULX in NGC 925 (data are rebinned for display purposes). Data of XMM-Newton EPIC-pn are in
black (for ULX-2 we have plot instead MOS1 data); NuSTAR FPMA/FPMB 2017 (orange/green);
NuSTAR FPMA/FMPB 2019 (grey/light-blue); Chandra 7104 (blue); Chandra 20356 (cyan); average
Swift/XRT (magenta).
Top panel: ULX-1; Middle panel: ULX-2; Bottom panel: ULX-3.
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soft[0.3−1.5]𝑘𝑒𝑉 hard[1.5−10.0]𝑘𝑒𝑉 total[0.3−10.0]𝑘𝑒𝑉
ULX-1 0.54±0.01 0.59±0.01 0.54±0.01
ULX-2 0.26±0.05 0.59±0.02 0.35±0.02
ULX-3 0.57±0.01 0.38±0.01 0.63±0.01

Table 3.11: NGC 925 ULX-1, ULX-2, ULX-3 "ensemble" fractional variability, F𝑣𝑎𝑟 . The uncer-
tainties in the table derive from the standard deviation of the of the mean F𝑣𝑎𝑟 distribution: more
details are given in the text.

Hardness Ratio

For each Swift/XRT observation, we constructed the hardness-intensity diagram, HID (figure 3.17).
We derived the hardness ratio as the count rates in the hard band (1.5-10.0) keV divided by the
total energy band (0.3-10.0) keV. The threshold energy at 1.5 keV was chosen because the spectral
components cross about at that energy; slight differences are present in the three sources, but we
used the same threshold to directly compare the results. The error bars in the HID are large and did
not allow us to identify any spectral evolution or trend with the count rate. To reduce the noise in the
data, we binned the hardness ratio in function of the count rate. For ULX-1 and ULX-2, we grouped
the data in at least 15 observations per count rate bin, while for ULX-3 every bin contains at least
five observations, because the statistics is low.

From the binned HID a possible linear trend is visible both for ULX-1 and ULX-2, at low rates
(count rate < 0.04 cts s−1). To verify this hypothesis, we fit the binned count rate with the minimum
least squares method. We comment the results for each source in section 3.5.2.

Timing analysis

To study the variability properties of the long-term light curves of the ULXs, we applied the methods
described in section 2.5, as done for the whole sample of ULXs considered in this thesis. Besides
evaluating the significance of the variability and the fractional variability, which in this case are
evaluated on a longer light curve of ∼ 10 yr, we also determined a variability factor as the ratio
between the highest and lowest flux detected in the Swift/XRT light curve. We notice that Allevato
et al. (2013) determine also a bias on the estimate of the excess variance. The bias depends on the
PSD slope, when data are affected by red noise as may be the case of accreting compact objects (see
e.g. Vaughan et al. 2003), and on the sampling pattern. The red noise power spectrum has the shape
of a power-law, with index ∼ 1–2 (see e.g. Press 1978). Should red noise be present in the analysed
data, with slope ∼ 2, the fractional variability estimate may reduce of about 25%; for a slope ∼ 1,
the effects of the irregular sampling pattern would instead dominate on those caused by the red noise
and the F𝑣𝑎𝑟 would increase of ∼ 10%. The obtained values for the F𝑣𝑎𝑟 are reported in table 3.11.

Period search: We applied a Lomb-Scargle test (see section 2.5.4; Lomb 1976, Scargle 1982,
VanderPlas 2018) on the long-term light curves to identify possible periodicities. The only ULX for
which we found a periodicity is NGC 925 ULX-3.

We first analysed the observed light curve; we applied the LombScargle class of the subpackage
timeseries in the astronomy Python package astropy14. As a first step, we derived the periodogram
of the light curve considering the detections only. We then included the information brought by
the upper limits, including them as points corresponding to half of the flux of the upper limit value
and an error bar large the same amount. In this way we consider all the possible values allowed
by the upper limit evaluation. Otherwise this method is affected by a bias: the central value of the
error bar, i.e. half of the upper limit value, is implicitly assumed to be more probable than the other
allowed values. So, to verify that the periodicity is not an artefact of our analysis, we used the Monte
Carlo approach, as described above (see section 3.3.1). For the period search we also considered
the upper limits in the simulations. For each upper limit in the observed light curve, we extracted a

14https://docs.astropy.org/en/stable/timeseries/lombscargle.html
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Figure 3.17: NGC 925 ULX-1 (top); ULX-2 (middle); ULX-3 (bottom) count rate vs. hardness ratio,
with Swift/XRT data. The count rate is derived in the energy band (0.3-10) keV, in units of counts
s−1. The hardness ratio is calculated as the ratio between count rates in the (1.5-10) and (0.3-10)
keV energy bands. The binned hardness ratios, as a function of the count rate,are indicated with blue
dots, while the unbinned hardness ratios are represented with the transparent blue dots. The result
of the linear regression, applied to the binned hardness ratios is super-imposed as a red solid line for:
ULX-1 (top) using the hardness ratios at low count rates (< 0.04 cts s−1); ULX-2 (middle), for all the
binned points.
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Figure 3.18: Light-curves and luminosity distributions for the three ULXs in the galaxy NGC 925,
shown with six-day bins. The unabsorbed luminosities in units of 1040 erg s−1, in the energy band
(0.3-10) keV, are derived from the best-fitting model in table 3.10. Swift/XRT detections are indicated
with blue dots; Swift/XRT upper limits are marked with black triangles; the XMM-Newton observation
is represented with the red star; Chandra data are marked with orange diamonds. Top: NGC 925
ULX-1. - Left, light curve; right, the histogram of the Swift/XRT luminosity distribution. Middle:
NGC 925 ULX-2. - Left, light curve; right, histogram of the Swift/XRT luminosity distribution.
Bottom: NGC 925 ULX-3. - Left, light curve (note the different X-axis scale with respect to that
used in the other two panels); middle, histogram of the Swift/XRT luminosity distribution; right,
histogram of the Swift/XRT luminosity distribution, with upper limits superimposed with a black
solid line.
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random number from a uniform distribution of values between zero and the upper limit value, while
the background rate was generated following the same procedure used in the observations where the
source was detected. The uncertainty was derived in the same way used in case of detections.

3.5.2 Results
NGC 925 ULX-1

NGC 925 ULX-1, with a peak luminosity of ∼5×1040 erg s−1 in the 0.3-10 keV energy band in the
Swift/XRT data, is the most luminous of the ULXs in NGC 925. It is also included in the 10% most
luminous ULXs known at the date (e.g Walton et al. 2011, Swartz et al. 2011, Earnshaw et al. 2019b,
Walton et al. 2021, Bernadich et al. 2021). The variability significance of this source, on ∼ 6 d – 10
yr timescale, largely exceeds 3𝜎: the significance determined with the Cash statistics is ∼37𝜎. Also
the amplitude of the variability is high: we determined a variability factor of ∼ 8 and the F𝑣𝑎𝑟 in the
total energy band is ∼ 54%.

The spectral analysis of the XMM-Newton / NuSTAR spectrum with the bbodyrad + diskbb model
leaves some residuals above 10 keV (see figure 3.19), suggesting that a third spectral component is
needed. Often similar residuals are found in the spectra of the ULXs for which hard X-ray data, i.e.
those taken with the NuSTAR satellite, are available (e.g. Walton et al. 2018c). We fit this excess
with a cutoff power-law (cutoffpl in xspec), obtaining the following best fit parameters: T𝑏𝑏𝑜𝑑𝑦𝑟𝑎𝑑

= 0.27±0.02 keV, T𝑑𝑖𝑠𝑘𝑏𝑏 = 1.3+0.6
−0.2 keV, Γ = 0.1+0.6

−2.7, HighECut = 5.2+1.9
−3.4 keV, with P value = 0.33

(see fig. 3.19). The one adopted here is a possible solution, but the statistics in the NuSTAR data is
low, not enough to discriminate among different models. Indeed, also a two components model, i.e.
an absorbed diskbb + power-law, gives an acceptable solution. The Swift/XRT average spectrum is
modelled by a black body, with temperature ∼ 0.3, and by a multi-colour disc, with inner temperature
∼ 2.1 keV.

In 0.3-10 keV band, the best parameters of the spectral-fitting obtained with the data of the
different satellites are consistent inside the confidence intervals, which suggests only little spectral
variability, while the flux variability is large.

The HID does not show an overall correlation. Only for rates smaller than 0.04 cts s−1, i.e. the
three lower count rate bins, there is a linear trend and from the minimum least squares fit we derived
a large correlation coefficient of 0.98 (see fig. 3.17).

NGC 925 ULX-2

The variability significance of NGC 925 ULX-2 is ∼ 8𝜎 and the flux variability factor derived, ∼ 5,
is the smallest among the ULXs in NGC 925. The hard band dominates the F𝑣𝑎𝑟 , with a value of ∼
59%, while the soft band is less variable, with F𝑣𝑎𝑟 ∼ 26%.

In the Swift/XRT spectral data, the bbodyrad component is not significantly requested: it has a
very small temperature of ∼ 0.03 keV and its normalisation is unconstrained. This is also confirmed
by the statistics of the spectral-fitting: both the diskbb component alone and the two components
spectral-fitting give similar statistics. The inner temperature of the disc component assumes a value of
∼ 1.3 keV. The single component model is not statistically acceptable in the XMM-Newton / NuSTAR
data, while it is a good model in the Chandra data. We suggest that both the spectral components are
present in the data, but the ability to well constrain both of them, is limited by the data statistics. The
XMM-Newton / NuSTAR and the Chandra spectral-fitting are consistent within 90% errors, while the
differences with the Swift/XRT average spectrum suggest the presence of spectral variability.

From the HID of ULX-2, we see an evolution of the hardness with the count rate, which is always
smaller than 0.04 cts s−1 in 0.3-10 keV. The trend is linear and from the linear fit with the least
squares method we derived a correlation factor of ∼ 0.93 (see fig. 3.17). This indicates that the
source becomes harder with increasing rates.

91



1 100.5 2 5 20

1
2

3
4

ra
ti
o

Energy (keV)

1 100.5 2 5 20

0
.5

1
1

.5

ra
ti
o

Energy (keV)

Figure 3.19: Top: NGC 925 ULX-1: XMM-Newton EPIC pn, MOS1, MOS2 (black, red, green),
NuSTAR FPMA/FMPB (blue, cyan) residuals (data/model), for the model bbodyrad + diskbb: an
excess is evident above 10 keV. Bottom: NGC 925 ULX-1 residuals with the bbodyrad + diskbb +
cutoffpl model; the colours are the same of the top panel.
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NGC 925 ULX-3

NGC 925 ULX-3 is a transient source discovered by Earnshaw et al. (2020). The variability
significance of its Swift/XRT light curve is ∼ 22𝜎, with a flux variability factor of ∼ 7, which is only
a lower limit on the variability. In fact, the Swift/XRT light curve of ULX-3 contains many upper
limits and we found a variability factor > 25 considering also the Swift/XRT upper limits. Also
Earnshaw et al. (2020), considering the lowest Chandra upper limit, found a larger variability factor
of ∼ 30.

ULX-3 has the highest fractional variability among the ULXs in NGC 925, with a value of ∼ 63%
in the total 0.3-10 keV energy band. In contrast with what is usually found in ULXs, at least on short
timescales (e.g. Sutton et al. 2013, Pintore et al. 2020), the larger amount of variability is attributed
to the soft band, below 1.5 keV (when considering also the more recent Swift/XRT observations the
hard band is instead the more variable, see table 3.3). However, the spectral shape of this source
changes around 1 keV: repeating the estimate of the variability with 1 keV as the energy threshold,
we found the larger amount of variability associated with the hard component, implying that the
variability mostly happens around 1–2 keV.

The average Swift/XRT spectrum is well fitted with the double component model (bbodyrad +
diskbb) and the HID is constant within the uncertainties, with a mean value of ∼ 0.5, in contrast with
the behaviour of the other two ULXs in this galaxy (see fig. 3.17).

ULX-3 also shows a flux periodicity of about four months. We have analysed only the Swift/XRT
data taken between the 2019 and March 2021, i.e. 58500 < MJD < 59300, because the monitoring
was more regular and denser. In this way, we could exclude periods with long-term gaps, where the
source behaviour was unknown, e.g. it might have faded.

The frequency range to which we applied the Lomb-Scargle periodogram is [2×10−3− 0.08] d−1,
corresponding to the period range of [12-500] d. The smallest timescale considered corresponds to
twice the time binning of the light curve (i.e. the Nyquist frequency), while the longest timescale to
about the time window used for the search of the periodicity. Using only the Swift/XRT detections,
several peaks are present in the power spectrum density (PSD), the highest corresponding to a ∼ 126
d period. This peak was not statistically significant because the data are sparse and the detections
cover only 3–4 cycles.

Considering also the upper limits (UL), to reduce the gap between the observations, we may have
a more significant peak (see fig. 3.20). First, we included them in the observed curve as half of
the UL value, with an uncertainty of the same amount, then we simulated 5000 light curves with a
Monte Carlo approach, as explained in section 3.5.1. On each simulated light curve we applied the
Lomb-Scargle algorithm to derive the periodogram. From the observed light curve, including both
detections and UL, the peak corresponding to ∼ 126 d is predominant. From the simulations, we
constructed the distribution of the highest peak frequencies and we fit it with a Gaussian. The mean
value of the distribution is 126.1 d and its standard deviation is 2.0 d, completely in agreement with
the result obtained from the observed light curve. The light curve of ULX-3 with the best sinusoidal
fit of the periodicity superimposed is shown in figure 3.21.

To derive the significance of the highest peak in the observed light curve and in the simulated
periodograms, we applied the Baluev method (Baluev 2008), an analytical approximation to derive
the False Alarm Probability (FAP), which is the probability to obtain a comparable to or higher peak
than the considered one, in case only noise was present in the light curve. This method gives an upper
limit on the FAP, so a lower limit on the detection significance. The FAP obtained for the observed
curve is ∼ 10−8, which corresponds to a peak significance > 5 𝜎. The FAP determination is reliable if
only white noise is present, i.e. noise independent from the frequency (see e.g. VanderPlas 2018). In
accreting compact objects, red noise is often present (e.g. Vaughan et al. 2003). To verify if the peak
detection is significant in case of red noise, we adopted an approach similar to the one used in Walton
et al. 2016. We simulated 5000 light curves from a red noise power spectrum, which we assumed to
have a power-law shape with slope 1 or 2. The simulations have been performed with the Simulator
object of the spectral timing Python library Stingray15 (Bachetti et al. 2020 v.0.2), which applies the
Timmer and Koenig (1995) algorithm; a library description can be found in Huppenkothen et al.

15https://docs.stingray.science
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Figure 3.20: (Super-)orbital period for NGC 925 ULX-3. We plot the power vs. frequency, resulted
from the Lomb-Scargle analysis. The 3𝜎 significance level is indicated with a red line.

(2019a, 2019b). For each simulation, we generated a continuous light curve, with time resolution
2 ks, and then we selected only the time bins which correspond to the observed epochs. For each
curve, we derived the Lomb-Scargle periodogram, obtaining peaks generated from random noise.
For slope=2, which is the worst case, most of the generated peaks, about 70%, are found at periods
longer (i.e. smaller frequencies) than half of the observed window. These are unreliable estimates
because less than two cycles would be covered. We also observe that at frequencies comparable or
larger than that of the periodicity observed, only 2-3 significant peaks (∼ 0.05% of the generated
peaks) are generated from the red noise. With slope=1, only 2 peaks, out of the 5000 simulations,
are significant and both of them have frequency significantly smaller than the one corresponding to
the periodicity. Should only white noise be present in the data, the Baluev method gives a reliable
estimation of the FAP. With this assumption, the significance of the periodicity found is largely in
excess of 5𝜎.

3.5.3 Discussion
From the analysis reported above, we derived the timing and spectral properties of the ULXs of NGC
925 in the X-ray band. In this section, we discuss the obtained results.

Temporal variability

All the three ULXs in NGC 925 are variable in flux on days to months timescales, but only one of
them, ULX-3, shows a periodic modulation. We analysed their aperiodic variability by deriving the
F𝑣𝑎𝑟 , considering both our Swift/XRT monitoring and archival Swift/XRT data. In the context of
ULXs, this estimator has been often used to study the variability inside individual observations, on
timescales ranging from minutes to hours (e.g. Sutton et al. 2013, Pintore et al. 2020, Robba et al.
2021, Mondal et al. 2021a). This estimator can also be used to study long-term light curves, as often
done in the literature for accreting compact objects such as blazars (e.g. Vagnetti et al. 2016, Aleksić
et al. 2015, Schleicher et al. 2019). We used an "ensemble" approach, as explained in section 3.3.1.
All the three ULXs in NGC 925 significantly vary on long-term timescales and they have a large
fractional variability. In the total band F𝑣𝑎𝑟 is higher than 50%, both for ULX-1 and ULX-3, while
ULX-2 is less variable, with F𝑣𝑎𝑟 ∼ 35%. In the latter, the variability is driven by the hard band,
where F𝑣𝑎𝑟 is higher than 50%. The same trend is present also in the other two sources, but it is
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Figure 3.21: (Super-)orbital period of NGC 925 ULX-3 of 126 d. The light curve is binned in 6 days
bins and the sinusoidal best-fit of the periodicity is superimposed. The period estimation has been
done from the denser and more recent data (orange solid line) and it has been extrapolated to older
data (orange dashed line). The Swift/XRT detections are marked with blue dots, while the upper
limits with black inverted triangles.
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less marked. This trend has been also observed on shorter timescales in other ULX systems (e.g.
Middleton et al. 2015c, Walton et al. 2018b) and has been explained with the obscuration of the inner
hard accretion flow by the outflowing winds.

We found a periodicity in NGC 925 ULX-3 of ∼ 126 d, which is consistent with the interval
previously estimated by Earnshaw et al. (2020). From the superposition of the periodicity on the
older dataset, we see that the period may not always be present in the ULX or it can be unstable,
i.e. with shifts in phase or duration, as also found in other ULXs (see e.g. Vasilopoulos et al. 2020,
2021). Tens/hundreds of days periodicities, derived from flux variations in long-term light curves,
have been discovered in other ULXs and have often been interpreted as super-orbital periods (e.g.
Israel et al. 2017a, Fürst et al. 2018, Brightman et al. 2019). So we suggest that also the periodicity
observed in the light curve of ULX-3 may be explained by a super-orbital modulation of the flux,
possibly linked to a precession of a structure in the accretion flow, e.g. of the accreting disc, or of the
magnetic dipole, in case of a NS accretor, but the available data did not permit to deepen the study of
this point. On the other hand, we cannot exclude that the observed periodicity is caused by an orbital
modulation of the flux, since the orbital period of the system is currently unknown.

No indications of a bimodal flux distribution are visible in the lightcurves of NGC 925 ULX-1
and ULX-2, which could indicate propeller phases and therefore a NS accretor. Furthermore, around
ULX-1, Lara-López et al. (2021) identified a low-metallicity environment, where the formation of
BHs with respect to NSs may be favoured, since low-metallicity stars are expected to lose smaller
masses (e.g. Heger et al. 2003). In contrast, the residuals above 10 keV in ULX-1 NuSTAR data,
may be modelled with similar parameters to that associated with the accretion columns above NSs
magnetic poles (e.g. Walton et al. 2018c), but we remark the fact that the statistics is low and
does not permit to discriminate among different spectral components, above 10 keV. ULX-3 is the
only ULX in NGC 925 with a large number of significant upper limits. Swift/XRT observed the
source only twice between MJD 56165 and MJD 57770 (∼ 4 years) without detections before the
XMM-Newton detection on MJD 57771. In this period, the source could have experienced a propeller
stage, otherwise the two Swift/XRT non-detections may be simply explained by the (super-)orbital
modulation of the flux. A high-metallicity environment has been found around ULX-3 (Lara-López
et al. 2021), consistent with the formation of a NS.

Spectral classification

Using the XMM-Newton data, we classified the ULXs with the classification scheme proposed
in Sutton et al. 2013, by using the spectral model diskbb + power-law. Only one XMM-Newton
observation was publicly available at the time of the analysis, not permitting us to search for transitions
among different spectral regimes.

As reported in section 3.4.2, NGC 925 ULX-1 resulted in the hard ultraluminous regime in the
available observation; we classified NGC 925 ULX-2 as a hard ultraluminous source, but also a soft
ultraluminous classification is possible for this source; the spectral classification of the XMM-Newton
spectrum of NGC 925 ULX-3 is also doubtful, but it resulted an hard ultraluminous source in the
average Swift/XRT spectrum.

From a comparison with the known PULXs, typically found in the hard ultraluminous regime
(e.g. Sutton et al. 2013, Pintore et al. 2017, Carpano et al. 2018), the ULXs in NGC 925 appear
with similar disc temperatures (for the PULXs ∼ 0.04 – 0.2 keV), while the power-law index of the
PULXs are sometimes similar and others harder (Γ ∼ 1 – 1.9) than the sources in NGC 925.

Super-Eddington accretion

The normalizations of the spectral fitting components, bbodyrad and diskbb, see section 3.4.2 for
a definition, give information on the apparent radius of the emitting areas. These radii might lack a
physical meaning, but can be used to attempt a first characterization of the system accretion geometry.

We derived the emitting regions radii by using the Swift/XRT average spectrum, which may give
an average estimation if spectral variability is present. The disc radius depends on the inclination
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of the system: we assumed a reference value of 45° while estimating the radius of this component,
given the quite hard spectral shape for the ULXs in NGC 925, suggesting rather low inclinations.

For ULX-1, the bbodyrad and diskbb radii are respectively 1452+588
−362 km and 75+14

−17 km, without
assuming any colour or boundary correction factor. Such values are comparable to the radii observed
in some other ULXs (e.g. Circinus ULX-5: Walton et al. 2020, Mondal et al. 2021a; 4X J1118: Motta
et al. 2020). The source is in an ultraluminous regime of accretion, which implies a super-critical
accretion disc (e.g. Shakura and Sunyaev 1973, Poutanen et al. 2007), characterized by outflows
and advection (slim disc models). The disc would become geometrically thick, in the regions inside
the spherisation radius16. From this radius, a fraction of the matter in the accretion flow is ejected
from the disc through powerful winds. In the most external regions, the disc is instead expected to
be geometrically thin. While the inner regions of the accretion flow are hot, the colder outer regions
may contribute very little to the total emitted X-ray flux. The very inner regions may also be naked
by the thick disc and the wind. In this scenario, some authors (e.g. Walton et al. 2015, Pintore et al.
2018b) proposed that the larger radius may represent the average dimension of the region where the
outflows are launched, while the smaller radius may be interpreted as the inner disc size. Assuming
an accreting, non-rotating BH, the inner disc radius would be equal to three Schwarzschild radii(
𝑅𝑖𝑛 =

6𝐺𝑀

𝑐2

)
. The apparent inner radius for NGC 925 ULX-1 results ∼ 75 km, too small for an

IMBH, which would require at least ∼ 900 km in radius, for a minimum mass of 100𝑀⊙ . This radius
is also too small for a massive stellar BH of 30–100 𝑀⊙; we therefore propose a stellar mass BH,
with mass < 10 𝑀⊙ or a NS, to be hosted in ULX-1. Considering the classification of the source in a
super-Eddington accretion regime, it is reasonable to assume a colour correction factor equal 3 (e.g.
Watarai and Mineshige 2003). By applying this 𝑓𝑐𝑜𝑙 and a boundary correction factor 𝜁 = 0.4, the
radius of the hot spectral component may increase to ∼ 270 km, allowing a more massive BH of ∼
45 𝑀⊙ , but still too small for an IMBH.

From the hot spectral component of ULX-2 Swift/XRT spectrum, we derived a radius of 89+12
−14

km, consistent with the estimation of Pintore et al. (2018b), derived from the XMM-Newton / NuSTAR
spectrum. The colder region radius resulted > 13860 km. The same considerations carried out for
NGC 925 ULX-1, also hold for ULX-2.

The colder region radius for ULX-3 is 7200+6100
−3000 km, the hotter component has instead a radius of

47+11
−14 km. In this case the compact object mass could be even smaller than for the other two sources.

16At the spherisation radius the vertical component of gravity and the force exerted by radiation pressure become comparable
(Poutanen et al. 2007).
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Chapter 4

The Cartwheel Galaxy

4.1 Introduction
In the context of the study of ULX variability, we also analysed the ULX population of a ring galaxy:
the Cartwheel. The Cartwheel galaxy contains a large number of ULXs: Wolter and Trinchieri
(2004) detected 16 ULXs, including source N10, which is a HLX. The large ULXs luminosity could
be explained in terms of a collection of unresolved objects, due to the large distance. In subsequent
works these sources have been discovered to be variable in flux (Crivellari et al. 2009; Pizzolato et al.
2010 for N10): a substantial temporal variability disfavours the interpretation as unresolved sources,
pointing at a single accreting compact object. In fact a collection of unresolved object, also if they
are variable, may result on average on a small or absent temporal variability. Thus, considering the
large number of ULXs and that they are often variable, the Cartwheel is an interesting target to apply
variability studies. In addition, the ULXs in the Cartwheel galaxy are likely associated to a single
star formation burst (the same assumption has been also used in Wolter et al. 2018), which makes
the Cartwheel ULXs the ideal target to carry out a population study.

Ring galaxies are irregular galaxies, with an annular shape. They are thought to form through
roughly head-on collisions with a massive intruder galaxy, which is indicated as the bullet galaxy.
As a consequence of the interaction between the two galaxies, a gravitational perturbation is induced
and a shock wave forms. The wave propagates in the disc of the target galaxy and the result is the
formation of a ring composed of gas and stars (e.g. Lynds and Toomre 1976).

The Cartwheel has a shape reminiscent of a wheel. It is located in a compact group (group ra-
dius 1.68 arcminutes) of 4 members (Iovino SGC 0035-3357; 2002): G1, G2, G3 and the Cartwheel
galaxy. Its inclination is 50±10°, its redshift is z=0.03 (Amram et al. 1998) and its distance ∼ 131
Mpc1. The particular shape of the Cartwheel originated in the impact with one of the companions
(Higdon 1995), G3 (Higdon 1996) or G2 (Athanassoula et al. 1997). The consequence was the
formation of two elliptical rings linked by spokes, the inner one has dust lanes crossing it (Struck
et al. 1996). The linear diameter of the outer ring is 90′′ along the major axis, which is the largest
physical diameter found in ring galaxies, and the inner one diameter is 18′′ (Amram et al. 1998): at
a distance of 131 Mpc the diameters correspond respectively to 57 kpc and 11 kpc.

In the Cartwheel Galaxy there is the largest number of Ultra-Luminous X-Ray Sources (ULXs)
contained in a single galaxy (Wolter and Trinchieri 2004, Gao et al. 2003). There is a claim for a
larger number of ULXs, 34, in the galaxy NGC 2207 (see Walton et al. 2021), but the authors have
used a distance for this galaxy of 34.6 Mpc, while the most recent estimations give a distance of about
17 Mpc for the same galaxy, which would give 7 ULXs instead of 34. In a previous work, Mineo
et al. (2014) indicated 28 ULXs from both the interacting galaxies NGC2207 and IC2163. The high
X-ray emission of the Cartwheel Galaxy is connected with the impact responsible for the formation

1Distances between ∼129 and ∼133 Mpc are indicated in NED (https://ned.ipac.caltech.edu); we adopt an intermediate
value of 131 Mpc.
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Figure 4.1: Left: Hubble Space Telescope (HST) optical image of the Cartwheel Galaxy (bottom).
Two of the companions are visible in the upper part of the image: G1 (right) and G2 (left). G3 is
further North, out of this field of view, but it has been observed in X-rays. Right: RGB image of
the Cartwheel galaxy using Chandra data. Each epoch is represented with a colour: 2019 in red,
9531 in green and 9807 in blue. The data are smoothed with a Gaussian function (3 ≤ 𝜎 ≤ 5), with
csmooth.

of the ring and the star formation episode (e.g.Wolter et al. 1999, Higdon 1996, Mapelli et al. 2008).
The southern part of the external ring contains most of the ULXs and yields more star formation than
the other side. This observational evidence agrees with the hydrodynamical simulations conducted
by Renaud et al. (2018). Simulations predicted a larger star formation in the part of the outer ring
furthest from the nuclear region. This portion of the galaxy corresponds to the S-SW region of the
outer ring, which contains massive and luminous HII regions (Higdon 1995).

The X-ray emission of the Cartwheel galaxy has already been studied in literature. Wolter et al.
(1999) presented the first X-ray detection of the ring, the point sources and the X-ray Luminosity
Function (XLF) have been studied in the work of Wolter and Trinchieri (2004), where the first
Chandra observation of 2001 has been analysed; an extension of that work, with XMM-Newton data,
was presented in Crivellari et al. (2009), which addresses both the Cartwheel and the companion
galaxies; the most luminous source, N10, was studied in the works of Wolter et al. (2006) and
Pizzolato et al. (2010), in which it was found to be variable.

We have analysed the Chandra and XMM-Newton pointings, with the aim of addressing the
variability of the Cartwheel and of the companion galaxies ULXs. We also study the variability of
the X-ray luminosity function (XLF) for the Cartwheel sources, considering them a single population
of ULXs, comparing its shape at the three Chandra epochs. While all the sources have also been
analysed in previous works, by using the first Chandra epoch and the XMM-Newton pointings, the
second and third Chandra exposures have been previously used just to study the most luminous
source N10.

4.2 The datasets
XMM-Newton observed the Cartwheel galaxy twice (see table 4.1), in 2004 and 2005 (Obs. IDs:
0200800101 and 0200800201). We analysed the EPIC-pn data. We reduced them with standard
procedures, with SAS version 19.0 and we filtered the data as explained in section 3.2.2.

Chandra observed the Cartwheel galaxy three times, in 2001 and 2008 (Obs. IDs: 2019, 9531,
9807), with the instrument ACIS-S (see table 4.1). We reduced data with standard procedures, with
CIAO version 4.11 and using the calibrations of the CALDB version 4.7.9.
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Instrument obs.Id obs.Date Exp. (ks)
Chandra 2019 26/27 May 2001 76.1
Chandra 9531 21 Jan 2008 51.4
Chandra 9807 09 Sep 2008 49.5

XMM-Newton 0200800101 14 Dec 2004 37.2
XMM-Newton 0200800201 21 May 2005 60.9

Table 4.1: Journal of observations with Chandra and XMM-Newton .

9531-2019 9807-2019
𝛼 −0.158 −0.099
𝛿 0.100 −0.078

Table 4.2: Average value of the differences between the right ascension (𝛼) and the declination (𝛿) of
observations 9531 and 9807, with respect to the observation 2019. All the differences are reported
in arcsecond units.

We used the Chandra data, which have the smallest PSF, to detect point sources, both using
the single exposures and a merged image of the three. We constructed the merged image, after the
reprojection of each single image with the CIAO task reproject_obs, with the tool merge_obs. The
detection on the merged image allowed us to reach deeper fluxes.

The source detection has been run with wavdetect on scales 1, 2, 4, 8, 16 pixels, using a detection
threshold of 6.58×10−7, which has been derived from the pixels number in the analysed images. We
created the PSF maps, necessary for the detection procedure, with the tool makepsfmap. In case of
the merged image, we summed the single PSF maps with dmimgcalc. The detected sources have
very little counts, thus pile up is not present in the data.

4.3 Data analysis and Results
4.3.1 Point sources
We computed the differences in right ascension and declination of the three Chandra pointings, to
verify if an astrometry correction was necessary. In particular, we derived the differences between
the second and third exposures with respect to the first one. The resulting values found are reported
in table 4.2, in arcsec units. The differences are smaller than the minimum of the PSF in the
corresponding region, ∼ 0.9 ′′, which allowed us to neglect them in the analysis. We used the
coordinates of the first exposure, where most sources were visible. When a source was not detected
in observation 2019, we instead used the coordinates from the merged image. More sources are
visible in the first Chandra epoch than in the other exposures, because there was a decrease in the
Chandra flux sensitivity during the years, which caused the first observation to be more sensitive
than the others.
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SOURCE Position (J2000) Obs=2019 Position (J2000) Obs=9531 Position (J2000) Obs=9807 Position (J2000) Obs=Merged
N1 (G2) 0:37:45.301 −33:42:28.684 0:37:45.283 −33:42:28.853 0:37:45.282 −33:42:28.550 0:37:45.300 −33:42:28.689
N2 (G1) 0:37:43.855 −33:42:09.810 0:37:43.855 −33:42:09.920 0:37:43.832 −33:42:10.010 0:37:43.850 −33:42:09.857
N3 (G1) 0:37:43.138 −33:42:04.223 0:37:43.097 −33:42:04.122 0:37:43.101 −33:42:04.272 0:37:43.098 −33:42:04.129
N4 (G1) 0:37:43.010 −33:42:06.155 0:37:43.006 −33:42:06.149 0:37:43.013 −33:42:06.099
N5 (G1) 0:37:42.802 −33:42:12.662 0:37:42.784 −33:42:12.679

N6 0:37:42.471 −33:43:04.262 0:37:42.492 −33:43:04.130
N7 0:37:41.081 −33:43:31.891 0:37:41.083 −33:43:31.780
N8 0:37:41.046 −33:42:21.358 0:37:41.063 −33:42:21.544 0:37:41.045 −33:42:21.534
N9 0:37:40.875 −33:43:30.972 0:37:40.865 −33:43:30.874 0:37:40.850 −33:43:31.177 0:37:40.876 −33:43:31.019
N10 0:37:39.390 −33:43:23.346 0:37:39.390 −33:43:23.373 0:37:39.393 −33:43:23.364 0:37:39.391 −33:43:23.284
N11 0:37:39.234 −33:42:50.322 0:37:39.217 −33:42:50.099 0:37:39.222 −33:42:50.298 0:37:39.222 −33:42:50.262
N12 0:37:39.171 −33:42:29.765 0:37:39.130 −33:42:29.680 0:37:39.158 −33:42:29.975 0:37:39.156 −33:42:29.691
N13 0:37:38.826 −33:43:18.551 0:37:38.796 −33:43:18.805 0:37:38.813 −33:43:18.894 0:37:38.805 −33:43:18.803
N14 0:37:38.741 −33:43:16.225 0:37:38.756 −33:43:16.347 0:37:38.736 −33:43:16.267 0:37:38.730 −33:43:16.303
N15 0:37:38.346 −33:43:09.006 0:37:38.354 −33:43:08.905 0:37:38.349 −33:43:08.989 0:37:38.347 −33:43:08.906
N16 0:37:37.606 −33:42:55.250 0:37:37.585 −33:42:54.860 0:37:37.595 −33:42:55.026 0:37:37.606 −33:42:55.158
N17 0:37:37.590 −33:42:57.207 0:37:37.591 −33:42:56.802 0:37:37.594 −33:42:57.024
N18 0:37:43.366 -33:43:12.753 0:37:43.380 −33:43:12.779

N19 (G1) 0:37:42.832 −33:42:09.68 0:37:42.835 −33:42:09.885 0:37:42.819 −33:42:09.800
N20 0:37:42.146 −33:43:13.961 0:37:42.142 −33:43:13.785
N21 0:37:41.261 −33:42:32.376 0:37:41.212 −33:42:32.484 0:37:41.211 −33:42:32.429
N22 0:37:40.439 −33:43:24.946 0:37:40.450 −33:43:24.697
N23 0:37:42.008 −33:43:26.917
N24 0:37:40.178 −33:43:26.920 0:37:40.210 −33:43:26.196 0:37:40.261 −33:43:26.649
P25 0:37:42.403 −33:42:49.841 0:37:42.399 −33:42:49.732 0:37:42.393 −33:42:49.763
P26 0:37:40.589 −33:43:28.306 0:37:40.576 −33:43:28.351
P27 0:37:39.423 −33:43:21.198
P28 0:37:38.109 −33:43:05.615
P29 0:37:42.821 −33:43:14.264 0:37:42.863 −33:43:14.399

P30 (G1) 0:37:43.751 −33:42:14.516 0:37:43.754 −33:42:14.355
P31 (G1) 0:37:42.939 −33:42:04.178 0:37:42.937 −33:42:04.208
P32 (G3) 0:37:47.020 −33:39:53.158 0:37:47.042 −33:39:53.229 0:37:46.960 −33:39:52.951 0:37:47.013 −33:39:53.336

P33 0:37:40.749 −33:42:58.181 0:37:40.721 −33:42:58.328
P34 0:37:43.064 −33:43:22.606
P35 0:37:41.339 −33:43:31.455
P36 0:37:37.877 −33:42:53.140
P37 0:37:41.727 −33:42:35.426

Table 4.3: Coordinates of the point sources in the Cartwheel Galaxy and in the companion galaxies (G1, G2, G3). The
detection has been run with the task wavdetect of the CIAO threads. Source P25 is the XMM-Newton source XMM8
(Crivellari et al. 2009). The source detection has been run in each of the Chandra exposures and also in their merged
image.
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The detected point sources are listed in table 4.3 , with the same nomenclature used by Wolter
and Trinchieri (2004), while the new sources are labeled with letter P and progressive numbers.
Both the Cartwheel and the companion galaxies (G1, G2, G3) are included in the table. When a
source was not detected in an image, no coordinates are reported in the table. Having used a different
version of the software and calibration files with respect with the previously published analysis, we
detected a slightly different number of sources, in the first Chandra observation, which was already
analysed in Wolter and Trinchieri (2004), we detect sources P31, P32 and P37 not indicated in the
previous analysis. The other two Chandra exposures were not previously analysed, except for the
most luminous point-like source N10. Considering all the three Chandra pointings individually
and their merged image, we detected 12 "new" sources, with respect to the previous analysis of
observation 2019 of Wolter and Trinchieri (2004). Three of them (P31, P36, P37) were indicated
in the analysis of Gao et al. ( 2003), who also detect a source at the position RA=0:37:38.97
Dec=−33:43:17.5, not detected in our analysis. We also detect, in the second and third Chandra
exposures, the XMM-Newton source XMM8, which we named P25, while this source was not visible
in the first Chandra observation. No nuclear source is visible in X-rays for the galaxy G1, but a
number of sources are associated to it. We detect source N1 and P32, associated respectively with
the galaxies G2 and G3. Both the nuclei of G2 and G3 are visible in the merged image. The nucleus
of G2 is also detected in observation 9531, while that of G3 is visible in observation 2019.

For each of the detected sources we extracted the source counts from a circular region with 1′′

radius, in the energy range 0.5 – 10 keV.
To highlight the sources variability among the exposures, we constructed a image of the three

Chandra epochs combined, see figure 4.1.
The sources visible in XMM-Newton data are N6, N7+N9, N11, N12, N13+N14, N16+N17, N21

and P25 (see also Crivellari et al. 2009). We extracted the sources counts in the energy band 0.5–10
keV, from circular regions with radius 10′′ (8′′ for N12 which is near a CCD gap). The extracted
counts are reported in table 4.5.

4.3.2 Spectral analysis
We extracted the Chandra spectra from circular regions with 1′′ radius, using the specextract task
of CIAO, with an annular background around each source.

Due to the little counts in most of the sources, we summed the spectra in the three Chandra
exposures to improve the statistics (with the combine procedure of CIAO) and analysed only those
which resulted to contain more than 100 net counts. The sources in question are N9, N10, N11, N14,
N16 and N17. We binned the spectra with at least 20 counts per bin and we applied the 𝜒2 statistics
in the spectral analysis.

We used an absorbed power-law to describe the spectra (tbabs*pow in xspec).The model gave
a statistically acceptable spectral-fitting for the six sources; the resulting parameters are reported in
Table 4.4. The 𝑛H was not well constrained for sources N16 and N17, thus we just give an upper
limit. The power-law index Γ ranges from 1.4 to 2.7, which suggests that the analysed sources have
different spectral hardness. Considering the Galactic absorption in the direction of the Cartwheel,
i.e. 𝑛H = 2.5×1020 cm−2 (Kalberla et al. 2005), at least N10, N11 and N14 have an additional local
absorption. Indeed, if we model their spectra with 𝑛H fixed at the Galactic value, it results in a not
statistically acceptable fit. The additional absorption found in some of the sources is not surprising.
Absorbing material may be present in the vicinity of a ULX and may be ascribed to the diffuse gas
visible in the Cartwheel ring (Wolter and Trinchieri 2004) or to the outflows that are sometimes
observed around the ULXs (e.g. Middleton et al. 2015b, Pinto et al. 2016).
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Source 𝑛H Γ F(0.5−2.0)keV F(2.0−10.0)keV L(0.5−2.0)keV L(2.0−10.0)keV 𝜒2/dof 𝑃val
(*1020cm−2) 10−15erg cm−2 s−1 10−15erg cm−2 s−1 1039 erg s−1 1039 erg s−1

N9 31.1+40.4
−28.9 1.6+1.1

−0.9 3.6±0.5 8.2±1.1 6.7±1.0 15.9±2.1 2.2/3 0.53
N10 43.9+11.6

−9.5 2.1+0.3
−0.2 20.3±1.5 20.9±1.5 39.4±2.9 40.6±2.9 22.82/23 0.47

N11 115.9+74.8
−54.3 1.9+0.8

−0.7 7.5±1.1 9.7±1.5 14.6±2.1 18.8±2.9 0.84/3 0.84
N14 30.5+18.4

−14.3 2.7+0.6
−0.5 5.4±0.7 2.3±0.3 10.5±1.4 4.5±0.6 6.83/5 0.23

N16 <24.1 1.4+0.2
−0.1 2.3±0.4 8.0±1.0 4.5±0.8 15.5±1.9 3.62/5 0.61

N17 <22.3 2.1+1.0
−0.5 2.9±0.4 2.9±0.4 5.6±0.8 5.6±0.8 2.99/4 0.56

Table 4.4: Spectral fitting parameters: 𝑛𝐻 , power-law index (Γ) and unabsorbed fluxes and luminosities in (0.5-2.0) keV
and (2.0-10.0) keV, for the sources with more than 100 counts, in the sum of the three Chandra observations. We used
an absorbed power-law model (tbabs*pow in xspec). The degrees of freedom (dof) are usually few because of the small
number of counts in the spectra. The adopted model gives an acceptable fit at more than 2𝜎 for all the sources, i.e. 𝑃val >

0.05.
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For the sources with lesser counts we could not study the individual spectra, due to the low
statistics. We analysed the average spectrum of all the sources with the Chandra data, excluding
N10, i.e. the most luminous ULX, which may influence the result. By fitting simultaneously the
three Chandra exposures, we obtained 𝑛𝐻 = 1.0+0.4

−0.3×1021 cm−2, Γ = 1.7+0.1
−0.1. We used this model and

a Bayesian code, BLike (A. Belfiore, private communication), to derive the fluxes. For consistency,
also for the six sources with more than 100 counts, for which we have also studied the spectrum,
we used the same model and method to derive fluxes in the single exposures. The luminosities
derived with this spectral model are consistent with those obtained by using the spectral model
from Wolter and Trinchieri (2004), i.e. 𝑛H = 1.9×1021 cm−2 and Γ = 2.2. The difference on the
luminosity estimation from the two model is smaller than 10%. We applied the same method also
to derive XMM-Newton fluxes. We verified that the adopted model was statistically acceptable for
the XMM-Newton sources with enough spectral counts and we assumed that it was an acceptable
approximation also for the less luminous ULXs. For XMM-Newton we used an extraction radius of
10′′, except for source N12 for which we used a smaller radius of 8′′, because it was close to a CCD
gap. XMM-Newton background was computed from an elliptical region including all the Cartwheel
galaxy, but not the detected point sources. We derived the luminosity from the flux with the assumed
distance of 131 Mpc.

4.3.3 Variability on short timescales
Some ULXs analysed in the literature have shown short-term variability, as explained in section
2.1.1. Due to the large distance of the Cartwheel galaxy and consequently the low statistics of the
data, we searched for the short-term variability of the brightest sources only. Furthermore, Heil et al.
(2009) did not find a large occurrence of short-term variability in the brightest sources, thus we do
not expect to find short-term variability in many of the Cartwheel sources, considering also that we
analyse only the most luminous of them. We selected the sources with at least 20 net counts in the
single Chandra observation and we applied a Kolmogorov-Smirnov test on the photons arrival times.
In absence of variability, the photons would arrive on the telescope at regular time intervals, so we
compared the arrival times with an expected uniform distribution.

We found variability with at least 1𝜎 significance only for three ULXs, in three single observa-
tions: N9 in observation 2019, N14 in observation 9807 and N22 in observation 9807. We interpret
this fact as a lack of significant short-term variability for the Cartwheel sources, as often happens in
ULXs (see e.g. Heil et al. 2009), but we note that the low statistics in the data may have influenced
this finding.

4.3.4 Long-term variability
While studying the long-term variability, we first considered the same instrument by analysing the
three Chandra epochs. The Chandra effective area decreased in the years, thus we had to correct
the observed counts in the two 2008 observations to take into account this effect. We verified the
significance of the long-term variability in the energy band 0.5-10.0 keV, by applying the Cash
statistics (Cash 1979). The corrected counts and the statistics for each source are listed in table 4.5.
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SOURCE cts2019 cts101 cts201 cts9531 cts9807 Cash stat P𝑣𝑎𝑙 𝜎

N1(G2) 59 27.5 15.6 11.89 2.6e-03 3.01
N2(G1) 35 28.75 19.5 1.48 4.8e-01 0.71
N3(G1) 55 92.5 67.6 31.25 1.6e-07 5.24
N4(G1) 44 21.25 26 1.68 4.3e-01 0.79
N5(G1) 37 8.75 11.7 11.19 3.7e-03 2.90

N6 17 0 52.5 3.75 5.20 5.62/87.25 6.0e-02/5.1e-18 1.88/8.65
N7 59 12.50 9.10 30.60 2.3e-07 5.18
N8 19 6.25 11.7 2.95 2.3e-01 1.20
N9 60 67.5 32.5 13.23 1.3e-03 3.21

N7N9(XMM) 118 159.6 159.6 80 41.6 140.24 2.5e-29 11.24
N10 344 214.2 210 195 61.1 118.85/160.36 1.6e-26/1.2e-33 10.66/12.09
N11 61 52.5 52.5 43.75 35.10 0.68/12.42 7.1e-01/1.4e-02 0.37/2.44
N12 40 0 52.5 27.5 13 6.23/57.12 4.4e-02/1.2e-11 2.01/6.78
N13 34 27.5 32.5 2.44 2.9e-01 1.05
N14 78 50 62.4 2.20 3.3e-01 0.97

N13N14(XMM) 111 184.8 211.05 77.5 93.6 160.84 9.7e-34 12.11
N15 16 15 7.8 2.10 3.5e-01 0.93
N16 85 45 62.4 3.63 1.6e-01 1.40
N17 95 55 22.1 22.98 1.0e-05 4.41

N16N17(XMM) 179 78.75 132.3 92.5 84.5 8.39 7.8e-02 1.76
N18 7 3.75 2.6 0.65 7.2e-01 0.35

N19(G1) 12 18.75 10.4 5.47 6.5e-02 1.85
N20 6 0 0 10.13 6.3e-03 2.73
N21 7 20 9.1 12.8 1.7e-03 3.14

N21(XMM) 7 7 0 20 9.1 34.41 6.1e-07 4.9
N22 15 12.5 10.4 0.30 8.6e-01 0.18
N23 12 0 1.3 15.06 5.38e-04 3.46
N24 12 5 16.9 8.10 1.7e-02 2.38
P25 3 26.25 78.75 40 28.6 59.73/107.9 1.1e-13/2.0e-22 7.43/9.74
P26 4 3.75 40.3 65.53 5.9e-15 7.81
P27 25 16.25 7.8 3.98 1.4e-01 1.49
P28 3 10 9.1 8.99 1.1e-02 2.54
P29 5 3.75 11.7 7.66 2.2e-02 2.29

P30(G1) 2 20 3.9 27.42 1.1e-06 4.87
P31(G1) 31 21.25 22.1 0.12 9.4e-01 0.07
P32(G3) 9 10 7.8 1.19 5.5e-01 0.59

P33 2 8.75 3.9 7.65 2.2e-02 2.29
P34 3 3.75 3.9 1.01 6.0e-01 0.52
P35 6 11.25 6.5 4.35 1.1e-01 1.58
P36 10 7.5 1.3 5.39 6.8e-02 1.83
P37 10 3.75 1.3 4.50 1.08e-01 1.62

Table 4.5: Column 1: names of the sources; Columns 2, 3, 4, 5, 6: total counts in source regions in (0.5 - 10.0 keV);
Chandra counts in observations 9531 and 9807, corrected for changes in the effective area; XMM-Newton counts corrected
to account for the difference with respect to Chandra effective area. Columns 7, 8, 9: Cash statistics, P-value, significance
of the variability, with Chandra data only. When a source was detected also with XMM-Newton the statistics with all data
is reported at the right of ’/’. The values obtained from the sum of the sources not individually resolved by XMM-Newton
(N7+N9 + N13+N14, N16+N17) are also listed.
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Figure 4.2: Light curves of sources N7 (orange), N9 (black), P25 (blue) in the Cartwheel galaxy. The
Chandra observations are the ’dots’, the XMM-Newton observations are the ’stars’. The 2𝜎 upper
limits, derived with the code blike, are represented with ’inverted triangles’.

Some sources were not resolved in the XMM-Newton data. Thus, while considering also the
XMM-Newton data we analysed the long-term variability of the following sources: N6, N10, N11,
N12, N21, P25, N7+N9, N13+N14, N16+N17.

The effective areas of Chandra and XMM-Newton are different; we corrected the XMM-Newton
counts in order to compare them with Chandra counts, considering the ratio of the effective areas.
We applied the Cash statistics to the data of both satellites (table 4.5). The sources variable at least
with a 3𝜎 significance are highlighted in bold in the last column of the table.

It is not easy to conduct a systematic study with a small number of sources, thus we applied
different methods to all the detected sources, to determine the range of total variability.

To estimate the total intensity variability, we computed the ratio between the maximum and
minimum observed luminosity, L𝑚𝑎𝑥 /L𝑚𝑖𝑛; we report the obtained ratios in Table 4.6. The luminosity
has been estimated by using the most likely flux value, derived with blike, and considering the
assumed distance of 131 Mpc. In the ratio computation we used the symmetrical luminosity (L𝑠𝑖𝑚𝑚),
which is:

𝐿𝑠𝑖𝑚𝑚 = 𝐿𝐵𝐿𝑖𝑘𝑒 +
𝑒𝑟𝑟ℎ𝑖 − 𝑒𝑟𝑟𝑙𝑜

2
, (4.1)

L𝐵𝐿𝑖𝑘𝑒 is the luminosity derived from the most likely flux, errℎ𝑖 is the upper error on luminosity and
err𝑙𝑜 is the lower error on luminosity. When just one detection was present, we used the detection
and the lower upper limit, deriving just a lower limit on the luminosity ratio.

The amplitude of the variability may be computed by deriving the fractional variability amplitude
F𝑣𝑎𝑟 (see section 2.5.3). We derived F𝑣𝑎𝑟 for sources having a minimum of two detections and we
computed a 3𝜎 upper limit of the F𝑣𝑎𝑟 , using the xronos task lcstats, when the fractional variability
amplitude determination was not possible, because large uncertainties were present (see the results
in table 4.6). F𝑣𝑎𝑟 derived from single light curves and extremely sparse samplings may result in
unreliable estimates, so we derived also the "ensemble" F𝑣𝑎𝑟 for both the Chandra and XMM-Newton
data. We proceeded with the simulations with the same Monte Carlo approach used in the previous
chapter, for our Swift/XRT sample of ULXs. The resulting F𝑣𝑎𝑟 is reported in the last column of
table 4.6.

Considering only Chandra data, ∼30% of the ULXs are variable with at least a 3𝜎 significance.
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The percentage is similar, ∼29%, considering the Cartwheel or G1 alone (table 4.5). Only one source
for galaxy was detected in G2 and G3: N1, associated to G2, is significantly variable, while P32 in
G3 has a variability significance smaller than 1𝜎.

When we include also the XMM-Newton data, the sources variable with a minimum of 3𝜎
significance are 35% (table 4.5). Source N13N14 is variable at more than 3𝜎, but considering N13
and N14 separately in the Chandra data, their variability significance is ∼1𝜎.

About 37% of the sources detected with Chandra have a luminosity ratio > 2 (excluding those
for which the data did not permit the estimation); this should be considered as a lower limit on the
number of sources which vary more than a factor 2, because for seven sources we obtained only a
lower limit between 1.30 and 1.79 on the luminosity ratio, thus their variability factor may be larger.
For two of the sources the lower limit on the variability factor is larger than 5 (> 9.6 for source
P25 and >6.6 for source P26) which means that their variability may reach or overcome an order
of magnitude. In the Cartwheel alone, the variability factor is larger than 2 for 50% of the sources
(considering both Chandra and XMM-Newton data); for the galaxy G1 the percentage becomes 29%.
We had to exclude some sources while estimating this percentage, because for those ULXs there were
no detections in the Chandra observations or the source was detected only once and we found upper
limits larger than the detection luminosity in the other epochs.

F𝑣𝑎𝑟,𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 is between 8 and 64% for the single Chandra sources and, for many of them,
33%, F𝑣𝑎𝑟,𝑒𝑛𝑠𝑎𝑚𝑏𝑙𝑒 > 30%, considering only the ULXs for which it was possible to derive F𝑣𝑎𝑟 .
Considering also XMM-Newton data this percentage of sources becomes ∼ 50% and in 18% of the
sources F𝑣𝑎𝑟,𝑒𝑛𝑠𝑎𝑚𝑏𝑙𝑒 > 50%.

The long-term variability was found in many of the analysed sources, suggesting that variability
on timescales of months to years is a characteristic feature of the ULX population in ring galaxies,
in contrast with short-term variability, which seems often absent. The same behaviours, both on
long and short timescales, are usually observed in the ULXs of non-ring galaxies, which are often
variable on long timescales, while short-term variability appears to be suppressed in some sources and
transient in others (see e.g. Gladstone and Roberts 2009, Song et al. 2020, Heil et al. 2009), rendering
the detection of the short-term variability a difficult task if only few observations are available. Some
of the Cartwheel and of its companions sources have a transient behaviour – they are not always
detected in the observations – such as source P25, which was not visible in the first Chandra epoch,
or source N7, which was visible in the first Chandra epoch and in the XMM-Newton observations
but then turned off: in figure 4.2, we show the light curves of this two transient sources; in the same
figure we plot for comparison the light curve of N9, which is a persistent source with a luminosity
comparable with those of the transient P25 and N7. A transient source may be characterised by
propeller stages, which may be caused only by a NS compact object. Otherwise, the non-detection
in some observations may be caused by a flux under the instrument detection threshold.
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Source
𝐿
(0.5−10.0𝑘𝑒𝑉)
2019

1039

𝐿
(0.5−10.0𝑘𝑒𝑉)
101

1039

𝐿
(0.5−10.0𝑘𝑒𝑉)
201

1039

𝐿
(0.5−10.0𝑘𝑒𝑉)
9531

1039

𝐿
(0.5−10.0𝑘𝑒𝑉)
9807

1039 L𝑚𝑎𝑥 /L𝑚𝑖𝑛 F𝑣𝑎𝑟 F𝑣𝑎𝑟,𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒

N1 (G2) 12.82±1.66 7.96±1.88 4.56±1.48 2.81 0.39±0.12 0.55±0.02
N2 (G1) 7.66±1.39 8.10±1.87 5.08±1.60 1.59 <0.55 0.17±0.03
N3 (G1) 11.35±1.61 28.41±3.26 18.70±2.73 2.50 0.40±0.08 0.33±0.01
N4 (G1) 9.20±1.45 6.74±1.71 6.95±1.77 1.36 <0.53 0.26±0.04
N5 (G1) 7.99±1.39 <5.10 <4.46 >1.79 − −

N6 3.32±0.91 0 7.74±3.70 <4.14 <4.91 ?/>2.33 −/<1.90 −/0.40±0.13
N7 12.64±1.68 <5.12 <5.12 >2.47 − −
N8 3.87±0.99 <3.96 2.97±1.30 1.30 <0.96 0.17±0.06
N9 11.63±1.61 17.49±2.58 8.87±2.05 1.97 0.36±0.10 0.34±0.02

N7N9 24.24±2.33 66.93±7.46 35.78±4.47 20.11±2.84 11.01±2.44 6.07 0.70±0.06 0.76±0.01
N10 70.45±3.81 106.41±8.39 57.26±5.20 54.37±4.42 17.37±2.71 4.05/6.13 0.54±0.05/0.51±0.04 0.64±0.01/0.57±0.01
N11 13.24±1.72 11.40±6.17 1.92±3.39 11.98±2.18 9.96±2.05 1.33/6.90 <0.42/0.20±0.16 0.17±0.02/0.38±0.03
N12 7.78±1.31 0 3.87±3.42 7.57±1.77 <4.98 >1.56/>2.01 <0.62/<0.73 0.10±0.06/0.43±0.04
N13 7.14±1.26 10.99±2.09 10.26±2.18 1.54 <0.53 0.07±0.02
N14 16.29±1.86 14.51±2.36 18.37±2.81 1.27 <0.35 0.12±0.02

N13N14 23.43±2.24 97.98±8.33 52.04±5.19 25.48±3.16 28.64±3.56 4.18 0.69±0.05 0.75±0.01
N15 3.46±0.92 4.77±1.51 <4.63 1.38 <0.96 0.08±0.04
N16 19.82±2.13 13.04±2.23 19.75±2.84 1.52 0.13±0.10 0.21±0.02
N17 22.19±2.22 15.33±2.41 6.02±1.70 3.69 0.44±0.09 0.58±0.02

N16N17 41.71±3.07 21.47±5.79 26.27±4.18 28.21±3.27 26.05±3.31 1.94 <0.24 0.26±0.01
N18 <2.11 <2.45 <2.35 ? − −

N19 (G1) 3.19±0.92 5.41±1.57 <5.03 1.69 0.51±0.23 0.30±0.06
N20 2.52±0.82 <1.09 <1.88 >2.31 − −
N21 <2.64 0 2.22±3.44 6.05±1.69 3.06±1.30 >2.29/>2.73 0.47±0.25/<1.13 0.42±0.10/0.53±0.07
N22 2.35±0.82 <5.75 <5.26 ? − −
N23 <3.23 <1.29 <2.20 ? − −
N24 <3.12 <3.78 5.49±1.64 >1.76 − −
P25 <1.25 4.16±8.59 3.17±3.54 12.00±2.20 7.85±1.84 >9.6/47.79 <0.64/<0.72 0.18±0.05/0.30±0.04
P26 <1.80 <1.81 11.98±2.28 >6.64 − −
P27 4.59±1.04 5.32±1.53 <4.08 >1.30 <0.84 0.12±0.06
P28 <1.36 3.97±1.42 3.31±1.39 >2.92 <1.37 0.13±0.06
P29 <2.53 <3.49 3.94±1.41 >1.56 − −

P30 (G1) <2.30 6.40±1.66 <3.32 >2.78 − –
P31 (G1) 6.08±1.21 5.68±1.60 5.85±1.65 1.07 <0.62 0.10±0.03
P32 (G3) 2.21±0.80 <4.93 3.19±1.39 1.45 <1.31 0.09±0.05

P33 <1.98 3.18±1.25 <4.61 >1.61 − −
P34 <2.00 <2.36 <2.11 ? − −
P35 <2.20 <5.00 <4.73 ? − −
P36 <3.20 <3.32 <1.40 ? − −
P37 2.40±0.81 <2.91 <1.65 >1.46 − −

Table 4.6: Column 1: source name; Columns 2, 5, 6: ULXs luminosity in the Chandra observations; Columns 3, 4: ULXs
luminosity in XMM-Newton observations, the luminosities are in (0.5 - 10 keV) and were derived assuming an absorbed
power-law model (𝑛H = 1.9×1021 cm−2 and Γ = 2.2) and a distance of 131 Mpc. Column 7: ratio between maximum and
minimum luminosity; Column 8: fractional variability (F𝑣𝑎𝑟 ). When the mean error squared is larger than the variance
of the light curve we do not compute F𝑣𝑎𝑟 . The count rates used for the computation of F𝑣𝑎𝑟 have been corrected to
account for the differences in the effective area of the instruments in each observation. When a source was detected also
with XMM-Newton data, we report on the left the value obtained with Chandra data only, on the right, the value obtained
by considering also XMM-Newton data. When a source was detected only once and the upper limits are higher than the
detected luminosity, we cannot compute L𝑚𝑎𝑥 /L𝑚𝑖𝑛 and we report a ’?’. Column 9: F𝑣𝑎𝑟 derived with the "ensemble"
approach for Chandra data. P34, P35 and P36 are included in the table for completeness, even if they were only detected
in the merged image in our analysis.
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4.3.5 Luminosity function
Many ULXs resulted highly variable in flux among the observations. We studied the X-ray luminosity
function (XLF) of the Cartwheel, in order to verify if the flux variability of its sources may influence
the shape of the XLF.

Binder et al. (2017) studied the effects of variability on the shape of the XLF of the X-ray binaries
in NGC 300. They could not distinguish the effects caused by Common Envelope phase from those
deriving from the sources variability, thus they did not obtain any firm conclusion.

Zezas et al. (2006) studied the variability of the Antennae X-ray point sources and they concluded
that, despite the flux variability by up to a factor 2-6, observed in many sources in months to years
timescales, no changes in the total XLF shape were visible.

We constructed the cumulative X-ray luminosity function (XLF) of the Cartwheel in each of the
Chandra observations, which span 8 years, in the energy band (2.0-10.0) keV, the energy band was
chosen to allow a direct comparison with the analysis of Grimm et al. (2003). The cumulative XLF
of the Cartwheel, in the first Chandra epoch, only for the sources in the ring, has already been studied
in Wolter and Trinchieri (2004). They assumed a Star Formation Rate (SFR) of 20 𝑀⊙ yr−1 for the
Cartwheel and they found that the XLF was in agreement with the "universal" LF of the High Mass
X-ray Binaries (HMXBs) (Grimm et al. 2003). The authors noted a flattening at low luminosity in the
XLF and they attributed this effect to detection incompleteness, but they did not present a corrected
version of the XLF considering the incompleteness. The corrected Cartwheel XLF is plotted in
Figure 6 of Wolter et al. (2015) and the same analysis was presented also in Wolter et al. (2018),
considering only the sources in the Cartwheel ring. We computed the XLF for the three epochs and
by using all the detected sources associated with the Cartwheel, also those not in the ring region,
and we used the same procedure followed by Wolter et al. (2015) to correct the data for detection
incompleteness: we used figure 12 from Kim and Fabbiano (2003), where detection probabilities are
plotted as a function of source and background counts.

The cumulative XLF of the Cartwheel galaxy is shown in Figure 4.3. It is consistent with the
Grimm function for HMXBs, if we assume a 20 𝑀⊙ yr−1 SFR, as was previously found by Wolter
and Trinchieri (2004) with the data of the first Chandra observation only, but a flattening at high
luminosity may be present. The XLF appears consistent in shape among the three epochs, when we
take into account that there is an average error of ∼ 20% on the luminosity, except for the source N10.

Considering that no substantial differences in shape are visible in the XLF among the three
Chandra epochs, despite the flux variability of the ULXs, we constructed the differential XLF by
summing all the sources detected in the three observations, weighting it on SFR. In this way we
increased the statistics and we could study in more detail the XLF shape. Here, we describe the
procedure used to construct the differential XLF; the luminosities used are in units of 1039 erg s−1.
We grouped the sources in logarithmic bins equally spaced (using a step: log(Δ) = 0.3, x𝑖=x0 × Δ𝑖)
to construct a binned differential luminosity function and we obtained six bins. The value of the
differential XLF was obtained by the ratio between the number of sources in each bin and the bin
width.

First, we used a power-law model to fit the differential LF, applying a maximum likelihood
approach. The luminosities were assumed to be distributed as f=nx−𝛾 , n is the normalization and
𝛾 is the power-law index, while x is the luminosity in units of 1039 erg s−1. Every bin contains N𝑖

sources and the expected value for each bin is:

𝑦𝑖 =

∫ 𝑥𝑖+1

𝑥𝑖

𝑛𝑥−𝛾𝑑𝑥 =
𝑛

1 − 𝛾
(𝑥1−𝛾

𝑖+1 − 𝑥
1−𝛾
𝑖

) = 𝑛 × (Δ1−𝛾 − 1)
1 − 𝛾

𝑥
1−𝛾
𝑖

; (4.2)

dividing by the bin width 𝑙𝑖 = x𝑖+1 - x𝑖 , we obtained the value:

𝑦𝑖

𝑙𝑖
=
𝑛(Δ1−𝛾 − 1)𝑥−𝛾

𝑖

(1 − 𝛾) (Δ − 1) . (4.3)

We introduced

𝛼(𝑛, 𝛾) = 𝑛(Δ1−𝛾 − 1)
(1 − 𝛾) (Δ − 1) (4.4)
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and we obtained the expected value in a more compact form:

𝑦𝑖

𝑙𝑖
= 𝛼𝑥

−𝛾
𝑖

(4.5)

In each bin, the sources are distributed following the Poissonian statistics, thus we can write the
probability to find N𝑖 sources per bin, given the expected value (y𝑖), as:

𝑃(𝑁𝑖 |𝑦𝑖) = 𝑒−𝑦𝑖
𝑦
𝑁𝑖

𝑖

𝑁𝑖!
. (4.6)

The latter is the likelihood function for the single bin; we can neglect the factorial term because it is
model independent.

The total probability may be derived as the product of the single bin probabilities. We considered
the sum of the logarithms of the probability to simplify the calculation.

𝑙𝑛(𝑃𝑡𝑜𝑡 ) = 𝑙𝑛(Π𝑃(𝑁𝑖 |𝑦𝑖)) = Σ𝑙𝑛(𝑒−𝑦𝑖 𝑦𝑁𝑖

𝑖
) = Σ(−𝑦𝑖 + 𝑁𝑖 𝑙𝑛(𝑦𝑖)) (4.7)

and, with 𝑁𝑖

𝑙𝑖
and 𝑦𝑖

𝑙𝑖
instead of 𝑁𝑖 and 𝑦𝑖 , and applying the equations 4.7 and 4.5, the log likelihood

results to be:
𝑙𝑛(𝐿𝑖𝑘𝑒) = −𝛼Σ𝑥−𝛾

𝑖
+ 𝑙𝑛𝛼Σ

𝑁𝑖

𝑙𝑖
− 𝛾Σ

𝑁𝑖

𝑙𝑖
𝑙𝑛𝑥𝑖 . (4.8)

The fit which gives the maximum value for the logarithmic likelihood function, or equivalently the
minimum of −ln(Like), is the best fit.

An exponential cut-off power-law, y = nx−𝛾 e−
𝑥
𝑥𝑐 , where 𝑥𝑐 is the cut-off luminosity, is a better

model for the XLF. We followed the same procedure used in the power-law case, and derived the
logarithmic likelihood function:

𝑙𝑛(𝐿𝑖𝑘𝑒) = Σ[ 𝑛

𝑥𝑖+1 − 𝑥𝑖
∗ 𝑝 + 𝑁𝑖

𝑙𝑖
𝑙𝑛( −𝑛

𝑥𝑖+1 − 𝑥𝑖
∗ 𝑝)], (4.9)

where
𝑝 = (𝑥1−𝛾

𝑖+1 )𝐸𝛾 (
𝑥𝑖+1

𝑥𝑐
) − (𝑥1−𝛾

𝑖
)𝐸𝛾 (

𝑥𝑖

𝑥𝑐
), (4.10)

E𝛾 is the exponential integral.
The resulting best-fitting parameters for the power-law model are Γ = 1.51 and included in the

1𝜎 confidence interval [1.30; 1.73] and n = 32.36, included in the interval [21.86; 46.70].
The exponential cut-off model gives Γ = 1.23 [0.88;1.66]; n = 31.55 [21.98;41.55]; 𝑥𝑐 = 15.29

[10.29;20.29], corresponding to a luminosity cut-off of 1.53 [1.03;2.03]×1040 erg s−1.
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Figure 4.3: upper panels and bottom left: Cartwheel galaxy cumulative XLF, using the three Chandra epochs. bottom
right panel: XLF of the three Chandra epochs plotted together. The black line represents the Grimm function (Grimm
et al. 2003) for HMXBs, assuming SFR = 20M⊙yr−1, for the Cartwheel galaxy.

Figure 4.4: Differential XLF. Observed values (magenta); the statistical uncertainties have been derived by using the
Gehrels approximation (Gehrels 1986). Left panel: best cut-off power-law fit (solid blue line). Right panel: best power-
law fit (solid blue line).
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We applied a Kolmogorov-Smirnov test (KS) to evaluate the goodness of the fits. We thus verified
if the observed values may be drawn from the same distribution of the expected values, i.e. those
expected considering the best-fitting model. The P𝑣𝑎𝑙 of the KS test is about 0.93 for the power-law
fit and about 1 for the cut-off power-law fit; the corresponding statistics are respectively ∼ 0.33 and
∼ 0.17. Both the spectral models are acceptable at more than 2𝜎 significance. The smaller statistics
and the larger P𝑣𝑎𝑙 associated to the second model suggest a fit improvement when the cut-off is
included in the model.

We compared the derived Γ with the value obtained by Grimm et al. (2003) for HMXBs, who
found a Γ value of 1.61±0.12. Our best parameter is smaller and a flattening in the XLF is possible
for the Cartwheel, but our value is consistent with the Grimm one within the uncertainties. Grimm et
al. fixed the cut-off luminosity at x𝑐 = 2.1×1040 erg s−1, which is a larger value than our best-fitting
estimation, but the two results are compatible within the errors. Grimm et al. derived a relation
between the SFR and the XLF: dN/dL38 = 3.3SFR L−1.61 for L<2.1×1040 erg s−1. We fit our XLF,
excluding all the sources above their cut-off value of 2.1×1040 erg s−1, using a power-law with their
Γ value, of 1.61, and we compared the derived normalization with 3.3SFR to estimate the Cartwheel
SFR. We obtained a SFR of∼ 17 𝑀⊙ y−1 for the Cartwheel. This value is similar to the SFR published
in the literature: 17.7 𝑀⊙ y−1, derived from FIR (far infrared) data, and 18 𝑀⊙ y−1, derived from
L𝐻𝛼

(Mayya et al. 2005).
Because of the change in the limiting Chandra flux among the observations, we expect that some

sources may be lost in the bin at the lower luminosity. The flatter shape of our XLF, with respect to
the Grimm et al. XLF, may be caused by the reduced sensitivity, rather than being a really different
trend. If we fit the Cartwheel XLF with a cut-off power-law model, with Γ fixed at the Grimm value
(1.61) and leaving the normalization and the cut-off luminosity free, we obtain a cut-off luminosity
of ∼8.6×1041erg s−1. This fit is formally acceptable and its P𝑣𝑎𝑙 (0.93) and fit statistics (0.33) are
similar to those associated with the power-law fit without the cut-off. The cut-off value found is larger
than the most luminous bin in the XLF and thus it does not influence the fit. To assess the impact
of loosing some sources at low luminosity, we found that a good fit with Γ fixed at 1.6 is obtained
with six more sources in the first bin, which gives a cut off luminosity of ∼ 4×1040 erg s−1. This
value is larger if compared to the Grimm analysis and it is easy to explain, considering the higher
luminosities of the sources in our sample with respect to the sources analysed by Grimm et al. and
this cut-off luminosity is consistent with the one found by Wolter et al. (2018) for a sample of ring
galaxies.

4.3.6 Cartwheel galaxy diffuse component and companion galaxies
We have presented a study of the variability of the ULXs in the Cartwheel galaxy and in its com-
panions and we investigated if the flux variability has influenced the XLF shape. We complete
the analysis of the Chandra data used in this work by considering also the non-variable emission
components, both in the Cartwheel and in its companion galaxies.

Cartwheel diffuse emission: In the Cartwheel galaxy, also diffuse emission is present. The anal-
ysis of the diffuse emission in XMM-Newton data was presented in Crivellari et al. (2009), while
Wolter and Trinchieri (2004) considered the diffuse emission in the first Chandra epoch. From each
Chandra image we extracted a spectrum from an elliptical region, whose center was at coordinates
RA = 0:37:40.4, Dec = -33:42:59.3; the ellipse major radius was 44.4" and its minor radius was
33.5", which allowed us to include the region inside the galaxy and the ring, but we excluded the
detected point-like sources. From previous analysis (Wolter and Trinchieri 2004, Crivellari et al.
2009) we know that the diffuse emission can be attributed to two different components: the emission
of unresolved point-like sources and that of a diffuse gas. We grouped the data in bins with at
least 2𝜎 significance. As highlighted also in previous analysis (Wolter and Trinchieri 2004), an
acceptable fit is given by a power-law, but the addition of another spectral component improves the
residuals. Therefore, we used a plasma model (apec) plus a power-law (power-law), multiplied by
an absorption model (tbabs), to fit the data. We fixed the plasma model abundances at 0.5 times
the solar value, because of the low metallicity in the Cartwheel. We modelled the diffuse gas with
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Source Obs 𝑛H Γ 𝑘𝑇 𝜒2/dof 𝐿gas 𝐿pow
1021 (cm−2) (keV) 1040 erg s−1

C. 0.12+0.18
−0.11 2.3+1.3

−0.8 0.25+0.11
−0.06 42.18/57 1.3±2.6 3.3±1.9

G1 2.6+4.0
−1.3 2.3+0.6

−0.4 0.2+0.4
−0.1 43.70/43 1.8±0.6

1 6.4±0.8
2 6.6±1.0
3 5.1±1.1

G2 1.0 1.4+1.3
−1.4 – 14.24/14 – 0.7±0.4

G3 1.0 3.3+1.2
−1.1 – 21/30 – 0.7±0.2

Table 4.7: Spectral parameters for the point-like plus diffuse emission (G1 and G3) and for the
diffuse emission (Cartwheel galaxy and G2). More details are given on the text. We used a
tbabs*(apec+pow) model in xspec. The luminosities are expressed in units of 1040 erg s−1. The
gas luminosities, i.e. the luminosities from the apec component, are given in the (0.5-2) keV band;
the power-law luminosities are given in (0.5-10) keV. For G1, having considered together both the
(constant) diffuse emission and the (variable) point-like emission, we indicate the luminosities in
observations 1, 2, 3, respectively the Chandra observations 2019, 9531, 9807. For the Cartwheel
galaxy, G2 (because we analysed the diffuse component alone) and G3 (because the only point-like
source is not significantly variable) we report an average value.

the plasma component and the unresolved point-like sources with the power-law. First, we fit the
Chandra data, linking the 𝑛H among the three epochs, but leaving all the other parameters free. Some
differences are found in the best-fitting parameters, suggesting possible spectral variability, but the
parameters are consistent within the uncertainties among the observations. Therefore, we linked also
the other parameters among the observations to better constrain them. We added to our model a
multiplicative constant, which takes into account any differences in flux among the exposures. We
report the best fitting parameters in table 4.7. The gas component contributes to the flux just below
2 keV. The power-law instead contributes also above 2 keV. We found a power-law index and a gas
temperature similar to those reported by Wolter and Trinchieri (2004), while our best 𝑛H value is
smaller, causing the flux obtained from the first Chandra observation to be lower than the flux derived
in the previous analysis, especially for the gas component. The fitting-parameters uncertainties are
large and allow also the flux values obtained in the previous analysis. The unabsorbed fluxes are
consistent among the epochs within the errors. Their average values are: 𝐹

(0.5−2)𝑘𝑒𝑉
𝑝𝑜𝑤 = 9.8×10−15

erg s−1 cm−2; 𝐹 (2−10)𝑘𝑒𝑉
𝑝𝑜𝑤 = 7.4×10−15 erg s−1 cm−2; 𝐹 (0.5−2)𝑘𝑒𝑉

𝑔𝑎𝑠 = 6.9×10−15 erg s−1 cm−2.
As pointed out by Wolter and Trinchieri (2004) and confirmed also by our spectral analysis

including the three Chandra epochs, the diffuse emission should include at least two components,
compatible with an unresolved X-ray binary population and a diffuse hot gas. Considering the large
number of ULXs detected on the ring, it is natural to expect also less luminous binaries generated dur-
ing the same star formation episode and too faint to be resolved by the current X-ray instrumentation
at the Cartwheel distance. Comparing the Cartwheel observations with the results of the simulations
of Renaud et al. (2018), the Cartwheel galaxy should be in a phase with the star formation (SF)
mainly present in the outer ring. The simulations predicted that the shock-wave, generated by the
impact with the intruder galaxy, activated first the SF in the outer ring. Then the gas is expected to
flow from the outer ring towards the internal regions through the spokes. As a result, there is an
evolution in time of the SF, which moves from the outer to the inner regions of the ring galaxy. This
would correspond to a time smaller than 100 < Myr from the impact according to the simulations
(Renaud et al. 2018). Other considerations, based on dynamics, suggest an age > 200 Myr (Higdon
1996, Amram et al. 1998). This could imply a longer timescale associated to the real case with
respect to the simulations. Should the Cartwheel really be in such a phase, i.e. enhanced SF in the
outer ring and not yet started in the inner regions, we would expect both the two diffuse emission
components, i.e. unresolved binaries and gas, in the outer ring and just a gas contribution to the
diffuse emission of the inner regions. The Chandra data have not enough statistics to study the diffuse
emission of the inner galaxy regions individually from that of the outer ring, even summing the three
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epochs. Crivellari et al. (2009) studied the diffuse emission in these two different regions by using
the XMM-Newton data, which have a higher statistics also in the region inside the galaxy, thanks to
the larger effective area compared to the Chandra one. The gas emission detected in the inner galaxy
region could not be associated with a particular area – e.g. the nucleus or the inner ring – due to
the insufficient angular resolution of XMM-Newton. Crivellari et al. (2009) unexpectedly found a
power-law component also in the inner regions of the Cartwheel and they suggested that it may be
background emission coming from the wings of the PSF of the most bright ring sources. The ideal
way to study separately the diffuse emission in the two cited regions would be an instrument which
combines the spatial resolution of Chandra with the effective area of XMM-Newton. To do a more
detailed analysis of the diffuse emission in the two distinct regions with the currently active X-ray
observatories, a longer Chandra exposure (at least 100-200 ks) is needed to obtain enough statistics.

Companion galaxies: Considering the companion galaxies of the Cartwheel, before this work
only the point sources detected in the first Chandra epoch (Wolter and Trinchieri 2004) and the
XMM-Newton data (Crivellari et al. 2009) have been published. Here we complete the analysis. The
total emission from the companion galaxies includes three components: two come from the emission
of the point-like sources, resolved and unresolved, the third is the gas emission. We extracted the
spectra from the elliptical regions listed in table 4.8. The spectra have been grouped in 20 counts per
bin. The coordinates of the point sources in the companion galaxies are listed with the coordinates
of the point like sources in the Cartwheel, in table 4.3.

We studied the spectra of all the three components of G1 by using an absorbed power-law plus
apec model, to take into account both the point sources, which represent the variable component, and
the plasma emission, which we assumed to be stable among the observations. The fitting parameters
were consistent, within the errors, among the observations. Therefore we analysed the three spectra
together, to better constrain the parameters. The best-fitting parameters are reported in table 4.8,
together with the luminosity derived from the flux obtained from the spectral-fitting and the assumed
distance of 131 Mpc. By the comparison of the power-law luminosities derived here, which include
both the resolved and unresolved point-like emission, and the luminosities of the seven ULXs resolved
in G1 (see their coordinates in table 4.3 and their luminosities in table 4.6), we found their relative
contribution to the power-law component luminosity. On average, 34% of the power-law emission
is accounted for by the unresolved binary population, while 66% of the power-law emission comes
from the resolved ULXs.

Most of the emission of G2 can be attributed to source N1, which is also highly variable, thus,
we extracted the spectrum of G2 excluding the region of N1, while studying the diffuse emission.
The statistics was not enough to use models with two components. We thus fit the data using a
power-law model and we linked the parameters among the observations. We fixed the 𝑛H, which
was unconstrained due to the low statistics, at 1×1021 cm−2, as derived from the fit of the average
spectrum of the point-like sources in both the Cartwheel and its companions, while we leaved the
power-law index free. See the resulting value and luminosity in table 4.8.

The statistics of G3 is scanty. So we used a single absorbed power-law to model the spectrum of
the whole galaxy. We fixed the nH at the value 1×1021 cm−2, as for G2. The spectral-fitting result is
reported in table 4.8.

While for the Cartwheel galaxy and G1 we detected two diffuse components, which can be asso-
ciated to hot gas emission and a power-law emission coming from the unresolved binary population,
G2 and G3 diffuse spectra present just a spectral component, i.e. a power-law. We suggest that also
in these galaxies both the components contributes to the diffuse emission, but cannot be individuated
because of the scanty statistics.
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source RA Dec major axis minor axis
G1 0:37:43.19 -33:42:06.94 14.5" 10.9"
G2 0:37:44.93 -33:42:21.25 11.72" 10.83"
G3 0:37:46.11 -33:39:50.48 26.24" 13.57"

Table 4.8: Coordinates of the companion galaxies: G1, G2, G3. The major and minor axis of the
elliptical regions used to extract the spectra are listed in column 4 and 5, in arcsec units.

4.4 Summary
We have studied the X-ray emission of the Cartwheel galaxy and of its companions (G1, G2 and G3),
with all the available observations taken with Chandra and XMM-Newton satellites, which observed
the galaxies between 2001 and 2008. We wanted to characterize the ULXs variability in a ring
galaxy. We detected in total 37 ULXs, 9 never detected before, 28 of them are in the Cartwheel
galaxy, which is the largest number of ULXs ever observed in a single galaxy.

We found an absence of short-term variability in most of the sources, but we remark that the
low statistics may influence this result. In contrast, we found a significant long-term variability (i.e.
with a significance larger than 3𝜎) in 35% of the sources, a similar behaviour is observed both in the
Cartwheel and G1 considered alone. Fourteen ULXs showed a transient behaviour. This suggests
that the variability amplitude may be large in many sources. Indeed we found a variability factor
larger than 2 in 45% of the ULXs and a F𝑣𝑎𝑟 larger than 30% in 50% of the ULXs (considering both
Chandra and XMM-Newton data).

We also analysed the XLF of the Cartwheel ULXs to verify if the temporal variability may
influence the shape of the XLF. We found that the cumulative XLF of the Cartwheel galaxy has
a consistent shape among the Chandra observations, despite the flux variability of the ULXs. We
also compared the Cartwheel XLF with the HMXBs Universal LF (Grimm et al. 2003). We thus
constructed the differential XLF, summing the sources detected in the three epochs, and we found
a shape flatter than the XLF of the HMXBs, but the two XLFs are consistent within the errors and
also with the result of Swartz et al. (2011), who analysed a sample of ULXs in non-ring galaxies.
Wolter et al. (2018) obtained the same result for a sample of ULXs in ring galaxies. Both analysis,
our and that of Wolter et al. (2018), suggest that more high luminosity objects may be present in ring
galaxies than in other types of galaxies.

Future X-ray observatories, such as Athena (Nandra et al. 2013), may help to obtain larger
statistics data, but less sources will be resolved in the Cartwheel ring because Chandra still holds
the best angular resolution among the existing and planned X-ray satellites. We thus remark the
importance of taking new Chandra observations, to improve the study of the ULX population in the
Cartwheel and detect new transients.
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Chapter 5

Conclusions

5.1 Open questions about Ultraluminous X-ray sources
Despite having been studied since the 80s, there are still many open questions about the ultraluminous
X-ray sources and this renders them a particular interesting topic for the current research in astronomy.
ULXs are interpreted as accreting compact objects in binary systems (e.g. Kaaret et al. 2017) and,
even if there is consensus among the scientific community that many of them host stellar mass
compact objects accreting at super-Eddington rates, a detailed description of these sources and of
the physical mechanisms responsible for their X-ray emission is still lacking. The most outstanding
question about ULXs concerns the nature of the compact object. A group of sources have shown
pulsations and thus their neutron star nature has been confirmed (e.g. Bachetti et al. 2014, Israel
et al. 2017a). Some authors proposed that the fraction of NSs among the ULX population may
be large (e.g. Koliopanos et al. 2017, Pintore et al. 2017) and NSs may even dominate the ULX
population, but at the current state of knowledge, we can describe the ULXs as an heterogeneous
class of sources containing NSs and stellar mass BHs accreting at super-Eddington rate and possibly
a minority of the most luminous objects may host intermediate mass BHs in a sub-Eddington state
of accretion. Except for the detection of pulsations, there is not a universal method to determine
the compact object mass and thus its nature. In fact, constraints on the mass of the compact object
could in principle be found thanks to dynamical studies based on the orbital motion of the compact
object and of the companion star. The determination of the mass is based on the construction of
velocity curves through the analysis of the optical counterpart emission, which is usually impossible
to derive in ULXs because the optical emission is usually dominated by reprocessing of X-rays in the
super-critical accretion disc (e.g. Roberts et al. 2011, Fabrika et al. 2021). Some indirect methods
may be used to identify candidate NSs, but no methods are currently known to identify a BH in a
ULX system. While at first it was thought that the most luminous ULXs may host intermediate mass
BHs, we now know that even the most luminous objects can contain a NS (e.g. Israel et al. 2017a):
the most luminous PULX, NGC 5907 ULX-1, reaches luminosities of the order of 1041 erg s−1.

Also the super-Eddington accretion processes have not yet been completely understood. The
most problematic object is NGC 5907 ULX-1 which, with its high luminosity and its NS nature,
overcomes the Eddington limit of a factor 500-1000. It should enter the propeller regime before
reaching the observed peak luminosity, thus understanding how it is possible is a great challenge for
the scientists. In addition, how the transfer of matter happens in such binary systems is still debated.
One possibility is an hybrid mechanism between the Roche-Lobe overflow and the wind accretion, a
wind Roche-Lobe overflow (El Mellah et al. 2019, Wiktorowicz et al. 2021).

Another question concerns the companion star. Considering that the ULXs are extragalactic
objects, observing the companion star is often difficult (e.g. Kaaret et al. 2017). Indeed, the optical
emission is consistent to be dominated by light reprocessed by the accretion flow and the contribution
to the emission of the companion star is very low (e.g. Fabrika et al. 2015), thus only in few ULXs
the companion star has been firmly identified (e.g. Motch et al. 2014, Liu et al. 2013).
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Also the variability properties of the ULXs and their possible link to the spectral states or
to spectral state transitions are not yet fully understood. About the intra-observation short-term
variability, i.e. timescales from minutes to hours, the appearance of the variability seems stochastic
(e.g. Heil et al. 2009), but a larger amplitude is usually found in the ULXs spectrally classified in
the soft ultraluminous regime with respect to the other spectral regimes (Sutton et al. 2013). The
link of the variability with the soft ultraluminous regime has been explained with the compact object
seen through a clumpy wind, which stochastically intersects our line of sight producing the observed
variability (e.g. Middleton et al. 2011a, 2015a). Furthermore, the short-term variability in ULXs is
usually dominated by the hard energy band, which may be explained with the obscuration of the hard
inner accretion flow by the clumpy wind (e.g. Sutton et al. 2013, Middleton et al. 2015a).

The inter-observations long-term variability, i.e. timescales of days to years, has not been
characterized for many samples of sources and its study was the main subject of this thesis. We
report our main findings in the next section.

5.2 Long-term variability in ULXs: summary of our results
With the Swift/XRT sample, including 10 spiral galaxies with 25 detected ULXs (including the new
candidate transient ULX, NGC 4945 41ULX), we focused on the analysis of the variability of the
sources on days timescales, while with the Cartwheel sample we analysed the ULXs behaviour on
years timescales.

From the Swift/XRT sample, we found that most of the considered sources are significantly
variable on timescales of days. Indeed, ∼ 71% of the analysed ULXs have shown a variability
significance larger than 3𝜎. We showed that all of them have a variability amplitude > 30% and
in half of the sources the F𝑣𝑎𝑟 is larger than 50%. The most luminous sources, which reach a peak
luminosity above 1040 erg s−1 in the XMM-Newton data, have large F𝑣𝑎𝑟 (> 60%), with the exception
of M101 24ULX, which is luminous but it is the less variable ULX in the Swift/XRT data. At smaller
luminosities a broad range of F𝑣𝑎𝑟 values is covered. In many ULXs, ∼ 53%, the variability is driven
by the hard band, as already known at least for the short-term behaviour of the ULXs. In just three
cases, M101 16ULX, M101 29ULX and NGC4945 6ULX, the variability is driven by the soft band,
while in the remaining cases the variability is similar in the two energy bands. We speculate about
the mechanism which can cause this trend on days timescales. The obscuration due to the wind blobs
has been estimated to produce variability on timescales of seconds to thousands of seconds in ULXs
(e.g. Takeuchi et al. 2013, Middleton et al. 2015a), thus it can no more be an explanation on these
days timescales. Therefore, we suggest that the observed days timescale variability may be linked to
the propagation through the disc of the fluctuations in the mass accretion rate, a mechanism which
can cause variability by up to days timescales (e.g. Middleton et al. 2015a). In addition, the variation
imprinted on the soft component would modify also the wind opening angle. Therefore, the wind
may be completely or partially along our line of sight in some epochs while we would not see it in
other observations. The switching among these different configurations of the wind may produce the
additional variability that we have observed in the hard component of many ULXs in the analysed
sample on days timescales. Should this hypothesis be confirmed, the long-term variability may be
used to study the processes responsible for mass accretion rate variations, such as processes linked to
the ejection and properties of the stellar winds of the companion stars or to the transfer mechanism
between the two objects in the binary system. The X-ray variability on different timescales has
been used in the galactic X-ray binaries to obtain information about the wind of the companion star
(e.g. Grinberg et al. 2015, 2020), but the larger distances and the presence of winds emitted in the
super-Eddington accretion, which also contribute to the variability, may complicate the situation in
ULX systems. The changes in the bolometric luminosity of accretting compact objects are linked to
variations in the mass accretion rate, the latter linked to the stellar wind of the companion star or to
changes in the transfer of matter, e.g. if the orbit is very eccentric. The estimations of the long-term
variability amplitude, derived in this work, may be used as a starting point for future studies to test
the amount of the variation in mass accretion rate needed to explain the observed variability and how
it can be produced.
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Long-term periodicities are found in some ULXs, which usually have a period of months
timescales (e.g. Walton et al. 2016, Brightman et al. 2019). We found a similar period in one
of the analysed sources, NGC 925 ULX-3 (Salvaggio et al. 2022). This ULX has a flux modulation
on a period of about four months, similar to the super-orbital periodicities found in other ULXs (e.g.
∼ 39 d in M51 ULX-7, Vasilopoulos et al. 2020, 2021, Brightman et al. 2020; ∼ 78 d in NGC 5907
ULX-1, Walton et al. 2016; ∼ 115-136 d in NGC 5408 X-1, Foster et al. 2010, An et al. 2016). The
orbital period of NGC 925 ULX-3 is not known, thus we cannot exclude that the periodicity is linked
to the orbital motion, but given the similarity of the timescale of the periodic variation with that
of the confirmed super-orbital periodicity, a super-orbital origin is the most plausible explanation.
Considering the older dataset analysed, the periodicity may not always be present in the source or it
can be unstable either in phase or duration, supporting the hypothesis of a super-orbital origin, maybe
linked to a disc precession (e.g. of a tilted or warped accretion disc). The mechanisms responsible
for super-orbital flux modulations in ULXs are still matter of study and with the available data, we
could not investigate in detail which one of the processes proposed in literature may explain the flux
periodicity in NGC 925 ULX-3.

The Swift/XRT light curve of NGC 925 ULX-3 may also be consistent with a propeller phase,
which suggests that this ULX may be a PULX. Indeed, between MJD 56165 and MJD 57770 (∼
4 years) Swift/XRT observed the sources only twice, without detections, before the detection with
XMM-Newton on MJD 57771. In this period, the ULX may have been in a propeller phase, but the
flux corresponding to the two upper limits is also consistent with the periodic flux modulation of
the source. Another source in the sample, M101 29ULX, can be considered as a candidate PULX.
It has been detected only twice during the Swift/XRT monitoring and by stacking the upper limits
between the detections, we found a flux variation of about an order of magnitude, which may be
linked to propeller phases. In addition, we classify the XMM-Newton spectrum of this source in the
hard ultraluminous regime and the power-law index is low, similar to the values usually found in
the PULXs spectra. Both in the Swift/XRT and in the XMM-Newton images, M101 29ULX is not
resolved from other X-ray sources, which may have influenced both our temporal and spectral results.
Urquhart et al. (2022), from the analysis of Chandra data, also suggest a NS nature for M101 29ULX,
but it has to be confirmed. Circinus 4ULX, NGC 4945 4ULX, NGC 925 ULX-3, NGC 5055 1ULX
and also two ULXs in the Cartwheel galaxy (P25 and P26) have reached ∼ one order of magnitude in
their variability factor. Considering the known PULX, they are usually particularly variable among
the ULX population, with variability factors larger than one order of magnitude. Thus, based just on
their highly variability, these ULXs may be considered a sample where to look for new PULXs. In
addition, the PULXs are usually hard sources, which is also observed in Circinus 4ULX (from the
hardness ratio) and in NGC 925 ULX-3 (from its average Swift/XRT spectrum).

In the analysed sample, we found a possible flaring activity in one source, NGC 5236 58ULX,
but a denser monitoring is needed to track the flux rise and decay phases and to constrain the typical
duration of a flare.

During the monitoring campaign, also a new transient source with a luminosity in the ultralumi-
nous range switched on in NGC 4945.

From the archival XMM-Newton spectra of our Swift/XRT sample, we found that the analysed
sources are usually well modelled with two thermal components in the 0.3-10 keV band, as expected
for stellar mass super-Eddington accretors. In addition, most of the analysed sources for which a
spectral classification was possible (13/18, corresponding to ∼ 72%), including also a ULS, are
classified in a ultraluminous regime of accretion at least in some epochs, confirming that they host
stellar mass accretors. For M101 16ULX we found residuals in two observations, with a similar shape
to that observed in the ULX showing emission and absorption lines, which suggests the presence
of a strong outflow linked to a super-Eddington accretion state. Four sources have a broadened
disc shape; three of them have also low luminosities suggesting that they are accreting around their
Eddington limit or above it, if the accretor is a NS or a light BH (𝑀𝐵𝐻 < 10 𝑀⊙). NGC 4517
1ULX, the fourth ULXs showing a disc shape, has instead a large luminosity in the XMM-Newton
observation available, ∼ 1040 erg s−1, thus if it is accreting at about its Eddington limit it should
contain a massive stellar mass BH. We notice however that its spectrum is also consistent with a soft
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ultraluminous regime, thus it can alternatively contain a light stellar mass BH or even a NS accreting
at a high super-Eddington rate. The spectra of Circinus 6ULX, which is not a confirmed ULX and
it is usually observed around or below 1039 erg s−1, can be fit with just a multicolour blackbody disc
with inner temperature kT𝑖𝑛 ∼ 0.7 keV, in most of the observations, which suggests that this source
may be in a sub-Eddington accretion state in the considered epochs. The radii of the emitting regions,
derived from the spectral fitting normalizations, are all compatible with a stellar mass BH or a NS
accretor, suggesting that no IMBH candidates are present in the analysed sample. This confirms the
expectation that most of the ULX population is composed of stellar mass compact objects accreting
at or above their Eddington limit. From the spectral analysis, we found that some ULXs are variable
in their spectral shape and we have found spectral state transitions in four objects. We derived the
timescale linked to the spectral state transitions, which is of the order of months and the smaller value
found is ∼ 5.5 months. Similar timescales are linked to the super-orbital periodicities observed in
ULXs, thus it is possible that the state transitions are linked to different phases in the super-orbital
period. On the other hand, no periodicities have been found in the ULXs showing the spectral
state transitions. Further monitoring is needed to investigate if the state transitions are linked to a
(quasi-)periodic process or not.

From the analysis of the Cartwheel sample, we found that many sources, ∼ 30%, vary significantly
on years timescales. Considering that many sources in the sample have a very low statistics, this
percentage has to be considered as a lower limit on the number of ULXs significantly variable.
Indeed, fourteen sources showed a transient behaviour (we excluded the sources that have never
shown a luminosity larger than 3×1039 erg s−1 and thus may result in an upper limit even with a
small change in flux), which suggests that the variability may be large in many sources, which is
also confirmed by the large variability factors and fractional variability values found. In some cases,
the transient behaviour may be caused by a propeller stage, only possible for a strongly magnetized
NS, but the small number of the observations and the low statistics of many sources did not allow
us to further investigate this hypothesis. On the other hand, the Cartwheel galaxy contains source
N10, which can reach a luminosity of ∼ 1041 erg s−1. In previous studies of its spectrum (Pizzolato
et al. 2010), N10 has been found to be consistent with a massive sMBH accreting at super-Eddington
rates, but also an interpretation as a supernova remnant cannot be excluded with the available data.
We found no short-term variability in most of the Cartwheel sources.

The Cartwheel XLF is consistent among the three Chandra epochs with the same shape within
the uncertainties, despite the temporal variability of the ULXs. This result is analogous to the one
found for the X-ray point sources in the Antennae (Zezas et al. 2006). The XLF of the Cartwheel is
also consistent in shape with the HMXB Universal LF (Grimm et al. 2003) and also with the XLF
constructed by Swartz et al. (2011) for a sample of ULXs in non-ring galaxies. The only difference
which emerged from our analysis is the possibility that ring galaxies contain a larger number of high
luminosity objects. The same trend was previously found by Wolter et al. (2018), for a sample of
ring galaxies.

5.3 Final remarks and future perspectives
Temporal variability on different timescales and spectral variability are common features among the
ULX population. In this thesis we have confirmed that long-term variability, from days to years
timescales, is much diffuse both among the ULXs in spiral galaxies and in ring galaxies. Variability
on days timescales is dominated by the hard band in at least half of the sources. We suggest that
long-term flux variability may be explained with variations in the mass accretion rate, which produce
variability in both the soft and the hard spectral components. The additional variability often found
in the hard spectral component may be explained with the wind (soft component) along or out
of our line of sight in different epochs, which sometimes obscures the inner accretion flow (hard
component), in a super-Eddington accretion scenario. Given the recent findings of Gúrpide et al.
(2021a, 2021b) we cannot exclude a link with state transitions among the SUL e SSUL regimes,
which would be naturally explained by a different contribution of the wind along our line of sight
among the observations.

119



To improve our knowledge about the long-term properties of the ULXs, more high quality data
are needed. Both long exposures, necessary for a detailed spectral modelling (with about 10000
counts we could do a high quality spectral analysis, a detailed timing analysis and a search for pulsa-
tions), contemporaneous to long-term monitorings, to derive the long-term variability behaviours, are
needed to deepen the long-term study of ULXs. Given the observed timescales of the spectral state
transitions and of the super-orbital periodicities, high quality exposures (e.g. with XMM-Newton),
with a cadence of 1-2 months, simultaneous with a Swift/XRT monitoring with a week cadence,
may help to test possible correlations among the spectral behaviour and the flux variability, either
periodic or aperiodic. Also observations with future X-ray facilities will be a great resource in this
direction. With contemporaneous observations it would be possible to improve the results obtained
in this work: the study of the variability timescales derived by the long-term light curves together
with a simultaneous deep spectral analysis of the sources will allow us to better investigate the
origin of the aperiodic long-term variability in ULXs and to confirm whether the fact that it is often
driven by the hard spectral component is just due to an obscuring effect, or if the hard component
is also intrinsically more variable. In addition, the same data may be used to deepen the study of
the super-orbital periodicities in ULXs and to investigate if the fact that they are not always found
in the analysed sources, in this thesis we detect a periodicity in just one ULX, is a consequence
of no sufficient data quality, e.g. not enough points in the light curves or too sparse sampling,
or if super-orbital periodicities are not ubiquitous in ULXs. A possibility is that the super-orbital
modulation may have a shorter periodicity in some sources, e.g. few days, instead of the months
periodicities usually detected. Therefore, denser monitorings than those obtained with a cadence of
1-2 weeks, usually requested to detect such flux modulations, would be needed. Should different
timescales turn out to exist in the super-orbital periodicities in ULXs, they may indicate a differ-
ent physical origin, maybe linked to the compact object nature or to a different precession mechanism.

From the analysed Swift/XRT sample, NGC 925 ULX-3 resulted a particular interesting object.
Future studies will help to better characterize the periodicity detected and to investigate the nature of
this source in more detail. Other interesting sources, that can be considered for future studies, are the
more variable ULXs which may be candidate NSs, i.e. NGC 925 ULX-3, M101 29ULX, NGC 4945
4ULX, Circinus 4ULX and NGC 5055 1ULX. Also NGC 5236 58ULX is worthy of further study,
given its flaring behaviour, only rarely observed in ULXs. In this case a dense Swift/XRT monitoring
with an observation every two days, would be the ideal to track the flaring episodes. At last, future
work on the ULXs which have shown state transitions, i.e. Circinus 4ULX, NGC 5236 58ULX, M101
27ULX, NGC 5236 82ULX, would be useful to better characterize the spectral evolution of the ULXs.

The emblematic question I have proposed in the title of this manuscript – Black Hole or Neu-
tron Star? – still remain an open question. Many aspects of the ULXs need further study to reach
a complete description of the physical processes in act in these sources and finally characterize the
nature of the ULX population, only known for a few sources. Therefore the analysis of samples of
sources, like the one proposed here, is fundamental to get closer to the desired answers.
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Appendix A

We report the observations of the Swift/XRT monitoring and the archival XMM-Newton data analysed
in this work in the following tables.

Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00035876002 2019-01-12T02:36:24 2019-01-12T02:53:53 1.0

2 Swift/XRT 00032699002 2019-01-18T03:38:01 2019-01-18T14:55:52 2.9

3 Swift/XRT 00035876003 2019-01-26T01:19:48 2019-01-26T01:37:41 1.1

4 Swift/XRT 00032699003 2019-01-28T00:53:41 2019-01-28T13:56:01 1.7

5 Swift/XRT 00032699004 2019-01-31T02:16:04 2019-01-31T02:37:53 1.3

6 Swift/XRT 00032699005 2019-02-09T12:40:28 2019-02-09T23:54:52 2.8

7 Swift/XRT 00035876004 2019-02-09T15:43:14 2019-02-09T16:00:52 1.1

8 Swift/XRT 00032699006 2019-02-17T19:28:11 2019-02-17T21:25:53 2.5

9 Swift/XRT 00032699007 2019-03-02T02:57:15 2019-03-02T23:49:53 2.8

10 Swift/XRT 00035876006 2019-03-09T18:10:35 2019-03-09T18:28:54 1.1

11 Swift/XRT 00035876007 2019-03-23T18:03:00 2019-03-23T18:19:53 1.0

12 Swift/XRT 00032699008 2019-04-03T15:23:36 2019-04-06T03:55:52 3.5

13 Swift/XRT 00035876008 2019-04-06T13:31:49 2019-04-06T13:49:52 1.1

14 Swift/XRT 00032699009 2019-04-14T01:31:02 2019-04-14T08:02:53 3.1

15 Swift/XRT 00035876009 2019-04-23T20:17:49 2019-04-23T20:33:52 1.0

16 Swift/XRT 00035876010 2019-05-04T17:40:39 2019-05-04T17:41:54 0.1

17 Swift/XRT 00032699011 2019-05-05T20:51:17 2019-05-06T01:51:51 2.6

18 Swift/XRT 00035876011 2019-05-08T12:12:16 2019-05-08T12:26:53 0.9

19 Swift/XRT 00032699012 2019-05-15T00:47:57 2019-05-15T13:11:53 2.7

20 Swift/XRT 00035876012 2019-05-18T06:20:02 2019-05-18T06:36:53 1.0

21 Swift/XRT 00032699013 2019-05-25T02:26:08 2019-05-25T13:46:53 3.0

22 Swift/XRT 00032699014 2019-06-04T03:19:28 2019-06-04T19:18:52 1.5

23 Swift/XRT 00035876014 2019-06-05T03:03:52 2019-06-05T04:45:53 1.0

24 Swift/XRT 00032699015 2019-06-14T13:52:06 2019-06-14T20:27:53 1.2

25 Swift/XRT 00035876015 2019-06-15T20:00:18 2019-06-15T20:15:53 0.9

26 Swift/XRT 00032699016 2019-06-24T14:33:46 2019-06-24T21:01:54 2.8

27 Swift/XRT 00035876016 2019-06-29T07:23:59 2019-06-29T07:34:53 0.6

28 Swift/XRT 00035876017 2019-07-13T09:26:51 2019-07-13T10:43:54 0.8

29 Swift/XRT 00035876018 2019-07-24T04:45:34 2019-07-24T05:00:52 0.9

30 Swift/XRT 00035876019 2019-08-10T09:59:46 2019-08-10T10:15:54 1.0

31 Swift/XRT 00032699017 2019-08-11T03:19:38 2019-08-11T13:14:52 1.7

32 Swift/XRT 00032699018 2019-08-16T01:10:45 2019-08-16T22:00:53 1.6

33 Swift/XRT 00032699019 2019-08-21T10:18:58 2019-08-21T10:33:53 0.9

34 Swift/XRT 00035876020 2019-08-24T02:10:20 2019-08-24T02:24:52 0.9

35 Swift/XRT 00032699020 2019-08-26T03:20:19 2019-08-26T03:48:52 1.7
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36 Swift/XRT 00032699021 2019-08-31T02:59:11 2019-09-01T04:34:52 2.0

37 Swift/XRT 00032699022 2019-09-05T06:56:27 2019-09-05T20:13:52 1.7

38 Swift/XRT 00035876021 2019-09-07T00:40:56 2019-09-07T00:55:53 0.9

39 Swift/XRT 00032699024 2019-09-13T02:58:06 2019-09-13T06:16:52 1.8

40 Swift/XRT 00035876022 2019-09-24T13:37:18 2019-09-24T13:52:53 0.9

41 Swift/XRT 00032699025 2019-09-25T08:43:53 2019-09-25T21:36:54 1.7

42 Swift/XRT 00032699026 2019-09-30T14:33:09 2019-09-30T15:00:54 1.7

43 Swift/XRT 00035876023 2019-10-05T07:53:50 2019-10-05T08:06:27 0.8

44 Swift/XRT 00032699027 2019-10-05T10:50:54 2019-10-05T11:13:06 1.3

45 Swift/XRT 00032699028 2019-10-10T00:38:09 2019-10-10T21:42:53 2.2

46 Swift/XRT 00032699029 2019-10-15T08:12:37 2019-10-15T10:02:52 1.8

47 Swift/XRT 00035876024 2019-10-19T03:09:43 2019-10-19T03:25:53 1.0

48 Swift/XRT 00032699030 2019-10-20T23:27:07 2019-10-20T23:52:54 1.5

49 Swift/XRT 00032699031 2019-10-25T00:37:41 2019-10-25T09:03:52 2.0

50 Swift/XRT 00032699032 2019-10-30T01:49:29 2019-10-30T03:40:53 1.9

51 Swift/XRT 00035876025 2019-11-02T14:10:16 2019-11-02T14:20:53 0.6

52 Swift/XRT 00032699033 2019-11-04T02:48:53 2019-11-04T12:30:52 1.5

53 Swift/XRT 00035876026 2019-11-16T22:57:41 2019-11-16T23:12:51 0.9

54 Swift/XRT 00035876027 2019-11-30T00:30:37 2019-11-30T00:43:54 0.8

55 Swift/XRT 00035876028 2019-12-06T18:55:48 2019-12-06T19:10:53 0.9

56 Swift/XRT 00035876029 2019-12-13T18:11:08 2019-12-13T18:28:52 1.1

57 Swift/XRT 00035876030 2019-12-20T00:03:15 2019-12-20T00:16:54 0.8

58 Swift/XRT 00035876031 2019-12-27T13:48:47 2019-12-27T15:29:52 1.0

59 Swift/XRT 00035876032 2020-01-10T04:43:15 2020-01-10T04:59:53 1.0

60 Swift/XRT 00035876035 2020-01-24T19:00:14 2020-01-24T19:14:54 0.9

61 Swift/XRT 00035876036 2020-01-31T21:25:24 2020-01-31T21:36:53 0.7

62 Swift/XRT 00035876035 2020-01-24T19:00:14 2020-01-24T19:14:54 0.9

63 Swift/XRT 00035876037 2020-02-07T17:29:27 2020-02-07T17:43:52 0.9

64 Swift/XRT 00035876038 2020-02-14T11:59:37 2020-02-14T12:11:52 0.7

65 Swift/XRT 00035876039 2020-02-28T15:53:16 2020-02-28T16:07:54 0.9

66 Swift/XRT 00035876040 2020-03-06T16:45:56 2020-03-06T16:53:53 0.5

67 Swift/XRT 00035876041 2020-03-13T09:31:08 2020-03-13T09:46:53 0.9

68 Swift/XRT 00035876042 2020-03-20T10:18:04 2020-03-20T10:32:52 0.9

69 Swift/XRT 00035876043 2020-03-27T17:52:52 2020-03-27T18:05:54 0.8

70 Swift/XRT 00035876044 2020-04-03T05:52:55 2020-04-03T06:08:53 1.0

71 Swift/XRT 00035876045 2020-04-17T22:17:38 2020-04-17T22:34:53 1.0

72 Swift/XRT 00035876046 2020-04-24T23:15:42 2020-04-24T23:31:52 1.0

73 Swift/XRT 00035876047 2020-05-01T20:39:09 2020-05-01T20:53:54 0.9

74 Swift/XRT 00035876048 2020-05-08T20:06:08 2020-05-08T20:21:54 0.9

75 Swift/XRT 00035876049 2020-05-15T13:05:30 2020-05-15T13:19:52 0.9

76 Swift/XRT 00035876050 2020-05-22T04:20:12 2020-05-22T04:30:51 0.6

77 Swift/XRT 00035876051 2020-05-29T00:18:10 2020-05-29T00:30:52 0.8

78 Swift/XRT 00035876052 2020-06-12T15:21:23 2020-06-12T15:36:53 0.9

79 Swift/XRT 00035876053 2020-06-19T16:04:53 2020-06-19T16:19:54 0.9

80 Swift/XRT 00035876054 2020-06-26T08:48:53 2020-06-26T09:04:53 1.0

81 Swift/XRT 00035876055 2020-07-03T03:30:48 2020-07-03T03:45:53 0.9

82 Swift/XRT 00035876056 2020-07-10T08:59:58 2020-07-10T09:13:53 0.8

83 Swift/XRT 00035876057 2020-07-17T01:52:44 2020-07-17T02:07:54 0.9

84 Swift/XRT 00095729001 2020-07-17T16:16:43 2020-07-17T19:37:53 1.4

85 Swift/XRT 00035876058 2020-07-28T15:31:29 2020-07-28T17:14:53 1.0

86 Swift/XRT 00095729002 2020-07-31T08:47:49 2020-07-31T13:33:53 1.0

87 Swift/XRT 00035876059 2020-07-31T18:29:08 2020-07-31T18:43:53 0.9

88 Swift/XRT 00035876060 2020-08-07T15:52:34 2020-08-07T16:08:52 1.0
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89 Swift/XRT 00035876061 2020-08-14T00:50:30 2020-08-14T01:05:53 0.9

90 Swift/XRT 00095729003 2020-08-14T07:29:02 2020-08-14T17:14:53 1.5

91 Swift/XRT 00035876062 2020-08-21T03:27:44 2020-08-21T03:43:52 0.7

92 Swift/XRT 00035876063 2020-08-28T01:05:12 2020-08-28T01:20:52 0.9

93 Swift/XRT 00095729004 2020-08-28T02:32:36 2020-08-28T02:55:52 1.4

94 Swift/XRT 00035876064 2020-09-04T19:08:10 2020-09-04T19:22:52 0.9

95 Swift/XRT 00095729005 2020-09-07T00:03:00 2020-09-07T03:15:53 1.5

96 Swift/XRT 00035876065 2020-09-18T15:08:44 2020-09-18T15:22:52 0.8

97 Swift/XRT 00035876066 2020-09-25T03:05:52 2020-09-25T03:23:53 1.1

98 Swift/XRT 00095729006 2020-09-25T04:47:43 2020-09-25T05:11:52 1.3

99 Swift/XRT 00035876067 2020-10-02T05:47:53 2020-10-02T06:01:53 0.8

100 Swift/XRT 00035876068 2020-10-09T04:59:56 2020-10-09T05:15:53 1.0

101 Swift/XRT 00095729007 2020-10-09T08:03:36 2020-10-09T08:26:53 1.4

102 Swift/XRT 00035876069 2020-10-16T02:17:48 2020-10-16T02:30:52 0.8

103 Swift/XRT 00035876070 2020-10-23T03:08:49 2020-10-23T03:19:54 0.7

104 Swift/XRT 00095729008 2020-10-23T15:49:39 2020-10-23T16:12:53 1.4

105 Swift/XRT 00035876071 2020-10-30T00:49:56 2020-10-30T01:01:53 0.7

106 Swift/XRT 00035876072 2020-11-13T19:04:40 2020-11-13T20:49:53 0.9

107 Swift/XRT 00095729009 2020-11-20T02:09:54 2020-11-20T02:34:54 1.5

108 Swift/XRT 00035876073 2020-11-20T23:03:05 2020-11-20T23:09:22 0.4

109 Swift/XRT 00035876074 2020-11-26T20:34:22 2020-11-26T20:46:52 0.8

110 Swift/XRT 00035876075 2020-11-27T22:03:08 2020-11-27T22:17:53 0.9

111 Swift/XRT 00095729010 2020-12-04T02:09:13 2020-12-04T02:31:55 1.4

112 Swift/XRT 00035876077 2020-12-11T17:17:40 2020-12-11T17:31:53 0.9

113 Swift/XRT 00035876078 2020-12-18T16:33:36 2020-12-18T16:48:51 0.9

114 Swift/XRT 00095729011 2020-12-18T18:08:44 2020-12-18T18:31:54 1.4

115 Swift/XRT 00095729012 2021-01-01T15:37:25 2021-01-01T17:27:52 1.6

116 Swift/XRT 00095729013 2021-01-15T22:03:57 2021-01-15T22:16:52 0.8

117 Swift/XRT 00095729014 2021-01-21T00:38:39 2021-01-21T00:53:52 0.9

118 Swift/XRT 00095729015 2021-01-29T13:55:54 2021-01-29T14:17:53 1.3

119 XMM-Newton 0111240101 2001-08-06T08:54:51 2001-08-07T15:25:38 109.9
120 XMM-Newton 0656580601 2014-03-01T09:55:41 2014-03-01T22:40:41 45.9
121 XMM-Newton 0701981001 2013-02-03T07:24:11 2013-02-03T23:46:05 58.9
122 XMM-Newton 0824450301 2018-09-16T13:30:41 2018-09-18T03:19:58 136.2
123 XMM-Newton 0780950201 2018-02-07T11:55:14 2018-02-08T00:36:54 45.7
124 XMM-Newton 0792382701 2016-08-23T16:53:33 2016-08-24T03:10:13 37.0

Table A.1: Log of the observations of Circinus galaxy.
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Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00035892002 2019-01-20T17:29:14 2019-01-20T19:13:53 2.1

2 Swift/XRT 00035892003 2019-02-03T00:27:44 2019-02-03T02:08:52 1.2

3 Swift/XRT 00035892004 2019-02-17T03:54:56 2019-02-18T21:37:52 2.1

4 Swift/XRT 00035892005 2019-03-03T01:03:30 2019-03-03T02:43:52 2.0

5 Swift/XRT 00035892006 2019-03-17T07:19:26 2019-03-17T09:08:53 2.1

6 Swift/XRT 00035892007 2019-03-31T00:06:53 2019-03-31T01:50:54 1.8

7 Swift/XRT 00035892008 2019-04-14T15:58:20 2019-04-14T17:52:53 2.2

8 Swift/XRT 00035892009 2019-04-28T13:20:16 2019-04-28T13:24:52 0.3

9 Swift/XRT 00035892010 2019-05-12T13:31:40 2019-05-12T15:08:54 0.9

10 Swift/XRT 00035892011 2019-05-26T18:30:23 2019-05-26T20:25:53 2.1

11 Swift/XRT 00035892012 2019-06-09T06:04:01 2019-06-09T12:15:23 1.5

12 Swift/XRT 00035892013 2019-06-23T06:10:11 2019-06-23T07:51:52 2.0

13 Swift/XRT 00035892014 2019-07-07T08:29:03 2019-07-07T14:57:53 1.7

14 Swift/XRT 00035892015 2019-07-21T13:19:12 2019-07-21T14:55:53 1.0

15 Swift/XRT 00035892016 2019-07-24T00:07:10 2019-07-24T06:38:53 0.8

16 Swift/XRT 00035892017 2019-08-04T13:32:52 2019-08-04T15:03:52 1.5

17 Swift/XRT 00035892018 2019-08-18T04:11:06 2019-08-18T05:58:52 1.1

18 Swift/XRT 00035892019 2019-08-20T23:03:22 2019-08-20T23:16:52 0.8

19 Swift/XRT 00035892020 2019-09-01T14:07:51 2019-09-01T23:59:53 1.8

20 Swift/XRT 00035892021 2019-09-15T12:35:32 2019-09-15T16:17:53 2.1

21 Swift/XRT 00035892022 2019-09-29T01:41:12 2019-09-30T06:31:52 1.9

22 Swift/XRT 00035892023 2019-10-13T01:48:14 2019-10-13T03:39:53 1.9

23 Swift/XRT 00035892024 2019-10-27T02:18:02 2019-10-27T05:42:53 2.1

24 Swift/XRT 00035892025 2019-11-10T02:18:47 2019-11-10T04:10:52 2.1

25 Swift/XRT 00035892027 2019-12-08T17:20:07 2019-12-08T20:45:41 1.6

26 XMM-Newton 0104260101 2002-06-04T02:06:57 2002-06-04T14:09:47 43.4
27 XMM-Newton 0164560701 2004-07-23T08:51:10 2004-07-23T20:28:23 41.8
28 XMM-Newton 0212480201 2005-01-08T13:42:32 2005-01-08T22:42:45 32.4
29 XMM-Newton 0824450501 2018-12-07T06:40:59 2018-12-08T11:25:59 103.5

Table A.2: Log of the observations of M101.

124



Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00084359001 2014-07-09T03:54:59 2014-07-09T05:04:10 1.4

2 Swift/XRT 00080813001 2015-01-26T14:14:59 2015-01-26T19:56:06 5.1

3 Swift/XRT 00080813002 2015-01-29T01:20:58 2015-01-29T05:43:45 1.8

4 Swift/XRT 00084359002 2016-07-09T20:25:58 2016-07-09T21:30:29 0.9

5 Swift/XRT 00084359003 2016-07-11T06:00:58 2016-07-11T06:57:39 0.2

6 Swift/XRT 00084359004 2016-10-11T11:42:57 2016-10-11T12:42:32 0.4

7 Swift/XRT 00084359005 2018-05-01T01:46:57 2018-05-01T02:49:04 0.7

8 Swift/XRT 00084359006 2018-05-02T17:33:57 2018-05-02T18:35:15 0.7

9 Swift/XRT 00084359007 2018-07-09T08:04:57 2018-07-09T09:04:59 0.5

10 Swift/XRT 00084359008 2018-10-16T16:34:57 2018-10-16T17:43:45 1.3

11 Swift/XRT 00084359009 2018-11-05T22:54:57 2018-11-06T00:01:29 1.0

12 Swift/XRT 00084359010 2018-11-07T17:47:57 2018-11-07T19:00:45 1.7

13 Swift/XRT 00010979001 2019-01-20T23:57:12 2019-01-21T02:54:52 1.8

14 Swift/XRT 00010979002 2019-02-04T09:29:22 2019-02-04T14:41:52 2.0

15 Swift/XRT 00010979003 2019-02-21T20:47:45 2019-02-21T22:41:53 1.1

16 Swift/XRT 00010979004 2019-03-04T10:01:49 2019-03-04T11:47:52 2.2

17 Swift/XRT 00010979005 2019-03-17T13:33:35 2019-03-17T15:15:54 2.0

18 Swift/XRT 00010979006 2019-04-01T12:14:09 2019-04-01T16:01:54 1.6

19 Swift/XRT 00010979007 2019-04-17T20:25:28 2019-04-17T23:41:52 1.9

20 Swift/XRT 00010979008 2019-04-29T09:37:02 2019-04-29T11:17:52 2.1

21 Swift/XRT 00010979009 2019-05-14T11:17:48 2019-05-14T14:34:52 2.1

22 Swift/XRT 00010979010 2019-05-27T18:23:10 2019-05-28T17:01:53 2.0

23 Swift/XRT 00010979011 2019-06-10T15:14:06 2019-06-10T17:06:53 1.9

24 Swift/XRT 00010979012 2019-06-24T21:52:40 2019-06-24T23:35:52 2.0

25 Swift/XRT 00010979013 2019-07-08T03:03:13 2019-07-08T03:29:53 1.6

26 Swift/XRT 00010979014 2019-10-12T14:30:50 2019-10-12T19:38:52 2.1

27 Swift/XRT 00010979015 2019-10-25T19:50:50 2019-10-25T23:17:53 2.0

28 Swift/XRT 00010979017 2019-11-13T05:05:35 2019-11-13T06:56:53 2.0

29 Swift/XRT 00010979018 2019-11-22T04:08:11 2019-11-22T04:34:53 1.6

30 Swift/XRT 00084359011 2020-01-12T10:40:52 2020-01-12T10:53:52 0.8

31 Swift/XRT 00084359013 2020-10-15T00:42:12 2020-10-15T00:50:53 0.5

32 Swift/XRT 00084359014 2020-10-21T12:52:20 2020-10-21T12:55:53 0.2

33 Swift/XRT 00084359015 2020-10-22T06:34:13 2020-10-22T06:38:52 0.3

34 Swift/XRT 00084359016 2020-10-28T10:52:17 2020-10-28T10:57:53 0.3

35 Swift/XRT 00084359017 2020-11-05T12:57:16 2020-11-05T13:07:53 0.6

36 Swift/XRT 00084359018 2020-11-07T09:43:41 2020-11-07T09:57:53 0.9

Table A.3: Log of all the Swift/XRT observations of NGC 3486 used for the stacked image.
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Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00032765003 2019-01-28T02:29:11 2019-01-28T02:46:51 1.1

2 Swift/XRT 00032765004 2019-01-31T19:24:28 2019-01-31T19:39:53 0.9

3 Swift/XRT 00032765005 2019-02-11T12:02:38 2019-02-11T13:57:53 2.0

4 Swift/XRT 00032765006 2019-02-25T15:39:36 2019-02-25T17:31:52 2.0

5 Swift/XRT 00032765007 2019-03-11T04:44:47 2019-03-11T06:27:53 2.0

6 Swift/XRT 00032765008 2019-03-25T16:13:44 2019-03-25T17:50:53 2.0

7 Swift/XRT 00032765009 2019-04-08T18:22:11 2019-04-08T20:02:52 2.0

8 Swift/XRT 00032765010 2019-04-22T05:38:00 2019-04-22T07:28:53 2.1

9 Swift/XRT 00032765011 2019-05-06T23:16:54 2019-05-06T23:31:52 0.9

10 Swift/XRT 00032765012 2019-05-09T03:57:13 2019-05-09T05:39:52 1.0

11 Swift/XRT 00032765013 2019-05-20T09:21:11 2019-05-20T11:13:51 2.0

12 Swift/XRT 00032765014 2019-06-03T19:17:38 2019-06-03T21:03:53 1.9

13 Swift/XRT 00032765015 2019-06-17T09:44:50 2019-06-17T11:42:53 2.0

14 Swift/XRT 00032765016 2019-07-01T14:56:56 2019-07-01T16:28:53 1.4

15 Swift/XRT 00032765017 2019-07-15T08:48:02 2019-07-15T09:15:52 1.7

16 Swift/XRT 00032765018 2019-10-27T19:36:07 2019-10-27T21:17:53 1.9

17 Swift/XRT 00032765019 2019-11-08T03:59:36 2019-11-08T05:53:53 2.0

18 Swift/XRT 00032765020 2019-11-23T00:51:35 2019-11-23T01:18:53 1.6

19 Swift/XRT 00032765021 2019-12-06T20:19:35 2019-12-06T20:45:52 1.6

20 Swift/XRT 00032765022 2019-12-20T03:19:32 2019-12-21T01:56:52 1.8

21 XMM-Newton 0082140301 2002-05-22T10:56:57 2002-05-22T20:15:36 33.5
Table A.4: Log of the observations of NGC 3623.

Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00036578004 2019-01-27T21:44:44 2019-01-27T23:35:53 2.0

2 Swift/XRT 00036578005 2019-02-10T05:45:52 2019-02-10T15:37:53 1.9

3 Swift/XRT 00036578006 2019-02-24T06:01:25 2019-02-24T22:30:52 2.1

4 Swift/XRT 00036578007 2019-03-10T01:31:59 2019-03-10T05:10:53 1.9

5 Swift/XRT 00036578008 2019-03-24T11:25:51 2019-03-24T19:35:52 1.9

6 Swift/XRT 00036578009 2019-04-07T18:10:46 2019-04-07T19:56:53 2.0

7 Swift/XRT 00036578010 2019-04-21T16:58:07 2019-04-21T20:22:53 2.1

8 Swift/XRT 00036578011 2019-05-05T09:12:53 2019-05-05T10:47:54 2.1

9 Swift/XRT 00036578012 2019-05-19T17:32:32 2019-05-19T19:26:51 2.0

10 Swift/XRT 00036578013 2019-06-02T04:57:37 2019-06-02T08:09:52 1.9

11 Swift/XRT 00036578014 2019-06-16T17:47:45 2019-06-16T19:31:53 2.0

12 Swift/XRT 00036578015 2019-06-30T00:30:32 2019-06-30T02:10:54 1.9

13 Swift/XRT 00036578016 2019-07-14T08:54:43 2019-07-14T09:21:53 1.6

14 Swift/XRT 00036578017 2019-10-27T00:18:52 2019-10-27T02:11:53 1.9

15 Swift/XRT 00036578018 2019-11-09T10:11:32 2019-11-09T12:02:53 1.9

16 Swift/XRT 00036578020 2019-12-07T02:41:36 2019-12-07T03:08:53 1.6

17 Swift/XRT 00036578021 2019-12-21T00:11:47 2019-12-21T11:23:52 2.1

18 XMM-Newton 0093641101 2001-05-26T15:50:25 2001-05-26T18:57:09 11.2
Table A.5: Log of the observations of NGC 3627.
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Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00049859003 2019-01-19T04:52:00 2019-01-19T05:08:52 1.0

2 Swift/XRT 00049859004 2019-02-02T14:34:14 2019-02-02T14:50:52 1.0

3 Swift/XRT 00049859005 2019-02-16T13:25:18 2019-02-16T13:41:53 1.0

4 Swift/XRT 00049859006 2019-03-02T15:14:56 2019-03-02T15:37:53 1.4

5 Swift/XRT 00049859007 2019-03-16T15:38:51 2019-03-16T15:53:53 0.9

6 Swift/XRT 00049859008 2019-03-30T08:00:13 2019-03-30T08:07:51 0.5

7 Swift/XRT 00049859009 2019-04-13T09:41:07 2019-04-13T09:58:53 1.1

8 Swift/XRT 00049859012 2019-05-15T16:23:50 2019-05-15T16:39:53 1.0

9 Swift/XRT 00049859013 2019-05-25T13:47:52 2019-05-25T14:05:53 1.1

10 Swift/XRT 00049859015 2019-06-12T20:05:11 2019-06-12T21:46:53 0.9

11 Swift/XRT 00049859016 2019-06-22T11:08:08 2019-06-22T11:26:51 1.1

12 Swift/XRT 00049859017 2019-07-06T06:48:24 2019-07-06T07:03:52 0.9

13 Swift/XRT 00049859018 2019-07-20T21:12:47 2019-07-20T21:28:52 0.9

14 Swift/XRT 00049859019 2019-08-03T10:21:58 2019-08-03T10:39:54 1.1

15 Swift/XRT 00049859020 2019-08-17T04:26:19 2019-08-17T04:41:52 0.9

16 Swift/XRT 00049859021 2019-08-31T04:37:09 2019-08-31T04:41:02 0.2

17 Swift/XRT 00049859022 2019-09-05T02:32:51 2019-09-05T02:45:53 0.8

18 Swift/XRT 00049859023 2019-09-14T01:15:31 2019-09-14T01:29:53 0.9

19 Swift/XRT 00049859024 2019-09-28T16:23:24 2019-09-28T16:38:52 0.9

20 Swift/XRT 00049859025 2019-12-09T18:33:38 2019-12-09T18:47:53 0.9

21 Swift/XRT 00049859026 2019-12-16T02:02:41 2019-12-16T02:18:54 1.0

22 Swift/XRT 00049859027 2019-12-23T10:58:39 2019-12-23T11:01:52 0.2

23 Swift/XRT 00049859028 2019-12-30T14:58:38 2019-12-30T15:14:54 1.0

24 Swift/XRT 00049859029 2020-01-06T19:12:36 2020-01-06T19:25:53 0.8

25 Swift/XRT 00049859030 2020-01-13T16:53:41 2020-01-13T17:11:52 1.1

26 Swift/XRT 00049859031 2020-01-20T17:44:09 2020-01-20T18:02:52 1.1

27 Swift/XRT 00049859033 2020-01-30T23:05:20 2020-01-30T23:17:53 0.8

28 Swift/XRT 00049859035 2020-02-10T20:24:38 2020-02-10T20:38:53 0.9

29 Swift/XRT 00049859036 2020-02-17T21:18:09 2020-02-17T21:32:54 0.9

30 Swift/XRT 00049859037 2020-02-24T00:18:32 2020-02-24T00:28:54 0.6

31 Swift/XRT 00049859040 2020-03-05T16:36:44 2020-03-05T16:51:54 0.9

32 Swift/XRT 00049859041 2020-03-09T00:19:39 2020-03-09T00:30:53 0.7

33 Swift/XRT 00049859042 2020-03-16T10:42:48 2020-03-16T10:57:53 0.9

34 Swift/XRT 00049859043 2020-03-23T09:56:52 2020-03-23T10:08:54 0.7

35 Swift/XRT 00049859044 2020-03-30T06:24:21 2020-03-30T17:18:52 1.0

36 Swift/XRT 00049859045 2020-04-06T02:26:53 2020-04-06T02:42:54 1.0

37 Swift/XRT 00049859046 2020-04-13T14:18:26 2020-04-13T14:35:51 1.0

38 Swift/XRT 00049859047 2020-04-20T21:47:34 2020-04-20T22:02:54 0.9

39 Swift/XRT 00049859048 2020-04-27T05:03:25 2020-04-27T05:19:52 1.0

40 Swift/XRT 00049859049 2020-05-04T15:49:45 2020-05-04T16:05:52 1.0

41 Swift/XRT 00049859050 2020-05-11T16:41:47 2020-05-11T16:56:52 0.9

42 Swift/XRT 00049859051 2020-05-18T01:14:31 2020-05-18T01:26:53 0.7

43 Swift/XRT 00049859052 2020-05-25T10:24:28 2020-05-25T10:39:53 0.9

44 Swift/XRT 00049859053 2020-06-01T14:28:41 2020-06-01T14:43:52 0.9

45 Swift/XRT 00049859054 2020-06-08T04:17:11 2020-06-08T04:35:52 1.1

46 Swift/XRT 00049859055 2020-06-15T13:20:18 2020-06-15T13:35:54 0.9

47 Swift/XRT 00049859056 2020-06-22T12:36:49 2020-06-22T12:52:51 1.0

48 Swift/XRT 00049859057 2020-06-29T07:04:46 2020-06-29T07:20:54 1.0

49 Swift/XRT 00049859058 2020-07-06T04:36:42 2020-07-06T04:48:52 0.7

50 Swift/XRT 00049859059 2020-07-13T02:12:33 2020-07-13T02:28:54 1.0
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51 Swift/XRT 00049859060 2020-07-20T03:09:28 2020-07-20T03:24:53 0.9

52 Swift/XRT 00049859061 2020-07-27T13:39:25 2020-07-27T13:56:53 1.0

53 Swift/XRT 00049859062 2020-08-03T10:04:48 2020-08-03T10:19:53 0.9

54 Swift/XRT 00049859063 2020-08-10T09:11:12 2020-08-10T09:27:53 1.0

55 Swift/XRT 00049859064 2020-08-17T02:24:40 2020-08-17T02:29:53 0.3

56 Swift/XRT 00049859065 2020-08-20T04:52:07 2020-08-20T05:06:52 0.9

57 Swift/XRT 00049859066 2020-08-24T09:29:24 2020-08-24T09:44:52 0.9

58 Swift/XRT 00049859067 2020-08-31T02:20:53 2020-08-31T02:36:54 1.0

59 Swift/XRT 00049859068 2020-09-07T02:51:39 2020-09-07T03:07:51 1.0

60 Swift/XRT 00013908001 2020-12-14T13:55:27 2020-12-14T15:42:54 2.2

61 Swift/XRT 00013908002 2020-12-28T01:20:20 2020-12-28T03:03:54 2.1

62 Swift/XRT 00013908003 2021-01-11T03:10:28 2021-01-11T19:08:52 1.8

63 Swift/XRT 00013908004 2021-01-25T20:43:13 2021-01-25T22:32:53 1.8

64 Swift/XRT 00013908005 2021-02-08T11:14:17 2021-02-08T14:28:51 1.9

65 Swift/XRT 00014065001 2021-02-11T20:35:38 2021-02-12T00:05:53 1.2

66 Swift/XRT 00014065002 2021-02-17T15:16:04 2021-02-17T15:43:54 1.7

67 Swift/XRT 00014065003 2021-02-23T01:59:54 2021-02-23T16:48:53 0.8

68 Swift/XRT 00014065004 2021-03-01T06:13:22 2021-03-01T17:50:53 1.2

69 Swift/XRT 00013908007 2021-03-08T13:45:47 2021-03-08T23:27:52 2.0

70 Swift/XRT 00013908008 2021-03-22T03:52:55 2021-03-22T07:20:52 0.2

71 Swift/XRT 00013908009 2021-03-24T03:33:13 2021-03-24T12:04:53 0.8

72 Swift/XRT 00013908010 2021-03-25T08:28:31 2021-03-25T08:46:52 1.1

73 Swift/XRT 00014065006 2021-03-29T09:36:20 2021-03-29T12:57:52 1.8

74 Swift/XRT 00013908011 2021-03-29T14:11:35 2021-03-29T14:28:53 1.0

75 Swift/XRT 00014065007 2021-04-05T02:38:43 2021-04-05T02:46:52 0.5

76 Swift/XRT 00013908012 2021-04-05T18:27:35 2021-04-05T21:51:53 0.2

77 Swift/XRT 00014065008 2021-04-07T05:20:49 2021-04-07T05:24:52 0.2

78 Swift/XRT 00013908013 2021-04-09T18:14:57 2021-04-09T19:47:53 1.4

79 Swift/XRT 00014065009 2021-04-10T03:43:36 2021-04-10T03:50:39 0.4

80 Swift/XRT 00014065010 2021-04-11T19:25:24 2021-04-11T19:27:57 0.2

81 Swift/XRT 00014065011 2021-04-16T14:23:59 2021-04-17T01:51:49 1.9

82 Swift/XRT 00013908014 2021-04-19T13:50:30 2021-04-19T14:08:53 1.1

83 Swift/XRT 00013908015 2021-05-03T13:53:06 2021-05-03T18:41:45 0.8

84 XMM-Newton 0112310301 2001-01-21T08:39:22 2001-01-21T15:11:05 23.5
85 XMM-Newton 0204870101 2004-01-10T18:28:35 2004-01-11T12:30:35 64.9

Table A.6: Log of the observations of NGC 4945.
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Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00010978001 2019-01-13T08:35:33 2019-01-13T08:50:53 0.9

2 Swift/XRT 00010978002 2019-01-27T16:51:29 2019-01-27T17:07:54 1.0

3 Swift/XRT 00010978003 2019-02-10T01:18:52 2019-02-10T04:49:54 3.4

4 Swift/XRT 00010978004 2019-02-24T03:11:14 2019-02-24T03:27:52 1.0

5 Swift/XRT 00010978005 2019-03-10T16:24:51 2019-03-10T16:39:54 0.9

6 Swift/XRT 00010978006 2019-03-24T06:46:06 2019-03-24T06:59:53 0.8

7 Swift/XRT 00010978007 2019-04-07T15:13:33 2019-04-07T15:30:53 1.0

8 Swift/XRT 00010978008 2019-04-21T12:06:07 2019-04-21T13:45:53 1.1

9 Swift/XRT 00010978009 2019-05-05T20:34:19 2019-05-05T20:49:54 0.9

10 Swift/XRT 00010978010 2019-05-19T09:36:35 2019-05-19T09:52:52 1.0

11 Swift/XRT 00010978011 2019-06-02T04:53:20 2019-06-02T08:24:53 1.0

12 Swift/XRT 00010978012 2019-06-16T23:01:51 2019-06-16T23:17:51 1.0

13 Swift/XRT 00010978013 2019-06-30T16:36:50 2019-06-30T16:53:20 1.0

14 Swift/XRT 00010978014 2019-07-14T01:14:07 2019-07-14T01:29:52 0.9

15 Swift/XRT 00010978015 2019-07-28T18:52:17 2019-07-28T19:08:52 1.0

16 Swift/XRT 00010978016 2019-08-11T06:37:21 2019-08-11T06:52:53 0.9

17 Swift/XRT 00010978017 2019-08-25T05:14:06 2019-08-25T05:28:52 0.9

18 Swift/XRT 00010978018 2019-09-08T03:51:54 2019-09-08T04:04:52 0.8

19 Swift/XRT 00010978019 2019-12-15T21:26:15 2019-12-15T23:12:53 2.0

20 Swift/XRT 00010978020 2019-12-22T17:35:33 2019-12-22T19:01:52 1.0

21 Swift/XRT 00010978021 2019-12-29T12:05:05 2019-12-29T15:34:54 2.0

22 Swift/XRT 00010978022 2020-01-05T03:17:41 2020-01-05T03:44:54 1.6

23 Swift/XRT 00010978023 2020-01-12T13:47:17 2020-01-12T15:32:54 2.1

24 Swift/XRT 00010978024 2020-01-19T13:03:26 20260-01-19T23:05:54 2.1

25 Swift/XRT 00010978025 2020-01-26T17:11:00 2020-01-26T17:35:52 1.5

26 Swift/XRT 00010978027 2020-02-09T12:31:09 2020-02-09T12:59:54 1.7

27 Swift/XRT 00010978028 2020-02-16T15:03:23 2020-02-16T15:30:53 1.6

28 Swift/XRT 00010978029 2020-02-23T01:42:59 2020-02-23T03:38:53 1.9

29 Swift/XRT 00010978030 2020-03-01T23:24:29 2020-03-01T23:48:54 1.5

30 Swift/XRT 00010978031 2020-03-08T01:59:12 2020-03-08T13:19:52 1.3

31 Swift/XRT 00010978033 2020-03-09T22:36:30 2020-03-10T01:45:12 2.0

32 Swift/XRT 00010978032 2020-03-11T09:35:22 2020-03-11T11:26:53 1.9

33 Swift/XRT 00010978034 2020-03-15T07:35:53 2020-03-15T09:25:54 1.8

34 Swift/XRT 00010978035 2020-03-22T13:16:08 2020-03-22T13:42:53 1.6

35 Swift/XRT 00010978036 2020-03-29T06:10:04 2020-03-29T06:37:52 1.7

36 Swift/XRT 00010978037 2020-04-05T01:00:46 2020-04-05T07:42:53 1.8

37 Swift/XRT 00010978038 2020-04-12T06:51:50 2020-04-12T08:22:54 1.9

38 Swift/XRT 00010978039 2020-04-19T23:22:29 2020-04-19T23:48:53 1.6

39 Swift/XRT 00010978040 2020-04-26T19:46:49 2020-04-26T21:33:52 1.3

40 Swift/XRT 00010978041 2020-05-03T10:57:58 2020-05-03T11:24:53 1.6

41 Swift/XRT 00010978042 2020-05-10T07:09:26 2020-05-10T12:00:53 1.6

42 Swift/XRT 00010978043 2020-05-17T12:42:58 2020-05-17T13:10:53 1.7

43 Swift/XRT 00010978044 2020-05-24T12:00:33 2020-05-24T12:27:52 1.6

44 Swift/XRT 00010978045 2020-05-31T16:04:55 2020-05-31T16:32:53 1.7

45 Swift/XRT 00010978046 2020-06-07T10:42:25 2020-06-07T12:18:52 2.2

46 Swift/XRT 00010978047 2020-06-08T20:25:31 2020-06-08T21:53:31 2.0

47 Swift/XRT 00010978049 2020-06-10T05:39:24 2020-06-10T07:24:52 1.8

48 Swift/XRT 00010978050 2020-06-12T16:36:20 2020-06-12T16:54:53 1.1

49 Swift/XRT 00010978051 2020-06-14T11:38:26 2020-06-14T12:00:52 1.3

50 Swift/XRT 00010978052 2020-06-21T14:06:54 2020-06-21T14:34:54 1.7
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51 Swift/XRT 00010978053 2020-06-28T10:11:50 2020-06-28T10:39:53 1.7

52 Swift/XRT 00010978054 2020-07-05T03:06:51 2020-07-05T03:34:53 1.7

53 Swift/XRT 00010978055 2020-07-12T08:55:42 2020-07-12T16:55:53 1.9

54 Swift/XRT 00010978056 2020-07-19T20:47:19 2020-07-19T21:15:54 1.7

55 Swift/XRT 00010978057 2020-07-26T20:18:43 2020-07-26T21:51:52 1.8

56 Swift/XRT 00010978058 2020-08-02T05:10:19 2020-08-02T05:38:52 1.7

57 Swift/XRT 00010978059 2020-08-09T14:06:04 2020-08-09T15:34:55 1.8

58 XMM-Newton 0110910201 2003-01-27T10:54:55 2003-01-27T19:26:07 30.7
59 XMM-Newton 0503230101 2008-01-16T17:57:33 2008-01-17T04:12:39 36.9
60 XMM-Newton 0552080101 2008-08-16T07:50:34 2008-08-16T16:07:28 29.8
61 XMM-Newton 0723450101 2013-08-07T16:21:05 2013-08-08T07:04:25 53.0
62 XMM-Newton 0723450201 2014-01-11T11:42:19 2014-01-12T03:48:59 58.0
63 XMM-Newton 0729561001 2015-02-02T15:42:36 2015-02-03T00:52:36 33.0
64 XMM-Newton 0729561201 2014-07-06T17:28:32 2014-07-07T01:45:12 29.8
65 XMM-Newton 0761620101 2015-08-07T03:17:34 2015-08-07T20:47:34 63.0
66 XMM-Newton 0761620201 2016-01-20T01:26:44 2016-01-20T22:31:44 75.9

Table A.7: Log of the observations of NGC 5236.
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Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00045596019 2019-08-18T16:33:23 2019-08-18T22:55:52 1.3

2 Swift/XRT 00045596020 2019-08-21T04:41:38 2019-08-21T05:02:52 1.3

3 Swift/XRT 00045596021 2019-08-25T18:33:26 2019-08-25T18:50:51 1.0

4 Swift/XRT 00045596022 2019-08-27T05:51:49 2019-08-27T21:57:53 1.5

5 Swift/XRT 00045596023 2019-09-01T05:20:20 2019-09-01T16:49:53 1.6

6 Swift/XRT 00045596024 2019-09-08T06:00:36 2019-09-09T03:01:52 2.4

7 Swift/XRT 00045596025 2019-09-15T13:27:33 2019-09-15T23:14:53 2.7

8 Swift/XRT 00045596026 2019-09-22T22:23:05 2019-09-22T22:47:52 1.5

9 Swift/XRT 00045596027 2019-09-25T22:05:20 2019-09-25T22:28:54 1.4

10 Swift/XRT 00045596028 2019-10-06T02:10:34 2019-10-06T21:28:54 1.2

11 Swift/XRT 00045596029 2019-10-09T11:29:11 2019-10-09T19:31:51 1.6

12 Swift/XRT 00045596030 2019-10-13T15:26:57 2019-10-13T17:28:52 2.9

13 Swift/XRT 00045596031 2019-10-20T06:55:11 2019-10-20T21:41:52 2.1

14 Swift/XRT 00045596032 2019-10-27T00:03:15 2019-10-27T22:35:52 2.6

15 Swift/XRT 00045596033 2019-11-03T18:17:09 2019-11-03T21:53:52 2.8

16 Swift/XRT 00045596034 2019-11-13T12:48:09 2019-11-13T22:33:53 2.8

17 Swift/XRT 00045596035 2019-11-17T06:02:31 2019-11-18T10:54:53 2.8

18 Swift/XRT 00045596036 2019-11-28T19:07:33 2019-11-28T22:43:54 2.5

19 Swift/XRT 00045596037 2019-12-08T03:37:33 2019-12-08T15:12:53 3.3

20 Swift/XRT 00089002001 2019-12-13T03:19:50 2019-12-13T05:02:54 1.9

21 Swift/XRT 00045596038 2019-12-18T12:12:51 2019-12-18T15:39:53 1.6

22 Swift/XRT 00045596039 2019-12-22T19:45:59 2019-12-22T19:53:53 0.5

23 Swift/XRT 00045596041 2020-01-02T09:15:03 2020-01-02T14:22:52 3.5

24 Swift/XRT 00045596042 2020-01-07T18:45:42 2020-01-07T22:06:52 1.2

25 Swift/XRT 00045596044 2020-03-01T21:11:49 2020-03-01T23:08:53 2.4

26 Swift/XRT 00045596045 2020-03-08T09:21:10 2020-03-08T11:21:09 2.4

27 Swift/XRT 00045596046 2020-03-15T00:37:12 2020-03-15T03:54:52 2.9

28 Swift/XRT 00095702001 2020-07-01T01:01:15 2020-07-01T09:06:53 2.1

29 Swift/XRT 00095702002 2020-07-11T04:45:24 2020-07-11T06:35:54 2.6

30 Swift/XRT 00095702003 2020-07-21T04:02:28 2020-07-21T13:45:53 1.9

31 Swift/XRT 00095702004 2020-07-31T17:17:45 2020-07-31T22:10:53 2.1

32 Swift/XRT 00095702005 2020-08-10T08:14:50 2020-08-10T10:28:53 2.6

33 Swift/XRT 00089004001 2020-08-17T07:32:05 2020-08-17T07:58:52 1.6

34 Swift/XRT 00095702006 2020-08-20T00:52:59 2020-08-20T16:55:52 2.8

35 Swift/XRT 00095702007 2020-08-30T17:18:07 2020-08-30T19:04:53 2.3

36 Swift/XRT 00095702008 2020-09-09T09:58:56 2020-09-09T12:04:52 2.5

37 Swift/XRT 00095702009 2020-09-19T10:41:53 2020-09-19T14:05:54 2.4

38 Swift/XRT 00095702010 2020-09-29T19:24:34 2020-09-29T21:16:52 2.5

39 Swift/XRT 00095702011 2020-10-08T13:35:29 2020-10-09T21:33:53 2.6

40 Swift/XRT 00095702012 2020-10-19T12:46:33 2020-10-19T12:48:54 0.1

41 Swift/XRT 00095702013 2020-10-22T12:09:32 2020-10-22T13:53:54 2.3

42 Swift/XRT 00095702014 2020-10-29T14:49:06 2020-10-29T16:32:52 1.9

43 Swift/XRT 00095702015 2020-11-08T10:40:54 2020-11-08T12:28:53 2.5

44 Swift/XRT 00095702016 2020-11-18T16:12:05 2020-11-18T22:50:54 1.5

45 Swift/XRT 00095702017 2020-11-29T13:15:24 2020-11-29T16:52:53 2.2

46 Swift/XRT 00095702018 2020-12-08T05:51:23 2020-12-08T07:48:53 2.0

47 Swift/XRT 00095702019 2020-12-18T11:15:01 2020-12-18T17:53:53 1.9

48 Swift/XRT 00095702020 2020-12-28T10:18:55 2020-12-28T10:20:26 0.1

49 Swift/XRT 00095702021 2021-01-01T06:37:39 2021-01-01T08:25:52 2.4

50 Swift/XRT 00095702022 2021-01-07T12:31:39 2021-01-07T16:08:52 2.5
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51 Swift/XRT 00095702023 2021-01-17T02:01:45 2021-01-17T08:35:54 2.5

52 Swift/XRT 00095702025 2021-01-31T10:15:05 2021-01-31T13:37:53 2.3

53 Swift/XRT 00095702026 2021-02-06T13:58:46 2021-02-06T15:47:53 2.5

54 Swift/XRT 00095702027 2021-02-15T00:28:25 2021-02-16T13:37:54 2.6

55 Swift/XRT 00095702028 2021-02-26T01:04:10 2021-02-26T22:07:53 2.3

56 Swift/XRT 00095702029 2021-03-08T12:36:39 2021-03-08T14:33:53 2.4

57 Swift/XRT 00014387001 2021-06-24T14:22:53 2021-06-24T23:59:53 2.2

58 Swift/XRT 00014387002 2021-07-01T00:37:23 2021-07-02T18:26:52 4.2

59 Swift/XRT 00014387003 2021-07-08T01:22:21 2021-07-08T01:48:53 1.6

60 Swift/XRT 00014387004 2021-07-15T00:40:24 2021-07-15T01:06:54 1.6

61 Swift/XRT 00014387005 2021-07-22T11:16:51 2021-07-22T14:47:54 1.8

62 Swift/XRT 00014387006 2021-07-29T01:02:01 2021-07-29T13:52:52 2.2

63 Swift/XRT 00014387007 2021-08-05T00:34:09 2021-08-05T21:15:52 1.9

64 Swift/XRT 00014387008 2021-08-12T13:57:45 2021-08-12T17:17:54 1.8

65 Swift/XRT 00014387009 2021-08-19T00:08:53 2021-08-19T19:42:54 1.6

66 Swift/XRT 00014387010 2021-08-26T07:38:21 2021-08-26T14:08:54 1.8

67 Swift/XRT 00014387011 2021-09-02T21:02:32 2021-09-02T22:59:52 1.8

68 Swift/XRT 00014387012 2021-09-09T15:39:37 2021-09-09T20:38:54 1.9

69 Swift/XRT 00014387013 2021-09-16T14:48:27 2021-09-16T15:14:52 1.6

70 Swift/XRT 00014387014 2021-09-23T18:54:32 2021-09-23T19:14:53 1.2

71 Swift/XRT 00014387015 2021-09-28T07:05:47 2021-09-28T18:26:54 0.6

72 Swift/XRT 00014387016 2021-09-30T11:53:31 2021-09-30T18:37:52 2.2

73 Swift/XRT 00014387017 2021-10-07T03:08:35 2021-10-07T17:41:52 2.0

74 Swift/XRT 00014387018 2021-10-14T12:10:11 2021-10-14T15:13:51 1.9

75 Swift/XRT 00014387019 2021-10-21T01:26:27 2021-10-21T04:45:54 1.4

76 Swift/XRT 00014387020 2021-10-28T10:13:12 2021-10-28T10:37:53 1.5

77 Swift/XRT 00014387021 2021-11-04T07:54:52 2021-11-04T08:22:52 1.7

78 Swift/XRT 00014387022 2021-11-11T05:43:08 2021-11-11T06:11:53 1.7

79 Swift/XRT 00014387023 2021-11-19T15:58:48 2021-11-20T00:11:52 1.7

80 Swift/XRT 00014387024 2021-11-24T23:16:06 2021-11-25T07:44:53 1.9

81 XMM-Newton 0784510301 2017-01-18T19:45:14 2017-01-19T09:38:34 50.0
Table A.8: Log of the observations of NGC 925.

Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 03110849001 2020-10-21T01:52:56 2020-10-21T22:47:52 0.6

2 Swift/XRT 03110849002 2020-10-26T22:12:02 2020-10-26T22:16:53 0.3

3 Swift/XRT 03110849003 2020-10-29T17:05:05 2020-10-29T17:23:53 1.1

4 Swift/XRT 03110849004 2020-11-13T05:56:00 2020-11-14T02:54:54 2.8

5 Swift/XRT 03110849005 2020-11-16T13:28:04 2020-11-16T13:43:29 0.9

6 Swift/XRT 03110849006 2020-11-17T13:29:13 2020-11-17T13:44:54 0.9

7 Swift/XRT 03110927001 2021-03-02T23:35:24 2021-03-02T23:42:53 0.4

8 Swift/XRT 03110927002 2021-03-14T20:49:49 2021-03-14T20:56:52 0.4

9 Swift/XRT 03110927003 2021-03-25T08:49:49 2021-03-25T08:56:53 0.4

10 Swift/XRT 03110927004 2021-03-31T08:12:19 2021-03-31T08:16:52 0.3

11 Swift/XRT 03110927006 2021-05-01T14:06:57 2021-05-01T14:13:53 0.4

12 Swift/XRT 03110927007 2021-05-06T04:11:05 2021-05-06T04:16:16 0.3

13 Swift/XRT 00014386001 2021-06-23T08:31:28 2021-06-23T10:18:54 1.8

14 Swift/XRT 00014386002 2021-06-30T11:04:42 2021-06-30T11:31:52 1.6

15 Swift/XRT 00014386003 2021-07-07T04:08:42 2021-07-07T04:32:51 1.4
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16 Swift/XRT 00014386004 2021-07-14T01:43:45 2021-07-14T02:05:52 1.3

17 Swift/XRT 00014386005 2021-07-21T12:05:29 2021-07-21T12:21:52 1.0

18 Swift/XRT 00014386006 2021-07-26T07:01:05 2021-07-26T07:01:52 0.1

19 Swift/XRT 00014386007 2021-07-28T11:19:37 2021-07-28T11:46:52 1.6

20 Swift/XRT 00014386008 2021-08-04T00:57:41 2021-08-04T01:23:53 1.6

21 Swift/XRT 00014386009 2021-08-11T01:47:20 2021-08-11T02:13:52 1.6

22 Swift/XRT 00014386010 2021-08-18T02:46:12 2021-08-18T03:09:53 1.4

23 Swift/XRT 00014386011 2021-08-25T08:28:54 2021-08-25T13:36:52 1.9

24 Swift/XRT 00014386012 2021-09-01T12:32:59 2021-09-01T19:18:52 1.8

25 Swift/XRT 00014386013 2021-10-06T00:40:39 2021-10-06T01:07:54 1.6

26 Swift/XRT 00014386014 2021-10-13T09:38:15 2021-10-13T22:47:53 1.9

27 Swift/XRT 03110927009 2021-10-15T23:42:21 2021-10-16T01:31:52 1.5

28 Swift/XRT 03110927010 2021-10-17T18:49:17 2021-10-17T18:56:54 0.5

29 Swift/XRT 00014386015 2021-10-20T00:53:54 2021-10-20T01:20:39 1.6

30 Swift/XRT 03110927011 2021-10-20T12:05:33 2021-10-20T12:23:53 1.1

31 Swift/XRT 03110927012 2021-10-21T11:58:33 2021-10-21T13:40:53 0.5

32 Swift/XRT 03110927013 2021-10-22T04:05:02 2021-10-23T23:16:52 7.5

33 Swift/XRT 03110927014 2021-10-24T14:51:24 2021-10-25T13:30:53 2.3

34 Swift/XRT 03110927015 2021-10-26T11:28:29 2021-10-26T11:36:53 0.5

35 Swift/XRT 00014386016 2021-10-27T06:20:18 2021-10-27T06:44:52 1.5

36 Swift/XRT 03110927016 2021-10-27T08:16:13 2021-10-27T11:40:52 1.6

37 Swift/XRT 00014386017 2021-11-03T03:53:30 2021-11-03T04:20:52 1.6

38 Swift/XRT 03110927017 2021-11-03T09:09:11 2021-11-03T09:19:53 0.6

39 Swift/XRT 03110927018 2021-11-04T08:54:06 2021-11-04T21:33:52 3.5

40 Swift/XRT 03110927019 2021-11-06T10:00:06 2021-11-06T21:41:52 5.3

41 Swift/XRT 03110927020 2021-11-07T10:01:05 2021-11-08T18:12:53 2.3

42 Swift/XRT 03110927022 2021-11-10T01:49:19 2021-11-10T05:17:54 3.5

43 Swift/XRT 00014386018 2021-11-10T07:51:23 2021-11-10T08:18:53 1.6

44 Swift/XRT 03110927023 2021-11-12T12:29:34 2021-11-13T09:34:52 1.9

45 Swift/XRT 03110927024 2021-11-15T17:08:34 2021-11-15T17:21:54 0.8

46 Swift/XRT 00014386019 2021-11-17T03:58:23 2021-11-17T23:34:52 2.0

47 Swift/XRT 00014386020 2021-11-24T03:11:35 2021-11-24T03:38:52 1.7

48 Swift/XRT 00014386021 2021-12-01T04:12:22 2021-12-01T07:37:53 1.7

49 XMM-Newton 0405080301 2007-05-28T07:36:12 2007-05-28T21:59:05 51.8
50 XMM-Newton 0405080501 2007-06-19T10:03:34 2007-06-19T14:45:26 16.9

Table A.9: Log of the observations of NGC 5055.

Instr. Obs.ID Start time Stop time Exposure

[YYYY-MM-DD hh:mm:ss] [ks]

1 Swift/XRT 00014388001 2021-06-24T08:30:30 2021-06-24T08:58:53 1.7

2 Swift/XRT 00014388002 2021-07-01T07:46:19 2021-07-01T08:09:53 1.4

3 Swift/XRT 00014388003 2021-07-08T08:47:38 2021-07-08T09:06:52 1.2

4 Swift/XRT 00014388004 2021-07-14T03:12:07 2021-07-14T03:40:52 1.7

5 Swift/XRT 00014388005 2021-07-22T02:22:03 2021-07-22T02:50:54 1.7

6 Swift/XRT 00014388006 2021-07-29T20:43:37 2021-07-29T22:25:52 1.8

7 Swift/XRT 00014388007 2021-08-05T15:14:58 2021-08-05T15:42:53 1.7

8 XMM-Newton 0203170301 2004-12-25T02:15:13 2004-12-26T09:59:30 114.3
Table A.10: Log of the observations of NGC 4517.
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