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X-ray pulsars are highly magnetized neutron stars in close binary systems accreting
matter from a normal companion star. Their strong magnetic fields channel the
accreting matter onto the magnetic poles of the neutron star, releasing an enormous
amount of energy in the form of X-rays. If the matter accreted from the stellar
companion carries a large amount of angular momentum, it will generally form an
accretion disk around the neutron star. The strong magnetic field of the neutron
star will effectively truncate the accretion disk at the magnetospheric radius, which
defines the space around the X-ray pulsar known as the magnetosphere.

The observed behavior of the X-ray pulsar will depend on several factors, including
the rate at which mass is being accreted. At low mass accretion rates, the mag-
netosphere will be able to extend further out, and if the mass accretion rate drops
below some critical value, accreting matter will be stopped by the centrifugal barrier
created by the neutron star’s rapidly spinning magnetosphere. This is known as the
propeller effect, because matter is basically flung out by the rapidly spinning mag-
netosphere. The propeller effect is generally used to explain the declining phases of
the outbursts of transient X-ray pulsars into quiescence.

Another phenomenon recently proposed for transient X-ray pulsars is the possibility
of accretion from a cold accretion disk at low mass accretion rates. This is caused
by a thermal-viscous instability developing in the accretion disk and is commonly
invoked to explain the characteristic outbursts of dwarf novae, where the theory is
encapsulated in the disk instability model (DIM). During the decay of dwarf nova
outbursts, a propagating cooling front will appear in the accretion disk, and when
this front reaches the inner disk radius, the entire disk will be in a cold state of
neutral hydrogen.

In this thesis, the data from observations made by the Swift observatory have been
analyzed with the intent to test the possibility of the appearance of a propagating
cooling front during the decaying phases of the outbursts of transient X-ray pulsars.
The light-curves of three sources (SMC X-2, 4U 0115+63, V 0332+53) were fitted
with a smoothed spline representing the observed behavior, which was subsequently
compared to the modeled luminosity decay caused by the propagation of a cooling
front. The result of the analysis is that by modeling the expected behavior of a
cooling front propagating through the accretion disk, the luminosity decay of these
transient X-ray pulsar’s outbursts can be well explained without the need to invoke
the propeller effect. Additionally, the obtained a.,q values are consistent with the
values commonly used in the DIM.
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1 Introduction

Neutron stars are extremely compact objects, possessing extreme physical prop-
erties and displaying a broad range of observational phenomena. Emission from
different classes of neutron stars spans the entire electromagnetic spectrum, and an
equally diverse set of radiative properties.

A neutron star is the compact remnant resulting from the explosion of a massive
star. Neutron stars are like gigantic nuclei, making them the most dense objects in
the Universe. For a typical mass in the range 1.25 — 2.0M and radius in the range
10 — 15 km, the mean density is ~ 6.7 x 10 g cm™ (compared to the density of
nuclear matter ~ 2.7 x 10* g cm™3). Neutron stars form unique laboratories, not
only for their extreme densities and gravity, but also magnetic fields. The magnetic
fields of neutron stars are generally attributed to the conservation of the magnetic
flux of the progenitor star, which gives rise to magnetic field strengths as high! as
B ~ 10" G [2]]3].

A large fraction of the known neutron star population are isolated neutron stars,
however, some appear in binary systems with companion stars. If the binary system
is close enough, they may accrete matter from their stellar companion. The accreted
matter is subsequently converted into a huge amount of energy once it hits the
surface of the neutron star. If the magnetic field strength of the neutron star is
strong enough, it will be able to confine the accreting matter to the magnetic poles of
the neutron star, producing hot-spots that are bright in X-rays. As the neutron star
rotates, the hot-spots enter the field-of-view of the observer, leading to observations
of pulsed X-ray emission. These are known as accreting X-ray pulsars, and
not only does the strong magnetic field of these pulsars dictate where the energy
is dissipated onto the surface of the neutron star, it also dominates how matter

is accreted. One simple way to illustrate the strength of the magnetic field of an

'Due to the dynamo effect [1], magnetars can be formed with B ~ 10 G.



accreting X-ray pulsar is by the size of its magnetosphere, which co-rotates with
the neutron star. During the accretion process, the accreting flow of matter exerts
a ram pressure on the magnetosphere, which is counter-balanced by the pressure
of the neutron star’s magnetic field. Therefore, the extent of the magnetosphere
is not only determined by the magnetic field of the neutron star, but also by the
rate at which matter is being accreted, i.e. the mass accretion rate. The neutron
star’s magnetosphere has a significant impact on the accretion process, where the
interaction of accreting matter with the magnetosphere determines temporal and
spectral characteristics of X-ray pulsars. In turn, a large amount of information
about the interaction between the neutron star and the accreting matter can be
inferred from observations of these characteristics. If an accretion disk is present
in the binary system, conclusions on interactions between the accretion disk and
the magnetic field of the neutron star can be made as well. This work attempts to
present a new method for studying the physical conditions in the accretion disk and
disk-magnetospheric interactions of X-ray pulsars. This is done by investigating the
long-term evolution of the luminosity of transiently accreting X-ray pulsars, which
reflects changes in the accretion disk’s physical properties.

The thesis is organized by the following structure. Chapter 2 gives an introduc-
tion to different kinds of neutron stars, X-ray binary systems, and the physics of
highly magnetized X-ray pulsars. Chapter 3 describes the Swift observatory, includ-
ing the BAT and XRT instruments used for the observations analyzed in this work.
This is followed by the data analysis of the Swift observations of each source. This
analysis is based on producing the light-curve of each source, which is then fitted
with a spline. In Chapter 4, the results of the data analysis are discussed and an
interpretation is provided in the context of the disk instability model. In Chapter

5, a summary of the results is given and final conclusions are made.



2 Accreting X-ray pulsars

2.1 Different kinds of neutron stars

The existence of neutron stars was first postulated by Lev Landau in 1932 [4], and
later proposed as the remnants of supernovae by Walter Baade and Fritz Zwicky in
1934 [5]. Neutron stars are formed in supernova explosions during the gravitational
collapse of massive stars (M > 8Mg), where the core of the progenitor star is
compressed to the point where only neutron degeneracy pressure can prevent further
collapse. When the mass of the neutron star exceeds the Tolman-Oppenheimer-
Volkoff limit (the maximum mass of a cold, non-rotating neutron star), neutron
degeneracy pressure can no longer support the neutron star and it collapses, forming
a black hole. During the collapse of the massive progenitor star, the rate of rotation
increases due to the conservation of angular momentum. Therefore, newly born
neutron stars can rotate several hundred times per second.

A pulsar is simply the observational manifestation of a rapidly rotating neutron
star emitting beams of radiation, leading to a pulsed appearance of emission when
the beam of radiation is displaced from the rotational axis. This is only observable
when the beam comes into the observer’s field of view, something often described as
the “lighthouse effect”. Radio pulsars were initially discovered by Jocelyn Bell and
Anthony Hewish in 1967 [6], marking the first observational evidence supporting the
existence of neutron stars. Most of the known neutron star population are isolated
radio pulsars, which are regularly pulsating sources of radio waves, spinning down
due to the loss of rotational energy. However, neutron stars are also found in binary
systems.

A large fraction of all stars are part of binary systems. The more massive star
evolves first and depending on its mass, eventually, it may explode as a supernova

with the remnant being a neutron star. If the binary system survives the supernova
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Figure 1. A simplified schematic of an X-ray pulsar, where the accreted matter from
the stellar companion provides the source of X-ray emission as it is channeled by
the strong magnetic field of the neutron star onto its magnetic poles.

explosion, it will consist of a neutron star gravitationally bound to a stellar compan-
ion. In a sufficiently close binary system with a normal star, the neutron star can
accrete matter from its stellar companion. The accretion flow is controlled by the
strong magnetic field in the vicinity of the neutron star, forcing accreting matter to
follow the magnetic field lines onto the magnetic poles [7]. Once the accreted mat-
ter falls onto the surface of the neutron star, it produces hot-spots that are bright
in X-rays, rotating in and out of the observer’s field-of-view giving the appearance
of pulsed emission. These are accreting X-ray pulsars (see Figure 1), and the
accretion of matter transfers angular momentum to the neutron star, causing it to
either spin up or spin down, depending on the neutron star’s rotation, magnetic field
strength, as well as the rate of mass accretion.

Radio pulsars, which are rotation-powered, and X-ray pulsars, which are accretion-

powered, display different observational properties and have an important difference
in the underlying physics responsible for their characteristic behavior. Rotation-

powered pulsars are the “classical” pulsars, most commonly associated with radio



pulsars. They are powered by the loss off rotational energy due to braking by their
magnetic fields (B ~ 103! G). The intense beam of radiation is a result of the
rotation of the strong magnetic field, which causes an electric potential to develop
at the magnetic poles of the neutron star which is able to extract particles from the
surface [8]. The open magnetic field lines at the magnetic poles of the neutron star
act as escape valves for the charged particles, producing beams of radio emission.
Magnetars represent a separate, extreme breed of isolated, slowly rotating neutron
stars that are characterized by variable X-ray activity powered by the dissipation
of immense magnetic fields (B ~ 10375 G). An overview of different examples of
isolated and non-accreting neutron stars can be found in, e.g. [9][10].
Accretion-powered pulsars (or accreting X-ray pulsars) are, as the name sug-
gests, powered by accretion, where the gravitational potential energy of matter
accreted from a close companion star powers the X-ray emission. In contrast to
rotation-powered pulsars, accreting X-ray pulsars can display large temporal vari-
ability in both the spin period of the neutron star and the observed luminosity of
the source. Some accreting X-ray pulsars are persistent sources, while others are
transient sources that are only observable during shorter episodes of intense activity
in X-ray emission, but mostly remain in quiescence. X-ray pulsars also have some of
the strongest magnetic fields in the entire Universe, as high as several 10'? G. Such
strong magnetic fields are essential for the production of the pulsed X-ray emission
of X-ray pulsars, as it channels the accreting matter onto the magnetic poles of the

neutron star, instead of allowing it to reach the entire surface.

2.2 X-ray binaries

Accreting X-ray pulsars are part of so-called X-ray binaries (XRBs). X-ray bi-

naries can simply be defined as systems consisting of a compact object in a close



binary system with a normal stellar companion?. By close binary system, it means
that there is a transfer of mass between the stellar companion and the compact
object, which is essential for powering the X-ray emission. Pulsed X-ray emission
from a binary system were first discovered by Giacconi et al. [11] in the early 1970’s
during observations of Centaurus X-3 with the UHURU observatory, and analysis
by Schreier et al. [12] subsequently revealed the source’s binary nature. Shortly
after this, Tananbaum et al. [13] discovered another X-ray pulsar, Hercules X-1,
displaying similar characteristics.

Accreting X-ray binaries are among the brightest X-ray sources in our Galaxy.
The X-ray emission of these binaries is powered by the dissipation of gravitational
potential energy in the matter accreted from the stellar companion onto the com-
pact object, which can be either a white dwarf, neutron star or black hole. X-ray
binaries can be divided into two groups based on the mass of the stellar companion:
high-mass X-ray binaries (hereafter HMXBs), and low-mass X-ray binaries
(hereafter LMXBs). It is worth noting that there exists a handful of binary systems
where the stellar companion is of intermediate mass, often referred to as intermediate
X-ray binaries (IMXBs).

The spectral type of the stellar companion, which is also frequently called the
donor star or mass donor, determines the mode of transferring mass to the compact
object and the surrounding environment [14]. HMXBs conventionally have young
stellar companions of spectral type OB and masses > 10M, while LMXBs have
older stellar companions (spectral type later than A), with masses in general < 1Mg,.
HMXBs and LMXBs display distinctly different Galactic distributions. HMXBs are
concentrated along the Galactic plane, close to their place of birth. LMXBs, on the
other hand, populate the Galactic bulge and globular clusters, where they can form

through the process of stellar capture [15].

2Sometimes referred to as the optical companion, which points to the fact that nuclear burning

is still taking place in its interior.
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Figure 2. Simplified view of the general difference between accretion in HMXBs
and LMXBs. For the HXMB, a M > 10M stellar companion of a M ~ 1.4Mg
neutron star provides matter through its stellar wind, while for the LMXB, a M <
1M companion star overflows its Roche lobe, allowing matter to be captured and
accreted by the neutron star through the formation of an accretion disk.

Accretion of matter is generally different for LMXBs and HMXBs, taking place
through either Roche-lobe overflow or wind accretion (see Figure 2). Typically
for LMXBs, Roche-lobe overflow occurs as the small and low-mass donor star evolves,
causing its Roche lobe? to fill up and overflow. Matter outside of the donor star’s
Roche lobe is no longer bound by gravity and can therefore be accreted by the
compact object [16]. Because the accreting matter carries a significant amount of
specific angular momentum, it tends to form an accretion disk around the compact
object, as opposed to being directly accreted (see Section 2.3.1). In the case of
HMXBEs, accretion can occur through Roche-lobe overflow, however, this is generally
not the case. Instead, wind accretion largely takes place in HMXBs. The OB stellar
companions of HMXBs have very slow but dense stellar winds. The compact object
typically orbits the stellar companion at a close distance, and is therefore heavily

embedded in the stellar wind. The accreted wind carries a comparably small amount

of angular momentum relative to the compact object, and therefore wind-fed systems

3The Roche lobe defines the region around a star in a binary system in which material is bound

to that star by gravity.



generally accrete directly in a quasi-spherical manner without the formation of an
accretion disk. A hybrid situation is often observed in neutron star X-ray binaries
with very eccentric orbits (known as Be/X-ray binaries), where an accretion disk may
temporarily form due to a significant increase in mass accretion during periastron
passage.

In the case of neutron star X-ray binaries, the compact object is a neutron
star and a strong X-ray emitter. The magnetic field of the neutron star plays an
important role in determining where the energy of accreting matter is dissipated.
High surface magnetic fields (B ~ 10'71* G) are generally observed for neutron stars
in young HMXBs, while lower surface magnetic fields (B < 10'° G) are present in
the much older LMXBs, where the magnetic field has decayed over time. When
the magnetic field of the neutron star is greater than ~ 10% G, it is strong enough
to channel the accreting flow onto restricted regions close to the magnetic poles.
This results in X-ray pulsations at the spin period of the neutron star when its
magnetic axis is displaced from its rotational axis. Considering the high magnetic
fields that tend to be found for neutron stars existing in HMXBs, they generally
appear as X-ray pulsars. When the magnetic field is below ~ 10® G, the accreting
flow is able to reach all the way down to the surface of the neutron star before it
is captured by the magnetic field. In low magnetized systems, accreted matter is
allowed to accumulate onto the surface of the neutron star, which allows for the
ignition of powerful, explosive thermonuclear burning, resulting in so-called Type I
X-ray bursts. Therefore, many LMXBs are observed as X-ray bursters, though there
are a few systems where the neutron star is capable of producing X-ray pulsations.

An important subclass of LMXBs are accreting millisecond pulsars (AMPs)
that, according to the “recycling scenario”, form an important link to millisecond
radio pulsars (MSPs) [17]. The recycling scenario offers an explanation to the fast

ms-rotation of old MSPs in terms of the “recycling” of these neutron stars in LMXBs



|18]. AMPs have fast spin periods but relatively low magnetic fields (~ 10® G) that
have decayed by higher than typical values. It has been suggested that they are,
in fact, old neutron stars that have been recycled and spun-up during a Gyr-long
phase of mass accretion transferred through the accretion disk of a low-mass stellar
companion [19]|20][21]. Once the accretion ceases, a rotation-powered pulsar turns
on, emitting most of its radiation in the radio band.

Neutron star HMXBs can be subdivided into two groups depending on the evolu-
tionary status of the stellar companion: those with main-sequence Be stellar compan-
ions, Be/X-ray binaries (hereafter BeXBs), and those with evolved OB supergiant
companions, supergiant X-ray binaries (hereafter SGXBs). Accretion in HMXBs
can occur in different ways, and observationally one distinguishes between disk-fed
SGXBs, wind-fed SGXBs, and the aforementioned BeXBs, where accretion occurs
due to the interaction between the neutron star and the decretion disk? around the

Be stellar companion [22].

Supergiant X-ray binaries

In the majority of all SGXBs, the neutron star directly captures a small fraction
of the stellar wind of its companion star [23]||24] and the resulting accretion rates
generally remain low. Therefore, their X-ray luminosities tend to be lower as well.
These moderate-luminosity, wind-fed SGXBs concern close systems (P,,;, < 15 d)
with low eccentricities. In wind-fed SGXBs, the donor star emits a steady and
substantial stellar wind, removing between 107¢ — 1078 M, /yr, therefore, a neutron
star in a relatively close orbit will capture some fraction of this wind [14]. Even
though wind accretion is an ineffective process, it can make for a sizeable mass
accretion rate onto the surface of the neutron star, thanks to the high mass-loss rate

of the stellar companion, resulting in a bright X-ray source.

4The rapid rotation of Be stars causes material to be ejected from their surfaces, leading to a

diffuse and gaseous circumstellar disk, commonly referred to as a decretion disk.
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If the donor star is beginning Roche-lobe overflow, material with high specific
angular momentum will start to flow through the L; Lagrangian point®, leading to
the development of an enhanced stream of wind known as a tidal stream. This
funnels the wind through the tidal stream and increases the wind density close to
the neutron star, consequently increasing the X-ray luminosity [25]. If the specific
angular momentum of the wind is large enough, an accretion disk may form around
the neutron star. This type of accretion is very efficient and results in a mass
transfer rate significantly greater than what is possible by the neutron star just
capturing some fraction of the stellar wind of the companion star [7]. When mass
transfer takes place via Roche-lobe overflow, the X-ray emission is highly enhanced
and these disk-fed SGXBs tend to become very luminous (up to 10% erg/s) [26].
However, it is uncommon to observe Roche-lobe overflow in HMXBs, because the
neutron star is quickly submerged in the atmosphere of its stellar companion because
of the large mass ratio |27], resulting in something known as the "common envelope

phase" [28].

Be/X-ray binaries

BeXBs account for a substantial part of all HMXBs and virtually all systems show
X-ray pulsations. The Be stellar companions are rapidly rotating B-type stars that
have displayed spectral emission lines at some point during their lifetime, hence the
use of the identifier “e” in their spectral types [29][30]. In BeXBs, the compact object
is a neutron star in a wide and eccentric orbit, spending a short amount of time close
to the dense circumstellar disk that surrounds the fast-rotating Be stellar companion
(i.e., the decretion disk). Strong and transient X-ray outbursts are expected when
the neutron star interacts with this decretion disk, accreting from the low-velocity

and high-density wind [31] (see figure 3 for a schematic over a BeXB).

5The L; Lagrangian point, or inner Lagrange point, acts as a "funnel" between the two objects,

where matter can flow freely from one object to the other.
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Figure 3. A schematic picture of a BeXB, consisting of a neutron star in an eccentric
orbit around a Be stellar companion, periodically passing through its decretion disk.

These X-ray outbursts are often connected to the time of periastron passage of
the neutron star in its orbit, when the two objects are at their closest approach. The
neutron star will move close-by the decretion disk during periastron (and may even
go through it), which causes major disruption [14]. This results in a large amount of
matter being accreted onto the neutron star. Two types of outbursts are observed in
BeXBs. Normal, Type I outbursts appear periodically as a result of an increase
in the mass accretion rate close to periastron. They last for 0.2 — 0.3 P, and
peak to luminosities < 1037 erg s7! [15]. The rare, giant Type II outbursts are

much larger than Type I outbursts, occurring generally once in several years. Type

03738 L and last for several

IT outbursts reach peak luminosities exceeding 1 erg s—
orbital periods. Type II outbursts are not linked to the orbital period of the system,
instead they tend to be preceded by increased activity of the Be stellar companion.
This can affect several characteristics of the decretion disk, therefore influencing the

X-ray emission as the neutron star interacts with the material of the disk.
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Some BeXBs seem permanently active (persistent systems), while the majority
are transient systems, suddenly entering the Be phase for longer periods of time.
Persistent BeXBs are different than transient BeXBs in that they display much
less X-ray variability (i.e., larger outbursts are not observed), lower luminosities
(Lx< 10% erg/s), they contain slowly rotating neutron stars (P, > 200 s) and
are found in systems with wider orbits (P, > 200 d) [14]. BeXBs are defined as
non-supergiant systems and have large orbital periods. Because of this, the Be star is
well within its Roche lobe, however, in some instances transient Roche-lobe overflow
can take place, e.g., during periastron passage for BeXBs with large and eccentric
orbits or during Type II outbursts [14]. The accreted matter is funneled through
the L; Lagrangian point with high specific angular momentum and therefore tends
to form a transient accretion disk around the neutron star. For a review on BeXBs,
see e.g. [14].

The transient nature of BeXB systems make them ideally suited for testing dif-
ferent theoretical predictions of accretion physics over a range of regimes not possible
in persistent sources. BeXBs are unique systems, as they exhibit substantial tran-
sient activity, allowing for the study of interactions between accreting matter and
the magnetosphere over a large range in luminosities during outbursts, related to
variations in mass accretion rates that can cover several orders of magnitude. They
can be utilized to investigate the properties of matter under extreme conditions of
magnetic fields, which tend to be quite accurately known thanks to the detection of
cyclotron lines in their X-ray spectra. In addition to this, they allow for the possibil-
ity of studying accretion disks unaffected by the continuous flow of accreting matter,
as an accretion disk is formed during periastron passage, but is "cut-off" from the
accretion flow supplied by the companion star’s decretion disk as the neutron star

continues in its eccentric orbit.



13

2.3 The physics of accreting X-ray pulsars

X-ray binaries are simply powered by a compact object capturing some of the matter
that their close stellar companion "throws out". When matter is accreted onto a
compact object, it releases enormous amounts of gravitational potential energy, re-
sulting in the emission of predominantly X-rays. Accretion is a very efficient method
of producing energy; the gravitational potential energy released for a compact object

of mass M, and radius R, when a mass M is accreted is given by:

M. M Rs 9
E = = M 1
acc G R* <2R* ) c 3 ( )

where G is the gravitational constant, c is the speed of light, and Rg = 2GM, /c? is
the Schwarzschild radius. When the compact object is a neutron star (M, ~ 1.4Mg,
R, ~ 10%cm) the energy released is about 20% of the rest-mass energy of the
accreted matter. This can be compared to nuclear fusion of hydrogen into helium,
which yields E,,. ~ 0.007mc?; therefore accretion onto a compact object is an even
more efficient energy source. For a fixed value of M,/R,, the resulting accretion

luminosity depends on the mass accretion rate M:

dEo.  GM.dM  GM.M

Lace = =4 R, dt R, 2)

In theory, an upper limit to the accretion luminosity is given by the Eddington
luminosity, Lgqq, at which the outward force produced by the pressure of radiation
equals the inward gravitational force. For steady, spherically symmetrical accretion

of material mainly consisting of fully ionized hydrogen:

4G M, m,c
or

LEdd =

~ 1.3 x 10® (%) erg /5], (3)

®
where m,, is the proton mass and o7 is the Thomson cross-section.

The typical luminosities observed in bright X-ray binaries are of the order of
~ 1035738 erg /s, corresponding to mass accretion rates of ~ 101571 g /s. Much lower

luminosities (down to ~ 103! erg/s) are seen in transient sources during quiescence,
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however, it is important to note that this is not necessarily due to accretion, but

more likely residual thermal emission instead. [32]

2.3.1 Accretion disks

A compact object in a static, uniform gaseous medium will accrete matter from
the environment surrounding it, something referred to as spherical accretion [33].
However, spherical accretion only applies when the specific angular momentum of the
gas is negligible. Many accretion flows related to astrophysics are rotating rapidly,
and an important question is how to get rid of angular momentum, allowing for
matter to be accreted. While viscous dissipation can convert energy into heat (which
is subsequently radiated away), angular momentum turns out to be more challenging
to remove. When the accreting gas possesses high specific angular momentum, it
generally forms an accretion disk.

Accretion disks can be described as rotationally flattened structures consisting
of gaseous matter spiraling onto a central self-gravitating body, which can be a
compact object such as a neutron star. The angular velocity €2 of a particle in a

circular orbit at a distance r from a point mass M, in Newtonian gravity is given

by:
G M.,

r3

Q= = (g, (4)

where G is the gravitational constant and the subscript K denotes Keplerian orbits
[34]. The specific angular momentum, given by hx = r?*Qx = /GM,r, is defined as
the angular momentum per unit mass. Because an accretion disk is formed, the con-
siderable amount of specific angular momentum possessed by the accreting matter
can be removed, so that matter can be accreted by the central gravitating object.
In an accretion disk, the high angular momentum of rotating matter is gradually
transported outwards by the turbulent viscosity between adjacent rings of gas. The

material of the faster inner layer loses angular momentum and slowly moves towards
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the central object, while the adjacent, slower outer layer gains angular momentum,
which is subsequently given to the next layer, and so on [35]. This results in a
continuous mass flow towards the central object as angular momentum gradually
gets transported outwards, which allows for matter to be accreted. As the gaseous
matter falls deeper into the potential well of the central object, it releases energy,
which is converted into heat. A fraction of this heat is converted into radiation
(making the disk luminous), escaping in part and cooling down the disk [36].

The nature of the transport of angular momentum is usually attributed to so-
called magneto-hydrodynamical (MHD) turbulence driven by the magnetorotational
instability (MRI) [37], which is a fluid instability that causes an accretion disk orbit-
ing a massive central object to become turbulent. The MRI develops when matter
in the accretion disk rotates non-rigidly in a weak magnetic field [36]. Generally,
a small-scale MHD description is not directly applied for the turbulence, but it is
instead described by a phenomenological "alpha-viscosity prescription", which was
introduced by Shakura and Sunyaev in 1973 [38] as a parameterization for the tur-
bulent viscosity. The model introduced by Shakura and Sunyaev, known as the
standard accretion disk model or a-disk model, described a relatively cold ac-
cretion disk, that was also assumed to be geometrically thin and optically thick [35].
The geometrical thickness of an accretion disk H at radial coordinate r is expected
to be much smaller than r:

H
<l (5)

The disk scale height, determined by the local temperature, can be estimated as
H = ¢,/Q, where the sound speed in the accretion disk, c¢g, for a geometrically
thin disk, by definition, is much smaller than the Keplerian orbital velocity.

The physics of accretion disks is often described in terms of dynamical, thermal
and viscous processes that take place on different characteristic time-scales [34](36].

These are the typical time-scales on which the disk structure may vary. The short-
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est characteristic time-scale is the dynamical time-scale (the time-scale of orbital

motion), which for a Keplerian disk is given by:
tagn = Qe (6)

The viscous time-scale is the time-scale of radial motion in the disk. The viscous
time-scale is also the time-scale of surface density evolution, if the surface density is
not in steady-state [34]. The viscous time-scale gives the time-scale on which matter
diffuses through the disk over a radial distance r, under the effect of viscous torques,

and is given by:

7“2

tm’sc ~ —, 7
. 7)

where v is the kinematic turbulent viscosity. Omne can insert the a-prescription

into Equation 7 (which is typically given by the form v = ac,H), together with

o o (5) )

aQlg \ 7

H = ¢, /Q, obtaining:

where a < 1 is the dimensionless viscosity parameter. The thermal time-scale can
be defined as the time-scale on which the accretion disk would cool, in the case that

heating processes were instantly turned off [34]:

1
tip o~ — . 9
o (9

The thermal time-scale is the shortest time-scale on which the emission from an
annulus of the accretion disk is expected to change [34]. The time-scale hierarchy

for a thin disk with o < 1 is:
tdyn <ty K Tyise- (10)

Standard accretion disks are known to be subject to the thermal-viscous instabil-
ity as a result of partial ionization of hydrogen [36]. Because of this instability, the
accretion disk transitions between two states: a hot state of mostly ionized hydrogen

and a cold state of neutral hydrogen. This instability is commonly invoked to explain



17

dwarf nova® outbursts. These outbursts are caused by an instability developing in
the accretion disk when the central temperature is of the order of the hydrogen ion-
ization temperature and the opacities are strongly dependent on temperature [39].
The ionization state therefore determines the opacity of the accretion disk, which
affects the cooling rate in the disk, local temperature and by extension the local
geometrical thickness. The geometrical thickness therefore influences the viscosity
and mass accretion rate. The dependence of the opacity on temperature sets off a
thermal-viscous instability that causes the accretion disk to cycle between the two
states. In the quiescent cold state, the disk has an effective temperature < 3000 K,
hydrogen is mostly neutral and the mass accretion rate, M, is less than the mass
transfer rate from the stellar companion [40]. Because of the low mass accretion rate
(hence low viscosity) matter is accumulated in the accretion disk. In the eruptive
hot state, the disk has a high internal temperature > 10* K, hydrogen is highly
ionized and M is higher than the mass transfer rate from the stellar companion [40].
This instead allows for accumulated matter to be accreted rapidly. The most widely
used model to describe the outbursts of dwarf novae is the thermal-viscous disk
instability model (DIM) (see, e.g., [41]). The DIM uses the a-disk framework,
where the accretion disk is assumed to be geometrically thin, and, importantly, that
its angular momentum is always Keplerian [41], which is a good approximation in
the case of gas pressure dominated accretion disks. The DIM is often illustrated
by plotting the effective temperature, T¢ss, (or the local mass accretion rate) as a
function of the local surface density, 3. This results in the so-called S-curve, which
represents local disk equilibria and shows three distinct branches: a cool branch on
which hydrogen is largely recombined, a hot branch where hydrogen is fully ionized,
and an intermediate branch (see Figure 4) [39].

The hot and cold branches are both found to be stable, however, the intermediate

SDwarf novae are a class of cataclysmic variables (binary systems composed of a white dwarf

accreting from a Roche-lobe filling low-mass stellar companion) that undergo regular outbursts.
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Figure 4. Schematic illustration of how the existence of a local S-curve leads to global
outbursts in dwarf novae accretion disks. The S-curves are shown for different radii
in the ¥ — T¢s; plane for a 1.35M white dwarf. From Armitage [34].

branch is thermally and viscously unstable. The upper transition corresponds to a

local mass accretion rate of M. ., while the lower transition corresponds to M

crit? crit?

+
crit

therefore, for local mass accretion rates in the range M it < M < M., the accretion
disk is found to be locally unstable (it is worth noting that both M., and M ::,it are
independent of «; this is because the temperatures at the transitions are determined
by the ionization state of hydrogen). [39]

Until recently, the DIM had not been considered for accreting X-ray pulsars.
However, it has been proposed that an X-ray pulsar with a slow enough spin period,
combined with a certain magnetic field strength, would transition into a regime of
stable accretion from a entirely recombined, cold accretion disk [42]. The effective
temperature defining the two different ionization states is the hydrogen ionization
temperature (~ 6500 K), and for a low mass accretion rate the accretion process
becomes stable when the temperature of the entire accretion disk falls below this

temperature; this corresponds to:

M < M., =35x 1028 M 0% [g/s], (11)

crit
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where rjg =1/ 10'° cm is the inner disk radius and M 4 is the mass of the neutron
star in units of 1.4M, [42][43]. Another possible scenario for transient X-ray pulsars
accreting at low mass accretion rates is that they end up transitioning into the
propeller regime, where matter is stopped by the centrifugal barrier set up by a

rapidly rotating magnetosphere (see Section 2.3.2).

2.3.2 Accretion onto a highly magnetized neutron star

The high magnetic fields of X-ray pulsars further complicate the physics regarding
the process of accretion. In the case of the presence of an accretion disk, once the ac-
creting matter gets close enough to the neutron star, the high magnetic field strength
will begin to dominate the flow of matter, effectively disrupting the accretion disk.
At a critical point, known as the magnetospheric radius, the accretion disk becomes
truncated and the accreting matter is driven along the magnetic field lines towards
the magnetic poles of the neutron star. The actual dynamics of the flow depends
on a variety of factors, but the interaction of matter accreting onto a magnetized
neutron star is usually described using an ideal MHD approximation [22]. According
to this approximation, the accreting flow of matter is significantly disrupted by the
magnetic field of the neutron star at the radius determined by equating the ram
pressure of the accreting matter and the magnetic pressure of the dipole field. This
radius is known as the Alfvén radius, r4. For a spherically symmetric mass accretion
flow characterized by a mass accretion rate M onto a neutron star of mass M, and

magnetic dipole moment p, r4 is given by:

. 1/7
ra = M—g ) (12)
2G M. M

where = BR2/2 is the magnetic dipole moment [24][44], and R, and B is the ra-
dius and magnetic field strength of the neutron star, respectively [22]. For example,
ra should be greater than the neutron star’s radius in order to show pulsed X-ray

emission, which generally requires B > 10° G. Equation 12 is a useful reference
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formula to which the actual value of the boundary of the magnetosphere, the mag-
netospheric radius r,, = {74, can be normalized. The coefficient ¢ depends on the
configuration of the mass accretion flow: £ ~ 1 for quasi-spherical accretion from a
stellar wind [45], while £ ~ 0.5 in the case of disk accretion [46]. The coefficient &
is generally a function of M, p and other parameters [47]. The equation r,, = &ra

can be rewritten in the following form:
P~ 2.5 x 1036 M4 RETBYT LT [em), (13)

where Rg is the radius in units of 10° cm, By, is the magnetic field strength in units
of 1012 G, and L3y is the observed luminosity in units of 1037 erg/s.

Interactions between the accreting material and the magnetic field lines may lead
to torques being exerted on the neutron star. According to the model by Ghosh and
Lamb [46], the matter in the accretion disk is threaded by the magnetic field lines,
which become twisted by the inflowing plasma as a result of the differential rotation
between the neutron star and the accretion disk (see Figure 5). This causes a torque
that can either spin-up or spin-down the neutron star. To a first approximation, the
torque that is delivered to the neutron star depends on the magnetospheric radius,

Tm, as well as the corotation radius, r.,:

(G]W*P2
Teco =\ ———

1
= ) : ~ 1.68 x 10°M}2 P*/3 [cm], (14)
at which orbiting material in the disk corotates with the neutron star (here P is
the spin period of the neutron star in seconds). Material in Keplerian orbits outside
of r.,, that interacts with the neutron star via the magnetic field, exerts a braking
torque on the star, while material in Keplerian orbits inside r., interacting with the
neutron star speeds it up.

Because of the fact that r,, increases with decreasing mass accretion rates, it is

possible for the magnetospheric radius to reach the corotation radius at some stage.

As the mass accretion rate decreases, the ram pressure exerted by accreting matter
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Figure 5. Simplified view of an accretion disk threaded by the magnetic field lines
of the neutron star. The schematic shows the truncation of the accretion disk at
the magnetospheric radius r,,, and the corotational radius r., where the material in
the disk rotates at the same rate as the neutron star. The figure is recreated from
Khajenabi et al. 2008 [48|.

decreases as well, allowing the magnetosphere to expand. As the magnetosphere
expands due to exceedingly low mass accretion rates, it may reach a critical point at
which accretion is suddenly stopped by the centrifugal barrier created by the neu-
tron star’s fast-rotating magnetosphere. This fascinating phenomenon is known as
the "propeller effect" (or propeller regime), since the accreting matter is ejected
due to the presence of a rapidly rotating magnetosphere [49]. If the magnetospheric
radius expands too much, the matter will be flung out by the centrifugal barrier

created by the magnetosphere. This happens when the magnetospheric radius over-

takes the corotation radius, setting up the following conditions:

if r,, < r., = accretion is possible.

if r,, > r., = accretion is prohibited due to the centrifugal barrier.
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The limiting luminosity for the onset of the propeller regime can be estimated by
equating the corotation radius, r., (Equation 14), with the magnetospheric radius,

rm (Equation 13)[50]:
Lprop ~= 4 x 102B2, P TBMT2P RS [erg/s). (15)

When r,, starts to exceed r.,, an abrupt drop in the luminosity of the source is
expected (or a transition into unsteady accretion with large swings in luminosities
[32]). Observations of such drops in the luminosity (which have been attributed
to the propeller effect) have been reported for several accreting neutron stars, with
magnetic fields B ~ 1087 G [32][50]|51].

It is generally believed that all X-ray pulsars transition into the propeller regime
if their luminosity drops to L,,.,. However, recent studies have shown that if the X-
ray pulsar exhibits a longer spin period than some critical value for a given magnetic
field strength, it will be able to avoid entering the propeller regime, and instead begin

to accrete from a cold recombined accretion disk (see section 2.3.1) [42].

2.3.3 X-ray spectrum

The formation of the spectra of accreting X-ray pulsars originate from a hot plasma
(T ~ 10® K) over the magnetic poles of the neutron star. As the inflow of accreted
matter is funneled along the magnetic field lines, ultimately falling onto the surface
of the neutron star, it forms two roughly column-shaped structures referred to as
“accretion columns” [52]. The bulk of the energy of accreted matter that falls onto
the small regions around the magnetic poles should be released primarily as X-
ray radiation of the accretion columns. However, the observed spectra of accreting
X-ray pulsars are notably different from what is expected of blackbody radiation.
Instead, the X-ray spectra are typically characterized by a power law (dN/dE
E~T) with a photon index, I' ~ 1, up to a high-energy cutoff at 10 — 30 keV, above

which the spectrum decays exponentially [32]. This spectral shape is indicative of
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Comptonization processes (bulk and thermal) acting on bremsstrahlung, blackbody,
and cyclotron seed photons [53].

The high-energy X-ray spectra of several accreting X-ray pulsars show absorption-
like features at energies from ~ 10 keV to ~ 100 keV [54]. These features are due to
cyclotron resonant scattering of the outgoing radiation by electrons in strong mag-
netic fields and are referred to as cyclotron resonant scattering features (CRSFs),
or cyclotron lines [32]. Cyclotron lines are formed close to the magnetic poles of
accreting neutron stars with strong magnetic fields (B ~ 102713 G). The kinetic
energies of electrons in such strong magnetic fields are quantized into discrete Lan-
dau levels with respect to their motion perpendicular to the magnetic field [52][55],

where the energy difference between adjacent Landau levels is given by:

B
ELandau = hwc =h ‘ ) (16)

MeC

where w, is the cyclotron frequency, e is the electron charge, B is the magnetic field
in the scattering region, m, is the mass of the electron, and c is the speed of light.
The cyclotron line energies are determined by the separation of the quantized

Landau energy levels of electrons, which, in a magnetic field of strength B, are given

by [32]:
n n

1+2 1+ 2

Ecyc = ELandau 11.6 x By [keV], (17>

where z is the gravitational redshift due to the strong gravitational field around the
neutron star, and n is the number of Landau levels involved; n = 1 is the case of
scattering from the ground level to the first excited Landau level [54]. The resulting
cyclotron line is called the fundamental line, and for n = 2, 3, ... the resulting lines
are called the first harmonic, second harmonic, and so on. The measurement of
cyclotron lines in the X-ray spectra of highly magnetized accreting neutron stars is
a powerful tool, as it is the only direct way to measure the magnetic field strength

close to the surface of the neutron star [22].
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Cyclotron lines were first discovered in the X-ray spectrum of Her X-1 in 1976
[56], providing the first direct measurement of the magnetic field strength of a neu-
tron star. Since the initial discovery, cyclotron lines have been observed in several
sources, with a few exhibiting a fundamental line plus harmonics in their X-ray
spectra. Many sources also show cyclotron line energy variations as a function of
the pulse phase, time and flux [32|. For a recent review on cyclotron lines in neutron
stars with high magnetic field strengths, see [54].

In addition to cyclotron lines, several X-ray pulsars also exhibit the Fe K, fluo-
rescence emission line at ~ 6.4 keV, presumably produced when the X-ray emission
from the central pulsar irradiates the surrounding material, which can be either the

stellar wind or the accretion disk [57].
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3 Methods

3.1 Overview of the Swift Observatory

The Neil Gehrels Swift Observatory (Swift) [58] is a multi-wavelength observatory
dedicated to studying the science of gamma-ray bursts (GRBs). Although this
was the main focus of Swift, it now serves as a general purpose multi-wavelength
observatory and is used to study other sources of X-rays and gamma-rays, e.g.,
X-ray binaries. Observations of X-ray binaries can be triggered by some unusual
event, such as an outburst. Swift is part of NASA’s medium explorer (MIDEX)
program and was launched into a low-Earth orbit (LEO) on a Delta 7320 rocket
on November 20, 2004. The instruments were developed by an international team
from the US, the UK, and Italy, with additional scientific involvement in France,
Japan, Germany, Denmark, Spain, and South Africa. The Swift telescope payload is
comprised of three instruments utilized together to observe transient astrophysical
phenomena in the gamma-ray, X-ray, and optical wavebands. These instruments
work in tandem to provide fast characterization and multi-wavelength follow-up of

all kinds of astrophysical transients, in addition to GRBs and their afterglows.

Spacecraft

Figure 6. Swift Observatory. BAT - Burst Alert Telescope; XRT - X-ray Telescope;
UVOT - UV/Optical Telescope. Image credit: https://www.swift.psu.edu/
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The Burst Alert Telescope (BAT) has a large field-of-view (FOV) and high
sensitivity, covering a large fraction of the sky. It is able to detect and compute
the positions of transient events on-board the satellite with arc-minute positional
accuracy. The X-ray Telescope (XRT) takes images and is able to obtain spectra
of sources during pointed follow-up observations. The images are used for higher
accuracy position localizations. The XRT is also used for long-term monitoring of
the light curves of sources for days to weeks after a transient event, depending on
the brightness of the afterglow. The UV /Optical Telescope (UVOT), operating
in the optical band (170-600 nm), takes images and can obtain spectra of sources
during pointed follow-up observations. The images are used for 0.5 arcsec position

localizations and for following the temporal evolution of the UV /optical afterglow.

3.1.1 Swift/BAT

The Swift /BAT is a highly sensitive and large FOV instrument, designed to provide
critical triggers for transient events and 4 arcmin positions. It is a coded aperture
imaging instrument with a 1.4 steradian FOV (half coded). The energy range is
15-150 keV for imaging with a non-coded response up to 500 keV [59][60]. Swift uti-
lizes momentum wheels to autonomously slew into the direction of transient events.
Within several seconds of detecting an event, the BAT calculates an initial position,
decides whether the burst merits a spacecraft slew and, if so, sends the position to
the spacecraft. In order to study events with a variety of intensities, durations, and
temporal structures, the BAT must have a large dynamic range and trigger capa-
bilities. The BAT uses a 2D coded aperture mask and a large solid state detector
(SSD) array to detect weak outbursts, and has a large FOV to detect a good frac-
tion of bright bursts. Since the BAT coded aperture FOV always includes the XRT
and UVOT FOVs, long duration gamma-ray emission from bursts can be studied

simultaneously with X-ray and UV /optical emission. The data from the BAT is
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also able to produce a sensitive hard X-ray all-sky survey over the course of Swift’s
mission, as well as work as a monitor for X-ray transients”. Table I lists the most
important parameters of the BAT. The BAT runs in two modes: burst mode, which
produces burst positions, and survey mode, which produces hard X-ray survey data.
In survey mode, the instrument collects count-rate data in five-minute time bins for
80 energy intervals. When a burst occurs it switches into a photon-by-photon mode

with a ring-buffer to save pre-burst information.

Table I. BAT instrument parameters.

Property Description

Aperture Coded mask

Detecting Area 5200 cm?

Detector Cadmium Zinc Telluride (CdZnTe)

Detector Operation | Photon Counting
Field-of-View 1.4 sr (partially-coded)

Detection Elements | 256 modules of 128 elements

Detector Size 4 mm X 4 mm X 2 mmm
Telescope PSF 17 arcmin
Energy Range 15-150 keV

3.1.2 Swift/XRT

The Swift/XRT is a sensitive, flexible, autonomous X-ray CCD (Charged Cou-
pled Device) imaging spectrometer designed to measure the position, spectrum, and
brightness of outbursts over a wide dynamic range covering more than 7 orders of
magnitude in flux. Table IT summarizes the parameters of the instrument. Further

information on the XRT is given by [61]. The XRT is a focusing X-ray telescope with

"See https://swift.gsfc.nasa.gov/results/transients/ for the Swift/BAT Hard X-ray

Transient Monitor data.


https://swift.gsfc.nasa.gov/results/transients/
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a 110 cm? effective area, 23.6 x 23.6 arcmin FOV, 18 arcsec resolution (half-power
diameter), and 0.2-10 keV energy range. The XRT uses a grazing incidence Wolter
Type I telescope (with 12 nested mirrors) to focus X-rays onto a state-of-the-art
CCD. The CCD consists of an image area with 600 x 602 pixels (40 x 40 microns)

and a storage region of 600 x 602 pixels (39 x 12 microns).

Table II. XRT instrument parameters.

Property Description

Telescope JET-X Wolter I

Focal Length 3.5 m

Effective Area 100 cm? at 1.5 keV

Telescope PSF 18 arcsec HPD at 1.5 keV
Detector EEV CCD-22, 600 x 600 pixels

Detector Operation | Imaging, Timing and Photon-counting

Detection Element | 40 x 40 micron pixels

Pixel Scale 2.36 arcsec/pixel
Energy Range 0.2-10 keV
Sensitivity 8 x 107" erg cm =2 57! in 10* seconds

The XRT supports three readout modes to enable it to cover the dynamic range
and rapid variability of X-ray sources. On-board software autonomously determines
which readout mode to use for each source, based on the measured count rate. The
Imaging Mode produces an integrated image measuring the total energy deposited
per pixel and does not permit spectroscopy, so it will only be used to position
bright sources. The Timing Mode sacrifices position information to achieve high
time resolution and bright source spectroscopy through rapid CCD readouts. The
Photon-counting Mode uses sub-array windows to permit full spectral and spatial
information to be obtained for source fluxes ranging from the XRT sensitivity limit

of 2x 107" to 9 x 1071% erg cm™2 571,
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3.2 Data reduction and analysis

For the analysis, data obtained from observations with both the BAT and XRT
instruments on-board the Swift observatory were used. For all of the sources in this
work (SMC X-2, V 0332+53, 4U 0115+63, GRO J1008-57), Swift /XRT observations
corresponding to known outbursts were chosen to study the luminosity decay into
quiescence. Each observation’s spectrum was then created using the online tools
provided by the UK Swift Science Data Centre [62]°.

It is general practice to use the method of forward-fitting for spectral analysis
in X-ray astronomy. This is comprised of defining and calculating a spectral model,
which is convolved with the response of the detector and thereafter compared to
the actual observed data. The parameters of the spectral model are modified until
the best fit is achieved; this is evaluated by the use of some form of statistic. The
spectral model chosen should always be physically motivated based on knowledge of
the source under consideration. For the analysis in this work, spectra were grouped
to have at least one count per energy bin and were fitted with the XSPEC package
(which is the standard package for X-ray spectral analysis included in NASA’s HEA-
SOFT software suite) using the C-statistic [63]. To avoid any problems caused by
calibration uncertainties at low energies,? the spectral analysis was kept within the
0.7-10 keV band. In order to account for the effect of absorption in the interstellar
medium and calculate the unabsorbed flux of the sources, the CFLUX routine from
the XSPEC package was used. More details of the data analysis for each individual
source are described in Section 3.3, specifically information about which spectral
model and bolometric correction factor was used.

Swift/BAT Hard X-ray Transient Monitor data is available online (https://
swift.gsfc.nasa.gov/results/transients/) and was downloaded for SMC X-

2, V 0332453, and 4U 0115+63 in order to create the long-term light curves in

8http://wuw.swift.ac.uk/user_objects/
Yhttp://www.swift.ac.uk/analysis/xrt/digest_cal.php
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the bright state (see Figures 8-11). In order to convert the count rate from the
Swift /BAT data to the source flux, it is useful to utilize the average Crab rate in
the BAT 15-50 keV band as a yardstick [64]|. For the BAT 15-50 keV band, 1 mCrab
is equal to about 0.00022 counts/cm?/s, which (using a power law with a photon
index of ' = 2.15 [65]) corresponds to 1.26 x 107! erg/cm?/s. The comparison of
the source flux to Crab flux is true only for sources with the same photon index,
however, the systematic error for sources with different indices is small [64].

In order to produce the light curves of the sources, the flux of each observation
was converted to the luminosity. The luminosity Ly was calculated from the unab-
sorbed flux derived from the Swift/XRT data and the flux derived from the count

rate of the Swift/BAT data, assuming:
Lx = F x 4nd?, (18)

where F'is the flux and d is the distance to the source. In order to discuss the prop-
erties of the outbursts of the selected sources, a bolometric correction was applied
to the determined luminosities for all Swift /XRT data. For a bolometric correction

factor Ky, the bolometric luminosity is simply given by:
Lbol = Kbol X Lx. (19)

The next step of the analysis involved fitting the Swift /XRT light curves. The light
curves of the sources were smoothed using LOWESS (Locally Weighted Scatter-
plot Smoothing) [66], by using the implementation provided by the Python library
statsmodels. The resulting data points from the smoothing procedure were then
fitted with a 1-D smoothing spline using Scipy, a Python library used for scientific
and technical computing. By using a smoothing filter such as LOWESS, the overall
long-term behavior of the light curves of the individual sources can be described,
without catching as much of the small-term variations which are not of interest for

this particular analysis (see Figure 7 for an example of the use of LOWESS).
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Figure 7. Left: The process of applying LOWESS to the light curve of SMC X-2 is
illustrated, where the green dots are the smoothed data points, black dots are the
original data points, and blue dots are the data points excluded from the smoothing
procedure. Right: The fitting procedure of SMC X-2 is shown, where the red line is
the fitted curve produced by using a spline of degree k=5.

3.3 Sample of individual sources

In this section the main observational characteristics of each individual source are
mentioned, including spin and orbital period, distance, and magnetic field strength,
as well as detected cyclotron lines. The most important properties are summarized
in table III. In addition to this, specific details about the analysis of each individual
source are described. Figures 8-11 show the Swift/BAT light-curves of the sample
of sources in the 15-50 keV energy range, displaying their characteristic transient

behavior.

SMC X-2

SMC X-2 is one of the brightest X-ray pulsars in the Small Magellanic Cloud!?,
with a maximum detected luminosity of Ly = 4 x 10?3 erg/s. SMC X-2, which is
categorized as a transient BeXB, was discovered during a Type II outburst by SAS-3
in 1977 [68] and exhibits a spin period of Py, ~ 2.37 s [69][70]. Observations by

10The Small Magellanic Cloud (SMC) is a satellite galaxy of the Milky Way, located at a distance

of d = 62 kpc [67], that is extremely rich in BeXBs.
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the OGLE experiment revealed the variability of an early spectral type star close
to the X-ray position of SMC X-2, with a period of P,;, = 18.62 4+ 0.02 days |71]
in line with periodic variations detected by the RXTE and Swift observatories at
P, ~ 18.4 days [72][73]. This periodicity has been interpreted as the orbital period
of the binary system, which combined with the spin period classifies SMC X-2 as a
BeXB. NuSTAR data from the outburst in 2015 suggests the existence of a cyclotron

line in its spectrum at ~ 27 keV [74].
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Figure 8. The evolution of the luminosity of SMC X-2 based on observations made
by the Swift/BAT telescope.

The observations used for the analysis of SMC X-2 in this thesis were performed
by the Swift /XRT telescope after the X-ray pulsar entered an outburst in September
2015, more specifically between MJD 57289 and MJD 57412. The observations made
by the Swift/XRT telescope were performed in both the WT (Windowed Timing)
and PC (Photon Counting) modes, depending on the brightness of the source. The
spectral fitting procedure follows the model of Lutovinov et al. [51]. The spectra in
the high state (i.e., at high luminosities) of the source can be well fitted with a power-
law model modified by interstellar absorption (PHABS-component) at low energies
(PHABS*POWERLAW in the XSPEC package). The hydrogen column density was

fixed at Ny = 3.4 x 10! cm~2 for the fitting procedure. The bolometric luminosity
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was calculated from the unabsorbed flux assuming a distance of d = 62 kpc and a
bolometric correction factor of K, = 2.5.

In the low state (i.e., at low luminosities), the source was not detected in any sin-
gle observation, and therefore multiple observations were averaged into two groups
according to the dates of the observations [51]. Analysis of the image of each respec-
tive group was done using an aperture of 18" radius centered at the source position
in order to get the source counts. A much larger area was subsequently used to
estimate the background count rate, defined by an annulus centered at the source
position with inner and outer radii of 70" and 250", respectively. The background
count rate was then re-scaled according to the number of counts expected within
the aperture of the source. In order to convert the count rate into flux, the same
procedure was repeated for an observation in the high-state, giving the net count
rate. By assuming the same spectral shape in both the high and low state, the flux
level in the low state was determined from re-scaling of the corresponding count

rates, resulting in the upper limits for the two averaged groups.

4U 0115-+63

4U 0115463 was discovered as an X-ray source by the UHURU observatory in the
early 1970s [75][76]. X-ray pulsations at a period of Pj,;,, = 3.61 s were found during
SAS-8 observations in 1978 [77| and the orbital period P,., = 24.3 d was estimated
by Rappaport et al. [78] in 1978 using the SAS-3 data. Optical observations allowed
for the star V635 Cas to be identified as the stellar companion of 4U 0115+63 [79],
and in-depth studies found the distance to the binary system to be ~ 7 kpc, and al-
lowed for the improvement of the spectral type of the star, B0.2Ve [80]. 4U 0115+63
shows transient behavior, including giant Type II outbursts occurring regularly ev-
ery three years or so [81]. In 1980, a cyclotron line at ~ 20 keV was discovered in its

spectrum using data obtained by HEAO-1/A4 [82]. However, a closer look at the
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data revealed the existence of a pair of line features at 11.5 keV and 23 keV, which
were interpreted as the fundamental line plus the first harmonic [83]. This X-ray pul-
sar holds the record for number of harmonics, being the only object where cyclotron

lines have been detected in its spectrum up to the fifth harmonic [84][85][86].
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Figure 9. The evolution of the luminosity of 4U 0115463 based on observations
made by the Swift /BAT telescope.

The observations used for the analysis of 4U 0115+63 were performed cov-
ering the declining phases of the giant Type II outburst in 2015 between MJD
57329 and MJD 57388. The Swift/XRT observations were made in both PC and
WT mode depending on the brightness of the source. The spectral fitting proce-
dure follows the model of Tsygankov et al. [50]. The spectra in the 0.5-10 keV
range of 4U 0115+63 in the high state can be described by an absorbed power-
law model (PHABS*POWERLAW in the XSPEC package). To fit the spectra in the
low state, an absorbed black-body model (PHABS*BBODYRAD in the XSPEC pack-
age) with a free black-body temperature and a fixed hydrogen column density of
Ny = 1.1 x 10?2 cm~2 (the average value in the high state) was used. The bolomet-
ric luminosity in the high state was calculated from the unabsorbed flux assuming

a distance of d = 7 kpc and a bolometric correction factor of Ky, = 2.
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V 0332453

V 0332+53 was discovered as a transient X-ray source during an outburst in 1973
by the Vela 5B satellite [87]. Subsequent outbursts in 1983-1984 and 1989 observed
with the EXOSAT and Ginga observatories led to the determination of the spin
period Py, ~ 4.4, and orbital period P, ~ 34.25 d of this bright X-ray pulsar
[88]. The stellar companion of V 0332+53, BQ Cam, is a Be star of spectral class
08-9Ve located at an estimated distance of ~ 7 kpc [89]. A cyclotron line has been
identified in the source’s spectrum with a line energy of E.,. = 28.5+ 0.5 keV [90].
V 0332453 exhibits both Type I and giant Type II outbursts, which is typical for
Be systems, with luminosities peaking at around ~ 103773® erg/s, making it one of

the brightest X-ray sources in our Galaxy.

1e39 V 0332+53

2015

i
:
?
i

Luminasity (15-50 keV) [erg 57*]

e Ta¢ . ol vl . )
54000 55000 56000 57000 58000 59000

Figure 10. The evolution of the luminosity of V 0332453 based on observations
made by the Swift /BAT telescope.

The observations used for the analysis of V 0332+53 were performed cover-
ing the declining phase of the giant Type II outburst in 2015, specifically between
MJD 57293 and MJD 57393. The Swift/XRT observations were made in both PC
and WT mode depending on the brightness. The spectral fitting procedure follows
the model of Tsygankov et al. [50]. In the high state, the spectra of V 0332453

can be well described by an absorbed power-law model (PHABS*POWERLAW in the
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XSPEC package). To fit the spectra in the low state, an absorbed black-body model
(PHABS™BBODYRAD in the XSPEC package) with a free black-body temperature and
a fixed hydrogen column density of Ny = 1.2 x 10?2 cm ™2 (the average value in
the high state) was used. The bolometric luminosity in the high state was calcu-
lated from the unabsorbed flux assuming a distance of d = 7 kpc and a bolometric

correction factor of K, = 2.

GRO J1008-57

GRO J1008-57 was discovered as an X-ray pulsar by the Compton Gamma-Ray
Observatory’s (CGRO) BATSE instrument during an outburst in 1993, which found
the neutron star rotating with period of Py, = 93.587 £ 0.005 s [91]. GRO J1008-
57 is a transient BeXB with a stellar companion of type B1-B2 Ve [92], located at a
distance of ~ 5 kpc (93], showing regular Type I and giant Type II outbursts. Based
on RXTE-ASM data, an orbital period of P,,, = 249.46 4+ 0.10 d was determined by
Levine and Corbet in 2006 [94]. A cyclotron line at E,,. = 75.5 keV was discovered
in the spectrum of the source with Suzaku 95|, confirming the earlier suggestion of

the spectral feature at ~ 88 keV based on CGRO /OSSO data [96].

;239 GRO |1008-57

2016

Luminosity (15-50 keV) [erg 57*]

Time [M)D]

Figure 11. The evolution of the luminosity of GRO J1008-57 based on observations
made by the Swift /BAT telescope.
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The observations used for the analysis of GRO J1008-57 were made by the
Swift /XRT telescope during two consecutive Type I outbursts in January and Septem-
ber 2016, between MJD 57402 and MJD 57648. The observations were performed
every 3-4 days in PC mode. The spectral fitting procedure follows Tsygankov et al.
[42]. The spectra from all individual observations were fitted with a simple power-law
model modified by interstellar absorption at low energies (PHABS*POWERLAW in the
XSPEC package). The hydrogen column density was fixed at Ny = 2.0 x 10%?> cm 2.
The bolometric luminosity was calculated from the unabsorbed flux assuming a dis-
tance of d = 5.8 kpc and a bolometric correction factor of K, = 1.6. The behavior
of the light-curve of GRO J1008-57 (see Figure 16 has been proposed to be the
result of the system transitioning into the stable regime of accretion from a cold

recombined disk (see [42]).
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4 Results and discussion

The obtained light-curves of the selected sources are found in Figure 13-16. As
previously stated (Sections 2.3.1 and 2.3.2), in theory, at the end of an outburst the
X-ray pulsar can end up in two different regimes depending on a combination of
spin period and magnetic field strength: the stable regime of accretion from a cold,
recombined disk, or the propeller regime. In order for the X-ray pulsar to avoid
entering the propeller regime and instead transition to the stable cold disk regime,
its magnetosphere needs to possess a sufficiently low centrifugal barrier. As can be
seen from Equation 15, this will ultimately depend on the strength of the magnetic
field B, which affects the extent of the magnetosphere, r,,, and the spin period P,
which affects the location of r.,. For a given magnetic field strength and spin period,
X-ray pulsars can then be divided into two groups: those who display the propeller
effect and those who enter the cold disk regime (see Figure 12).

Following the discussion in [42], two conditions need to be met in order for
the X-ray pulsar to transition into accreting matter from a cold, recombined disk.
Firstly, the mass accretion rate has to be sufficiently high in order to allow matter to
penetrate the centrifugal barrier of the magnetosphere, i.e., r., > r,,. Secondly, the
mass accretion rate also has to be low enough for the temperature of the entire disk
to remain at < 6500 K. [42] The second condition requires M< M cold (see Equation
11). This can simply be expressed in regards to the luminosity corresponding to
the transition into the regime of accretion from a cold disk by substituting the

magnetospheric radius (r = r,,) into Equation 11:
Leota = 9 x 102k MY REPTBYS® [erg/s], (20)

where for L < L.yq, the temperature in the accretion disk is lower than 6500 K
at r > r,,. Therefore, for L., < Lcoa, the accretion disk will transition into the
cold disk accretion regime, which allows for stable mass accretion even at low mass

accretion rates.
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Figure 12. Several known transient BeXBs (in black) and persistent BeXBs (in
green) are shown on the B — P plane, and additionally the AMP SAX J1808.4—
3658, the bursting pulsar GRO J1744-28, and the ULX M82-2 (in blue). The
sources are divided into two areas (propeller regime and cold disk regime) by the
line corresponding to Ly.op = Leoia (see Equation (17) [42]). Note that GRO J1008-
57 (in red) resides in the region of stable accretion from a cold disk. Figure from
Tsygankov et al. [42]

In the S-curve, commonly used as an illustration in the DIM, the middle branch rep-
resents the unstable region of intermediate mass accretion rates and the transition
into this region occurs through a propagating front. In the upper left of Figure 4,
the decay from outburst is illustrated, which includes the depiction of the propaga-
tion of a cooling front, which appears when a temperature of ~ 6500 K is reached
at some radius r in the accretion disk. Similarly, a heating front during the rise to
the peak of the outburst is depicted in the lower right of Figure 4. The following
section (4.1) discusses the properties of propagating fronts in the DIM framework,
as well as the application of a cooling front in the context of the transient X-ray

pulsars discussed in this work.
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Figure 13. The evolution of the bolometric luminosity of SMC X-2 based on obser-
vations made by the Swift /XRT telescope. The red line corresponds to the fitted
curve produced by using a combination of LOWESS and a spline of degree k=5.
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Figure 14. The evolution of the bolometric luminosity of 4U 0115+63 based on
observations made by the Swift/XRT telescope. The red line corresponds to the

fitted curve produced by using a combination of LOWESS and a spline of degree
k=5.
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Figure 15. The evolution of the bolometric luminosity of V 0332453 based on
observations made by the Swift/XRT telescope. The red line corresponds to the

fitted curve produced by using a combination of LOWESS and a spline of degree
k=>5.
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Figure 16. The evolution of the bolometric luminosity of GRO J1008-57 based on
observations made by the Swift/XRT telescope. The red line corresponds to the

fitted curve produced by using a combination of LOWESS and a spline of degree
k=>5.
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4.1 Propagating fronts

As the accretion disk transitions between the hot state and the cold state, which
has been triggered at some radial distance r, transition waves or fronts propagate
inward or outward, transforming the bi-stable disk region from the hot state to
the cold state (or vice versa) [97|. The properties of propagating fronts, or more
specifically heating fronts, have been compared to ignition fronts in combustion
waves [98], where the ignition front propagates into unburned matter ("cold state")
leaving behind burned matter ("hot state"). The combustion wave (the ignited
region between the unburned and burned regions) propagates with a certain velocity
into the unburned region. Matter inside the propagating front is heated on the
burning time scale, subsequently igniting the matter into which it is propagating
by heat diffusion. During the burning time 73, heat diffuses over a distance Vi,on:7s
covered by the front during this time, which means that the front speed Vy,on can
be written as:
Vin

VT‘Oﬂ%_7 21
fromt N (21)

where vy, is the coefficient of thermal diffusion [98|. In accretion disks the thermal
diffusivity coefficient (which is the same as the kinematic viscosity coefficient) can
be written as:

H2

Uy R —, 22
' Tth ( )

where 7y, = (af2x) ", so that the front speed is [41]:
Vfront ~ (Cg. (23)

When modeling the outbursts of dwarf novae, two values for « are generally used, as
the value is assumed to be different on the hot and cold branches. The ratio aot /eora
of the hot to cold values is typically of the order of 5-10 and the standard version
of the DIM uses g ~ 0.02 — 0.04 and apye ~ 0.1 — 0.2 [39]. The dependence on

Qleolq 18, however, weak and the cooling front velocity is of the order of ay,ics (slower
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by typically a factor of 10 compared to heating fronts)[41].
In order to examine the possibility of the appearance of a cooling front in the X-
ray pulsar’s accretion disk, the declining phase of the outburst can be approximated

by utilizing the decay of the luminosity according to the equation:

3 LR,

4
UTeff - 8_7'('7"_3 X f» (24>

where f is an inner boundary-condition factor (see, e.g., Frank et al. [99]):

== ()"
r

Equation 24 relates the mass accretion rate M (and therefore the luminosity) to the
effective temperature T.;¢ in the accretion disk. Equation 24 can be used to give
a rough estimate of the radial distance r in the accretion disk where the effective
temperature is equal to 6500 K, i.e the radius in the accretion disk at which the
cooling front is present. In accordance to the estimates for the velocity of the
cooling front, V,.yq & Qg X Cs, the luminosity decrease during the declining phases
of the outburst can be then modeled, where a4 is adjusted in order to achieve the
closest resemblance to the real observational data. The exact boundary condition is
uncertain and for this work either r;, is assumed to equal the magnetospheric radius
T, OF 7 <& 1,,. For the latter case, f = 1, and the reasonable assumption is made
that the true boundary condition lies somewhere in between these two cases.

Figures 17, 18, 19 shows the declining phases of the outbursts of SMC X-2, 4U
0115+63, and V 0332+53, with the fitted spline in red, and the luminosity decay
corresponding to the cooling front determined from Equation 24 (blue assuming
f=1- (Tﬂ)l/2 and purple assuming f = 1). For SMC X-2, 4U 0115463, and V

T

0332453 the approximate values of a,q are: 0.018, 0.040, 0.046, respectively.
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Figure 17. Top: The outburst decay of SMC X-2 based on observations made by the
Swift /XRT telescope. The red line corresponds to the fitted spline, blue and purple
corresponds to estimates for the luminosity decay caused by a propagating cooling
front. Bottom: The evolution of the radial distance of the cooling front compared
to the increase in 7, due to decreasing mass accretion rates. The red and brown
line corresponds to 7, for £ = 0.5 and & = 0.2, respectively. The corotation radius
T'eo 18 shown as a horizontal line (pink).
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Figure 18. Top: The outburst decay of 4U 0115+63 based on observations made
by the Swift /XRT telescope. The red line corresponds to the fitted spline, blue and
purple corresponds to estimates for the luminosity decay caused by a propagating
cooling front. Bottom: The evolution of the radial distance of the cooling front
compared to the increase in r,, due to decreasing mass accretion rates. The red and
brown line corresponds to 7, for £ = 0.5 and & = 0.2, respectively. The corotation
radius 7., is shown as a horizontal line (pink).
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Figure 19. Top: The outburst decay of V 0332453 based on observations made by
the Swift/XRT telescope. The red line corresponds to the fitted spline, blue and
purple corresponds to estimates for the luminosity decay caused by a propagating
cooling front. Bottom: The evolution of the radial distance of the cooling front
compared to the increase in 7, due to decreasing mass accretion rates. The red and
brown line corresponds to r,, for £ = 0.5 and & = 0.2, respectively. The corotation
radius r., is shown as a horizontal line (pink).
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In addition to finding values of a4, it is possible to roughly estimate when the
cooling front will meet the magnetospheric radius, which corresponds to the inner
disk radius r;,. It is important to note that the magnetospheric radius r,, is, in fact,
also changing during the decay from outburst. By taking into account this fact, the
cooling front will "meet" r,, at ~ 1 x 10° cm, ~ 1 x 10? cm, and ~ 1.6 x 10° cm,
for SMC X-2, 4U 0115+63, and V 0332453, respectively. The main takeaways from

Figures 17-19 are:

1. The values for a4, which are adjusted to get a closer fit to the fitted spline,
are overall in good agreement with the values for o,y commonly used in the

DIM (which assumes a.qq &~ 0.02 — 0.04).

2. For arough approximation, the estimated light-curves corresponding to a prop-
agating cooling front, calculated from Equation 24, matches the observed be-
havior of the sources to reasonable accuracy. This means that one could explain

the behavior of the outburst decay by implementing a cooling front.

3. If we also consider whether or not the magnetospheric radius r,, reaches the
corotation radius 7., before the cooling front reaches r,,, one can see from the
bottom part of Figures 17-19 that in all cases, r,, reaches r., before the cooling
front "catches up" with r,,. This is in agreement with the division of sources
into those entering the propeller regime, and those who avoid it by entering
the cold disk regime given in Figure 12, which places SMC X-2, 4U 0115+63,
and V 0332+53 into the region of sources entering the propeller regime. It
is worth noting that the exact value of r,, is one that is not well known and
this means that assuming, e.g., different values of ¢ will also ultimately result
in different values for L,,,, (see Equation 15). As seen in the bottom part of

Figures 17-19, changing the value of ¢ will influence where r,, reaches r,.
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5 Summary and conclusions

Highly magnetized accreting X-ray pulsars offer the opportunity to study a plethora
of different physical processes responsible for the observational appearances of these
objects. The basis of this thesis concerns the relatively unknown behavior of tran-
siently accreting X-ray pulsars at low mass accretion rates. There are currently
different mechanisms assumed to be responsible for the observed behavior at low
mass accretion rates. Transient X-ray pulsars such as those found in Be/X-ray
binaries, provide probes for these mechanisms, thanks to their big range in mass
accretion rates, from high values at the peak of their outbursts to low values during
the declining phases of the outbursts.

The most common explanation for the declining phases of outbursts into quies-
cence is the propeller effect. The propeller effect takes place due to exceedingly low
mass accretion rates causing an increase in the magnetospheric radius, up to the
point of it overtaking the corotation radius. This leads to the formation of a cen-
trifugal barrier which repels matter and halts accretion. Another theory recently put
forth is that for certain accreting neutron stars, the centrifugal barrier is sufficiently
low for the X-ray pulsar to enter the cold-disk accretion regime, before entering the
propeller regime. This concept is commonly invoked to explain the outbursts of
dwarf novae, and the theory of their outbursts is encapsulated in the disk-instability
model (DIM).

In order to investigate the possibility of using the DIM to explain the light curves
of the final stages of outbursts observed in transient X-ray pulsars, the monitoring
data collected by Swift /XRT on several sources were examined. The light curves of
the sample of sources were smoothed by the use of the statsmodels implementation
of LOWESS (Locally Weighted Scatterplot Smoothing) and fitted with a spline in
order to describe their observed behavior. For the declining phases of the outbursts,

predictions made for the luminosity decrease related to the propagation of a cool-
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ing front were modeled and compared to the observed behavior represented by the
smoothed spline. The obtained values of the a.,q parameter, which were adjusted
in order to closely match the observations of the outbursts’ declining stages, can
then be compared to the values predicted by the DIM.

The conclusions made from comparing the observations to the expected behavior
of a propagating cooling front, as predicted by a simplified model, is that not only
does g coincide with the typical values used in the DIM, but the overall appear-
ance of the light curves during the outbursts’ declining stages are well described by
a cooling front propagating in the accretion disk. Therefore the declining phases of
outbursts into quiescence can, in theory, be explained by assuming that the accre-
tion disk is entering the cold state through a propagating cooling front, without the
need to necessarily invoke the propeller effect. In order to draw further conclusions
about the physical processes responsible for the observational behavior of transient
X-ray pulsars, better time resolution is required in order to examine the light-curves

of these systems in greater detail as they enter quiescence.
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