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ABSTRACT

PULSE TIMING STUDIES OF X-RAY BINARIES: GX 1+4, SWIFT
J0513.4-6547, X PERSEI AND SXP 1062

Serim, Muhammed Mirag
Ph.D., Department of Physics
Supervisor : Prof. Dr. Altan Baykal
Co-Supervisor : Prof. Dr. Sitki Cagdas Inam

January 2019, pages

This thesis focuses on X-ray timing properties of four different X-ray binary systems,
based on archival data of the X-ray missions RXTE, Swift, XMM-Newton, Chandra
and Integral. One of the selected sources is a LMXB system GX 1+4 while remain-
ing sources are BeXB systems: SWIFT J0513.4-6547, X Persei and SXP 1062. For
GX 144, the timing analysis of RXTE-PCA observations between 2001 March 3 and
2003 January 31 are presented. The timing solutions of two different time inter-
vals are constructed. Futhermore, within the CGRO-BATSE data between 1991 and
1999, an episodic mode-switching of correlation between X-ray flux and frequency
derivative is observed. For SWIFT J0513.4-6547, the data of 2009 outburst and the
re-brightening in 2014 are investigated with exquisite details. When the source is qui-
escent between 2009 and 2014, average spin-down rate of the source is measured to
be ~ 1.52 x 1072 Hz/s indicating a surface dipole magnetic field of ~ 1.5 x 101® G.
X Persei is examined using RXTE and Integral observations between 1998 and 2010.
For X Persei, the result on the dependence of frequency derivative on X-ray flux hints

that wind accretion is also possible. From the noise spectrum, a red noise component



with an index of ~ —1 is observed with an excessive noise component dominating the
disc accretion flow on long time-scales. In the case of SXP 1062, the pulsar’s rotation
is observed to slow down with a steady rate —4.29(7) x 107! Hz/s from which the
magnetic field is inferred to be ~ 1.5 x 10'* G. Furthermore, precise pulse timing
study of the object reveals a glitch event with an amplitude of Av = 1.28(5) x 107°
Hz which is an extraordinary event for an accreting pulsar. Although the glitch events
are conventionally observed in isolated pulsars, the discovery of a glitch in SXP 1062

ensures that glitch events are also possible for accreting pulsars.

Keywords: Neutron Stars, Accreting Pulsars, Accretion Torques, X-ray Binaries
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0z

GX 1+4, SWIFT J0513.4-6547, X PERSEI VE SXP 1062 X-ISINI
CIFTLERININ ATIM ZAMANLAMASI ANALIZLERI

Serim, Muhammed Mirag
Doktora, Fizik Boliimii
Tez Yoneticisi : Prof. Dr. Altan Baykal
Ortak Tez Yoneticisi : Prof. Dr. Sitk1 Cagdas Inam

Ocak 2019 ,[140]sayfa

Bu tez RXTE, Swift, XMM-Newton, Chandra ve Integral uydularinin arsiv verilerine
dayanarak, dort farkli X-1s1im ¢iftinin zamanlama analizlerine odaklanmistir. Segilen
kaynaklardan biri, GX 1+4, LMXB tipi olup, kalan ii¢ tanesi, SWIFT J0513.4-6547,
X Persei ve SXP 1062; BeXB tipi sistemleridir. GX 1+4 kaynagi i¢in, 3 Mart 2001
ve 31 Ocak 2003 arasindaki RXTE-PCA gozlemlerinin analizleri sunulmustur. Iki
farkli zaman dilimi i¢in zamanlama ¢oziimleri elde edilmistir. Buna ek olarak, 1991
ve 1999 yillar arasindaki CGRO-BATSE verilerinde X-1s1n1 akist ve frekans tiirevi
arasindaki bagintinin episodik olarak mod degistirdigi goriilmiistiir. SWIFT J0513.4-
6547 sistemi i¢in, 2009 ve 2014 yillarindaki parlamalar1 detayl bir sekilde incelen-
migtir. Elde edilen sonuglarda, kaynagin parlamalar arasindaki soniik oldugu siirede
atarcanin atim frekansinin ortalama olarak ~ 1.52 x 10~'2 Hz/s ile azaldig1 goriilmiis,
ve yiizey manyetik alan siddetinin ~ 1.5 x 10'® G oldugu ¢ikarimi yapilmustir. X Per-
sei icin 1998 ile 2010 arasinda yer alan RXTE and Integral uydularinin gézlemleri
incelenmistir. Bu sistemde, frekans tiirevinin X-1s1m1 akisina olan bagintisinda yildiz

riizgarindan kiitle aktariminin var olabilecegine dair emareler goriilmiistiir. Zaman-
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lama giiriiltiisii tayfinda, indisi ~ —1 olan kirmiz1 giiriiltii bileseni ile beraber uzun
zaman Olgeklerinde diskten yapilan kiitle aktarimini baskilayan bir giiriiltii bileseni
gozlemlenmistir. SXP 1062 igin, atarcamn istikrarl bir sekilde —4.29(7) x 10~
Hz/s hizinda yavasladig1 gdzlemlenmis, ve manyetik alan siddetinin ~ 1.5 x 10
G oldugu cikarimi yapilmistir. Ayrica, bu atarca i¢in yiiriitillen zamanlama analizi
kiitle aktarimi yapan atarcalar igin siradigt bir durum olan Ay = 1.28(5) x 107°
Hz biiyiikliigiinde periyod kaymasini aciga ¢ikarmustir. Izole olan atarcalarda peri-
yot kaymasiyla siklikla karsilagsilmasina ragmen, kiitle aktarim1 yapan atarcalarda bu
durum daha 6nce gozlemlenmemistir. Bu periyot kaymasi kesfi kiitle aktarimi yapan

sistemlerde de bu olayin yasanabilecegini gozler Oniine sermistir.

Anahtar Kelimeler: N6tron Yildizlari, Kiitle Aktarimi Yapan Atarcalar, Kiitle Akta-
rim Torklari, X-Isin1 Cift Yildiz Sistemleri
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CHAPTER 1

INTRODUCTION

Stars resume their life with the balance between radially inwards and outwards forces.
For a main sequence star, gravity sustains the inwards pressure and outwards pressure
arises due to nuclear fusion reactions within the star. Each fusion reaction yields to
the creation of heavier elements. The star gradually loses its nuclear fuel and eventu-
ally it is no longer able to support itself against the gravitational force by generating
outwards pressure from nuclear fusion. This will eventually determine main sequence
star’s fate at the end of its evolution in cosmic timescales. The compact star forma-
tion will happen after this endpoint of the star evolution, and the initial mass of the
progenitor main sequence star is the most important factor deciding the star’s fate.
Consuming its fuel leads to death of the main sequence star and birth of a new com-
pact object (white dwarf, neutron star, or black hole). Even though the exact range
is uncertain, the neutron stars are thought to be formed through the core collapse
of progenitor star with masses in the range of 8 — 20M,. Their cores surpass the
Chandrasekhar limit of 1.4M, hence the electron degeneracy pressure cannot sus-
tain enough pressure to prevent gravitational collapse as in the case of white dwarfs.
Instead, the internal pressure is supported by the nuclear forces and neutron degener-

acy pressure, therefore a star so-called neutron star is formed.

Up to today, almost half of the observed stars are found to be in binary systems. Ob-
viously, depending on the type of the star, there will be many possible combinations
to yield a binary system. Among those binary systems, this thesis will focus on the
binaries with a compact star as a neutron star, and a non-degenerate (usually a main
sequence) star as a companion. Understanding what is happening in these systems

require information on the formation and characteristics of the given type of compact



star and formation of the binary which will eventually determine the pattern of plasma

accretion from one object to another.

1.1 Basic Properties of Neutron Stars

Following the discovery of neutron [1l], Baade & Zwicky [2]] suggested that stars
predominated by these particles, neutron stars, may exist in the universe. The confir-
mation of this hypothesis took place several decades later when the first radio pulsar
was detected [3]. Over the years, observations indicate that neutron star masses lies
in the range of 1.25 — 2.0M, with typical radii of 10 — 15 km . Neutron stars also
possess extremely high dipolar surface magnetic fields that may reach up to 10> G
and they spin so rapidly up to the periods of several milliseconds. In some cases, the
beamed emission they emit through their magnetic poles, which is axially tilted with
respect to its spin, may swing towards Earth. This emission is observed as pulses

from the Earth and therefore such objects are referred to as pulsars (Figure [1.1).

. Neutron Rotation axis
Magnetic  star : /

; field lines
Beam of particles \ :

and radiation

North South
magnetic magnetic
pole pole

Figure 1.1: An artistic view of a pulsar. In each rotational cycle, the radiation beam

sweeps an observer on the Earth, producing the observed pulsations. Picture Credit:

Tony Hisget

The central density of these objects reaches up to several nuclear densities (p ~ 101°

!The picture is modified version retrieved from https://courses.lumenlearning.com/astronomy/chapter/pulsars-

and-the-discovery-of-neutron-stars/



g/cm?), making them one of the densest objects in the universe. The neutron stars are
thought to be the ideal laboratories for studying physics at extreme density conditions
because the ultra-dense matter cannot be employed in laboratory conditions, however;
its attributes can be deduced from mass-radius relations of neutron stars [4]. The state
of matter inside neutron stars is generally inferred from the relation between the pres-
sure and density, known as Equation of State (EOS). The EOSs are model dependent

and each of them predicts different mass-radius relations for neutron stars.

A NEUTRON STAR: SURFACE and INTERIOR
. “Bwiss E ':5;1.(3111.1'

®
CORE: o ¥ i
Homogeneous ° ‘

@
Matter
s ¥

! \ +— ATMOSPHERE

ENVELOPE
CRUST
OUTER CORE

e INNER CORE
Magnet

field

[

~ Polar cap

Cone of open
magnetic
field
lines

Neutron Superfluid +
Neutron Vortex Proton Superconductor
Neutron Vortex

Figure 1.2: Representative diagram of neutron star interior. Picture Credit: Dany

Page, Unanﬂ

2The picture is retrieved from: http://www.astroscu.unam.mx/neutrones/NS-Picture/NStar/NStar.html



Despite the improvements of EOS models, the actual form and behavior of the matter
inside the neutron stars are still substantially vague. But the overall picture of a
neutron star is drawn and discussed over several regions; the atmosphere, outer crust,
inner crust, outer core and inner core (see Figure[1.2). Atmospheric structure of the
neutron stars is thought to suppressed by the strong gravitational force hence it is ultra
thin [S)]. Residing under the atmosphere, outer crust governs the heat transport from
the core to the surface. The crust is approximately 1 km in thickness and consists of
a crystalline lattice of ions with elastic properties. In addition, it is expected to have
electrical resistivity which plays a crucial role in the evolution of the magnetic field.
In this layer inverse 3 -decay invokes neutron-rich nuclei (p + e~ = n + v,). The
crust is also split into two regions; outer and inner crust. Inner crust is referred to the
region beyond neutron drip density, where neutrons leak out of nuclei. Beneath the
crust, there exist an outer core consisting of superfluid neutrons and superconducting
protons, together with electrons and muons. In the center of the neutron star, when the

density roughly exceeds 6 x 104 gcm™

, inner core region begins. The real physical
structure of the inner core still is a mystery and many kinds of exotic matter (such as

meson condensates, hyperons, quark matter) are proposed to exist within this region.

1.2 Isolated Neutron Stars

Over the last few decades, new surveys and detections not only significantly yielded
improvements in our understanding of neutron stars but also revealed unexpected
properties of these sources. Observations have shown that isolated neutron stars are
found with different characteristics, therefore they are classified in several subgroups
such as; radio pulsars, compact central X-ray sources in supernova remnants, mag-

netars, transient radio sources and the famous magnificent seven.

Radio pulsars, despite their emission at other wavelengths, identified through their
regular pulsations at radio band and their emission is powered by rotational energy
loss due to magnetic braking. Over the years, observations showed that their spin peri-
ods are widely distributed, ranging from milliseconds to several seconds. Spin-down
rates of radio pulsars vary between 1071 — 1074 s/s and inferred B-field strengths ex-

tends from 108 to 9 x 10*® G (see [6] for a review on pulsars). The X-ray emission of

4



these pulsars are composed of two components; thermal and power-law. The thermal
component is thought to be originated from residual cooling subsequent to neutron
star formation while the power-law component is believed to have a magneto-spheric

origin.

Central Compact Objects (CCOs) are soft X-ray emitting neutron stars. They are
discovered in the center of supernova remnants (SNRs). Ages deduced from their
associated SNRs indicate that CCOs are relatively young neutron stars. Out of 10
confirmed CCOs, only 3 of them have the rotational period (P ~ 0.1 — 0.4 s) and
derivate measurements (P ~ 10717 — 10712 s/s). They show steady X-ray emission
with luminosities in the order of L, ~ 103% erg/s which implies that CCOs are not

rotation powered. (see e.g. [[7]];[8] for a review )

Magnetars are rather slow rotators (P ~ 2 — 12s) with high spin-down rates (P ~
10713 —107!s/s). The inferred dipolar magnetic fields from those values exceed the
quantum critical level of B,.q = m2c®/he = 4.4 x 10" G with several exceptional
cases (see [9] for a review). They exhibit frequent bursting behaviors with different
properties; short bursts (0.1-10 s) and intermediate bursts (1-40 s) whose spectra can
be modeled by thermal emission ([10]) and rare events called Giant Flares which are

apparently particular to a subclass called Soft Gamma Repeaters ([9] [L1] [12]).

Rotating Radio Transients (RRATS) are a new set of objects discovered through rapid
radio flashes of several milliseconds [13]. Number of known RRAT's has grown over
the last decade and has continuously been updated by new surveys (see E] for the
catalog RRATSs). Their rotational period varies between 0.125 to 7.7 s and only a
small fraction of the discovered RRATSs have period derivative measurements which
range from 5.7 x 10713 to 1.2 x 107! s/s. The emission of RRAT sources cannot
be explained with current manifestations, and hence several different mechanisms are

put forward to underpin its physics [14], [[15], [[L6]].

The magnificent seven, which are also known as X-ray dim isolated neutron stars
(XDINSs), are X-ray emitting neutron stars located within a few hundred parsecs from
the Earth ([[17]; [18]). They do not emit in radio wavelengths and their emission in

X-ray are mostly dominated by thermal emission. Their pulsation periods lie in the

3 http://astro.phys.wvu.edu/rratalog/



range P ~ 3 — 10s and their dipolar magnetic field strengths are in the order of
10*3G ([19] and references therein). These sources do not show any sign of magneto-
spheric activity. Therefore, the observed X-ray luminosities directly originate from
the surface, making these sources ideal for studying cooling curves and atmospheric

models (see [20]]; [21]; [22], for reviews.)

1.3 Neutron Stars in X-ray Binaries

As well as being found isolated, the neutron stars are also profoundly observed in
X-ray binary systems. These systems show different types of physical characteristics
mostly depending on the mass of the companion, thus they are subdivided into two
classes accordingly; the high-mass X-ray binaries (HMXBs) and the low-mass X-ray
binaries (LMXBs). In the following sections will summarize the basic properties of

LMXBs and HMXBs which contain a neutron star.

1.3.1 Neutron Stars in LMXBs

The low-mass X-ray binaries are rather old systems (~ 10 yr) that harbour a compact
object and a low-mass donor (typically M < 1 M) [23]. Figure [I.4] represents an
artistic view of such system. With the recent developments in instrumentation, the
number of detected systems have rapidly grown (around 187 LMXBs are cataloged
in SMC, LMC and our galaxy [24]). In X-ray binaries with low mass companions,
the faint and weak stellar wind is insufficient to empower observed X-ray emissions.
Thus, in such systems the principal channel relevant to mass accretion is associated
with Roche Lobe Overflow (RLO). In the case of LXMBs harbouring a neutron star,
the infalling matter will form an accretion disk until the magnetoshperic boundary
is reached (see Section [2.2.T] about details of RLO and magnetospheric radius). The
additional angular momentum provided by accretion will usher the neutron star into
more rapid rotation [24]. It may become so rapid that the neutron star may revolve
in milliseconds [25]. So far more than 40 of such millisecond binary systems are

discovered in the Galactic Disk [26].
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Figure 1.3: A representative illustration of evolution of a binary system which yields
to a LMXB. The formation scenario is adjusted for the parameters of the particular

millisecond binary system PSR 1855+09. [26]

LMXBs are thought to be the descendants of a zero-age main sequence star (ZAMS)
binary systems with excessive mass ratios [26l]. In the binary, the higher-mass ZAMS
evolves more rapidly in astrophysical timescales (~ 107 yr). Hence it quickly reaches
core-collapse supernova stage and forms a neutron star (NS). At this timescale, low-
mass companion is not yet evolved. It takes rather longer time for low-mass compan-
ion to evolve and to fill the Roche Lobe (~ 10° yr). In addition, the orbital separation
shrinks over time which results in lower Roche Lobe radii. LMXBs are observed to

have close orbits (generally less than few days of orbital periods) which supports the
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orbital shrinkage scenario. After the Roche Lobe is exceeded, the neutron star com-
mences accretion which leads to an observable LMXB system (see Figure [I.3]for an

example scenario by [26]]).

NEUTRON STAR

NORMAL
STAR

ACCRETION DISK

Figure 1.4: Artistic image of accretion of an LMXB. Picture Credit: MIP

From evolutionary perspective, those neutron stars should have a weak field (generi-
cally in the order of B ~ 107 — 10%) as it decays gradually ([27]; [28]; [29]). More-
over, the weakness of the B-field also give accretion disk an opportunity to circulate
at closer distances to the NS [30]. With the mass arriving at the NS’s surface, X-ray
emission is generated. Due to viscous dissipation, the disk will is heated up to ~ 107
K at inner regions. Thus, radiation at the inner parts of the disk will also correspond
to X-ray band. At outer radii, the disk mostly emits in optical band by reprocessing
the high-energy radiation generated at smaller radii. X-ray emission at smaller radii
may also irradiate the companion. Observing the X-ray emission both from the NS

surface and the disk provides a unique probe to measure NS parameters [31]].

“retrieved from https:/mipt.ru/english/news/x_ray_pulsars_fade_as_propeller_effect_sets_in



Many of the LMXBs exhibit rather sharp increase in X-ray luminosity (~ 1 order
of magnitude) within several seconds [32]. These frequently occuring events (every
hours to days) are referred to as Type-I X-ray bursts. Lasting for ~ 10 — 100 s,
the burst releases an energy in the order of ~ 10% erg [33]]. Posterior studies have
revealed that flux enhancements during Type-I X-ray bursts are emerged from unstable
nuclear burning of the accumulated matter on the NS surface ([34]]; [35]; [33]). The
idea of thermonuclear burst at the surface is further supported by the estimated size

of the emission area deduced from spectral analysis ([36];[37]).

The current X-ray missions do not provide enough spatial resolution to distinguish
the disk and NS emission, however; most of the physical properties can be deduced
from X-ray spectral and timing analysis of their data. For example, sub-millisecond
timing accuracies of these missions enabled the discovery of rapid burst oscillations
(300 — 600 Hz). These oscillations firstly identified within high resolution power
spectra of the source 4U 1728-34 [38]]. Later on, it is realized that amplitude of the
burst oscillations are in anti-correlation with the X-flux during the rise episode of the
burst [39]. This anti-correlation indicates that spin modulation of an initially localized

thermonuclear burning region is spread all over the neutron star within a second.

1.3.2 Neutron Stars in HMXBs

High mass X-ray binaries (HMXBs) are rather young (~ 107 yr) hard X-ray emitting
> 15 keV sources [26]. In a generic system, a compact object receives mass from an
evolved massive companion (typically > 10M). Figure[I.5exemplifies a picture of
a conventional HMXB together with a LMXB (retrieved from [26]]). The number of
cataloged sources of this type reached to ~ 114 in our Galaxy [40]. In these systems,
primary course of accretion is the intense wind provided by the companion, however;
RLO is also possible. The course of accretion depends on the environment stipulated
by the companion and these systems are further split to sub-classes accordingly. De-
tails of both of the accretion types are reviewed in Section [2.2] If the companion is
of Be or Oe type star and produce a decretion disk around itself, the compact object
mainly interacts with the disk on the cycles of orbital passages and the system is re-

ferred to as BeXBs. On the other hand, if the companion is of supergiant (Sg) type
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and decretion disk is absent, then the compact object will gather mass either via the
stellar wind or Roche-Lobe overfilling companion, which are referred to as Wind-Fed

SgHMXBs and Disk-Fed SgHMXBs, respectively.

HMXB
M@
1.3 Mg
Porp=2-1 days
a=23 Ry,

a=2.0 Ry

Porb=5‘6 hours

Figure 1.5: An example illustration of a HMXB (upper panel) and a LMXB (lower
panel). [26]

HMXBs are considered as the descendants of two massive ZAMS (with M > 12M,)
[26]]. These systems promptly evolve in cosmic timescales (~ 107 yr), hence they are
relatively younger systems when compared to LMXBs. The quicker evolving more-
massive ZAMS in the systems undergoes a supernova and leaves a compact object
(in our case a neutron star) behind. The companion enters to a giant phase in which
it feeds the NS either with the wind or with RLO. Eventually leaving the stage for an
observable HMXB (see Figure[I.6| which is retrieved from [26]).

In the following section, the physical properties and accretion mechanisms of the
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Figure 1.6: A representative illustration of evolution of a binary system which yields
to a HMXB. The formation scenario is adjusted for the parameters of the particular

double neutron star binary system PSR 1913+16. [26]

HMXB subclasses; Disk-fed SgHMXBs, Wind-fed SgHMXBs and BeXBs will be

described.

1.3.2.1 Disk-fed SgHMXBs

Disk-fed SgHMXBs constitutes a rare subclass of HMXBs where RLO mechanism is
possible. In these systems, the matter exceeding the RL proceed on a path towards the

NS which passes through inner Lagrangian Point (L ). Then, the mass begin to follow
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a spiral trajectory and eventually shape an accretion disk. Section [2.2.2] reviews the
details of accretion by virtue of RLO. With the stable accretion rates sustained by the
disk, disk-fed SgHMXBs are able to radiate in X-rays with luminosities in the order
of L, ~ 103" — 108 erg/s. The neutron stars in disk-fed SgHMXBs have both short
spin periods (Pspi,, ~ 0.7 —14 s) and orbital periods ( P,,;, S 4 days). Primary studies
reveal that these binaries an in anti-correlation in P, vs P, phase space ([41]; [42])
which confirms their disk-fed nature (Figure[I.8). Unfortunately, this subclass have a
very few members (RX J0648.1-4419, LMC X—4, SMC X-1 and Cen X-3), thus the

overall picture of the nature of these systems is not yet conclusive.

1.3.2.2 Wind-fed SgHMXBs

Wind-fed SgHMXBs host a donor of OB spectral type which feeds the accompanying
NS through its stellar wind. This steady wind is captivated by the NS and the accre-
tion scenario is established over Bondi accretion process described in Section [2.2.3]
The inhomogeneous plasma clumps within the wind trigger notable short-timescale
fluctuations in their luminosities which are varying in L, ~ 1035 — 1036 erg/s level.
Systems of this subclass generally have short orbital periods ( < 15 d) with minor
traces of eccentricities ([43] and references therein). But still, orbital separations are
relatively broad when disk-fed types are compared. The inefficient wind accretion
do not feed enough angular momentum to the NS in the system to reach short spin
periods, thus their spins typically reside in the range of ~ 10? — 10% s. A further di-
chotomy of this class is introduced to distinguish the intrinsic properties of individual

systems.

The first type is the Obscured SgHMXBs which are identified through strong absorp-
tion features in the X-ray spectra (typically nj, = 10% cm™2). They are in a tight orbit
(with P,,;, < 10 d) where NS accretion is maintained with slow winds [44]. Hosting
an O8-B1 type companion, Obscured SgHMXBs possibly enter to phases of common
envelope as inferred by the studies in the optical band [43]. These systems are also

reckoned as transitional stages through RLO systems [44].

The second type is the Super Fast X-ray Transients (SFXTs) which are recognized

with occasionally recurrent fast and transient bursts [45]. During bursting episodes,
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quiescent X-ray luminosities (~ 1032 — 10%* erg/s) are enhanced by approximately
4 orders in magnitude within tens of minutes and thrust out to ~ 103> — 1037 erg/s
at the peak [43]. For most of the sources of this type, the bursting events seem to be
unconnected with a definite orbit-phase [43]]. On the other hand, several sources seem
to share joint traits with BeXBs. These systems harbour a NS with pulsations ranging
from several secons to ~ 1000 seconds and B-field of ~ 101712 G [43]]. The origin
of peculiar bursting behavior in SFXTs are not yet reached to a conclusive consensus
and there is an ongoing-debate on the possibilities of clumpy winds [46]], anisotropic

equatorial winds ([47]]; [48]) and propeller stage [49].

1.3.2.3 BeXBs

BeXBs are binary systems including a neutron star and non-supergiant Oe or Be-type
star as donor. These sources constitute more than 60% of HMXB population. The
donor star is very massive (10 — 20M,) and of III-V luminosity class (see e.g., [50];

[42] for reviews). The Be donor stars exhibit both excess infrared emission [42] and

i Be-star

expelled material

neutron star

» X-ray flux

time

Figure 1.7: A simple schematic of recurrent disk-pulsar interaction and associated

X-ray flux variations. [26]
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Balmer and Paschen series hydrogen emission lines which are regarded as an indica-
tor of the existence of a circumstellar disk around the donor star. Thus, these binary
systems have a transient nature because of the donor star’s disk and neutron star inter-
action during passages through the disk (See Figure although there exist several
exceptional cases where the binary is found to have persistent emission (e.g. X-Per;
[S1]]). The disk is formed at the equatorial plane ( [S2]; [S3]]) and sporadically expands
(till 6-20 R p.) up to enclosing whole binary [54]. In general, transient BeXBs revolve
at wide (P,,, > 20 days) and eccentric e > (.3 orbit trajectories [42]. Due to these
orbital trajectories, the neutron star only interacts with the disk during its passage at
the closest distance to the donor [55]. During this interaction, amount of inflowing
(accreted) matter rapidly increases and X-ray flux is enhanced (L, ~ 103 — 1037
erg/s) by high mass accretion rate (e.g., [S6], [S7]). As a consequence, the system

enters the outburst state lasting around a week, called Type-I outbursts.

| ! |
10000F -
I wind-fed SGXR e
F ° e ® BoxB
w100 ) o ¢ -
\-./E N .0
Q-% "] L ® o ©®
F u e %0 3
1 - .
disc-fed SGXR
: 1 L 1 L Ll 11 I 1 L 1 L Ll 1.1 I L L 1 L L1 1l I:
0'011 10 100 1000
orb (d)

Figure 1.8: Corbet diagram of accreting pulsars. Green triangles: wind-fed SGXRBs,
Red squares: disk-fed SGXRBs, Black dot: BeXRBs. [42]

Apart from these periodic events, NS spends most of its time at large distances from
the companion due to wide orbital separation [S5]]. At this time interval, mass ac-

cretion almost ceases [38]. Therefore, transient systems are observed at rather low
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(L, < 1033 erg/s) quiescent luminosities (e.g., [59]). However, sometimes an orbital-
phase-independent (Type-II) outbursts are observed. During Type-II outburst, X-ray
luminosity rises up to Eddington limit (L, ~ 10 erg/s) which decays over longer
period of time (weeks to months) compared with Type-I outbursts. Even though the
origin of these outbursts are not yet clear, increased companion activities are consid-
ered as a source of empowering such bursts ([S0]; [60]). On the other hand, persistent
BeXBs posses a slowly rotating neutron star (Fp;, > 200 s) revolving at a wide

orbit (P,,, =

~Y

200 d). The persistent systems are less variable in X-rays and have

luminosities in the order of L, < 103 erg/s [42]].

Corbet (1986) investigated the distribution of these pulsars in P, vs P, phase
space and demonstrated that these sources have a positive correlation. Thus, the dis-
tribution of accreting pulsars in P, vs F,,;, phase space is later referred to as Corbet
Diagram (see Figure [I.§). The trends within the Corbet Diagram implies different
accretion mechanisms. The positive correlation of BeXBs signifies that pulsars spin
slower in wider orbits. It indicates that pulsars at wider orbits interact with outer re-
gions of the disk, thus the pulsar accretes from less dense regions. Therefore, being
exposed to less torque, neutron stars in wider orbits have longer equilibrium spin pe-
riods. Moreover, it is also regarded as an indicator of the formation of a transient disk

[61].

1.4 Thesis Organization

This thesis is devoted to examine the physical properties of pulsars which are vali-
dated through timing analysis. All the sources of interest are pulsars that are resid-
ing in a binary system and accreting the mass catered by its companion. Namely,
these sources are SWIFT J0513.4-6547, SXP 1062, GX 1+4, and X Per. This work
utilizes the data gathered by various X-ray missions; Rossi X-ray Timing Explorer
(RXTE), SWIFT, X-ray Multi-Mirror Mission (XMM-Newton), Chandra and Inter-
national Gamma-Ray Astrophysics Laboratory INTEGRAL). The upon usage, the
properties and data reduction procedure of each mission is mentioned in relevant sec-

tions.
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In Chapter [2] the fundamental theories are reviewed regarding emission of both iso-
lated and accreting pulsars. For isolated pulsars, the chapter covers the particular
case of X-ray radiation due to magnetic braking. For the accreting sources, the fun-
damental physics of the accretion mechanisms is presented with an aim of building
an essential comprehension. The accretion theories are described for both wind and

disk and brought into contact with different models.

Chapter [3] focuses on the analysis methods that the thesis is build upon. Section
lays the foundation of timing techniques used in this thesis, covering both pulse
timing methodology and epoch folding. Then, in Section [3.2]the technique of timing

noise investigation and relevant analysis procedures are demonstrated.

Chapters [] through [7] represent the results of timing analysis of each X-ray binary. In
each of these chapters, a brief information about the observation sequence and reduc-
tion methodology is reported. Later sections describe the relevant analysis procedures
and discuss the physical interpretations of findings of each study. Finally, Chapter [§]

summarizes the results of this thesis.
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CHAPTER 2

ROTATION AND ACCRETION POWER

2.1 Rotation Power

This section focuses on X-ray emission from isolated neutron stars. For isolated NSs,
X-ray radiation is thought to be powered by internal heat reservoir or the rotation of
NSs. Radiation due to heat reservoir is generally deduced from soft X-ray emission
of young NSs. On the other hand, rotational power loss may invoke pulsed emissions

and pulsar wind nebulae (PWN).

For rotation-powered pulsars, the rotational energy loss is associated with magnetic
dipole braking. Assuming that a pulsar purely radiates in magnetic dipole form, Lar-
mor radiation of a magnetic dipole can be expressed as;
22

Pdipole = §C_3 (21)
The 41, 1s the component of the magnetic dipole projected along the spin axis which
is tilted with an angle « (see figure 2.1). The magnitude of the magnetic dipole
is proportional to its magnetic field B and radius R as u oc BR3. If the pulsar
rotates with an angular frequency w, then the magnetic dipole can be expressed as;
iwt

pr = |pole™™t = psina e”™'. Hence, the dipole radiation of such an oblique

rotator is expressed as;
2 i 2 2

= —(w?*BR*sina)? (2.2)

Pdipole = g 3 = 303

As stated earlier, The spin luminosity of the pulsar is specified by rotational energy
loss as £ = Iww where I is the moment of inertia of the NS, By matching those

two equations, pulsar’s dipolar magnetic field can be approximated in terms of two
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Figure 2.1: Schematic illustration of an oblique rotator pulsar

observable quantities; rotation period P and slow down rate P of the NS as;
3 I 1/2 -
B~|-——r— V PP. 2.3
<2 RS sin2a> 23)
Using the canonical values of NS moment of inertia I ~ 10*® g cm? and the radius
R ~ 105 ¢cm, the minimum value of the magnetic field at the surface can be approxi-

mated as;

B ~32x 10V PP Gauss (2.4)

The equation connects the B-field with two simple observables P and P and
it is commonly used for approximating dipolar field strengths of isolated pulsars.

This approximation actually delivers an order-of-magnitude estimation of the field
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strength. Estimated B-fields from equation [2.4] of pulsars show distinct varieties. For
example, in radio pulsars 10°® to 9 x 10'® G is observed [6] while in the case of
magnetars, it can be as high as ~ 10! G [9] exceeding the Byeq level. Moreover, for
a NS born with initial rotation period F,, the age of the pulsar, 7, can be estimated
via;

P T
/ PdP = / [PP)dt (2.5)
° 0

The term inside the integral on the right side is related with the magnetic field as
derived above (i.e. [PP] o< B?). Assuming that the perpendicular component of
the magnetic field does not significantly decay over time, this term can be regarded
as constant and can be taken out of integral. Thus, the result of the integral can be
obtained easily as %(P2 - P2 = PPr. If the pulsar’s current rotation period is much
larger than its initial spin period P > F,, then the pulsar’s age can be approximated
as;

(2.6)

This calculated age is referred to as characteristic age of the pulsar. It is not the actual
age of the pulsar but it provides a rough estimate of it. For example, Crab Pulsar,
which is known to be born in a supernova explosion observed by Chinese astronomers
in A.D 1054, has an actual age of 964 years [62]. Accurate measurements of its timing
parameters have shown that its spin frequency is 29.946923(1) Hz which is slowing
down at a rate of —3.77535(2) x 107'° Hz/s [63] The characteristic age deduced
from these parameters is around 1257 years. Although 7 values seem to deviate from
the actual age, precise measurements of pulsar spin parameters offer an estimation
of physical parameters such as B, 7 and E at least up to an order of magnitude,
even with such a simple approach. More accurate and realistic calculations require to
consider magnetic field decay and inclination angle « variations. There are several
studies trying to remedy this problem (e.g. [64]];[65]) but the exact picture is not yet

conclusive.

Rotational period measurements can also be used to understand pulsar population
through P - P diagram (figure . Using the equations derived above, one can
draw certain lines to indicate different levels of magnetic field B and characteristic
age 7 on the P - P phase space. Considering the lines, P - P diagram can be used

to distinguish pulsar subclasses. Younger pulsars not only rotate more rapidly but
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Figure 2.2: P - P diagram of pulsars. Small black dots: RPPs, blue and green crosses:
AXPs and SGRs, cyan circles: CCOs, mageneta squares: INS, red triangles: RRATS,

open circles: binary systems. [6]

also slow down at high rates, therefore they are mostly located at the top left area.
The magnetars (AXPs and SGRs), with their immense magnetic fields and high spin
down rates, are positioned at the top right. The radio pulsars, on the other hand, are
distributed in the central region. Binary systems (mostly consisting of millisecond

pulsars) reside at the bottom left corner.

2.2 Accretion Power

Mass transfer and accretion in binary systems were initially proposed as possible

mechanisms that act as an energy source for X-ray sources and quasars ([66]; [67]).
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Following the discovery of HMXBs in the 1970s [68], accretion mechanisms became

an active area of research.

Pulse frequency variations of accreting neutron stars a reveal variety of timing be-
havior. First of all, observed pulse frequencies include Doppler Delays associated
with their orbital motion. Furthermore, the rotational motion of many sources are
observed to accelerate (spin-up) or decelerate (spin-down) while most of the sources
show both acceleration and deceleration episodes. Finally, they show timing irregu-
larities associated with either interior structure or torque fluctuations at the boundary.
Both spin-up/down trends and timing irregularities of these sources are mainly gov-
erned by the torques exerted during accretion. Thus, in the following sections, the

fundamental physics behind the different accretion processes will be described.

2.2.1 Fundamentals

Roche Lobe

The concept of equipotential surfaces lays the foundation of the accretion process be-
cause mass transfer begins when a material is able to exceed the critical equipotential
surface called Roche Lobe and reaches to the region where gravitational force of the
compact object is more dominant. Obviously, an isolated star forms nearly spherical
equipotential surfaces around itself but in the presence of a binary system, geometry
of equipotentials will become more complex. In binary systems, Roche Lobe turns
out to be more tear-drop shaped. To describe these surfaces, one needs to examine
the trajectory of a test particle in the presence of two stars (with masses M7, M, and
positions 71, 75 in a synchronized rotation with angular velocity w) which are revolv-
ing around common center of mass. In such a case, effective potential of the system

is described as;

oM, GM, 1 )
Bogy = — = — =
1 |r —ory|  |r = Q(WXT)

2.7)

where r is the position of the test particle. The above equation can be understood as
follows; the first two terms are gravitational potentials of each star and the last term

corresponds to centrifugal potential.
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Figure 2.3: The equipotential surface solutions for mass ratio M; /M, = 3. The solid
lines indicate the 2D geometry of equipotential surfaces. Black dots; positions of the
stars, Plus sign; position of the center of mass, Red dots; Lagrangian Points. Picture

Credit: Wikimediaﬂ

The stationary points of the potential can be obtained by examining the extrema of the
effective potential (i.e. V®.¢; = 0). These solutions yield five different points which
are called Lagrangian Points. The equipotentials generated by solving the equation
are represented in figure (for a mass ratio of M; /M, = 3). The first point
Ly is called inner Lagrangian Point. The equipotentials of both stars coincide at this
point and therefore net force on a test particle is zero. During the late stages of stellar
evolution, donor star expands and may exceed its Roche Lobeﬂ As a consequence,
exceeding mass is no longer attached to the donor star and it starts to flow through
the compact object via L, point. This process is referred to as Roche Lobe Overflow.
Details of different types of accretion mechanisms, including Roche Lobe Overflow,

will be discussed in following sections.

https://commons.wikimedia.org/wiki/File:Roche_potential_contours_q%3D3.svg
2 Roche Lobe can also be exceeded with orbital shrinkage
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The Roche geometry described in section [2.2.1] is built on three main assumptions.
The first one is that the gravitational potential fields of both compact object and donor
star are generated by point masses. This assumption is not that irrational, regarding
the fact that even a star is about to fill its Roche Lobe, most of the mass still reside in
the center and have an almost spherically symmetrical geometry. Secondly, the orbit
of the binary system assumed to be circular. Lastly, it is assumed that the rotation
of the stars and the orbit are synchronized, because the Roche geometry described
in section 2.2.1]is valid if matter co-rotates with the orbit. The second and third as-
sumptions require reconsideration regarding binary evolution. A detailed description
of different accretion schemes under distinctive physical conditions will be presented

in the following sections.
Eddington Limit

In the most basic picture, there will be a mass transfer from donor to the compact
object and during the accretion process, the gravitational potential energy of in-falling
material can be converted to radiation. The luminosity generated during this process,

accretion luminosity, can be described as;

GMm
Loee = —— 2.8
7 (2.8)

where G is the gravitational constant, 1 is the mass accretion rate, M and R are the
mass and radius of the compact object, respectively. The equation indicates that L.
scales with increasing . However, L, is limited due to the fact that beyond a certain
point radiation pressure will overcome gravity. This upper limit for L, is referred
as Eddington Luminosity. In most of the cases, companion star is a main sequence
type star, hence it can be assumed that the in-falling material is mostly composed of
ionized hydrogen. Assuming that in-falling plasma is fully ionized, the gravitational

force on the electron-proton pair will be

GM(m, +m.) GM(m,)
Fy = ~

. (2.9)

r2 r2
where the term due to electrons are neglected since m,, >> m.. On the other hand,
the electrons in the plasma feel the radiation force and each photon will add a mo-
mentum of p = hv/c in each collision. The neutrality of the accreted plasma is
sustained by electrostatic forces assuming that particles are not split more than De-

bye length \p = r./w, where w, is the angular frequency of the plasma and r, is
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the thermal speed of electrons. Then radiation force on an electron will be the sum

of total momentum received per second, F,. = o7 f,p, where op = 6.6 x 1072° 5

is the Thompson cross-section and f, is the photon flux. In terms of luminosity, the

photon flux can be represented as f, = #. By inserting f,, the radiation force will

be equivalent to:
L
=T (2.10)

c 4mr?’

The Eddington Luminosity, L.4q can be calculated at the point at which these two

forces are at balance (i.e. I, = Fy,);

ArGM
Leddzﬁ—cmf‘" 2.11)
or
Re-arranging the known constants of the equation [2.T1] L4, will become;
M
Ledqg ~ 1.26 x 1038(—) erg/s (2.12)
Mg

where M, is the mass of the sun. It should be noted that L.4,; derived above presume
spherical symmetry and stable accretion. The equation 2.1 1) will be invalid otherwise.
For example, if the radiation is beamed to a direction, the spherical symmetry will be

broken and equation [2.T1] will no longer be of use.
Alfven Radius

As mentioned in chapter 1, neutron stars possess strong magnetic fields which play
a crucial role during mass transfer processes. Accretion flow is interrupted by the
dipolar component of the magnetic field since it is the most dominant term at large
distances. The interruption occurs at the magnetospheric boundary and the trajectory
of the plasma either changes towards the polar caps or repelled to infinity ([68]).
The radius of the magnetospheric boundary is obtained at the distance where the ram
pressure of the infalling plasma matches the magnetic pressure of the NS. The plasma

simply have a free fall motion with a speed of v = , /2¢Mns

, during which it exerts a

ram pressure upon the magnetic field as;

. T (GMNS)W m

Pram = PV (2.13)

~ 4mr? \ 8n2? ro/2’
In the above calculation, we assumed that accretion is spherically symmetric (i.e.

1 = 47r?pv). On the other hand, the dipolar B-field strength as a function of distance
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B(r), can be written in the form of

s 1
ns .3

B(r) = BoR (2.14)

where R, is the radius of the NS and B, is magnetic field at the surface. Then the
corresponding magnetic pressure p,,q, can be approximated as
B? N B2RS. 1

— 2.15
2410 2p0 76 ( )

Pmag ~

where i 1s the permeability of free space. The balance between these pressures is

achieved at a distance called Alfven Radius. Therefore, matching equations and

.15 will yield;
o2 ARz \ /7
GugM,sm?
Keeping in mind that dipole moment 4 is proportional to p o< ByR?, the magneto-

spheric radius can also be expressed as ([68]]; [69]);

4

1/7
~ K ~ —1/7, 4/7, . ~2/7
~~ R — ~~ M 2.1
fm n(GMnst) MG M) 17)

where 7 is a dimensionless parameter ranging from 0.5 to 1. For 7 =~ 0.92 magneto-
spheric radius matches with Alfven Radius. For an ordinary pulsar with a dipolar mag-
netic field strength of order By ~ 10'2 G, Alfven Radius is in the order of ~ 100R,,s
for an accretion at Eddington Limit. If n ~ 0.47, it will be the magnetospheric radius
of accretion from a Keplerian disk ([[/0]). Accretion scenario will differ depending on
whether the magnetospheric radius exceeds the co-rotation radius (a radius for which
the disk and neutron star rotates at same rate). If r,,, > r.,, the accretion flow may be
repelled by the centrifugal forces and results in propeller effect ([111]). If r,,, < 7o,
the trajectory of the plasma follows the magnetic field lines through the polar caps of
NS.

Rayleigh-Taylor instability

Even though sustained with an equivalent pressure, when a more dense fluid (p,) ex-
erts a force on a lighter fluid (p;), there is an instability generated on the interference,
known as The Rayleigh-Taylor instability (RTI). The most basic example would be a
cell containing water on top of air as it is in figure [2.4] The gravitational force will

be the origin of the acceleration, thereby water will push the air through ground. And
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Figure 2.4: Evolution of a Rayleigh-Taylor instability on the interference of water

and air combination [72].

the pressure of the air is arranged in such a way that it is equivalent or higher than the

value to support the water of given column thickness.

No matter how flat is the surface between water and air is settled, there will be some
fluctuations from that surface. That fluctuations will cause ripples on that surface
which will initiate the instability. When the ripples start, the fractions of water lying
under the average height of the plane will experience less air pressure than required,
therefore these fractions will begin to fall through ground and create spike-shapes.
Vice versa, the fractions of water which stands above the average level of the surface
will be pushed aside because local air pressure on that fraction is higher than needed.
This will result in a motion where air will penetrate through water with a shape so
called bubble. As the air bubbles move upwards, and the water spikes move down-
wards, local variations of pressure cannot prevent the instability from growing. The
initial irregularities will then increase in magnitude, exponentially at the beginning.
Then, the growing instability will yield a turbulence leading to a chaotic mixing of

two fluids (See [[72] for a review).

In astrophysical context, the force originates from either gravitational or magnetic
field of a star and the plasma accumulated at boundaries will be subjected to RTI.
In binaries containing a neutron star, the accretion disk will truncate at the magneto-
spheric boundary. Beyond the boundary, the plasma is accreted either via i) funnel
streams along field lines (e.g. [[73]]; [[74]) or ii) plasma instabilities at the boundary
(e.g., [[75]]; [[76]). Hence, RTIs is expected to take place at this boundary since the

high-density plasma encounters low-density plasma in the presence of gravity.

Development of the Rayleigh-Taylor instability can be affected by many parame-
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ters of the accretion disk including, viscosity, compressibility, density distribution,
geometry, and many others. For example, density ratio (py/p;) or Atwood Number
A= (ﬁ) of the fluids plays a crucial role in the growth of small amplitude fluc-
tuations or perturbations. Viscosity inevitably regularizes plasma flow, hence it sup-
presses the growth rate of the instability. Compressibility of the fluids affects the long
wavelength perturbations. Stone & Gardiner ([77]]) argued that magnitude of B-fields

is also important for the instability. Therefore, presumed disk model (and the plasma

properties within) also affects RTI development.

Figure 2.5: A 3D simulation of accretion around a magnetized compact object. Bot-
tom panels represent the flow without instabilities while top panels include the effects

of instabilities [78]].

Throughout decades, many theoretical and numerical studies are devoted for mod-

eling accretion flow with instabilities (e.g. [75]; [791;[74]; [80]; [77]; [78]]). As an
example, Kulkarni & Romanova [78] performed 3D modeling of a prototype of RTI
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in accretion disks of a magnetized compact object based on a-disk model of [81]. Fig-
ure[2.5]displays an illustration of the simulations generated by [78] which distinguish

accretion geometry with and without the instabilities.

2.2.2 Disk Accretion

Figure 2.6: Artistic image of accretion via Roche Lobe Overflow. Picture Credit:

Pearson Prentice Hall, Inc

The Roche Lobe Overflow constitutes the principal scheme of accretion in LMXBs,
however; it is also observed in persistent HMXBs (e.g., [82]]).In this scheme, donor
star is a late type-star with a weak magnetic field. As the donor star evolves, its radius
extends so much that the radius exceeds the Roche Lobe of the donor star. Excess
matter in out layers feels the dominance of the gravitational field of the neutron star.
Then excess matter flows through the neutron star transpassing the inner Lagrangian

point L;. Since the matter possesses angular momentum, the mass flow will be in spi-

J2

ral form. Eventually, a disk formation occurs if circularization radius (R.;; = &y
ns

where J is the angular momentum per unit mass) is larger than r,, [83]. The circu-
larization radius marks the distance where disk formation starts. Within the accretion
disk, dissipative forces (e.g shock, viscosity) leads to angular momentum loss which
results in smaller circularization radii. As it gets closer to the accreting object, the

matter revolves at smaller and smaller circularization radii, eventually forming an ac-
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cretion disk. At the magnetospheric boundary described above, accreted matter feels
the dominance of magnetic pressure at radius;
T 25 1) (H—4) 1/7 ~ (G M) YT iy =27 2.18)
GM,, ;2
It is more convenient to express the equation [2.18]in terms of observable quantity L,
in the form [84];
P A 2.9 x 108mY TR > L2 T g em (2.19)

where the converted units are m, = M,,/My, Rs = R,s/(10°cm), and L3z; =
L,/(10% erg/s) and sy = p/(103°Gem?). Within this boundary, the accretion disk
is expected to be truncated since the matter is funneled along the field lines with the
dominance of the magnetic strength of the neutron star. When the matter reaches the

surface of the neutron star, it will radiate in X-ray energies.

0.04 O.14F "

0.02

0.12

Figure 2.7: Simulation of accretion flow in the case of an oblique rotating neutron
star (left) without instabilities and (right) with instabilities. Bottom panels illustrate

the corresponding lightcurves from simulations [[78]].

Now, let us concentrate more on mass accretion onto NS in the presence of a disk.
The presence of a disk invokes more complicated problems due to the interaction

between the rotating neutron star’s magnetosphere and the plasma within the disk.
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Moreover, it should also be noted that a NS is an oblique rotator and the angle between
the magnetic axis and the disk plane is also crucial (See Figure [2.7). As an example

of this situation, magnetic pressure may be modified as [83]]

2 2

Drmag = e ~ (1 + 3(sina sing)] (2.20)

=

(=2

where « is the angle between magnetic and spin axes. With similar calculations, it
can be shown that the resultant magnetic radius will change as a function of azimuthal

angle ¢ as ([83]; [86]):
(@) = 3.2 x 108 st 'm VMY [1 + 3(sina sing)]? em (2.21)

which indicates that the boundary structure is asymmetrical. Throughout the years,
many attempts have been made to understand disk and magnetosphere interaction (
e.g., [74]; [87]; [88]; [89];[90]; [O1]]; [92]; [86];[93]). However, due to the strong
radial dependence (r=%) of Dmag» €stimations of 7, stay within the order of Alfven

Radius R 4.

The difficulties arise while endeavoring to derive a torque expression at r,,, which
includes azimuthal dependence of the B-field, because the field lines at r,,, deformed
from standard dipole geometry and the plasma instabilities at the boundary should
also be taken into account. The torque expression is rather important in the sense that
the evolution of the rotational motion of an accreting neutron star is governed with

the torque exerted at the magnetospheric boundary.

To achieve a steady accretion at the boundary, the Keplerian velocity of the disk wy
(at r = r,,) must be higher than the angular velocity of the NS (w,,s). Conventionally,
this condition is expressed via fastness parameter (ws) as ([74]]);

Wns
Wg =

< 1. (2.22)

Wk
The dominance of magnetic field ensures that accreted plasma have a trajectory to-
wards the polar caps. Without taking plasma instabilities into account, the “illumi-
nated fraction the polar cap to the total area of the NS can be estimated as ([84]);
R,ssin’a

isc ™~ T 2.23
Ja o (2.23)

The subscript disc is inserted to emphasize the fact that calculations are held in disc

accretion case. Obviously, the equation implies that the fraction is less than 1 in
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any case. Furthermore, with the r,, approximation in equation [2.19] it can be under-
stood that the polar cap fraction varies for different B-field strength and luminosities,
typically ranging within 10~ — 10~* ([94])). In the quasi-spherical accretion case, the

fraction f,, of polar caps are estimated to be around half of fy;s..

In accreting systems, regular long-term angular acceleration episodes are thought be
linked with steady state. With plausible values of r,, and the observed pulse fre-
quencies, it is reasonable to regard these sources as slow rotators since the fastness
parameter will be far less than 1 (w, << 1). Using this approach for a prograde disk,

the rate of angular momentum delivered at the boundary 7,,, can be estimated as;

L ~ 112 wy(rpm)
~ 11 (G Myrm) 2
~m (GMnS)1/2 [U(GMns)_1/7N4/7m_2/7]1/2
~ n1/2(GMnS)3/7M2/7 176/

RpsLaec |*”
oo

~ 771/2(G]wns)—3/7M2/7R%7L6/7

acc

(2.24)

o n1/2(GMnS)3/7M2/7 [

where the mass accretion rate 7i2 is converted to the luminosity via equation [2.§] and

the Keplerian frequency is simply w; = fTM In addition, we used equation |2.18

to describe the magnetospheric radius. Then the rotational acceleration can be re-

arranged in terms of normalized parameters as;
U 2.7 x 107 2m TR LY 2T I H ) s (2.25)

where ;5 is the moment of inertia of NS in units of 10%> g cm?. Since the rest of
the parameters are approximately unitary, the above equation implies that the spin-
up rate and luminosity are correlated (with an exponent of 6/7). This correlation is
observed for many sources, especially in the transient systems (e.g. [93]), however

the exponent seems to slightly deviate from 6/7.

The more angular momentum the neutron star will receive, the quicker it will rotate.
Experiencing the torque for a long time, the neutron star will rotate so rapidly that
the fastness parameter will approach to unity (i.e. ws ~ 1). Eventually, spin period

advances through an equilibrium as the material at the magnetospheric radius starts
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to co-rotate with the neutron star. The equilibrium state can be described as [94];

Py~ 3m Y TR TLYT ST (2.26)

Beyond that rough description of the accretion scheme above, many studies have been
made to underpin the physics behind the accretion process. Throughout the years, the
sophisticated models have been built which takes different physical properties of the
disk into account ( e.g., [[74]; [87]; [88]; [89];[90]; [O1]]; [92]; [86];[93]). Below,

some of the commonly used examples of disk models will be described.
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Figure 2.8: Gosh & Lamb Model [74].

In 1979, Ghosh & Lamb developed a model where the accretion disk is widely in-
vaded by the B-field lines (See Figure [2.§]). In their model, the invasion is justified
by the plasma instabilities and magnetic reconnection. The B-field lines wind up by
the differential rotation the accretion disk and the neutron star. The winding up of
the field lines is counterbalanced with dissipation. They examined the results of the
model on several sources. They showed that if the disk and the neutron star rotate at
the same direction both spin-up and spin-down torques are possible. The switch be-
tween spin-up and spin-down episodes can be obtained depending on the luminosity.
In order to deal with field wind up, Ghosh & Lamb model requires colossal magnetic

diffusivity.

Shu et al. [87] studied accretion from an imperfectly conducting disk. In this model,

the field lines are not allowed to penetrate the accretion disk except magnetospheric
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boundary region. Their results indicate that a magneto-centrifugally driven wind*
may occur at this regime (See Figure[2.9). This model have exquisite applications for

collimated outflows (e.g jet outflows in Active Galactic Nuclei (AGNs)).

critical !
equipotential |
I

critical
equipotential dead zone
Y coronal\gas
soft x-rays
uv hot spot

surface surface

Figure 2.9: Accretion Model of Shu et al. [87].

Lovelace et al. [[89] formulated the case of accretion onto a magnetized object where
the disk and B-field axis coincide. They suggested that the field lines wind up for
a long range of distance due to differential rotation between the NS and the disk
(See Figure 2.10). They argue that open field lines around the disk regime yield to
“magnetically driven outflows” and they investigated the structural changes in the disk
due to the influence of the outflows. The outflows may even extend to a radius where
disk rotation is maximum (defined as r;,). If the radius r,, is close to the co-rotation
radius 7., = (%) Y 3, the neutron star may switch between spin-up and spin-down

states depending on several parameters such as variations of mass accretion rate.
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Figure 2.10: Accretion model of Lovelace et al. [89]

2.2.3 Wind Accretion

In the case of HMXBs, the donor star is very massive and commonly not in super-
giant phase. Although, it is observed in several cases (e.g., [82]), Roche Lobe Over-
flow is very uncommon for such systems. The less massive stars produce weak stellar
winds, however in the case of massive stars wind becomes very intense. Hence, the
main accretion scenario of HMXBs is initiated by the capture of stellar wind of the
massive companion (see figure 2.11] credit:[96]). The wind accretion scenario was
proposed prior to the discovery of X-ray binary systems by [97]. The foremost notion
about wind accretion may occur as an inefficient process, however; stellar winds of
massive stars supply a vast amount of matter ﬂu The neutron star may only cap-
ture a small fraction of this spherically ejected wind, but still it can empower high

luminosities.

3 In O-B type stars, mass loss rate due to the wind may even reach to 10~4 My, per year.
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Figure 2.11: Wind accretion scheme and accretion streams towards a neutron star.

In order for this scenario to take place, the wind velocity (v,,) must be larger than
neutron star’s orbital velocity (v,.4;¢). In HMXBs, the crude values of the terminal
wind velocity (v,,) and orbit velocities are in the order of v,, ~ 1000 km/s and
Vorbit ~ 100 km/s. The escaping plasma starts with very small velocities at photo-
sphere 1y < 1 km/s but it is accelerated to very high radial speeds as the distance
from the donor star increases and reaches to the terminal velocity at very large dis-
tances (as 1 — 00,1y & V). The wind velocity as a function of distance r can be

approximated via 8 — law [98]]:

Uy = Veo [1 — &} ’ 2.27)

r
where Ry = Ry[1 — (11/Vs)?)] and R, is the companion star’s radius. Index pa-
rameter (3 is introduced to describe how steep the velocity changes as a function of
distance. For example, Index parameters § of hot stars are found to be around 0.8,
indicating that the wind achieves 80% of its terminal velocity roughly at 3R, above
stellar surface [98]. The massive star wind will be in spherical form but still some

of the material in wind is directed towards the compact star. The compact star will
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accrete this plasma if;

GMm _ 1

— 2 om (Ve + Vosir) (2.28)

In the standard scheme [99], stellar wind moving with supersonic speeds will experi-
ence a shock when it arrives at a certain distance (arising from the equality condition
of equation [2.28)). Passing this boundary, the matter will freely fall towards the neu-
tron star and will be accreted on the surface (see, e.g. [94] and references therein).
The distance of the shock 7, after which neutron star can effectively deflect the wind
towards itself can be approximated as ([97], or see [100] for a more recent review);

2G M5

2 2
Vi + Vorbit

(2.29)

o
Tace =~

The radius calculated above is also referred as Bondi radius honoring the work of
Bondi & Hoyle [97]]. For a neutron star with 1.4M/ and typical wind velocities
stated above, the order of magnitude of r,.. will be around 107 kilometers. In the
most simple case, the wind can be assumed to have spherically symmetric form. With
this assumption, the mass loss rate of the donor star Mw as a function of distance can
be described as;

M,, = 47riu, Pu(T) (2.30)

where p,, () is the density of the wind. The neutron star can only accrete the mass

reaching to the cylindrical region defined by R, at a rate;
Moo = TR, poo(1) V4 (2.31)

The ratio of these two equations defines the fraction of the mass that can effectively

be captured by the neutron star as [44];

Macc 1 Racc 2 Mns 2
v zz[ . ] %10_5{ M@} vgtays (2.32)

where the distance r from the donor star to the bow-shock distance R, is approxi-
mated as the binary separation a. With this accretion rate, total X-ray luminosity L,

generated will be equal to;

GMTLSMIZCC
L, = . (2.33)

But still, it is important to note that the accreting source is magnetized and therefore

there will be the second boundary due to magnetic pressure. The relative distance of
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this boundary to the gravitational capture radius is also substantial for the accretion

process.

If the gravitational capture radius 7. is larger than the magnetospheric radius 7, the
ram pressure of the incoming mass can be counterbalanced with magnetic pressure.
Thus, the flow will cease when;

B2(rm)
8

= p(rm) Vi (rm) (2.34)

where (7,,,) represents the values of the given parameter at the distance r,,,. Similar to
the assumptions in the derivation of Alfven Radius, the density of the wind at r,, can

be related by; _
Macc

~ Ar2 vy (rm)

p(rm) (2.35)

where the velocity of the free-falling mass is v, (r,,) = (GM,,s/7,,)*/?. It should be
noted that mass loss rate Macc is related to the Mw by the equation [84];

M(ZCC 1 RCLCC ? — M'I’LS 2 — —
v, %Z{ . } ~ 10 5[M®} vgtars (2.36)

where 15 is the wind velocity in units of 10® cm/s and «a is the orbital separation
distance in units of 10'° cm. Using this information, the magnetospheric radius can
be obtained as;

— 1010 M, _5/7M—2/7 87 47 47 537
T'm = F@ —6 Vg’ Q1g H33 €M, (2.37)

where M_g is the mass loss rate in terms of 107°M,, per year, the magnetic field

strength B is approximated as B oc /73, and g3 = p/10% G cm?.

On the other hand, if 7,,, < 74, then gravitational force becomes unimportant. In this
case (again with a spherical symmetric wind assumption), the density at the boundary
can be estimated as ([[LLO1]];[49]):
M,
Araly,,

p(rm) (2.38)

Using the boundary condition described by equation [2.34] and the wind density in the

form of equation [2.38] slightly altered radius 7, can be obtained as;
T = 10IOM:é/(jygl/(ia%guéé?’cm, (2.39)
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The classical wind accretion scheme described above is valid only for supersonic
wind flow [76]. If the accreting NS sustains sufficient X-ray radiation, Comptoniza-
tion will ensure the rapid cooling of the plasma. Then the wind velocity turns out to be
supersonic and shock formation takes place above the magnetosphere [102]]. With the
condition above, the plasma penetrates the shock regime and enters to neutron star’s
magnetosphere via Rayleigh-Taylor instabilities 76, finally falls freely towards the
NS. The frequency derivative of the neutron star switches sign (spin up/down) with

the influence of the torque exerted by the accreted plasma.
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Figure 2.12: Wind accretion scheme and accretion streams towards a neutron star.

Left: standard scenario, Right: Quasi-spherical accretion settling [[103]].

The second possibility is that, if the X-ray flux is insufficient (especially when L, <
1036 erg/s), the Comptonization process will not be able to effectively cool down the
plasma [[104]. In this case, the wind appears to have subsonic speeds and will settle
around magnetosphere [104]]. The hot plasma will pile up at the boundary and form
an envelope, called quasi-spherical accretion shell, around the neutron star ([101];
[[104], also see Figure . Within the shell, convective motions commence because
of the super-adiabatic temperature gradient [104]. For sufficiently low wind speeds
(v < 80 km/s), the shock vanishes and photoionization becomes significant. In such

a case, accretion starts at a slightly modified Bondi radius;

_2GM

2
Cs

Ry

(2.40)

where c; is the speed of sound within the shell. Rotation of the neutron star is influ-

enced by the shell-magnetosphere interaction.
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Over the years, many studies revealed that Ab inito model presented above is oversim-
plified and detailed calculations should also deal with the inhomogeneous structure of
stellar winds because the more dense regions, called clumps, within the wind yields

rapid variations in the X-ray luminosities (e.g. [103]).
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CHAPTER 3

DATA ANALYSIS

3.1 Timing Analysis

The timing analysis refers to methodology of searching and examining temporal
structures within the data set. This analysis is one of the most fundamental approaches
for deducing the frequency evolution of pulsars from which an "understanding" of
physical conditions of the object is established. It should be noted that the time series
of the light curve used for pulse timing analysis must be converted to solar system
barycenter in order to avoid unnecessary Doppler delays caused by the motion of the

observatory on which the data is taken.

In order to construct the frequency evolution of pulsating sources, the first step of the
timing analysis often starts with Epoch Folding Technique [106]]. In this technique,
a light curve of time span 7, is "folded" and summed over the periodicity F . In
other words, assuming that the initial guess F, is expected to split into n number
of intervals (or phase bins), then the light curve will be divided into time segments
of equal duration At; = P,/n, where the subscript ¢ is introduced as the index of
each phase bin (ranges from 1 to n). The count rates in the "modulus segments" are

summed over to obtain the normalized count rates C; within each bin i:

1
Ci = M(CAti + CAti+7z + CAti+2n + )

1 M-1
=77 2_ Ot
j=0

where (', represents the total count rates in the time segment A¢;. Obviously, the

3.1)

summation is limited by the fact that the maximum of M = T,,/P, number of

cycles can be achieved with the given data length. In order to illustrate an example
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Figure 3.1: Left Panel: The simulated light curve. Right Panel: The first 100 seconds
of the simulated light curve. The light curve is zoomed for a better visualization of
periodic count rate modulations. The shaded regions demonstrate the modulus time
segments Aty ;, in which the count rates are summed and averaged to create the

phase bin (.

for this process, a light curve is simulated for an arbitrary period (see Figure[3.T]). The
simulated series have a total duration of ~ 10000s and average count rate of ~ 123
counts/sec. The fabricated pulsations of the light curve is approximately ~ 12.5 s.
Thus, within the light curve, 10000/12.5 = 800 pulse cycles are present. During
epoch folding, count rates within each time interval At; (e.g. the shaded regions of
Figure[3.T]right panel) are summed over to obtain C; corresponding to the phase index

i.

The histogram produced for C; vs i is called pulse profile if the initially given spin
period is correcﬂ Figure demonstrates the pulse profile with 10 phase bins pro-
duced from the simulated light curve. Otherwise, incorrect periodicities will yield
co-addition of incorrect phase bins, eventually smearing out the real pulse profile.
Moreover, if the periodicity guess of F, remotely disagree with the actual period of
pulsar P, it may even lead to a constant histogram. In this aspect, the level of the
quality of the profile can be tested via x? test;

" (O — )2
x2=2¥ (3.2)

ok
=1 ¢

where C'is the average count rate of the profile and o; is the uncertainty of the count

1 Actual pulse phase should be calculated by i/n and pulse profiles must be drawn accordingly, nevertheless,
profile structure stays the same
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Figure 3.2: An example periodogram generated from the simulated light curve. The

x? distribution of the possible periodicities peaks at 12.566s.

rate in the bin C;. Thus, provided that F, is not far away from the actual value P,
the correct periodicity can be interpreted by examining a distribution of y? statistics
for different nearby trial periods. The y? distribution of these periods is also called
periodogram. As described above, if the trial period vastly differs from the actual
value, it can create constant histogram matching with C' which yields a zero x? value.
If the trial period is actually the correct periodicity, then resultant pulse profile will
give the highest y? value. The finiteness of a real data can not grant enough "smearing
out" effect to completely wipe the pulse profile generated for nearby trial periods.
Therefore, nearby periods will also permit x? values which will decrease as the trial
period deviate further from P;. For a clear signal, the periodogram resembles to a
Gaussian shape, peaking at the correct period P,. Figure [3.2] presents an example of
a periodogram generated from the simulated light curve. But as the signal to noise
ratio (S/N) decreases, the periodogram generates more complicated shapes. With this

method, the uncertainty in the measured period will be;

P2
AP =~ 3.3
Tobs ( )

For example, using values of a typical observational exposure around ~ 10000 sec-

onds and pulsations of ~ 12.5 seconds, this technique can measure the period with
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Figure 3.3: An example pulse profile with 10 phase bins generated from the simulated
light curve. The light curve is folded over the best period (12.566 s) obtained from
the periodogram. The shaded time intervals of the Figure corresponds to phase
bin 0.1 of this pulse profile.

a 0.125 % uncertainty. This uncertainty (of the order of ~ 1072) does not allow to

measure the variations (both systematic and random) of pulsar’s periocﬂ

In order to achieve a better accuracy, epoch folding of consecutive observations of the
same source should also be taken into account. With this motivation, a subsequent
methodology of pulse timing is introduced ([107]; [108]]). In this method, a pulse pro-
file is generated by epoch folding for every single observation. Among those profiles,
one of them is assigned as a template profile that acts as a reference to measure how
much an individual profile is shifted. The decision of determining a template profile
is based on the 2 test: the profile with a maximum y? value is designated as the

template. Then it is mathematically represented with its harmonics as [109];
9(¢) = Go+ Y _ G;cosi(¢ — ¢1). (34)
i=1

where ¢; denotes the individual phase bin with index . Assuming that the individual

pulse profiles generated for rest of the observations are stable (i.e. pulse profile shape

2 Even for the magnetars, which are the fastest spinning down sources, P ~10"10g/s
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is not changing from one observation to the other), they can be regarded as rescaled
and phase-shifted versions of the template. Thus, the individual profiles are again

imitated with harmonic functions as;
f(@) = Fo+ ) Ficosi(¢p— ¢; + Agy) (3.5)
i=1

In order to comprehend how much phase-shift occurred between the individual and
template profile, their cross-correlation is evaluated. The cross-correlation produces
(by definition) values ranging between 0.5 to -0.5 on the phase space, which be-
comes larger as two profiles get more aligned, reaching to a maximum when perfectly
aligned. Then, the location of the maxima of the correlation function can be under-
stood as the phase-shift A¢ value between the cross-correlated profiles which can be

obtained via [109]]:

A pr—
¢ S 2E,Gy cosiAg;

(3.6)

In fact, using the relation above the arrival times of pulses (pulse TOAs) are retrieved
since each of the individual pulse profile "arrives" at the time of the epoch-folded
observation with a phase-shift A¢. Even though , A¢ has no sub-index to denote
different observations, it should be understood that each pulse arrives with different
phase, therefore A¢ values of each observation should in principle must be different.
Then, calculated TOA series can be modeled with a Taylor Series expansion to resolve

pulsar’s rotational phase as a function time:

o(t) = ¢o + vo(t — to) + %D(t —t0)? + .. (3.7)

where t is the start time of epoch folding, vy and v = % are the pulsar’s spin
frequency and its derivative, respectively. Fitting this model to the real TOAs results
in solving the timing parameters such as v, © etc. The above expression is expanded
upto a quadratic term which means that a pulsar’s rotation is expected to regularly
spin-up or spin-down. If the pulsar exhibits more complex behaviour, the equation
[3.7] should be modified accordingly. For example, if the pulsar appears in a binary
system, the pulse TOAs will be observed with Doppler delays due to orbital motion.
Hence, a corresponding term, A¢,,(t), should be introduced. Furthermore, when the
pulsar exhibits a glitching behaviour (i.e. a sudden jump in rotational period), then a

dgiitch, should be added. Furthermore, the expression can be expanded for higher
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order terms to deal with high-order spin-frequency changes if necessary (e.g. ¥, U/,
... etc.). In this thesis, case-dependent modifications of expression [3.7]are utilized for
particular sources. For example, the frequency evolution of X Per requires high-order
polynomial modeling along with binary modulations. In case of SXP 1062, a further

modification involves 0 Pgtch-

After building pulse TOA series, the pulse frequency history can be obtained by fitting
a linear model 6¢ = Jv(t — t() to the consecutive pulse TOAs. Since the frequency
is actually the derivative of phase (v = d¢/dt), the slope of the model will yield the

pulse frequency estimation 1y + dv at the mid-time between the fitted pulse TOAsS.

Pulse timing methodology offers an higher accuracy while specifying the timing pa-
rameters because it affirms a further phase-connection between separated observa-
tions. Although, there are specific softwares devoted to pulse timing (for example
TEMPO [110]), in this thesis, all the analysis are conducted via C-based pulse timing
code developed by our astrophysics groupﬂ

3.2 Noise Strength Analysis

Pulse timing delivers the timing characteristics of a pulsar as long as they are modeled
with physically compellable pattern. In an ideal case, a model that totally accounts
for the physics behind the rotational motion (and orbital motion) ought to yield zero
residuals. Although pulsars are mostly stable rotators, they often exhibit timing ir-
regularities that are randomly fluctuating over time. Therefore, besides established
model for spin frequency series of a pulsar, there will still be small unmodeled fluctu-
ations over the model which are called timing noise. These random fluctuations were
firstly realized as “random walks” in spin frequency measurements in optical band for
Crab pulsar’s rotation [[111]. Later studies unveiled the analysis-frequency-dependent
nature of the noise processes in many pulsars, in other words, the timing noise ampli-
tude exhibit disperse varieties on different time spans (e.g. [112]]) which is referred
to as red noise. In this context, the analysis frequency refers to f = 1/T inverse of

the noise analysis time-scale 7', not to the pulsar’s spin. Hence, it is often renamed as

3 With the efforts of Prof. Dr. Altan Baykal, Prof.Dr. Sitki Cagdas Inam, Burcin icdem, Danjela Serim and
Muhammed Mirac Serim

46



“analysis frequency” to avoid confusion.

The timing noise is identified as random walks not only in spin frequency but also in
phase and frequency derivative which scales with analysis frequency as f~¢ [112].
The exponent o = 1, 2, 3 resolves the random walks on phase, spin frequency and
spin frequency derivative, respectively. Together with the random walk phenomenon,
the propagation of discrete small-amplitude jumps of the timing parameters is re-
quired ([113]; [[114]). There are several distinct methodologies that define the timing
noise amplitude in different ways (e.g Ag parameter [115], o, parameter [116], rms
value [113]; [[114]) but all of them generates comparable outcomes. In this thesis,
the measure of the timing noise strength is initiated with the mean-squared summa-
tion < 0% (m,T) > of the residuals as suggested by [113]; [114]. Clearly, there can
be distinct set of residuals depending on both the physical model subtracted prior
to extraction of residuals (which is a polynomial of degree m that represents pul-
sar rotation: see equation ) and the residual extraction time scale 7'. Thus, the
mean-squared value < o%(m,T) > will alter accordingly. For example, removal of
a second order polynomial (m = 2 in equation results in inspection of residuals
with constant spin-down trend removed. Associated set of residuals can also be gen-
erated from spin frequency series if m = 1 is used since the corresponding equation

would be v(t) = vy + v(t — to).

It should be noted that a white noise on some timing parameter may imply a red noise
in an upper set of parameters. For example, when a white noise on spin frequency
derivative is observed, it will elevate an analysis frequency dependent noise on spin
frequency and phase because each parameter is connected with one step further inte-
gral over time. Thus, the red noise order (r = 1,2, 3) is introduced to describe the
order of integration from the initial white noise producing timing parameter. Then, for
a given set of residuals, time dependent noise strength S,. of order r is approximated
via [117]:
1 <oj(m,T)>

Sy = 3.8
T2t < o%(m,1) >, (3-8)

where < 0%(m, 1) >, is introduced as a normalization coefficient for unit time span
(T'" = 1). This normalization should be arranged in such a way that it should yield
a unit noise strength S, = 1. This can be achieved by two separate methods: i) by

calculating the mean square value of a simulated white noise series that fabricates
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unit noise strength on unit time [118]] ii) by direct evaluation mathematically [117].

In order to perceive time dependent nature of the noise process, the noise strength
calculations should be re-iterated for the residuals set for different time scales. For
example, if the data is split to halves (T/2), then two different S,(t = T'/2) values
are evaluated for each segment and logarithmically rebinned to obtain a power esti-
mate on the time scale 7'/2. In general, the residuals are divided for sub-segments
of T/2,T/4,T/8, ... as small as the data sampling allows and the power estimate
procedure is repeated for each case. Then, a histogram of power estimates versus
corresponding analysis frequency is built to investigate the time dependent nature of

the noise process. This histogram is also referred to as power density spectrum.

The power density spectrum assists to distinguish the dominant noise processes on
different analysis frequency ranges. For instance, Alpar et al. [[119] argued that power
estimates at the highest analysis frequencies (1" < 1 day) are characterized by vortex
pining regions and power estimates at the lowest analysis frequencies (7' > 2000
days) depicts pure unpinning regions. Cheng [120] suggested that micro-glitches
may initiate magnetoshperic variations which produce a red noise component at low

analysis frequencies in return.
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CHAPTER 4

SWIFT J0513.4-6547

This Chapter presents the timing properties of SWIFT J0513.4-6547 through its ob-
servations with RXTE and Swift during 2009 and 2014 outbursts. This work con-
firms the circular orbit trajectory of the pulsar provided by [[121] and investigates the
frequency evolution of the source. The magnetic field estimation is conducted as-
suming that the source is in propeller stage during the quiescent episode. The main
article “RXTE & Swift Observations of SWIFT J0513.4-6547" is published in MN-
RAS [122]. The article provides a more complete picture of the source properties
by offering further explanations to both the spectral properties and energy-dependent
pulse profile variations of the source. However; in this thesis, only the timing part is

covered.

4.1 Introduction

On 2009 April 2 (MJD 54923), the Swift-BAT detected a new transient X-ray source
SWIFT J0513.4-6547 in the LMC [[123]. An archival analysis of BAT data brought
out that the source had been active since 2009 March 4 (MJD 54894) and had reached
a peak brightness of ~ 40 mCrab on 2009 March 6. Monitoring observations with
RXTE tracked the decline of the outburst until 2009 May 13 (MJD 54964). The
detection of strong pulsations with a period around 27.28 s during the outburst and
the association of the X-ray transient with the high-mass optical sourceﬂ have led

SWIFT J0513.4-6547 to be identified as a HMXB [123]]; [124]).

1 2MASS 05132826-6547187
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A recent study ([1235]];[126]) on 4.5 years of OGLE I light curve revealed regular
modulation of the optical magnitude. Approximately 0.05 mag flickering in every
27.4 d confirms the binary nature of SWIFT J0513.4-6547, assuming that the optical
modulation represents the binary period of the system. Coe et al. [126] refined the
frequency measurements of Finger & Beklen [121] from Fermi/GBM detections and
derived the orbital parameters of the system. They provided an upper limit of 0.17 to

the eccentricity using a model with a fixed orbital period of 27.405 d.

Coe et al. [126] also studied the optical spectrum and identified the companion as a
B1Ve star. The position of SWIFT J0513.4-6547 on the Corbet diagram [127]] affirms
the Be/X-ray binary nature. Generally X-ray outbursts of Be/X-ray binary systems
occur in two different forms, classified as type I or type II [S8]. Type I outbursts
(L, ~ 1036737 erg s1) are correlated with the binary orbit so that they are recurrently
observed in certain orbital phases due to enhanced mass transfer. In contrast, type II
outbursts (L, > 103" erg s~!) are less frequent, irregular but giant eruptions that
decay along several orbital periods. 2009 outburst of SWIFT J0513.4-6547 can be
identified as type II since its peak luminosity is derived as 1.3 x 1038 erg s~! [126]

and the outburst lasted for about two orbital cycles.

Recently, the source underwent another bursting activity in 2014. During the XMM-
Newton detection on 2014 August 25 (MJD 56894), the luminosity was at the order
of 10%¢ erg s=! [[128]. Seven follow-up Swift observations until the end of the year
show that the luminosity peaked twice at the same level, September 19 (MJD 56919)
and October 16 (MJD 56946). These three outbursts on August 25, September 19 and
October 16 can be classified as type I since their occurrence times are just about the

expected optical maxima.

The structure of this Chapter is built as follows: Section [4.2] describes the SWIFT
and RXTE observations and light curve extraction procedure, Section 4.3] demon-
strates the results of the pulse timing analysis of 2009 and 2014 outbursts, Section 4.4

presents the discussion.

2 Optical Gravitational Lensing Experiment Phase IV

50



4.2 Observations

4.2.1 RXTE

18 target of opportunity observations (see Table @.1) with RXTE-PCA [129] were
carried out between 2009 April 14 (MJD 54935) and 2009 May 13 (MJD 54964).
These observations witness the decline of the 2009 outburst of SWIFT J0513.4—-6547.
The data are subjected to standard analysis using the tools of HEASOFT V.6.15.1.
Time filtering is applied with the criteria on elevation angle to be greater than 10°,
offset from the source to be less than 0°.02 and electron contamination of PCU2 to
be less than 0.1. We also exclude data within 30 min of the peak of South Atlantic
Anomaly in order to increase signal-to-noise ratio (SNR). The resulting net exposure

after the filtering is 24 ks.

Table 4.1: Log of RXTE-PCA observations of SWIFT J0513.4-6547

RXTE Time Number of Exposure
Proposal ID (MID) pointings (ks)

94065 54935-54947 10 14.24

94421 54948-54964 8 9.73

GoodXenon events are used to generate 0.1 s binned 3-10 keV light curves for the tim-
ing analysis. Background subtraction is applied for the light curve by using EPOCH
5C background model supplied for faint sources (i.e. < 40 cts s~ PCU™!).

4.2.2 SWIFT

After the Swift-BAT discovery of SWIFT J0513.4-6547, three follow-up Swift-XRT
[130] observations were performed on 2009 April. Moreover, when the source re-
brightened on 2014 August, seven pointing observations were completed until the
end of 2014. A log of Swift-XRT observations is given in Table #.2] The total
exposure of 2009 and 2014 observations are 12.67 and 7.92 ks, respectively. The
observations of SWIFT J0513.4-6547 are in photon counting mode which has a time
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resolution of ~ 2.5 s. XRT event files are filtered with the default screening criteria of
XRTPIPELINE V.0.13.0 script of XRTDAS V.2.9.2 package. Standard grade filter-
ing (0-12) is applied to the data. For each observation, vignetting-corrected exposure

maps are generated during the pipeline processing.

Table 4.2: Log of Swift-XRT observations of SWIFT J0513.4-6547. The observa-
tions given above the horizontal dashed line are from 2009, whereas 2014 observa-

tions are below the dashed line.

SWIFT Time  Off-axis Exposure
ObsID (MJD) (arcmin) (ks)

00031393001 54932 045 4.63
00031393002 54937  0.35 6.34
00031393003 54940  1.01 1.69
00031393004 56916  0.10 093
00031393005 56919  2.12 1.41
00031393006 56925  0.39 0.97
00031393007 56939  2.48 1.00
00031393008 56946  1.53 1.24
00033532001 56985  2.39 131
00033532002 56986 1.1 1.05

Throughout the 2009 observations of SWIFT J0513.4-6547, count rates were just
around the pile-up limit (~ 0.5 cts s~'); therefore, the events are corrected for pile-
up. For these observations, an annular source region is selected in order to exclude
an inner circle of radius ~ 7 arcsec, while the outer radius of the annulus is ~ 70
arcsec. In contrast, the count rates of 2014 observations were low ( ~ 0.1 cts s71),
consequently a circular source extraction region with ~ 35 arcsec radius is chosen.
The same circular source-free region with ~ 140 arcsec radius is used for background
extraction for both 2009 and 2014 observations. Light curves are extracted by filtering
selected regions using XSELECT V.2.4C.
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4.3 Timing Analysis

For the RXTE-PCA and Swift-XRT observations in 2009 (see Tables [@.1] and 4.2)),
we construct background-subtracted light curves. The resulting RXTE and Swift
light curves are 0.1 and 2.51 s binned, respectively. We correct the light curves with
respect to the Solar system barycenter. The light curves are also corrected for the

orbital binary motion using the orbital parameters given by Coe et al. [126].

The nominal pulse period is estimated, by folding RXTE-PCA barycentric light curve
on statistically independent trial periods [106]]. We search for periodicity using x?
test and use the template pulse profile giving the maximum y2. Then, we fold the
RXTE-PCA and Swift-XRT light curves with the best period obtained from RXTE-
PCA light curve. Pulse profiles are obtained with 10 and 20 phase bins from Swift-
XRT and RXTE-PCA, respectively. Pulse profiles are represented by their Fourier
harmonics [109]. Then, we obtain the pulse arrival times for each observation by

cross-correlating the pulses with template pulse profile.

The phase-connected pulse arrival times after the binary orbital correction are shown
in the top panel of Fig. .1) whereas the residuals after the removal of the quadratic
trend are shown in the bottom panel of Fig. i.1] From this quadratic trend, spin-up
rate is found to be 1.74(6) x 107 Hz s~!. Reduced x? of this fit is around 1.07.
This suggest that the orbit of the system is circular which was also suggested by Coe
et al. [126]. Coe et al. [126] also found an upper limit of 0.17 to the eccentricity
within 20 confidence level. In order to find a further constraint on eccentricity, an
elliptical orbital model is fitted to the residuals as suggested by Deeter et al. [108].
This fit gives an upper limit to the eccentricity as 0.028 in 20 level. It should also
be noted that the time coverage of pulse arrival times is only 63 per cent of orbital
period. Full orbital coverage of arrival times is needed to obtain a better constraint on

the eccentricity.

SWIFT J0513.4-6547 was also observed seven times in 2014 within a time span of
~ 70 d (see Table {.2). As for the 2009 observations, we construct background-
subtracted 2.51 s binned lightcurves from 2014 observations. We construct pulse

phase profiles for five of these observations and connect them in phase.
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Figure 4.1: Top: arrival times obtained from RXTE-PCA and Swift-XRT observa-
tions in 2009 after binary orbital correction. Data points indicated by asterisks corre-
spond to Swift-XRT measurements. Quadratic fit is shown as the grey line. Bottom:

residuals after the quadratic trend is removed.

Table 4.3: Timing solutions of 2009 and 2014 observations.

Parameter 2009 Solution 2014 Solution
Epoch (MJD)  54935.42866 56916.89857
v (1072 Hz) 3.67020(7) 3.64432(5)

v (Hzs™h)  1.74(6) x 1010 —(5.924+1.9) x 107

Pulse arrival times are presented in Fig. [4.2] Among 2014 observations listed in Table
4.2] no significant pulse detection is obtained from the observation at MJD 56939,

and a single pulse arrival time is measured from the observations at MJD 56985 and
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MIJD 56986. The pulse frequency measurement of the timing solution is consistent
with the value reported by [128] within 1o level. Furthermore, a spin-down rate of
(5.92 + 1.9)x 107! Hz s is found during this 70 d time span. Timing solutions of
2009 and 2014 are given in Tabled.3]
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Figure 4.2: Arrival times obtained from Swift-XRT observations in 2014 after binary

orbital correction. Quadratic fit is shown as the grey line.

4.4 Discussion

The X-ray luminosity of 2009 outburst was initially at its peak value of L, ~ 1.3 X
1038 erg s~! [[126]]. It was found to decrease below ~ 1037 erg s~! towards the end of
the outburst. The source disappeared for ~ 2000 d and then reappeared in 2014 with
L, ~10% erg s~

Our frequency measurement from 2009 observations which correspond to the final
stage of the outburst (see Table [4.3) complies with the general spin-up trend of the

initial stage of the outburst presented by [126]. Moreover, it is important to note that
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the arrival times bolster Coe et al. [[126] assuming that the orbital and optical periods

are the same.

The source is found to be spinning up with a rate of 1.74 x 10~!* Hz s~! during the
final stage of the outburst of the 2009 outburst. Comparison with the values found for
the initial stages of the 2009 outburst (~ 3.75 x 107! Hz s~1; [126]] suggests that the

spin rate of the source is correlated with the X-ray luminosity.

On the other hand, from Table it is also found that the long-term (~ 1966 d long)
average spin-down rate of the source during the quiescence between 2009 and 2014
is ~ 1.52 x 10712 Hz s~! which is about two orders higher than the rate measured
during the re-brightening on 2014. This shows that, when the X-ray luminosity of
the source increased in 2014, its spin-down rate is found to be smaller (i.e. spin rate

value becomes greater).

Thus, whether the source spins up or spins down, its spin rate increases with the X-ray
flux. Qualitatively, this trend suggests in general that the source spin rate is correlated
with the X-ray luminosity. Observations from future outbursts of the source will be

useful to better understand the spin rate — X-ray luminosity relation of the source.

It is important to note that the long-term spin-down rate of ~ 1.52 x 10712 Hz s~!

corresponds to a state where the source is quiescent. Although this spin-down rate
is comparable to the long-term spin-down rates of persistent accretion powered X-
ray pulsars such as GX 1+4 [131], it is not typical within the quiescent states of the
transient sources. Although some transient sources are either found to be spinning up
or spinning down in their quiescent states in between outbursts (e.g. GS 0834-430,
A 0535+262; see [132]), only a few of them such as SXP 7.78 ([133]) exhibits long-
term (~ 1000 d long) quiescent states for which the spin-down rates have the same

order of magnitude.

If we assume that the neutron star is in propeller state throughout the whole quiescent
time interval, magnetic dipole (1 ~ BR?, where B is the surface dipole magnetic
field and R is the radius of the neutron star) can be estimated ([134]) as

I1Q|GM)L/2
= LA ‘Q = (4.1)

where [ is the moment of inertia, Q) is the spin rate, M is the mass and (2 is the
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frequency of the neutron star. Using equation (1), for a neutron star of mass 1.4 M,
moment of inertia of 10*> g cm? and a radius of 10° cm, surface dipole magnetic field
is estimated to be ~ 1.5 x 10'3 G which is in good agreement with the magnetic
field estimation by [126] during the accretion phase using spin-up rate — luminosity

relation.

We confirm that SWIFT J0513.4-6547 has a circular orbit by refining the upper limit
for the orbital eccentricity as 0.028 in 20 confidence level. Although many of the
BeXB systems (especially the ones that have transient nature) have eccentric orbits,
some of the transient BeXB systems such as KS 1947+300 ([135]), 4U 1901+03
([136]), 2S 1553-542 ([137]) and RX J0520.5-6932 ([138]) have orbits with small

eccentricities.

57



58



CHAPTER 5

SXP 1062

This Chapter presents timing analysis of the accretion-powered pulsar SXP 1062 with
Swift, XMM-Newton, and Chandra observations between 2012 October 9 and 2014
November 23. First, orbital parameters of the binary system are found. In addition,
a glitch event is resolved on MJD 56834.5 which is the first observational evidence
that accretion powered pulsars may glitch like isolated pulsars. Furthermore, the
fractional size of the glitch ensures that it is the largest glitch reported up to now. The
work represented in this Chapter is based fully on the article entitled “Discovery of
a Glitch in the Accretion Powered Pulsar SXP 1062” which is published in MNRAS
journal [139]].

5.1 Introduction

SXP 1062 is a Be/X-ray binary (BeXB) system discovered in the eastern wing of the
SMC [[140]. The detection of strong X-ray pulsations with a period of 1062 s revealed
that the compact object in this system is a slowly rotating pulsar. Furthermore, SXP
1062 is associated with a supernova remnant (SNR) and its kinematic age is calculated
to be as young as 10—40 kyr ([141]];[140]). The theoretical contradiction between its
long period and young age puts SXP 1062 at the centre of a remarkable attention.

The spectral type of the optical counterpart 2dFS 3831 is specified to be BO-0.5(I11I)e+
[140]. Moreover, spectroscopic observations imply that the large circumstellar disc
around the counterpart has been growing in size or density [142]. I-band photometry
carried on by OGLE [143] revealed periodic magnitude variations that signify that
the orbital period of the binary system is likely to be 656 d [[144]].
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The X-ray spectrum of SXP 1062 is basically described by an absorbed power law.
Additionally, thermal components are used to describe a possible soft excess below
1 keV ([140]]; [142]). A 30 evidence for the Fe Ko emission line at 6.4 keV is also
reported by [142]]. Furthermore, a search for a proton cyclotron absorption line on the

0.2-10 keV continuum yields no significant evidence [142].

First four pulse period measurements of SXP 1062 in 2010 demonstrate a very high
spin-down rate of 7 = —2.6 x 10~'2 Hz/s during a short observation interval of 18 d
[141]. The following period is measured ~ 2.5 yr later, which implies a factor of 40
lower long-term spin-down rate [[142]. In view of the fact that most BeXRBs show

spin-up during their outbursts [132], SXP 1062 is atypical with its strong spin-down.

The extraordinary observational properties of SXP 1062; such as its long pulse pe-
riod, strong spin-down and young age; have led several authors to implement different
theoretical models in order to explain the true nature of the source [[145]. First, Haberl
et al. [141] suggested that the initial pulse period of the neutron star at birth might
be unusually long and calculated a lower limit of 0.5 s. Another explanation given
by [146] indicated that the initial magnetic field of the neutron star at birth might be
as large as 104G which then experienced a field decay. On the other hand, Ikhsanov
[147]] proposed that the initial magnetic field could be ~ 4 x 10'* G once the magne-
tization of the accretion flow is introduced within the scope of the magnetic accretion
scenario. Fu & Li [148]] pointed out that SXP 1062 may currently have a magnetic
field higher than 10'* G, although no cyclotron line is detected on the X-ray spec-
trum. The possibility of a high magnetic field nominates SXP 1062 as an accreting
magnetar; however, Postnov et al. [149] claim that quasi-spherical accretion theory
([104]; [150]) estimates a lower limit for the magnetic field which is consistent with

the standard values for neutron stars.

Chapter is outlined as follows: in Section [5.2] the observations used in the study
together with their data screening options are described. Then, in Section the
timing analysis and its results are explained. Finally in Section [5.4] a discussion
presented over the fact that the observed glitch should be associated with the internal

structure of the neutron star.
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5.2 Observations

Swift monitoring campaign of SXP 1062 begins during an X-ray outburst on 2012
October 9 and continues until 2014 November 23. Throughout a time about 2 yr,
87 pointing observations have a total Swift—XRT [130] exposure of ~ 164 ks. XRT
operates in 0.2-10 keV energy range, with an effective area of 110 cm? at 1.5 keV. Its
spatial resolution is 18 arcsec and its field of view (FOV) is 23.6 arcmin x 23.6 ar-
cmin. This focusing instrument automatically switches between four operation modes
depending on the source count rate. The operation mode of SXP 1062 observations
is photon counting (PC) mode, which has a timing resolution of ~ 2.5 s. Clean event
files are produced with the script XRTPIPELINE V.0.13.2 by using a default screen-
ing criteria. Light curves and spectra are extracted with XSELECT V.2.4D. Circular
regions selected for source and background extraction have a radius of 35 and 141
arcsec, respectively. In order to investigate the evolution of X-ray luminosity, consec-
utive 8—10 observations are combined and spectral files are extracted for each group
of observations. Spectra are re-binned to have at least five counts per bin and Cash

statistic [[151]] is preferred during spectral fitting with XSPEC v.12.9.0.

The spectra is modeled with an absorbed power law and measure the X-ray flux in
0.3-10 keV energy band. Then, the flux values are converted to luminosity by using

the distance to SMC that is 60 kpc [152]]. X-ray luminosity evolution is plotted on the
lower panel of Fig.

OGLE [143]] monitoring of SXP 1062 provides I-band photometry measurements of
the optical counterpart, which are received from the X-Ray variables OGLE Moni-
toring System (XROM;1 [143]]). Periodic optical outbursts are evident on the OGLE
light curve (see the upper panel of Fig. [5.1). This periodicity of ~ 656 d is associated
with the binary orbit of the system [144].

SXP 1062 is also observed with XMM-Newton and Chandra observatories. The
XMM-Newton observation has a duration of ~ 86 ks on 2013 October 11. We use
single and double-pixel events (PATTERN 0—4) of EPIC-PN camera [[153] that is sen-
sitive to the photons in 0.15-15 keV energy range and possesses an FOV of 30 arcmin

with a spatial resolution of 6 arcsec. During this observation, EPIC-PN camera oper-
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Figure 5.1: Upper panel: I-band optical light curve of the counterpart provided by
OGLE. The dashed lines indicate the times of optical outbursts calculated according
to ~ 656 d orbital period [[144]. Middle panel: X-ray light curve of SXP 1062 from
Swift-XRT observations. Each point represents an observation. The dashed line in-
dicates the time of the X-ray outburst, that is MJD 56809.5. Lower panel: X-ray
luminosity evolution in 0.3-10 keV energy band (calculated by using the distance to
SMC: 60 kpc [152]). The maximum luminosity, 1.3 x 1037 erg s~1, is indicated with

a dashed line.

ated on the full frame mode that has a time resolution of 73 ms. The data reduction
is carried out with SAS v.15.0.0 software. Filtering of high-energy background flare
times yields a net exposure of ~ 47 ks. We also avoid bad pixels by rejecting events
with FLAG > 0. In addition, three pointing observations taken with Chandra—ACIS
detectors [154] are between 2014 June 29 and July 18, with a total exposure of ~ 87
ks. ACIS detectors have 17 arcmin x 17 arcmin FOV and operates in 0.2-10 keV en-
ergy band. All observations are conducted in the imaging mode with a time resolution
of ~ 0.5 s. The data is analysed with CIAO v.4.9 software [[155]. Default screening

criteria are applied while producing the clean events. Extracted light curves have 1 s
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bin time for both XMM-Newton (in 0.2-12 keV) and Chandra (in 0.2-10 keV) and
all time series are converted to Solar system barycentre. Circular source extraction
regions have radii of 25 and 8 arcsec for XMM-Newton and Chandra, respectively.
Background emissions are estimated from source-free circular regions on the same

detector chip as the source.
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Figure 5.2: Upper panel: Cycle counts of pulse phase obtained by expanding the
TOAs. The time denoted with an arrow mark corresponds to the X-ray outburst of
SXP 1062, that is MJD 56809.5. Middle panel: Phase offset series after the removal
of the secular spin-down trend and the orbital model given in Table 5.1} The glitch
event is evident on MJD 56834.5 and it is 25 days after the X-ray outburst. Lower
panel: Residuals after an additional removal of the glitch event. The final model has

a reduced y? of 1.0.
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5.3 Timing Analysis

The barycentric light curves are generated from Swift, Chandra and XMM-Newton
observations described in the previous section. First, we search for periodicity on
the light curve of the XMM-Newton observation on MJD 56576.7 by folding it on
trial periods [106]. The period that give the maximum x? value is 1073.5 s. Then,
all observations are folded with the same ephemeris and frequency. For each obser-
vation, pulse profiles with 10 phase bins are constructed. Observations that have an
exposure less than the pulse period of SXP 1062 yield pulse profiles with zero count
bins, therefore they are excluded during the timing analysis. The pulse profiles are

described with harmonic representation as [109]

f(¢) = Fo+ ) Fi.cosk(¢ — ) (5.1)
k=1

where n is the number of harmonics used for the representation of a pulse. Similarly,
the template pulse profile is obtained from the longest observation (~ 47 ks) that is
held on MJD 56576.7 with XMM-Newton. The template pulse profile is represented

as

9(¢) = Go+ > _ Gy cosk(¢ — ) (5.2)
k=1

The time of arrival (TOA) of each pulse is estimated by searching the location of the
maximum in the cross-correlation with template pulse ([109]; see also [156]),

o ZZ:I ]{ZFka 8271]6A§Z5k
N ZZ:l k?QFka COS]CA¢k

Ad (5.3)

To check how pulse timing is affected by the changes in pulse profiles, TOAs are re-
generated by using different number of harmonics. The obtained TOAs are consistent
within 1o level for all harmonics; therefore, pulse timing analysis is performed by
using five harmonics. In order to examine the timing behaviour of SXP 1062, the first
segment to focus is on pre-outburst TOAs which are described as

B(t) = do + vt — to) + %D(t —t0)% + .. (5.4)

where %, is the folding epoch, v is the spin frequency and 7 is the derivative of the
spin frequency, respectively. TOAs are around the spin-down rate previously reported

by [142] and obtain a phase coherent timing solution (see the upper panel of Fig. [5.2).
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Figure 5.3: Upper panel: Doppler delays on the residuals after the removal of the
spin-down from TOAs prior to the glitch, are fitted with a circular orbital model (solid
line) with a reduced x? of 1.0. The orbital parameters are given in Table Lower

panel: Residuals after the removal of orbital model.

The source is found to be spinning down with a rate of 7 = —4.29(7) x 1074 Hz s7!

between MJD 56209 and MJD 56830 (see Table [5.1).

The residuals after the removal of the spin-down trend are given in Fig. [5.3] The
fluctuation on the residuals is consistent with Doppler delays due to orbital motion.
In general for an eccentric orbit, it can be represented as ([108]]; see also [157]]; [158]];
[159], for applications)

1 1
Storbir = xsin(l) — gx esin(w) + Emecos(w)sm(%) - éxesm(w)cos(ﬂ) (5.5)

where x = “sini is the light travel time for projected semi-major axis, ¢ is the
inclination angle between the line of sight and the orbital angular momentum vector,
| = 2m(t—T5/2)/ Pory+7% is the mean orbital longitude at ¢, T/, is the epoch when the
mean orbital longitude is equal to 90°, P, is the orbital period, w is the longitude of
periastron and e is the eccentricity. Since the time span of fitted TOAs covers less than
one orbital cycle, we fix the orbital period to P,,.;, = 656(2) d as reported by [144] and
seek for other orbital parameters. The best fit with a reduced x? of 1.0 (see Fig.
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Table 5.1: Binary orbit, timing solution and glitch parameters of SXP 1062. A number

given in parentheses is the 1o uncertainty in the least significant digit of a stated value.

Circular Orbit Model:

Orbital Epoch (MJD) 56351(10)
P, d 656(2)

a,/c sini (It-s) 1636(16)
Timing Solution:

Folding Epoch (MJD) 56576.0
Validity Range (MJD) 56209-56830
vy (mHz) 0.931787(5)

v (Hzs™) —4.29(7) x 10714
Glitch Parameters:

ty (MID) ~ 56834.5
Validity Range (MJD) 56834-56978
Av (mHz) 1.28(5) x 107
Av (Hzs™) —1.5(9) x 1071
Av /v 1.37(6) x 1073
A /vy 0.3(2)

and Table yields a circular orbit with orbital parameters a %= sini = 1636(16) It-s
and T /o = 56351(10) MID. Furthermore, a search for eccentricity leaving all orbital
fit parameters free including the orbital period gives an estimate for the upper limit to
the eccentricity as 0.2 at 1.6 ¢ that is 90 per cent confidence level [160]. Using these
results, the mass function f(M) can be calculated via
(M_sini)?
(M, + M,.)?’

o) = Ao

orb

(5.6)

here M. is the mass of the counterpart and M, is the mass of the neutron star. The
mass function calculated via orbital parameters is f(M) ~ 10.9(3) M. Assuming a
neutron star with a mass of 1.4 M, the relation between the inclination angle and the
donor mass is plotted in Fig. [5.4] Considering the typical evolutionary mass of the

optical counterpart as ~ 15M, [140], the inclination angle would be i ~ 73(2).
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Figure 5.4: The relation between the binary system inclination angle and the donor
mass in units of M. The solid curve is constructed by using the mass function
value of 10.9M, whereas the dashed curves are constructed for 1o error in the mass
function (£0.3M). For a donor mass of ~ 15M, [[140], we find that the inclination
angle would be ~ 73(2)°.

In the middle panel of Fig. [5.2] the residuals after the removal of both the spin-down
trend and the orbital model from all TOAs are shown. The TOAs after MJD 56834.5
show a sudden change in slope that indicates a possible glitch event. The TOAs after
the glitch are modeled with a second-order polynomial A¢ = ¢o + ov(t — t,) +
dv(t — t,)% where t, is the time of the glitch event. Thus, pulse frequencies receive
a correction of vy + v + 0v(t — t,). The glitch event occurs on MJD 56834.5 and
it causes a frequency shift of Av = 1.28(5) x 107% Hz along with a change of spin-
down rate A = —1.5(9) x 1074Hz s~ (see Table[5.1). In the lower panel of Fig.
[5.2] the residuals after the glitch correction is illustrated.
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5.4 Discussion

5.4.1 The Orbit

The accretion-powered pulsar SXP 1062 is in a BeXB system. In BeXBs, the neutron
star accretes matter from the stellar wind of a main-sequence star, which is in the
form of a circumstellar disc around the mass donor. Generally, the orbits of BeXBs
are relatively wide and moderately eccentric (P,, > 20 d, e > 0.3; [42]). While
the neutron star passes through the edge of circumstellar disc of the Be companion,
it interacts with the material and accretion takes place. The X-ray emission of most
BeXBs is transient; however, persistent BeXBs with low luminosities (L, ~ 1034 3°
erg s~ 1) also exist. Persistent systems are known to contain slower pulsars that have
wider orbits (P; > 200 s, P,., > 200 d; [161]; [42]). Although most BeXBs have
eccentric orbits, there are several systems (i.e. X Per, GS 0834430, KS 1947+300)

with low eccentricity (e < 0.2).

Transient BeXBs show two types of X-ray outbursts [58]. Type I outbursts (L, ~
1036737 erg/s) occur once in a while the pulsar passes from the periastron of the or-
bit, where accretion enhances. On the other hand, Type II outbursts are major events
(L, > 103" erg/s) that occur during mass ejection episodes of the counterpart. Tran-
sient BeXBs may have very low quiescence luminosities (L, < 103 erg/s). The lu-
minosity increase during a Type II outburst can be three to four orders of magnitudes,
while it is only about one order of magnitude for a Type I outburst [42]. When an

X-ray outburst occurs in a BeXB, the neutron star generally enters a spin-up episode

due to enhanced accretion.

As the population of BeXBs has grown in the past decades, the pulse periods (F)
of pulsars in BeXBs are still strongly correlated with the orbital periods (F,,;), as it
is first demonstrated by [127]]. Although there is a large scatter in data, a positive

correlation is evident with P, oc P?,.

The large BeXB population in SMC also obeys
this relation ([162]]; [163]). Therefore in BeXBs, pulsars with longer pulse periods
reside in binary systems with wider orbits and consequently lower accretion rates.
The optical light curve of SXP 1062 (see Fig. [5.1I) shows periodic variations devoted

to an orbital period of ~ 656 d [144]. X-ray observations of the source reveal the
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occurrence of a Type I outburst ( L, ~ 1.3 x 10%" erg/s) that happen together with
the optical enhancement (see Fig. [5.1I). However, the long-term spin-down of SXP
1062 is not interrupted by the outburst. Prior to the X-ray outburst a minimum lu-
minosity of 2.4 x 103 erg/s is measured, hence the luminosity increases by a factor
of ~ 50 during the outburst. The outburst of SXP 1062 is observed only during an
observation with an exposure of 2.2 ks; however, the actual duration of the outburst
might be longer since neighboring observations are 14 d apart. The luminosity drops
to 3.6 x 1036 erg/s; therefore, the outburst finishes in the following observation. These
characteristics classify SXP 1062 as a persistent BeXB. In this study, the orbital mo-
tion of SXP 1062 is resolved from its X-ray emission observed for ~ 2 yr (see Fig.
5.3). We determine the orbital epoch as 56351(10) MJD and the light travel time for
projected semi-major axis as 1636(16) It-s by considering a circular orbit with a pe-
riod of 656(2) d (see Table[5.1). The results also indicate an upper limit of 0.2 to the
eccentricity at 90 per cent confidence level, therefore SXP 1062 is claimed to be in a
low eccentric orbit despite the fact that denser observational coverage is needed for
a better assessment. The orbital and pulse periods of the system position the source
on a place in line with BeXBs on the Corbet diagram, the uppermost right end of the
existing correlation for BeXBs. Moreover, the mass function of the system is calcu-
lated to be f(M) ~ 10.9(3) Mg, which seems appropriate bearing in mind that the
Be companion is suggested to have a mass of ~ 15 Mg, [140]. Consequently, the
orbital inclination can be evaluated as i ~ 73(2)°. The inclination angle as a function
of the donor mass is plotted in Fig. [5.4] Using this relation, the minimum donor mass

is determined to be 13.3(3) M, for ¢ = 90°.

5.4.2 Magnetic field estimation from secular spin-down trend before the glitch

If we consider that the source is accreting via a prograde accretion disc that is formed
before the glitch, standard accretion disc theory ([68]; [69]; [70]; [164]; [165]; [166])
can be used to estimate the surface magnetic field of the neutron star. For this sce-
nario, the inner radius of the accretion disc at which the magnetosphere disrupts the
Keplerian rotation depends on the accretion rate (M) and the magnetic dipole mo-

ment of the neutron star (1 = BR3, where B is the surface magnetic field and R is
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the radius of the neutron star) as
ro = Kp"(GM)™YT M7, (5.7)

where K is a dimensionless parameter of about 0.91 and M is the mass of the neutron

star ([68]; [69] ). The torque can then be estimated as
om Iy = n(ws) Mg, (5.8)

where [ is the moment of inertia of the neutron star, v is the spin rate of the neutron
star, n(ws) is the dimensionless torque that is a factor parameterizing the material
torque and magnetic torque contributions to the total torque and lx = (GMry)'/? is
the angular momentum per mass added by the Keplerian disc at 7. The dimensionless

torque can be approximated as
n(ws) ~ 1.4(1 — ws/we) /(1 — ws), (5.9)

where w;, being equal to the ratio of the neutron star’s rotational frequency to the
Keplerian frequency at the inner radius of the accretion disc, is known as the fastness

parameter and can be expressed as
ws = 2r K32 P~Y(GM) =TS/ T3 (5.10)

where P is the pulse period of the neutron star. In equation (9), w,. is the critical
fastness parameter that has been estimated to be ~ 0.35 ([70]; [164]]; [165]; [166]).
For w; = w, the total torque on the neutron star becomes zero [i.e. n(w;) = 0] due
to the negative torque contribution coming from the magnetic torque exerted outside
the co-rotation radius at which the neutron star’s rotational frequency equals to the

Keplerian frequency.

For ws; > w,, spin-down contribution coming from the outer disc outside the co-
rotation radius is greater in magnitude than the total spin-up contributions coming
from the material torque at the inner radius and the magnetic torque inside the co-
rotation radius. This leads to a net spin-down of the neutron star [i.e. n(ws) < 0].
On the contrary, for wy; < w,, spin-up contribution coming from the material and
magnetic torques is greater in magnitude than the spin-down contribution coming

from the magnetic torques from the outer disc [i.e. n(w,) > 0].
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From a quadratic fit to the arrival times prior to the glitch, SXP 1062 is found to
show a secular spin-down with a rate of —4.29(7) x 10~'* Hz/s when a maximum
luminosity of L, ~ 3.3 x 103° erg/s is observed. Considering this luminosity value to
be nearly the total accretion luminosity (i.e. L = GM M /R)) and assuming a typical
neutron star with 7 = 10 gcm?, M = 1.4M, and R = 10° ¢cm; equations|5.7H5.10
are solved numerically to obtain y of about 1.5 x 10%? Gem? leading to a magnetic

field estimate of about 1.5 x 10'* G with n(w;) ~ —0.0123 and 7y = 8.78 x 10? cm.

SXP 1062 can be considered to be a member of a class of accretion-powered pul-
sars in high-mass X-ray binaries with very slow pulsations and persistent spin-down
states ([148]]; [167]]). Long spin periods together with the spin-down behavior of these
pulsars are argued as an indication of their magnetar-like magnetic fields. Thus, this
class is sometimes classified as "accreting magnetars’. Alternatively by using a theo-
retical model based on quasi-spherical subsonic accretion, long spin periods of these
systems have also been considered not to be necessarily related to magnetar fields

[150].

Fu & Li [148]] previously made use of three different theoretical approaches to obtain
an estimate of the magnetic field of SXP 1062. First, they estimated the magnetic
field strength by considering the time-scale for the ejector phase being comparable to
the estimated age of the pulsar. Secondly, they estimated the magnetic field strength
assuming the short-term spin-down rate of —2.6 x 1072 Hz/s as being near the max-
imum spin-down rate in disc or spherical accretion ([168]]; [169];[170]). Their final
approach was to make use of the spin-down mechanism proposed by [171]. All these

three approaches lead to a surface magnetic field of SXP 1062 as > 10'* Gauss.

Our timing analysis shows that the source has a long-term secular steady spin-down
trend at a rate of —4.29(7) x 10~'* Hz/s that could be a result of a steady disc accre-
tion. Thus, using standard accretion theory, our magnetic field estimate for SXP 1062
follows consideration of accretion via prograde accretion disc with a small negative
dimensionless torque. According to this theoretical framework, observed spin-down
rate and luminosity of the source leads to a magnetar-like surface magnetic field esti-

mation that is consistent with the previous estimations by [148].
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5.4.3 The Glitch

A glitch in the pulse frequency is observed 25 d after the X-ray outburst of SXP
1062. The source has not shown any spin-up trend during the outburst that may be
due to a very short duration of the outburst. Actually, the outburst is displayed only
in one of the observations, which has an exposure of about 2.2 ks. As shown in
Fig. [5.2] and Table [5.1] the glitch occurred on MJD 56834.5 with a change of pulse
frequency Av = 1.28(5) x 10~% Hz and a change of pulse frequency derivative Av =
—1.5(9) x 1011 Hz/s. In Fig. we also show the pulse frequency evolution that is
constructed by measuring the slopes of the TOAs (see Fig. [5.2) for time intervals of
approximately 30-70 d. Since the occurrence of the glitch does not coincide with the
time of the X-ray outburst, it should be associated with the internal structure of the
neutron star. SXP 1062 continues to spin-down with a constant rate after the glitch

event.

A glitch is a sudden fractional change in frequency that is mostly pursued by a change
of spin-down rate of a previously rather stable rotating pulsar. Almost 10 per cent of
pulsars are observed to glitch and pulsars of all ages seem to have glitches [172]
with fractional change of frequency (Av/v) ranging from 107! to 1075 and frac-
tional change of frequency derivative (A /1) varying between 10~ and 10~ ([173];
[1774]; [175]). The core of a neutron star contains a significant amount of neutron
superfluid ([176l]; [[1777]; [178]; [179]; [180]; [181]) therefore, the moment of inertia
of the star resides mainly in the core. Moreover, the inner part of the crust lattice
also contains an amount of neutron superfluid that carries 102 of the star’s moment
of inertia. Coupling time-scales between crustal neutron superfluid and the rest of
the crust is typically very long extending from months to years ([182];[[183]). For
radio pulsars that spin-down due to electromagnetic dipole radiation, it is possible
to resolve moment of inertia of the crustal superfluid during the post-glitch ([173];
[174]). Like canonical pulsars, magnetars also exhibit glitches; however, there are
some distinguishing characteristics between these two groups. While almost all pul-
sars are radiatively quiet i.e. they are not accompanied by any burst or pulse profile
changes after the glitch ([[173]; [174]; see [184]; [185]; [186l] for exceptions), mag-

netar glitches can either be radiatively loud i.e. they can be accompanied by flares,
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bursts and/or pulse profile changes; or radiatively quiet [[175].

In magnetars, glitches are resolved with high fractional frequency changes of the or-
der of Av/v ~ +107° and —10~* [9]]. Largest spin-down glitches observed are the
glitch of 1E 2259+586 with Av/v ~ 107° [187] and the glitch of SGR 1900+14
with Av/v ~ 10~* within 80 d after a large outburst ([188]); [189]). There are a few
net spin-down glitches ([156]; [190]; [191]]) together with a large number of spin-up
glitches [[175]]. Large spin-down glitches can be explained by particle outflow from
magnetic multipoles during an outburst, while this process induces vortex inflow from
the crust. The density of vortex lines are proportional to the superfluid velocity there-
fore it is proportional to the angular momentum taken from the crust ([189]; [192]).
The spin-up glitches can be caused by sudden fractures of the crust and consequently
vortex outflow in the crust superfluid [189]. For both cases of spin-down and spin-up
glitches, vortex unpinning from the crust occurs and then the vortices creep and re-pin
to the crustal nuclei, therefore the post-glitch relaxation should be observed in both

cases [[193].

Due to the presence of dominant external torque noise, it is not easy to detect these
types of glitches for accretion-powered pulsars in X-ray binaries [194]. However, for
KS 19474300 Galloway et al. [195] have discovered a spin-up glitch. KS 1947+300
was spinning up during this glitch, therefore the influence of the external torques is
not clear yet; whether the glitch event is associated with internal or external torques.
Recently, Ducci et al. [196] have suggested that both glitches and antiglitches are
possible for accretion-powered X-ray pulsars, furthermore glitches of binary pulsars
should have longer rise and recovery time-scales compared to isolated pulsars since

they have pulse periods longer than those of isolated ones.

SXP 1062 is found to be spinning down secularly until MJD 56834 that is 25 d subse-
quent to the X-ray outburst. Then, the source showed a spin-up glitch with a fractional
frequency change of Av/v ~ 1.37(6) x 1072 and a fractional change of frequency
derivative A /v ~ 0.3(2).

During the secular spin-down of SXP 1062, the spin-down rate is measured to be
—4.29(7) x 107" Hz/s. If we consider that the observed glitch is due to a torque

reversal (i.e. consider it as a frequency jump due to accretion torque) with a similar
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Figure 5.5: Pulse frequency evolution of SXP 1062. Frequencies are calculated from
the slopes of linear fits to the TOAs shown in Fig. [5.2] The time intervals of linear fits
are represented as x-axis error bars. The frequency jump on MJD 56834.5 is identified
as a spin-up glitch event with Av = 1.28(5) x 1079 Hz. The source continues to spin-
down after the glitch with a change of frequency derivative A = 1.5(9) x 107 Hz

S—l

magnitude of spin-up rate, upper limit for Av/v can be estimated to be about ~
1.5 x 1075 for a maximum of At ~ 4 d (the time interval between two neighboring
observations around the frequency jump) that is two orders of magnitude smaller
than the observed Av/v of the glitch. So, it is unlikely that the glitch is a result
of the accretion torques. Furthermore, the ratio of the core superfluid moment of
inertia to the crust moment of inertia (/;/I.) should be of the order of 102 ([197];
[194]). Therefore, the glitch event in SXP 1062 should be associated with the internal

structure of the neutron star.

Recently, Ducci et al. [196] discussed observability of glitches in accretion-powered
pulsars by using the ‘snowplow’ model of [198]. In the two-component neutron star
model [199], a neutron star consists of two components: the normal component where
charged particles (protons and electrons) corotate with the neutron star’s magnetic
field with moment of inertia /. and the neutron superfluid with moment of inertia /.

The rotating superfluid (both in the core and inner crust) is considered to be an array
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of vortices that are pinned to the crustal lattice of ions. When the neutron star slows
down, a rotational lag is developed between the vortices and the normal component.
Eventually, vortices are unpinned and suddenly move out after a certain critical value
of rotational lag, leading to a glitch. The time required to build a glitch is inversely
proportional to the spin-down rate; therefore, pulsars with higher spin-down rates are
expected to glitch more often. Moreover, the coupling time-scales between the crust
and core are proportional to the pulse period as 7 = 10 — 100 P; ([200]; [201]; [202]).
Since SXP 1062 has a long pulse period along with a strong spin-down rate, it is a
good candidate for observing such glitches. In accretion-powered pulsars, the time-
scales for both glitch rise and decay are suggested to be long; therefore, a glitch would
appear as a single jump in frequency leaving the spin- down rate almost unchanged

[196]. The jump in pulse frequency can be estimated via [196]

Q0.95R(25f15
Ml.4[1 - Q0.95(1 - Y[).OB)]

Av~2x107° (5.11)

where Q[= I,/(I.+ I;)] is the fraction of superfluid in the neutron star (¢ 95 in units
of 0.95), Y is the fraction of vortices coupled to normal crust (Y g5 in units of 0.05)
and f is the pinning force (f}5 in units of 10*> dyn/cm). The parameter Y represents
short time dynamics and approaches 1 for long time-scales (steady state). Assuming
a neutron star with a mass of 1.4 Mg, a radius of 10 km, f15 ~ 1 dyn/cm and by using
the Av value observed for SXP 1062; we find that for a superfluid fraction around 95

per cent the fraction of coupled vortices is around 78 per cent.

Both glitch rise and decay times for SXP 1062 should be of the order of a day or less
(r = 10"100P, ~ 10* — 10° s); however, the sampling of TOAs around the glitch
is about 3—4 d. Therefore, we observe neither the rise nor the decay of the glitch,
since the glitch rise and decay should have already finished within the observational
gaps. Thus for SXP 1062, the observed step-like change in pulse frequency and its
magnitude can be qualitatively explained by the model of [196].

SXP 1062 has a strong and steady spin-down rate among accretion-powered X-ray
pulsars. Moreover, SXP 1062 is associated with a young SNR with an age of 10-
40 kyr ([141]; [140]); therefore, it is a young pulsar spinning down very fast in the
remnant. The detection rate of glitches are observed to be higher for younger pulsars

[173]] and long intervals of steady spin rates are expected to increase glitch possibility
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[196]. Therefore, these unique properties of SXP 1062 allows the vortices to creep
and pin to the crustal nuclei ([200];[203]). Sudden unpinning of vortices may cause
a large glitch event, which is observed in this case with Av/v ~ x1073 being the
largest value of fractional frequency jump reported as far. The fractional size of the
glitch suggests that I,/I, is around 10% that corresponds to soft equation of state
([180]; [204]). It is possible to observe a glitch in this source again. In addition, the
long pulse period of SXP 1062 makes it possible to reveal glitch rise and crust core
coupling time if future observations are sampled closely [205]. Future monitoring of
this source with LOFT and NICER can reveal more information about the interior of

the neutron star.

76



CHAPTER 6

GX 1+4

In this Chapter, the timing analysis of GX 1+4 is presented which is based on 90 point-
ing RXTE-PCA observations of GX 1+4 between 2001 March 3 and 2003 January
31 with a total exposure of 276 ks. A search for for episodic correlations and anti-
correlations between the torque and X-ray luminosity is conducted using the CGRO-
BATSE X-ray flux and frequency derivative time series between 1991 and 1999. This
Chapter only includes the timing analysis part of the original work [206] which is
published under the title of “Comprehensive timing and X-ray spectral analysis of
GX 1+4” in MNRAS journal. The main article also explores variations of spectral

parameters both in time and in phase.

6.1 Introduction

Accretion-powered pulsar GX 1+4 was discovered in 1970 with the pulsations of
about two-minute period [207]. It showed a strong spin-up during the 1970s [208]].
Subsequent to an undetectable low-luminosity state era during the early 1980s, the
source was re-detected after it had undergone a torque reversal [209]]. After this torque
reversal event, GX 1+4 has been usually observed to be spinning down [131]. GX 1+4
is in a low-mass X-ray binary system and its optical counterpart is an M6III-type red
giant star V2116 Oph which underfills its Roche lobe ([210]; [211]]; [212]). Distance
to this system was estimated to be about 4.3 kpc [212]]. GX 1+4 is the first example
of an accretion-powered pulsar residing in a symbiotic X-ray binary system in which
the compact object accretes mass via the dense wind of the M-type giant companion

[213]. The presence of a long-term accretion disc around the pulsar was suggested
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and standard accretion disc theory ([[70]; [164]) was used to explain the pulse period

evolution, torque reversal and transition to faint state ([2141]; [2135]).

The magnetic field strength of GX 1+4 was inferred from two methods: implement-
ing standard accretion disc theory and using marginal evidence of cyclotron reso-
nance scattering feature. With the standard accretion disc theory, the surface mag-
netic field strength of the pulsar was estimated to be quite high, ~ 103 — 10 G
([214]; [215]). On the other hand, using the relation between the magnetic field and
cyclotron line energy, the magnetic field strength was calculated to be rather ordinary

amongst accretion-powered pulsars, ~ 10'2 G ([216]]; [217]).

Although the optical companion of GX 1+4 is known, orbital parameters of the sys-
tem have not been conclusively determined yet. From X-ray measurements of the spin
period variations during both spin-up and spin-down era (between 1991 and 1998),
an orbital period of 304 d has been suggested ([218]; [219]; [220]). On the other
hand, infrared observations of the source have indicated a 1161 d period without any
sign of 304 d periodicity [212]]. Recently, the 1161 d period has been supported by
suggesting a potential neutron star eclipse from the variability of hard (> 17 keV)

X-ray emission [221]].

Table 6.1: Observation log of GX 1+4

Proposal ~ Number of Total Time Range
ID observations exposure (ks) (MJID)
60060 40 120.9 519 74-523 20
70064 40 124.6 523 38-52593
70065 8 28.9 523 90-525 85
70425 2 1.5 526 62-526 70
Total 90 276.0 519 74-526 70

This Chapter will continue as follows: in Section [6.2] the observations and their
data reduction procedure is introduced. In Section [6.3.1] the pulse timing analysis
of RXTE-PCA observations and the resulting measurements of pulse frequencies are

presented. In Section [6.3.2] the power spectrum of the pulse frequency derivative
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fluctuations is shown. In Section [6.3.3] the results of analysis of CGRO-BATSE data
for episodic torque luminosity correlations and anti-correlations are demonstrated. In

Section[6.4] a discussion over the results of the study is depicted.

6.2 Observations

6.2.1 RXTE Observations

The RXTE was an X-ray satellite that had been launched into low-Earth orbit on
1995 December 30 and operated until 2012 January 5. It had Proportional Counter
Array (PCA) composed of proportional counter units (PCUs), each of which had an
effective area of 1300 cm®. The PCA was sensitive to the photons within the 2-60
keV energy range. GX 1+4 was monitored with RXTE-PCA between 2001 March 3
and 2003 January 31. During this time interval, 90 pointing observations were carried
out. The total exposure of these observations is around 276 ks while the exposure for
each observation varies between 0.5 and 18 ks (see Table [6.1] for details). The data
reduction is carried out with the HEASOFT v6.19 software. The data selection is
carried out considering the electron contamination to be less than 0.1, offset angle
to be less than 0.02° and elevation angle to be greater than 10°. The light curves
are extracted from GoodXenon mode events with 1s bin time. Then, barycentric
correction is applied to the photon arrival times in the light curve. As the active
number of PCUs in each observation varies, the count rates are re-corrected with

CORRECTLC command as if all five PCUs were operating at the same time.

6.2.2 CGRO-BATSE Observations

Burst and Transient Source Experiment (BATSE) onboard Compton Gamma Ray
Observatory (CGRO) consisted of eight detector modules located at the corners of
CGRO. These detectors enabled continuous all-sky monitoring of both pulsed and un-
pulsed sources above 20 keV between 1991 and 2000. BATSE not only continuously
monitored daily pulse frequency and X-ray flux changes of persistent and previously

known transient accretion-powered pulsars, but also discovered and monitored new
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Figure 6.1: 1 d rebinned RXTE-PCA light curve of GX 14+4. Dashed lines indicate

two different timing ephemeris: interval ‘a’ and interval ‘b’.

transients [132]. This study makes use of the BATSE 20-60 keV band X-ray flux and
pulse frequency derivative time series of GX 1+4 obtained from the ftp site ‘gam-

maray.nsstc.nasa.gov/batse/pulsar/’. These time series cover the time span between

1991 and 1999.

6.3 Timing Analysis

6.3.1 Pulse Timing And Pulse Frequency History

For the timing analysis, we follow the phase coherent timing approach and use barycen-
tric RXTE-PCA light curve between MJD 519 74 and 525 93. In order to search for
periodicity in the data, we fold the light curve over trial periods [106]. Using the x>
test, we obtain the template pulse profile that gives the maximum Y?2. We create the
pulse profiles with 20 phase bins for each observation and represent them in terms of

Fourier harmonics [[109].

Then, by cross-correlating each pulse with the template pulse profile, we calculate the
arrival times of pulses (TOAs). In order to avoid cycle count ambiguity, we construct

TOAs within each 50 d and measure the best period of that time span. Then, using the
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Table 6.2: Timing parameters of GX 144 for intervals ‘a’ and ‘b’.

Parameter Interval a Interval b
MIJD Range 51974.7-52227.9 522 88.2-525 93.7
Time span (d) 253.2 305.5
Epoch (MJD) 51974.0 523 90.0
Frequency (mHz) 7.335 369(8) 7.257 1253(8)
Period (s) 136.3257(2) 137.795(6)

v (10712 Hzs™ Y -2.022(2) -1.9892(2)

7 (10719 Hz s72) 0.033(2) 1.240(4)

overlapping time intervals, we align the slopes of TOAs in consecutive time spans.

And phase-connected pulse arrival times are fitted by

P(t) = do + 1ot — to) + %D(t —to)* + éﬁ(t —t0)® + ... (6.1)
where % is the start time of epoch folding; v, 7 and ¥ are the spin frequency, its first
derivative and second derivative, respectively. Since there is a gap of 60 d within the
data between MJD 522 28 and 522 88, we phase connected the pulse arrival times
of the source in two different time intervals ‘a’ (~ 250 d) and ‘b’ (~ 300 d) (as
illustrated in Fig. [6.I)). We are able to obtain a “representative” timing solution for
each interval since it is generated not by fitting all TOAs at once but re-aligning 50d
segments (parameters are listed in Table [6.2). We find that the source is spinning
down with a rate of 7 ~ —2 x 107'2 Hz/s. We present the pulse arrival times and

their residuals after the removal of cubic trend for the intervals ‘a’ and ‘b’ in Fig. [6.2]

We construct the pulse frequency history (see Fig. [6.3) of the source by using the
slopes of linear fits to each of the three consecutive TOAs (approximately 20-30 d).
We calculate the error bars of frequency measurements from the uncertainties of the
slopes. The pulse frequency measurements of GX 1+4 were previously conducted by
[215] for the time span corresponding to interval ‘b’. Our measurements are presented

together with the measurements by [215] in the lower panel of Fig. [6.3]
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Figure 6.2: Pulse arrival times of GX 1+4. (a) Pulse arrival times of interval ‘a’ and
its residuals after the removal of the third-order polynomial. (b) Pulse arrival times of

interval ‘b’ and its residuals after the removal of the third-order polynomial.

6.3.2 Power spectrum of the pulse frequency derivative fluctuations

In order to investigate torque noise characteristics of GX 1+4, we construct the power

spectrum of the pulse frequency derivative fluctuations by employing the root-mean-
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Figure 6.3: Upper panel shows the complete frequency history of GX 144 (see [131],

and references therein). The frequencies measured in this work are located between

the dashed lines. A closer view of this time range is given in the lower panel. Our

measurements and the measurements of [215] are represented by empty circles and

filled squares, respectively

square (rms) residual technique developed by [114] and [117]. In this technique,
mean square residual for the data spanning an interval of length 7" can be expressed
as S,T? !, where S, corresponds to the rth-order red noise strength. The mean
square residuals, after removing a polynomial of degree m over a time span 7', can be

given by

< on(m,T) >= S, T 1 < ox(m,1) >, (6.2)
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where < 0%(m,1) >, s the normalization (proportionality factor) that can be esti-
mated by measuring the variance of residuals by removing the degree of polynomial

m for the unit noise strength S(r = 1).
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Figure 6.4: Power spectrum of the pulse frequency derivatives of GX 1+4. Crosses

indicate the measuremental noise level.

The power spectrum of pulse frequencies was constructed before from BATSE data by
[132] It was shown that noise strengths corresponding to pulse frequency derivatives
obey the f~! law. Therefore, we simulate time series of GX 1+4 for f~! noise (see
[L18]). We estimate the normalization of the simulated series by removing quadratic
polynomial of degree m = 2. After determining the normalization, we estimate noise
strengths for different time spans (7', T'/2, T'/4, ...). Then, we construct power spec-
trum of the pulse frequency derivatives by taking the logarithmic average of the noise

estimates for each time span and we present the inverse of time spans as frequency in
Fig.[6.4]
Our power spectrum of the pulse frequency derivatives is constructed by using all
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pulse frequency measurements since 1972, whereas Bildsten et al. [132] used only
the measurements between 1991 and 1999. It is evident that the power-law index and
noise strengths still agree with the power spectrum estimate presented by [132]]. As
shown in Fig. the power spectrum estimate obeys f~! (or flicker noise) for the
frequency interval from 1/44 yr=' to 1/31 d~!. The time-scale of this power spectrum
is the longest ever measured for accretion-powered X-ray pulsars. The noise strength

level changes between S = 6.5 x 107 Hzs 2 and S = 1.0 x 107 *®*Hz s 2.

6.3.3 Episodic torque-luminosity correlations and anticorrelations

Torque—luminosity correlations of GX 1+4 are examined by using the CGRO-BATSE
20-60 keV band X-ray flux and pulse frequency derivative time series. These time
series cover a time span of ~ 3000 d lying within the era of long-term spin-down

trend of the source.

We systematically search for the X-ray flux and pulse frequency derivative corre-
lations and anti-correlations in ~ 100 — 200 d long intervals. Assuming that the
bolometric luminosity is correlated with the pulsed X-ray flux, finding such corre-
lations or anticorrelations will be a direct indication of episodic torque—luminosity

correlations and anticorrelations.

We find that the source occasionally enters ~ 100 — 200 d long intervals that show
either correlation (Pearson correlation coefficient (PCC)> 0.6) or anti-correlation
(PCC < —0.6) between the X-ray lux and pulse frequency derivative. Outside these
episodes, there is no significant correlation or anticorrelation between the X-ray flux
and pulse frequency derivative (—0.6 < PCC < 0.6). In Fig. [6.5] we present the vari-
ation of the Pearson correlation coefficient as a function of time for CGRO-BATSE

observations of the source.

In Figure [6.6] frequency derivatives of the source are plotted as a function of the 20-
60 keV BATSE pulsed flux for two sample (~ 180 d long) intervals with mid MJDs of
497 00 and 512 50. These samples are the ones that show the strongest correlation and
anticorrelation between the frequency derivative and X-ray flux, respectively. PCC

for the plots on the left-hand and right-hand panels of Fig. [6.6] are 0.89 and -0.75
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Figure 6.5: Time variation of the Pearson correlation coefficient (PCC) between the
frequency derivative and pulsed flux. Correlation analysis is performed for ~ 100 —

200 d long intervals of CGRO-BATSE observations of GX 1+4.

with the corresponding null hypothesis probabilities calculated from the student’s ¢-

distribution (two-tailed) of 1.0 x 10716 and 4.1 x 10~*! respectively.

6.4 Discussion

6.4.1 Timing Solution And Frequency History

GX 144 is a persistent accretion-powered X-ray pulsar and a peculiar source residing
in a symbiotic X-ray binary. The long-term spin rate evolution of the source has been
monitored continuously since it was discovered in the 1970s (see [131], and refer-

ences therein). From the pulse timing analysis of RXTE-PCA observations, we are
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Figure 6.6: Frequency derivative as a function of the 20—60 keV BATSE-pulsed flux

for two data sets of ~ 180 days long episodes that show correlation (PCC=0.89, left-

hand panel) and anti-correlation (PCC=-0.75, right-hand panel), respectively

able to phase connect the pulse arrival times of the source within two different time in-
tervals of ~ 250 and ~ 300 d long by re-aligning of 50d segments (shown in Fig. [6.2).
Therefore, we obtain timing solutions corresponding to these two intervals (see Table
6.2) including interval-wise measurements of the first and second derivatives of pulse
frequency). Moreover, using these pulse arrival times, we contributed to long-term

pulse frequency history of the source with our new pulse frequency measurements
(see Fig. [6.3).
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GX 1+4 was a spinning-up source in the 1970s before it underwent a torque reversal
in the 1980s. The source was found to show correlation between the spin-up rate
and X-ray flux before the torque reversal, which was interpreted as an indication of a

persistent prograde accretion disc (see [[/0] and [[164]).

After the source underwent torque reversal, the prograde accretion disc scenario was
found to be inconsistent with the spin rate and X-ray flux behaviour of the source.
By using CGRO-BATSE data, Chakrabarty et al. [222] found that there is a general
anti-correlation trend between the spin rate and pulsed flux (or in other words cor-
relation between the negative of the spin rate and pulsed flux) during the continuous
spin-down interval between 1991 and 1995, which is the opposite of expected in the
presence of a prograde accretion disc. However, they also reported that the anticorre-
lation state of GX 1+4 is not perpetual and there is a marginal evidence of a positive
correlation between the X-ray flux and spin rate for a prolonged spin-up (~ 200 d
long) interval. A similar spin rate and X-ray flux anticorrelation was also found from
the analysis of ~ 600 d long Fermi/GBM and Swift/BAT data [131]. In order to in-
vestigate the correlation state from RXTE-PCA observations, we measure spin-down
rates for three different time intervals with different flux levels (see Table 3). The
measurements indicate that the spin-down rate is scaling up with the flux level; there-

fore, a general anticorrelation state can be inferred during RXTE observations.

6.4.2 Torque Noise Strength

Torque noise fluctuations and noise strengths of pulse frequency fluctuations have
been studied for several accretion-powered X-ray pulsars ([223]; [132]). Red noise
(random walk) in pulse frequency fluctuations or white noise in the pulse frequency
derivatives are reasonable models for wind accreting X-ray binaries such as Vela X-1,
4U 1538-52 and GX 301-2 [[132]. These sources have power spectra with white noise
strengths in the range 102" to 108 Hz s~2. The persistent long-term spinning-down
source 4U 1907+09 ([224]; [225]) also shows random walk in the pulse frequency
history [226] with a noise strength of 1.27 x 1072! Hz s~ for a frequency interval
between 1/1300 d~! and 1/75 d~!. For this source, the formation of an episodic

transient accretion disc around the neutron star was suggested to explain the random
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walk model in the pulse frequency [226].

Accretion-powered pulsars in low-mass X-ray binaries such as Her X-1 and 4U 1626-
67 accrete via persistent accretion discs and their pulse frequency time series are
also consistent with the random walk model. Their pulse frequency derivatives have
white noise strengths in the range 10~2! to 10~!® Hz s~2. Since the power spectra of
these sources lie in a narrow range, the possibility of red noise in the pulse frequency

derivative cannot be excluded [[132]].

Cen X-3 accretes via disc and the noise strength varies from low to high frequencies
as 10716, 10718 Hz s~2 [132]. The power-law index of the power spectrum in this

system is ~ —1 , which implies that disc accretion dominates at short time-scales.

OAO 1657-415 has a power-law index of ~ 0 with a noise strength of 10~!7 Hz s =2
[[194]]. This source also shows marginal correlation with the spin-down rate and X-ray

luminosity [227].

X Per has the lowest noise strength amongst accretion-powered pulsars in high-mass
X-ray binaries with 102! to 10723 Hz s~ for frequencies between 1 yr—! and 1/35
yr— 1 [228]]. The steep power-law index in the pulse frequency derivative indicates that

it could have a transient accretion disc.

SAX J2103.5+4545 has the steepest power-law index with 2.13 amongst high-mass
X-ray binaries [229]. The steep power-law index suggests that accretion via accretion
disc at shorter time-scales possesses low timing noise and therefore power density

spectrum becomes steeper compared to the other persistent high- mass X-ray binaries.

In GX 144, we observe flickering noise (f~!) that agrees with the power spectrum
estimate of Bildsten et al. [132]. It is important to note that we extend the estimate
for a time-scale ranging from 31 d to 44 yr. Thus, we describe a noise process for
the longest time-scale amongst accretion-powered X-ray pulsars. We find that the
noise strength level of the source changes between S = 6.5 x 1071¢ Hz s=2 and

S=10x10"®Hzs 2.

The torque noise power spectrum of GX 1+4 has a unique trend amongst accretion-

powered pulsars, showing an f~! power law trend in the longest time span. In other
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words, timing noise increases with time. Recently, Ilkiewicz et al. [221] supported
the orbital period of 1162 d using hard ( > 17 keV) X-ray observations. This orbital
period was originally suggested by [212] using radial velocity measurements from
infrared observations. Hinkle et al. [212] found the projected semi-major axis of the

orbit as a/csini ~ 773 1t s. The effect of Doppler shifts due to the orbital mod-

ulation on pulse frequency time series is thus v ~ % Ps;-n Zsint ~ 3.7 X 1077
Hz. Using the torque noise spectrum (see Fig. [6.4), the noise strength at the fre-
quency corresponding to the orbital period (1/(1162 x 86400) = 0.9 x 107 Hz) is
S ~ 3 x 107'"Hz s72; we estimate the deviation on frequencies due to the noise
process as VAV? = /ST = 5.5 x 1075, which is two orders of magnitude greater
than Doppler shifts expected due to orbital modulation. Therefore, it is not possible
to resolve DOPPLER shift modulations in pulse frequency time series since the noise
process dominates. Moreover, ~ 700 d observation time of RXTE is short compared
to the suggested orbital period. Continuous monitoring of the source using future
observatories such as LOFT [230] might be useful to resolve Doppler shift modula-

tions from pulse arrival data and obtain orbital parameters of the system from X-ray

observations.

6.4.3 Episodic correlations and anticorrelations between the X-ray flux and

spin rate

In contrast to previous studies that concentrate on searching for ‘general’ correla-
tion or anticorrelation states between the X-ray flux and spin rate ([222]; [231];
[131]), we search for episodic correlations and anticorrelations on shorter time-scales
(~ 100 — 200 d long) by using CGRO-BATSE measurements. We find that the cor-
relation state of GX 1+4 seems to change on ~ 100 — 200 d long intervals (see Fig.
@. Furthermore, the correlation and anticorrelation intervals do not show signifi-
cant X-ray flux changes compared to uncorrelated intervals. Still we might argue that
the correlation and anticorrelation intervals might be indications of transient accre-
tion disc formation (either prograde or retrograde) and episodic variation of accretion
geometry without significant X-ray flux variations. From Fig. [6.5] we also note that
the variation of the Pearson correlation coefficient has a period of about 1000 d. The

Flicker-type noise process suggests that the torque events are correlated or at least
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Table 6.3: RXTE-PCA spin rate measurements for the intervals with different flux

levels.
Interval 1 Interval 2 Interval 3
MJD Range 51974.7-52227.9 52288.2-52343.6 52450.6-52593.7
Time span (d) 253.2 146.4 143.1
v (10712 Hz s -2.0585(3) -2.3860(7) -0.8334(8)
3 — 20 keV unabsorbed 6.22(2) 9.90(3) 2.21(1)

flux (107 erg cm=2 s71)

carries a memory from past history. This periodicity of the correlation states is con-
sistent with the proposed orbital period of 1162 d ([212]; [221]) suggesting that the
alteration of the states of positive and negative correlation states continues for several
decades of orbital cycles. The accretion process in GX 144 is unique as it is qual-
itatively seen from correlation- anticorrelation episodes and torque noise power-law
trend. Future monitoring observations of GX 1+4 will be useful to further understand

the torque—X-ray luminosity relation.
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CHAPTER 7

X PER

This Chapter describes the timing and noise strength analysis of X Per based on 4.5
years RXTE observation journey between 1998 July 1 and 2003 February 17. A fur-
ther expansion of frequency history is also performed by making use of INTEGRAL
observations. The relation between spin frequency derivative and X-ray luminos-
ity is examined. This study only covers the pulse timing analysis part of the main
article “Timing studies of X Persei and the discovery of its transient quasi-periodic
oscillation feature” published in MNRAS which further illustrates the discovery of

Quasi-periodic oscillations of ~ 0.2 Hz [228]].

7.1 Introduction

From Ariel 5 and Copernicus observations, X Persei (X Per; 4U 0352+309) has been
revealed as a persistent low-luminosity accreting pulsar with a pulse period of ~ 836
s [232]. The neutron star in the binary system has a wide orbit around a Be-type star

with an orbital period of ~ 250 d and an eccentricity of ~ 0.11 [233]].

The binary orbit of the system is wide and rather circular, such that the X-ray pulsar
does not pass through the equatorial disc of the Be star. Therefore, X Per does not
exhibit Type I outbursts near periastron passages, despite the fact that such outbursts
are typical of most Be X-ray binary systems. Taking into account the observed X-
ray luminosities (L, ~ 10° erg/s) of the system, Delgado-Marti et al. [233]] have
suggested that accreting matter is supplied by a slow (~ 150 km/s) and dense wind,

possibly originating from the equatorial disc around the companion star.
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The long-term pulse-period variation of the source has been monitored since the
1970s using observations from various X-ray observatories ([234]]; [235]]; [236l];[2371;
[238]; [233]; [239]]). Before 1978, X Per was spinning up with a rate of P/P ~
1.5 x 10~* yr~1. Between 1978 and 2002, the source was in a long-term spin-down
episode with a rate of P/P ~ 1.3 x 10~* yr~'. After 2002, it was found that the
spin rate changed sign again, as the source was found to spin up with a rate of
P /P ~ —3.6 x 10~ yr~!. This is significantly higher in magnitude compared to
that of the previous spin-up episode before 1978.

In the following sections, the results of the timing analysis of X Per using observations
from the RXTE-PCA and from the INTEGRAL Soft Gamma-Ray Imager (ISGRI) are
shown. In Section [7.2] the used observations and the data reduction procedures are
described. In Section and the timing analysis results and the discussion are
depicted.

7.2 Observations

7.2.1 RXTE Observations

The PCA onboard the RXTE had five identical co-aligned proportional counter units
(PCUs; [129]]; [240]). Each PCU had an effective area of approximately 1300 cm?.
The PCA was able to detect photons that had energies between 2 and 60 keV, with
a spectral resolution of 18 per cent at 6 keV and a field of view (FOV) at full width
at half-maximum (FWHM) of ~ 1°. The number of active PCUs during the obser-
vations of X Per varied between one and three. Data from all the available PCUs are
used in this analysis and the count rates shown in Fig. are the values corrected as
if five PCUs were operational. X Per was observed by the RXTE between 1998 July
1 and 2003 February 17. The exposures of the individual pointed observations vary
between 2 and 15 ks. The total exposure of 148 pointings adds up to ~ 793 ks (see
Table[/.1|for details). We extract light curves of the source with 0.1-s time binning in
the 3 — 20 keV energy band using the GoodXenon mode events from the PCA.

The HEASOFT v.6.13 software is used for the PCA data analysis. Only the data
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Table 7.1: List of RXTE-PCA observations.

Proposal Exposure Number of Time

ID (ks) pointings (MID)
30099 252 56 50995 - 51406
40424 60 14 51420 - 51597
50404 58 12 51634 - 51940
60067 398 58 52000 - 52687
60068 25 8 52094 - 52398

corresponding to times when the elevation angle is greater than 10°, when the offset
from the source is less than 0°.02 and when the electron contamination of PCU2
is less than 0.1 are analysed. The latest background estimator models supplied by
the RXTE Guest Observer Facility are used to extract background spectra and light
curves. These background subtracted light curves are corrected to the barycentre of
the Solar system as well as for binary motion using the orbital parameters of X Per

(see table 2 of [[233]]).

7.2.2 INTEGRAL Observations

The Imager onboard the INTEGRAL Satellite (IBIS) is a coded mask instrument opti-
mized for high angular resolution (12 arcmin at FWHM; [241]]). As a consequence of
the large FOV (8°.3 x 8°.0 fully coded, 29° x 29° zero response) of IBIS observations
and the dithering strategy of INTEGRAL observations, sky coverage is good and the
exposure times of detected sources reach up to millions of seconds. The IBIS consists
of two detector layers operating in different energy bands. The data analysed in this
study are obtained from the upper layer, the INTEGRAL-ISGRI, which operates in
the energy range 15 keV - 1 MeV, and has a time resolution of 61s.

When the offset of the source of interest increases, the coding factor decreases, re-
sulting in increased uncertainties in the images, flux values and spectra. Therefore, it
is not recommended to include in the analysis observations in which the source lies

outside the 50 per cent partially coded FOV (19° x 19°). Because X Per is a bright
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Figure 7.1: The 837-s binned light curve obtained from RXTE-PCA (3-20 keV, cor-

rected for five PCUs) observations

source, its flux is confidently determined even when its position is in the partially
coded region. Consequently, the selection criteria for INTEGRAL observations are
an off-axis angle of less than 10° and ISGRI good times of more than 1 ks. The pub-
licly available pointing observations between MJD 53069 and 55451 (2004 March
5-2010 September 12) reach a number of 766 science windows (SCWs), each hav-
ing typical durations of 2-3 ks. These observations have been analysed previously
by [239], but in this study we present a reanalysis of these observations in order to

measure pulse periods using a different technique, as described in Section

The latest version of the standard data analysis software OSA v.10.0 is used for

pipeline processing. Images in two energy bands (20—40 and 40-60 keV) are gen-
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Figure 7.2: The 837-s binned light curve obtained from INTEGRAL IBIS-ISGRI
(20-40 ke V) observations

erated from IBIS-ISGRI data with an input catalogue consisting of strong sources in
the FOV: Crab, 3C 111, NGC 1275, IGR J02343+3229, XY Ari, 1H 0323+342,RX
J0440.9 +4431 and X Per. Background maps provided by the ISGRI team are used
for background correction. The 10-s binned light curves are generated by the tool
II_LIGHT and corrected to the Solar system barycentre. The effective exposure of
the corrected IBIS-ISGRI light curve of X Per is around 2 Ms. The resulting light
curves are also corrected for the binary motion using the orbital parameters of X Per

(see [233]).
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7.3 Timing Analysis

We use 0.1-s time binned RXTE-PCA and 10-s time binned INTEGRAL light curves,
as described in Sections and for the timing analysis. Fig. and
presents overall 837-s binned RXTE -PCA and INTEGRAL light curves of the source,

respectively.

7.3.1 Pulse Timing

In order to measure the pulse periods of X Per, we fold time series on statistically
independent trial periods [106]. We construct template pulse profiles by folding the
data on the period corresponding to maximum x?. Pulse profiles consisting of 20
phase bins are represented by their Fourier harmonics [109]. Fig. shows a typical

pulse profile and the corresponding power spectrum in terms of harmonic number.

1.4

-1

Normalized Count Rate

Pulse Phase

log(Power)

-1.5

-2

0.2

1 1
0.4 0.6
log(Harmonic Number)

0.8

Figure 7.3: A typical pulse profile (left) obtained from RXTE-PCA and its power

spectrum (right) in terms of harmonic number.

We have connected in phase all pulse arrival times of the RXTE observations over a
1550-d time-span. In the phase-connection process, we construct pulse arrival times
for a time-span where the maximum phase shift is less than 1. In this way, we avoid
cycle count ambiguity. This time-scale for X Per is around 220 d. We divide the
total time-span into eight time intervals, each around 220 d. Then, we measure pulse
arrival times with respect to the best period corresponding to that time interval. We

align the slopes of the pulse arrival times in overlapping time intervals. The pulse
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arrival times thus measured are presented in the upper panel of Fig.

In order to see the effect of pulse shape fluctuations, we estimate pulse arrival times
using first, second, fifth and tenth harmonic numbers. Analysing each set in the same
way, we obtain residuals consistent with each other within the 10 level. Therefore, we
conclude that pulse shape variations do not cause drastic changes in the pulse timing

analysis.

The phase-connected pulse arrival times in Fig. are fitted to the fifth-order poly-
nomial,
5
1d"¢
0p =9 ov(t—t ——(t —to)" 7.1
¢ = d¢po + ov( 0)+Zn!dt"( 0) (7.1)

n=2
where 0¢ is the pulse phase offset obtained from pulse timing analysis, t, is the mid-
time of the observation, d¢y is the residual phase offset at ¢(,0v is the correction of
pulse frequency at time ¢y and d"¢/dt" for n = 2,3,4 and 5 are the first-, second-,

third- and fourth-order derivatives of pulse frequency.

With only the statistical errors on the arrival phases, x? per degree of freedom, which
is 9.5, is not acceptable. Systematic errors or short-term variations not captured in
the fifth-order polynomial could be responsible. The errors have been multiplied by
a factor of 3 such that the reduced x? is 1, in order to obtain errors on the polynomial
fits to the longer-term variations. Pulse arrival times (pulse cycles) and the residuals
of the fit after removal of the fifth-order polynomial trend are shown in Fig. Table
/.2| presents the timing solutions for X Per between MJD 50995 and 52562.

In order to measure pulse frequencies, we fit a linear model to arrival times from
~ 20 — 30 d intervals. The slopes of these linear fits give us estimates of the pulse
frequency values at the mid-times of the corresponding intervals. Fig. 4 presents the
resulting pulse periods of the source, together with the previous pulse period mea-
surements of the source (see references in [239]). In Fig. we do not include
measurements from RXTE and INTEGRAL by [239], because the values of their
measurements are not reported numerically. However, when we compare the scanned
values in fig. 2 of [239], it is seen that our measurements are in agreement with theirs.

Table 3 presents our pulse period measurements.

For the timing analysis of INTEGRAL observations, we use 10-s binned background-
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Figure 7.4: Pulse arrival times and their residuals after a fifth-order polynomial fit

obtained from RXTE-PCA observations.

corrected 2040 keV IBIS-ISGRI light curves of the source. From the light curves
that have ~ 7 — 10 d time-spans, we measure the best pulse frequency by folding
the light curve on statistically independent pulse frequencies. Then, we estimate the
pulse arrival times by constructing master and sample pulses, as described above for
the RXTE analysis. From the slopes of the pulse arrival times, ¢ = ov(t — tg), we
obtain corrections to the pulse frequencies. In Fig. [7.5] and Table [7.3] we present
pulse periods obtained from INTEGRAL observations.

We measure pulse frequency derivatives by fitting quadratic polynomials to ~ 200-d
long stretches of pulse arrival times from RXTE-PCA observations. The quadratic

coefficients of the fits give the pulse frequency derivatives. The corresponding 3 — 20
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Table 7.2: Timing solution for X Per between MJD 50995 and 52562.

Parameter Value
Epoch (MJD) 50995.038(1)
Timing parameters at ¢:

Spin frequency (Hz) 1.19379(9) x 1073
Spin Period (s) 837.666(6)
v (Hzs™) —5.5(3) x 1071°
v (Hzs™?) 6.6(6) x 1072
7 (Hzs™?) —3.6(9) x 1073°
V' (Hz s™) 9(2) x 10738

keV X-ray flux values are calculated by modelling each corresponding spectrum with
an absorbed blackbody and power-law model, a model previously used for this source
[239]. In Fig. we present the frequency derivatives and the corresponding flux
measurements as a function of time, and the frequency derivative values as a function

of unabsorbed 3 — 20 keV X-ray flux.

7.3.2 Power Spectra of Pulse Frequency Derivatives

In order to compare the torque fluctuations of X Per with other accreting X-ray pul-
sars, the power density spectrum for the pulse frequency variations is constructed.
The red noise power density and associated random walk noise strengths are obtained
using the technique developed by [242] and [117]. Some important properties are
summarized here. For the rth-order red noise with strength S,, the mean square

residual for the data spanning an interval with length T is proportional to S, T 1,

The expected mean square residual, after removing a polynomial of degree m over an

interval of length 7', is given by
<ox(m,T) >= ST ' < a%(m,1) >, (7.2)

where < o%(m, 1) >, is the proportionality factor that can be estimated by measur-

ing the variance of residuals by removing the degree of polynomial m for unit noise
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evolution obtained from RXTE-PCA observations.

strength (S7). We estimate this factor by simulating time series for the rth-order
red noise process for a unit noise strength (S7) for X Per observations. Our expected

proportionality factors are consistent with those obtained by direct mathematical eval-

uation ( ; see also [[114]).
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Table 7.3: Pulse periods of X Per measured in this work. The numbers in paren-
theses indicate the uncertainties in the least significant figures. Pulse periods with

superscript * are measured from INTEGRAL observations.

Epoch  Pulse period | Epoch  Pulse period | Epoch Pulse period
MJD)  (s) MJD)  (s) MJD)  (s)
51006.9 837.678(7) | 51502.8 837.82(1) 5214277  837.961(7)
51031.8 837.696(7) | 51523.8 837.812(9) | 52165.2 837.97(1)
51055.7 837.66(1) 51545.5 837.82(1) 52181.3  837.97(1)
51079.5 837.700(8) | 51566.4 837.85(1) 52199.2  837.97(1)
51104.1 837.70(1) 51586.9 837.84(1) 522135  837.97(1)
51127.7 837.698(9) | 51615.7 837.847(6) | 52256.0 837.963(3)
51153.0 837.715(9) | 51645.1 837.86(1) 52298.4  837.96(2)
51175.8 837.73(1) 51694.5 837.881(3) | 523153  837.96(1)
511949 837.71(1) 51743.9 837.88(1) 52340.8  837.933(8)
51214.8 837.74(1) 51765.9 837.90(1) 52362.1  837.92(1)
51236.3 837.74(1) 51797.3 837.904(6) | 52378.2  837.94(1)
51258.3  837.70(1) 51828.1 837.89(1) 52446.6  837.907(2)
51281.1 837.81(1) 51849.1 837.90(1) 52535.8  837.854(4)
51323.9 837.758(4) | 51870.0 837.92(1) 53219.2* 837.00(4)
51366.4 837.79(1) 51909.9 837.924(4) | 53949.3* 836.81(4)
51392.0 837.761(8) | 51969.8 837.939(4) | 54494.0¢ 836.67(2)
51419.9 837.799(9) | 52004.7 837.93(2) 54684.5¢ 836.595(4)
51448.8 837.798(8) | 52052.1 837.944(3) | 54873.8° 836.37(2)
51478.3 837.816(8) | 52110.4 837.935(8) | 55441.1¢ 835.7402(3)

We obtain noise strengths at lower frequencies as f = 1/7,,,., wWhere T}, is the
maximum time-span of the pulse frequency history, from the residuals of pulse fre-
quencies by removing their linear trends. For the higher frequencies, we have f,, =
1/ T ez, Where n is a positive integer and we remove quadratic trends from the pulse

arrival times obtained from RXTE data.

In order to check whether noise strengths are stable or not, we estimate an alternative
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power spectra by removing quadratic trends in the pulse frequency at longer time-

scales and cubic trends in pulse arrival times at shorter time intervals.

In Fig. we present power spectra estimates (or noise strengths) with respect to
frequency f = n/T (or reciprocal of the time-scale). We find that both power spectra
are consistent with each other in terms of the average noise strength .S, and the slope
of the power spectra, —0.85 to —1.47, with a noise strength 10720 — 10723 Hz s~2 for

frequencies between 1/35 and 1 yr—'.
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Figure 7.6: Power spectra estimated with respect to frequency obtained by remov-
ing (left) quadratic trends and (right) cubic trends. The crosses represent the power

resulting from measurement noise.

7.3.3 Pulsed Fraction

We investigate the pulsed fraction variation of X Per for all the available RXTE-PCA
data between MJD 50995 and 52687 in the 3 — 20 keV energy band. Using the timing
solution stated in Table we extract 671 individual pulses of the source. Then we
calculate the pulsed fraction and the mean count rate of each pulsation. The pulsed
fractions are calculated with the standard definition,

Pmaxz — Pmin
_— (7.3)
Pmaz + Pmin

Pulsed Fraction =

where p,in, and Py, refer to the minimum and maximum counts of the pulse, respec-

tively. The pulsed fractions are then rebinned according to the mean count rate of the
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pulsations. The results indicate that the pulsed fraction of the source correlates with

the mean count rate (see Fig. [7.7).
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Figure 7.7: Variation of the pulsed fraction with the mean count rate of pulsations.

The grey data points are the unbinned results, whereas the black data points are the

results rebinned according to the count rates.

7.4 Discussion

In this study, we present our results of a timing analysis of RXTE and INTEGRAL
observations of X Per. First, using the cross-correlation technique, we add new mea-

surements to the pulse period history presented by ; see Table[7.3]

From the right panel of Fig. it is seen that the frequency derivative of the source
correlates with the X-ray flux when the source spins up or down and the 3-20 keV

2

X-ray flux is above ~ 3 x 107! erg s~'cm™2, while the frequency derivative does

not vary significantly when source spins down and the 3-20 keV X-ray flux is below
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~ 3 x 1071% erg s~'cm~2. Fig. [7.8|resembles fig. 1 of [104], which presents the fre-
quency derivative as a function of the normalized mass accretion rate (which should
be positively correlated with the X-ray flux) of a neutron star accreting from a stellar
wind. In fig. 1 of [104], a minimum spin-down rate value is reached when the mass
accretion rate is equal to a critical mass accretion rate (M,,.) above which the spin rate
is correlated with the mass accretion rate. Mass accretion rates below or above this
value lead to smaller spin-down rates, and above a certain normalized mass accretion
rate value (o), the source enters a spin-up regime. This similarity might indicate that
the primary source of the accreted matter is the stellar quasi-spherical stellar wind of
the companion. However, the transient QPO feature of the source suggests a tran-
sient formation of an accretion disc as the neutron star accretes via the companion’s
stellar wind [228]]. Another low-luminosity long-orbital-period persistent accretion-
powered pulsar in a Be X-ray binary system, 1RXS J225352.8+624354, has recently

been found to show signs of a possible transient accretion disc formation [243]].
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Figure 7.8: Left: unabsorbed 3-20 keV RXTE-PCA flux and frequency derivative as
a function of time. Right: frequency derivative as a function of unabsorbed 3-20 keV
RXTE-PCA flux.

The power spectra of pulse frequency derivatives have been studied for several accretion-
powered X-ray pulsars. The random walk in pulse frequency or white noise in the

pulse frequency derivative are suitable models for wind-accreting systems such as
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Vela X-1, 4U 1538-52 and GX 301-2 ([244]; [245]; [132]). They have flat power
spectra with white noise strengths in the range 107210~ Hz s~2. For 4U 1907+09,
the random walk in pulse frequency is the appropriate model for frequencies between
1/1300 and 1/75 d—! with noise strength 1.27 x 10~2! Hz s~2 [226]]. For 4U 1907+09,
Sahiner et al. [226] have suggested that at shorter time-scales there might be a tran-
sient accretion disc formation around the neutron star, which causes random walk in
pulse frequency, while the source has a long- term steady spin-down trend. Her X-1
and 4U 1626-67 are disc accretors with low-mass companions. For these sources, it
is found that pulse frequency time series are consistent with a random walk model
with white noise strengths in the range 107! — 107® Hz s=2. However, red noise
in the pulse frequency derivative cannot be excluded because of the sampling pulse
frequencies and the narrow range of power spectra. The disc accretor Cen X-3 has
red noise in its pulse frequency derivatives and the noise strength varies from low to
high frequencies in the range 10716 —10~!8 Hz s~2 [132]]. The power-law index of the
power spectra of X Per is ~ —1. This implies that at short time-scales, disc accretion
dominates and noise is less; however, at longer time-scales greater than the viscous
time-scales, there is excessive noise. The steepest power-law index for the power
spectra of pulse frequency derivatives among high-mass X-ray binaries (HMXBs) has
been seen in SAX J 2103.5+4545 with a power-law index of 2.13 [229]. For GX 1+4
and OAO 1657-415, the power-law indices ~ —1 and ~ 0, respectively, have been
found. For these sources, accretion discs can be formed at short time-scales ([[194]];
[132]). X Per has the lowest noise strength (or torque noise) among the HMXBs dis-
cussed above ([223]; [132]). However, the steep power-law index or red noise in the

pulse frequency derivative suggests that it could have a transient accretion disc.

The pulse fractions show a clear correlation with the source count rate. As the flux in-
creases, the material appears to accrete more efficiently on the neutron star’s magnetic
poles. At higher mass accretion rates, the accreting plasma should be interacting with
the magnetosphere closer to the neutron star. The shorter distance and the stronger

field there could contribute to a higher fraction flowing to the poles.
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CHAPTER 8

SUMMARY

In this thesis, the accreting X-ray binaries SWIFT J0513.4-6547, SXP 1062, GX 1+4,
and X Per are studied in terms of their timing behaviour. For each source, pulse timing
analysis is conducted to resolve its rotational motion. From the fluctuations of the spin
frequency residuals, noise strength analysis is carried out to understand the dominant
noise processes on different time scales. Furthermore, the torque-luminosity relations

are also investigated to deduce the acting mass transfer mechanism within the system.

e The X-ray properties of SWIFT J0513.4-6547 are examined with SWIFT and
RXTE observations of both the outburst that occurred in 2009 and the X-ray re-
brightening in 2014. In 2009, the outburst prompt to a luminosity L, ~ 1.3 x 1038
erg/s [126] at the peak which decayed around an order of magnitude and arrived at
~ 1037 erg s7! during final stages. At this stage, SWIFT J0513.4—-6547 is tracked
with 1.74 x 10~ Hz s~! spin-up rate. This value corresponds to almost half of the
initial spin-up rate measurement at the initial stages [[126]. Combining the results of
this study and [126] fairly bolster the idea that spin-up rate and X-ray luminosity is
reasonably correlated. The source faded to quiescence and remained undetected for
approximately ~ 2000 days until the rebrightening with L, ~ 103¢ erg s~! taking
place in 2014.

Interestingly, after the quiescent episode, the timing analysis uncovers that SWIFT
J0513.4-6547 is spinning-down (with 7 = —(5.92 4+ 1.9) x 10~ Hz/s ). By com-
paring the difference between the last spin frequency measurement of 2009 outburst
and the initial spin frequency measurement of 2014 rebrightening, the average fre-
quency derivative can be attained by < v >~ Av/At. With this approach, SWIFT
J0513.4-6547 actually exhibits an average spin-down rate of ~ 1.52 x 10712 Hz s7!
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during quiescent episode which exceeds the spin-down rate of 2014 rebrightening
with a factor of almost 25. Even though it is observed in few systems (e.g. [133]),
the spin-down rate of this magnitude at long term quiescent episodes is uncommon
for transient systems. The comparison of these two spin-down value measurements
(the quiescent and 2014 re-brightening episodes) implies a further endorsement for
frequency derivative and luminosity correlation. Because, it implies that whether the

source spins up or spins down, its spin rate increases with the X-ray flux.

The magnetic field of SWIFT J0513.4-6547 is estimated under the assumption that
observed spin-down rate is achieved at a propeller state during the quiescent episode.
Thus, this study reports ~ 1.5 x 10'® G of B-field strength. This value is consistent
with the B-field strength deduced from correlative torque-luminosity association at
accretion phase by [126]]. Furthermore, the results confirm and refine the previously

reported orbit parameters by [121] and [[126]].

e Properties of an other BeXB source X Per is probed with ~ 4.5 years of data ac-
quired by RXTE between 1998 July 1 and 2003 February 17. Following the pulse tim-
ing methodology, the timing solution covering all the RXTE data is obtained. Using
the pulse TOAs, corresponding spin frequency history is generated. The frequency
series are further extended using INTEGRAL observations. The results indicate that
rotational motion of X Per underwent a torque reversal around ~ 52250 MJD. With

these measurements, the long term frequency history is enriched significantly (see

Figure[7.5).

Entire series of frequency measurements of X Per is held subject to noise strength
analysis. The power density spectra are constructed from the residuals after both
quadratic (m = 2) and cubic trends (m = 3). Both of the power spectra yield com-
parable results: the noise level varies between 10720 — 10723 Hz s2 for analysis
frequencies range in 1/35 to 1 yr~! for both cases. The power spectra carry a red
noise component with average steepness (power-law index) ~ —1, which get whiter
at short time-scales. The noise level of X Per is the lowest among the sources in
this study. Nevertheless, the shape of the power spectrum suggests the formation of
a transient disk, since the noise process dominates the accretion on the time-scales

greater than the viscous time-scales.
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For the source X Per, the relation between spin frequency derivative and X-ray lumi-
nosity is also examined. It is shown that a positive correlation is present when the
source flux is above ~ 3 x 107! erg s~'cm~2. Furthermore, there is no correlation
among the two variables when the flux is below ~ 3 x 107 erg s~'cm~2. From
theoretical perspective, for the sources that accrete from a quasi-spherical shell, it is
expected that a correlation should exist above a critical value of flux [[104] which is
in a good agreement with the case of X Per. Therefore, it is argued that X Per is

accreting from a quasi-spherical shell.

e The timing studies of GX 144 is conducted by examining the 2 years data set of
RXTE observations between 2001 March 3 and 2003 January 31. Due to the gap
within the data, timing solutions are acquired for two different time intervals (~ 250
and ~ 300 days long). Using these solutions, ~ 2 years of the frequency series is
generated. With these measurements, the study contributes to the long term frequency
history which had started from early 1970s (see [131] and also Figure [6.3). The
complete set of frequency series of GX 1+4 is investigated in terms of the torque
noise fluctuations. With this motivation, the power spectrum of the pulse frequency
derivative fluctuations is established. This spectrum has the longest time coverage
(from 31 days to 44 years) among all the spectra in the literature. At the smallest time-

scales, the power estimate starts with a noise strength level of S = 1.0 x 10~!® Hz s =2

which alters steeply with f~! noise process and reaches to S = 6.5 x 10716 Hz s72
level at the longest time-scale. The flicker type (f 1) noise process of GX 1+4 is also
consistent with previously reported noise analysis by [132]]. Even though, since 1970s
various X-ray studies had kept track of the spin frequency measurements of GX 1+4
[131], the orbital motion of the system remains still an enigma. In spite of not being
observed in X-rays, an orbit with P,;, ~ 1162 days and a/c sini ~ 773 is inferred
from radial velocity measurements in infrared observations [212]. The noise strength
analysis of this study may shed a light on this enigma. Because the timing noise level
on the suggested orbital motion time-scales produces higher frequency fluctuations
than the proposed orbital modulation amplitude. Thus, the noise level dominates

the frequency fluctuations which prevents the orbital parameters to be detected from

modulations in X-ray spin frequency measurements.

On the other hand, this study further examines ~ 9 years of BATSE data between
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1991 and 2000. Episodic alterations of torque-luminosity correlation is explored. The
study reveals a recurrent mode-switching between correlation and anti-correlation
episodes. Interestingly, the periodicity of the maximal correlation episodes is consis-

tent with the orbital period deduced from infrared observations [212].

e The SXP 1062 is studied through two years of observation journey with various
X-ray missions between 2012 and 2014 . The source underwent recurrent bursts
of Type I with flux enhancements in both optical and X-ray bands. In X-rays, the
flux enhancement led to L, ~ 1.3 x 1037 erg/s peak value, which declined towards
L, ~ 10%% erg/s at the end of observation sequence. The observation journey ends
before reaching the priori quiescent level back again (=~ 2.4 x 103 erg/s at minimum) .
The recurrence period of bursting sequence is about 656 days which is an indicator of
the orbital period [144]. The results of this study further derive the orbital parameters
by measuring the modulations of the pulse TOAs (see Table [5.I). Moreover, the
resultant mass of the companion compiles with the one inferred from optical studies
by [140]. However, orbital parameters are deduced only by using the pulse TOAs
prior to the glitch which covers a bit less than one complete cycle. Hence a further

monitoring of SXP 1062 is required to make a better assessment about orbital motion.

The SXP 1062 rotates very slowly (P, ~ 1062 s) but still spins-down regularly.
These properties have led to the thought that the pulsar in the SXP 1062 system pos-
sesses a colossal field strength which may even be “magnetar-like” field. Several
attempts have been made to understand the strength of its magnetic field using vari-
ous theories, all of which have returned values more than 10'* G [148]. In this study, a
magnetic field estimation is offered via standard disk theories (e.g. [68]; [70]). Using
the frequency derivative value measured prior to the glitch, the B-field is estimated to

be ~ 1.5 x 10* G, which is totally consistent with the values suggested by [148].

The results of the pulse timing studies of SXP 1062 uncovered an important feature
taking place in accreting pulsars. This study revealed the occurrence of a sudden
frequency jump in the pulsed emission of SXP 1062. The frequency jump, called
glitch event, happened 25 days after the outburst. In other words, the outburst did not
yield a significant change in any timing parameter and the source steadily resumed

its rotational motion for another 25 days which implies that the observed event is not
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originated from accretion torques. Thus, the frequency jump should be connected
with the physical changes within the interior structure of the neutron star. These
events are usually observed in isolated pulsars, but so far they were not observed
in any accreting system. In accreting pulsars, the accretion maintains an external
torque which dominantly governs the rotational motion of the pulsar. Therefore, the
glitch events are extremely difficult to resolve in the presence of accretion. After
decades of observing hundreds of accreting pulsars, this study is the only one that
is able to distinguish a glitch event from accretion torques. From theoretical point
of view, the observability of such events were already brought to attention by [196].
The magnitude of the resolved glitch event is Av = 1.28(5) x 107% Hz. Using
the theoretical model of [196], the accreting pulsar in SXP 1062 system has either
high coupled-vortex fraction (around 78% ) or a low pining force (6.4 x 10** dyn/cm)
when compared to ordinary isolated pulsars. In order for the latter case to be possible,
the accretion must yield a “softer” crust. Furthermore, the fractional amplitude of the
jump (~ 1073) is the largest fractional jump discovered up to now. While glitch events
are common for isolated pulsars, the glitch of SXP 1062 is the first confirmation of

the observability of this type of events among accretion-powered pulsars.
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