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Abstract

X-ray binary (XRB) systems, comprising a stellar remnant (neutron star or black hole) and a
companion star, are key objects for studying accretion physics and the extreme conditions, such as
intense gravity and magnetic fields, around compact objects. These X-ray binary systems sometimes
show high periodic variabilities on the scales ranging from a few seconds to some days. The periodicity
at the scales of milliseconds to seconds can be the pulsation of the neutron star, at the scales of a few
hours or days can be the orbital period, and the scales longer than the orbital period are super-orbital
periodicities, which arise due to different mechanisms going on there in the accretion disk. This project
deals with the analysis of XRBs, focusing on detecting periodicities and understanding the physical
processes giving rise to them. Using techniques such as the Lomb-Scargle periodogram for unevenly
sampled data, rescaling of the power spectrum to get the noise continuum to remove the red noise
component present in the power spectrum, and false alarm probability (FAP) calculations are used to
get the significant periodicities in these systems. The science cases of pulsations and super-orbital
periods explored to probe neutron star spin and the accretion disk behavior, respectively. This project
focuses on the importance of noise reduction techniques in extracting meaningful periodic signals and
further enhancing our understanding of compact objects and accretion disk behavior in XRBs. In
addition, it focuses on the study of long-term evolution of detected periodicities to get the ideas about
the evolving mechanisms producing them and the energy dependence of the superorbital periodicities
to get an idea about the emitting region from the system. Other than superorbital periods, we also
conducted an analysis to investigate the temporal evolution of pulsation in selected XRBs. Also, an

effort is made to model eclipses in these systems which can give a deeper insights of XRBs.
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Chapter 1
Introduction

Neutron stars and black holes are some of the most strange, weirdest, but
most interesting objects in the universe. These are the remnants that result
from the explosion of massive stars. When massive stars die, they collapse
under their own gravity, triggering a powerful explosion called a supernova.
The death of a star or a supernova produces an immense amount of energy
that sometimes can outshine an entire galaxy. During the explosion, the core
of the star is compressed into a very compact and dense object. Depending
upon the mass of the progenitor star, the remnant can either be a neutron star
- an object so dense that a spoon of its material weigh approx a trillion of
kilograms, or a black hole - an object so gravitationally strong that even the

fastest of all the entities, the light, cannot escape once comes to its vicinity.

The study of these compact objects offers valuable insights into stellar
evolution, extreme rotational dynamics, intense magnetic fields, and the
effects of strong gravity on spacetime geometry. Tracing their transformation
from normal stars to compact remnants enhances our understanding of the
various evolutionary stages and the physical conditions that govern them.
The remarkable and often unexpected behavior of these objects continues to
challenge and captivate the scientific community. These show humans the

limit of their bright, beautiful, and intelligent minds.

The sections below give a brief introduction to these objects separately,
followed by the instruments used, analysis and results, discussion and the

future aspects of the project.



1.1 Neutron stars

Neutron stars are formed when a progenitor star with a mass between
8 —20My (Mg = solar mass) goes through a supernova explosion. The
remnant core, compressed into an extremely dense object (about 10-15 km
in diameter), becomes a neutron star. The core’s density is so high that neu-
trons are formed by the merging of protons and electrons. These stars are
highly compact, such that their density reaches 10'7 kg/m?. These objects
have very strong magnetic fields (of the order of 10815 Gauss) (Reisenegger
2001) and rotation periods of a few milliseconds to seconds. These prop-
erties are crucial for understanding the underlying physics of neutron stars.
Figure 1.1 shows a picture of a neutron star in which the blue object repre-
sents the neutron star and the curved lines connecting the poles represent the

magnetic field lines.

Figure 1.1: Artistic impression of Neutron Star. Credit: ESA.

1.2 Black holes

Black holes are the result of the supernova explosion of a star whose mass
is greater than 20M. If the mass of the core remnant exceeds more than
2-3 Mg (the Tolman—Oppenheimer—Volkoft limit), the outward pressure,
neutron degeneracy pressure, can no longer support it. The core collapses
entirely, forming a black hole where gravity is so powerful that nothing,

even light, cannot escape through it. The compactness creates an intense

2



gravitational field, warping spacetime so severely that it leads to phenomena
like time dilation and frame-dragging (especially in rotating black holes).
This warping has an extreme effect on the path of matter around it, the
orbit of the nearby stars, and even on the path of light. Figure 1.2 shows a
simple representation of a black hole. The black circle in the center and the
orange colour around the center represent the black hole and matter around

it, respectively.

Figure 1.2: Artistic impression of Black Hole. Credit: ESO/M. Kornmesse.

1.3 X-ray Binaries (XRBs)

When these compact objects are in orbit with any other star, most of the time
a main sequence star, they form a binary star system. As the companion
revolves around the compact object, its matter or the photospheric gas starts
to accrete around the compact object forming a disk-like structure, called the
accretion disk. The matter, accreting or in-falling, has some gravitational
potential energy associated with it, which gets converted into kinetic energy
and eventually into heat, due to which the temperature of the disk reaches
some millions of kelvin (107 K), emitting radiation in X-rays. Hence, these
objects are called X-ray binaries (XRBs). Figure 1.3 shows the schematic
diagram of such an XRB. The different components of these systems are

labeled in the diagram.

The XRBs can be mainly classified into two categories depending upon
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Figure 1.3: Representation of an X-ray binary. (Credit: NASA/R. Hynes.)

the nature of the companion star the systems have: Low Mass X-ray Binaries
(LMXBs) and High Mass X-ray Binaries (HMXBs).

HMXB

LMXB o Al R

O/ )
) Y L] Ill . t.‘ /H
\___ ___,-f'/f ¥ 5‘[;’*\ F et
| 9=20R, P, .=5.6 hour =23 R,
(a) LMXB (b) HMXB

Figure 1.4: The figure shows an LMXB (a) and HMXB (b) with a neutron
star as the compact object. Roche lobe overflow in LMXB and stellar wind
accretion in HMXB are also shown. (From: Tauris and E. v. d. Heuvel
2003).

1.3.1 Low Mass X-ray Binaries

These are the X-ray binary systems in which the companion star has a
mass around 1M, and the accretion is dominated by Roche lobe overflow.
The Roche lobes are the region for stars in a binary system, which are

formed due to equipotential surfaces (formed due to the potential energies

4



of both the component stars, the remnant and the companion), and the
matter of the individual star is gravitationally bound to itself in this region.
Figure 1.5 depicts the equipotential surfaces and the Roche lobes in a binary
star system. The curves around the stars are the equipotential surfaces and
the equipotential surface with ’co-like’ structure forms the Roche lobes of
the two stars. The point joining the two Roche lobes is called Lagrangian
point 1 (L.1). If the matter crosses this point from the companion, it will no
longer be bound to the star and start accreting around the compact object,
forming the accretion disk. The companion star in this case is a low-mass
star with a longer lifespan, which allows Low-Mass X-ray Binary (LMXB)
systems to persist for a long duration-typically between 107 — 10? yrs (Tauris
and E. v. d. Heuvel 2003). An example of LMXB is shown in Figure 1.4a.

Roche lobes of
the two stars

Star 2 Star 1

Figure 1.5: Equipotential surfaces and Roche lobe.

1.3.2 High Mass X-ray Binaries

These are the systems with a companion which has a mass greater than
10Mg (an O, B type of star) and the accretion is dominated by stellar winds.
These types of companion stars have high temperatures, which results in the
burning of the star’s nuclear fuel rapidly, and hence, the star has a shorter
life compared to low-mass stars. Therefore, these systems last for a shorter
period (10°yrs) (Tauris and E. v. d. Heuvel 2003) relative to LMXBs. A
typical diagram of HMXB is shown in Figure 1.4b.

1.3.3 Accreting X-ray Pulsars

An important subclass of XRBs is Accreting X-ray Pulsars (AXPs),
where a very fast rotating neutron star is the accreting object. Pulsars are

neutron stars that produce pulses. In these systems, the matter is channeled
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to the magnetic poles by the magnetic field of the pulsar, which results in the
creation of hotspots. When the rotational and magnetic axes are not aligned,
the moving in and out of these hotspots with respect to the line of sight of an
observer shows pulsation. As time passes, these neutron stars start rotating
faster and faster due to the transfer of angular momentum from the accretion
disk to the neutron star, and the process is called recycling scenario. This
results in a change of pulsation period to milliseconds. Figure 1.6 shows a

schematic diagram of an AXP.

spin axis

magnetic pole

accretion disk

e @'f

R magnetic field
infalling gas &

Figure 1.6: Diagram showing matter falling from the accretion disk onto the
neutron star. (Illustration: CXC/S. Lee).



1.4 Motivation

XRB emission typically is highly variable, and these sources show vari-
abilities across time scales ranging from seconds to days. Apart from the
millisecond to second scale variabilities shown by XRBs, which are often
related to instabilities/fluctuations in the disk or the corona, various long-
term periodicity and timing behaviors are observed, which can shed light on
the complementary physical processes in these systems. Changes in these
periodicities will indicate shifts in the system and the underlying physical

processes responsible for these changes.

The sections below discuss the different aspects of the variabilities across

different timescales considered for this study in detail.

1.4.1 Superorbital periods

The periodic variability in X-ray emission on time scales larger than
the orbital period (P, ) falls in the category of superorbital periods (Py,)).
Such superorbital periodicities typically range from a few days to hundreds
of days. The study of superorbital periods gives us a deep understanding
of the accretion processes and large-scale instabilities in the accretion disk.
The cause of superorbital periods can be attributed to the precession of the
accretion disk, radiation-induced wrapping, X-ray state change, magnetic
wrapping, wind-driven tilting, processing relativistic jets, or a third body in
the system, as discussed by Kotze and P. A. Charles 2011 (hereafter KC11).
Knowing the superorbital period can help in the prediction of these physical
scenarios. Also, the change in superorbital periods with time shows the
modulation in the physical process giving rise to them, for e.g., a slowly

evolving warp in the disk.

Earlier, many studies have been made to find the periodicities in different
X-ray binary systems. Some of these studies focus on individual sources,
whereas some focus on a group of sources. Priedhorsky and Terrell 1983
studied sources, GX 301-2, 4U 1145-619 and GX 304-1, and found periods
of 41.5, 187 and 132.5 days, respectively. Another study made by them in
1984 revealed a period of 199 days in X1916-053, 41.6 days in X1907+09
and a period of 122-125 days in Aql X-1 (Priedhorsky and Terrell 1984).
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Both studies were done using Vela 5B. Investigations made by Smale and
Lochner 1992 confirmed the 175 days period reported by Priedhorsky and
Terrell (1983a) in X1820-303 but not the 199 day period in X1916-053.
They reported period of ~77 days in Cyg X-2 and ~333 days in Cyg X-3.
Priedhorsky et al. (1995) made a search for period in 8 XRBs detected by
WATCH Eureca, but did not find any new period. Studies made by Wen
et al. 2006 examined the long-term light curve of a sample of sources and
found orbital periods and superorbital periodicities in different X-ray sources
utilizing 8.5 years of Rossi X-Ray Timing Explorer All-Sky Monitor (RXTE
ASM) data. Their study demonstrates that the orbital modulation is more
readily detected in HMXBs than in LMXBs. They studied the complete

light curves to find the periodicities (not the periodicity modulation).

Other studies are done to find periods in single sources. The study
conducted by Jun-yi et al. 2017 focused on the X-ray source SS433 and
found period of ~6.29, 6.54, 13.08, 81.50 and 162.30 days in different
energy bands using Swift/Burst Alert Telescope (Swift/BAT) and Rossi X-
ray Timing Explorer/All Sky Monitor (RXTE/ASM). Ackermann et al. 2015
found multi-wavelength and y-ray quasi-periodicity in gamma-ray blazar PG
1553+113 and reported a very long period of about 2 years. Corbet et al.
2024 confirmed the previously detected period of ~244 days reported by
RXTE Proportional Counter Array (PCA) monitoring observations for XTE
1829-098.

A comprehensive work has been conducted by Kotze and P. A. Charles
2011 to look for the varying periodicities of XRB sources and their causes.
They aimed to characterize these periodicities in a completely systematic
way. They found some sources that were stable throughout their observa-
tions (like LMC X-4 and Her X-1) and some that showed chaotic behavior
(like Sco X-1 and LMC X-2). Also, they claimed that some of the super-
orbital periodicities that were detected could be a result of modulation in
mass accretion rate (M) rather than warped or precessing accretion disks.
However, often, the cause of these periodicities and the exact triggering
mechanism behind their physical origin remain ambiguous. Furthermore,
governing factors resulting in some periodicities being stable and the other

evolving chaotically, need to be unveiled. Certain scenarios invoked to ex-



plain these superorbital periodicities can also have a crucial role to play in the
outburst behavior of the XRBs. Additionally, the evolution of the detected
superorbital periodicities over the years will reveal the transient nature of
these XRB systems.

Following the work by Kotze and P. A. Charles 2011, in this study,
we will examine the intervals that have not been previously analyzed (may
have some days of overlapping between the intervals), which will help us
understand the detailed evolution of these systems. We will investigate the
reasons behind the emerging periodicities and their evolution. We will also

try to look for changes in periodicities due to modulation in M.

In addition, our research will also explore the energy dependencies asso-
ciated with these periodicities, which may enhance our understanding of the
X-ray-emitting region. Since there may be differences in the modulation of
a particular periodicity in different energy bands, it gives more insight into

the emitting region that produces the periodicity.

1.4.2 Pulsation

Pulsation is produced when the magnetic field channels the matter to the
magnetic poles from the accretion disk in a neutron star binary system, which
creates hotspots. When these hotspots move in and out of the line of sight of
an observer, they produce pulses, similar to that is observed at a lighthouse.
Pulsation helps in probing the spin or the rotation of the pulsar, the strength,
geometry and behavior of the magnetic field, and the accretion processes.
It reveals information about the accretion rate, as the change in pulsation
characteristics follows the change in the rate of accretion. On a global scale,
the spinning-up and spinning-down of the neutron star is a result of mass and
angular momentum transfer from the accretion disk (Salvo and nana 2020;
Walter and Ferrigno 2017).

Earlier studies showed that some sources like XTE J1751-305, XTE
J1807-294, IGR J17511-3057 and IGR J00291+5934 spin-up during out-
bursts, whereas some sources like IGR J17591-2342, XTE J10929-314, IGR
J17498-2921 and XTE J1814-338 show spin-down during the accretion
phase (Salvo and nana 2020). The spin frequencies evolve very slowly.

Frequency derivative (v) of ~ 5 — 8 x 10713 Hz/sec has been observed in
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IGR J00291+5934 by Falanga, M. et al. 2005. A ~ 9 x 10~!2 Hz/sec of
frequency spin-up rate was detected by A. Sanna et al. 2017 for source GRO
J1744-28 with frequency 2.14 Hz. The spin-down rate was observed in IGR
J17591-2342 with =7 x 10~ Hz/sec by Sanna et al. 2020 and they con-
strained the magnetic field to be ~ 2.8 x 103 gauss. Similarly, the spinning
down rate of —6.3 x 10~'* Hz/sec in IGR J17498-2921 (Papitto, Bozzo, et al.
2011) and —-6.7 x 10714 Hz/s in XTE J1814-338 (Papitto, Di Salvo, et al.
2007) has been seen. Sometimes, rather than the exact value of spin deriva-
tives, a range of values has been observed, like in source IGR J17379-3737,
—-0.5x 107" < v < 0.9x 107'* Hz/sec (Sanna, A. et al. 2018). Determining
the frequency derivative is essential for calculating the magnetic field (B) of
a neutron star, as it is directly related to the spin derivative or, equivalently,
the period derivative as B o (PP)'/? (Salvo and nana 2020).

For the above discussed features, we will search for long-term changes in
the pulsation period and strength that may help us understand the change in
accretion rates. We will examine the monotonicity of the period change, i.e.,
whether the period is only spin-up or down, or if there is any torque reversal,
and try to find their cause. Hence, pulsation is a powerful property that can
be used to study the evolution of the neutron star and the binary system,
especially with respect to its magnetic field and rotational properties. We
can also try to find some correlation between the superorbital and pulsation

period and their variation.

1.4.3 Eclipse modeling

In X-ray binary systems, an eclipse occurs when the companion star
obscures the X-ray source, leading to a reduction in the observed X-ray flux.
Modeling eclipse helps in understanding some of the crucial parameters of
the system, like mass ratio, binary separation, binary inclination, and orbital
period, as discussed by Buisson et al. 2021. Variations and jitters in the
eclipse occurrence times also shed light on the changes (possible shrinking)
in the binary orbit over extended timescales. The eclipse characteristics,
profiles, and radiative behavior can also shed light on the stellar atmosphere

and associated intricacies (stellar prominences, etc.).

By modeling the eclipse, we will try to find the above-mentioned param-
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eters and also check for the orbital period change from the long observations.
We will look for the trend in the ingress and egress time with different orbits,

which will show the changing behavior of the companion.

The above-discussed properties give us a much deeper and better un-
derstanding of the physical processes and evolution of these X-ray binary
systems. Hence, this study focuses on these phenomena using long-term
high-sensitivity data of XRBs to obtain a clearer understanding of the phys-
ical processes affecting these systems, especially with regard to accretion
properties and binary geometry. We aim to investigate these long-term vari-
abilities in X-ray Binaries (XRBs) across time scales ranging from seconds

to days.

The instruments considered for this purpose are discussed in the fol-
lowing section, and the results obtained are presented in the Analysis and

Results section.
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Chapter 2
Instrument

The choice of instrument is made based on the requirements and motivation
of the scientific objectives. For this project, the instrument should be op-
erational in energy bands corresponding to X-rays (i.e. in keV). As we are
looking for long-term periodicity and changes in the XRB systems, the in-
strument should have regular, long observations of the astronomical sources
in the study. For this requirement, the best option is to use scanning moni-
tors (which scan a large patch of sky regularly) instead of focusing monitors
(which only focus on a particular source for short durations). Hence, such
scanning monitors give us regular, continuous, long-term observations of
sources relative to the focusing monitors. Other than regular and continuous
observations, the time resolution of the instrument should be such that small
periodicities can also be detected. For example, suppose we want to detect
pulsation of, let us say, 401 Hz (for the X-ray source SAX J1808.4-3658) or
the spin period 0.002494 seconds (1/401 sec). In this case, the instrument
should at least have a resolution of milliseconds, otherwise, the spin period
will not be detected. Also, different instruments covering different energy
bands in X-rays can be used to study the energy dependence of the detected

periodicities in binary systems.

Keeping in mind the above requirements, we decided to use the data from

the following instruments/satellites:
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2.1 Scanning Sky Monitor (SSM) onboard AstroSat

To find the periodicities in these systems, we initially aimed to use the
Scanning Sky Monitor (SSM) onboard the AstroSat mission. AstroSat
contains three SSM detectors, namely SSM1, SSM2 and SSM3, all of which
are one-dimensional position-sensitive gas-filled proportional counters with
coded masks. Figure 2.1 presents a detailed picture of SSM. The coded
masks are used to detect the position of the source in the sky (Figure 2.2).
The field of view of the central SSM is 22.1° x 100° and 26.8° x 100° for
the other two. With their separate electronics, the detectors are mounted on
a rotating platform. Its time resolution is 1 ms and operational in 2-10 keV
energy band. The gas used in these detectors is 25% Xe + 75% P-10 (P-10 is
90% Argon + 10% Methane) (Seetha et al. 2006; AstroSat, INDIA’S FIRST
MULTIWAVELENGTH ASTRONOMY SATELLITE. 2014).

Rotation Axis (+Yaw)
Coded Mask
L3

—"-—_—.I-?_ﬂ.t‘a-ti—r:;;: Platform

Figure 2.1: Image of Scanning Sky Monitor. From: AstroSat, INDIA’S
FIRST MULTIWAVELENGTH ASTRONOMY SATELLITE. 2014.

2.2 Monitor of All-sky X-ray Image

Another instrument that we are using is the Monitor of All-Sky X-ray Image
(MAXTI) onboard the International Space Station (ISS) (Figure 2.3), which
has been used to search for long-term periodicities. The instrument has two

detectors:
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Figure 2.2: The coded mask plate with six different mask patterns for each
SSM cameras. From: AstroSat, INDIA’S FIRST MULTIWAVELENGTH
ASTRONOMY SATELLITE. 2014.

Grapple fixture Loop Heat Pipe & Radiator System
for robot arm (LHPRS for SSC cooling)
Payload Interface GRS f‘

Unit (PILT) i antenna -

Visual Star
Sensor (VSC)
Solid-state Slit
Camera (55C;
Heray CCDs)
Gas Slit Camera
(GSC; M-ray gas
proportional counters)

Figure 2.3: Overview of MAXI. From: Matsuoka et al. 2009.

Gas Slit Camera (GSC), which is a one-dimensional position-sensitive
gas proportional counter operational in energy band 2-30 keV. It provides a
field of view of 160? x 1.5, and scans 90 to 98 % of all-sky every 96 min
(one orbit/rotation period of the ISS), and has an absolute time resolution of
0.1 ms ( n.d.; Matsuoka et al. 2009).

Solid-state Slit Camera (SSC), which is a charged-coupled device
(CCD) and operational in energy band 0.5-12 keV. It provides the field
of view of 90° x 1.5° and scans 70 % of all-sky every 96 min (one or-
bit/rotation period of the ISS) and has an absolute time resolution of 5.8 s
( n.d.; Matsuoka et al. 2009). The 1-day averaged data from GSC in band
2-20 keV is used for the study.
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2.3 Large Area X-ray Proportional Counter (LAXPC) on-
board AstroSat

LAXPC is one of the major components of AstroSat. The satellite has 3
identical LAXPC instrument with X-ray detection volume of 100cm x36¢m X
15¢m. Each unit has a field of view of 1° X 1°. The proportional counter is
filled with a mixture of xenon (90%) and methane (10%), and is operational
in a wide energy band of 3-80 keV (Yadav et al. 2016). Figure 2.4 shows the
image of the three units of LAXPC. We have used the data from the LAXPC

Figure 2.4: The three units of LAXPC. Image credit: TIFR.
to study the eclipse behavior of source EXO 0748-676. This source is used

because SSM data is low quality with large gaps, and MAXI’s 1-day bins

are too coarse to detect short eclipses lasting minutes to hours.
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Chapter 3
Analysis and Results

3.1 Analysis

In this study, we considered all the sources mentioned in the paper M. M.
Kotze and P. A. Charles, 2011 (hereafter KC11) for examining their long-
term variability, as these sources exhibit reported superorbital periodicities,
making them promising candidates for this study. The ASM 1-d average data
sets used in the referred paper span from 1996 February 20 to 2011 February
12. Here, we have considered MAXI/GSC light curve data with 1-day
binning spanning more than 15 years, i.e., from MJD 55050 to MJD 60580
from (http://maxi.riken.jp/top/slist.html). The light curves are provided in
four different energy bands, i.e., 2-4 keV, 4-10 keV, 10-20 keV and 2-20 keV.
The intensities are given in the units of photon/s/cm? and time in MJD.
Fig. 3.1 and Fig. 3.2 show the examples of light curves obtained from the
MAXTI observations. Apart from the long-term light curves, the occurrences
of various types of outbursts can be observed from Fig. 3.1 for GX 339-
4, which is a frequently outbursting transient XRB. Fig. 3.2 shows a less
variable long-term behavior in the light curve. Since the binning of the
light curve is 1-day, we will not be able to find the periodicities smaller
than 2 days because of the Nyquist limit. The Nyquist theorem states that
the maximum frequency that can be detected is half of the sampling rate
or the minimum period that can be detected is twice the sampling time (or
binning). To find the periodicities of seconds and hours, the binning of

the light curves should be smaller than the desired periodicity of seconds
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or hours, respectively. Though the paper KC11 mentioned 25 sources, but
MAXI data was not available for three sources among them, namely, IGR
J17098-3628, MS 1603.6+2600 and X1820-303. Therefore, we conducted
our long-term periodicity search analysis using MAXI data for the other 22

sources.
Lightcurve for GX 339-4
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Figure 3.1: Lightcurve of GX 339-4 with 1-day binning. The source shows
strong variability. The black points are the measured count rates and small

gray lines with the data points are the uncertainties in the photon count rate.
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Figure 3.2: Lightcurve of LMC X-4 with 1-day binning. The source does
not show high variabilities as GX 339-4. The black points are the measured
count rates and small gray lines with the data points are the uncertainties in

the photon count rate.

After obtaining the long-term light curves, we proceeded to search for
long-term periodicities in the light curves for each source. The 15-year-
long light curves produced are occasionally not evenly sampled. To find

periodicities in such cases of unevenly spaced data, the traditional Fourier
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transform cannot be used, as it works for evenly sampled data points. To
deal with this problem, we have used the Lomb-Scargle method to produce

the periodograms, which is discussed as follows:

3.1.1 Lomb-Scargle Periodogram

The method used to make the periodogram from the light curve is Lomb-
Scargle (Lomb 1976; Scargle 1982). It is preferred over the traditional
Fourier transformation because it can be used for unevenly distributed data
points in the light curve, whereas, in the traditional Fourier method, the
data points in the light curve should be evenly sampled. The Lomb-Scargle
method essentially fits a sinusoidal model to the data at various trial fre-
quencies and evaluates the goodness-of-fit using a least-squares approach.
In other words, the method scans a range of trial frequencies, up to the
Nyquist frequency, and then at each frequency, the power is computed based

on how well the sinusoidal model matches the data.

In the Lomb-Scargle periodogram, the power at any frequency range is
given by Eq. 3.1 (VanderPlas 2018):

1 ( nNzlxncos(an[tn—T])2 ( ,];lzl)c,1sin(27r]‘[t,,—T])2
) = S N ottt 2 @ f = 1)

3.1

where, ¢, is the time at n = 1, 2, 3....., N (N = data points in the
lightcurve), which are not necessarily evenly sampled, f is the frequency
at which power is being calculated and 7 is specified for each f to ensure

time-shift invariance and is defined as:

N .
Y=y Sin(4r f,) ) (3.2)

_
i 4n f an (quv:l cos(4n ft,)

Eq. 3.1 reduces to the classical Fourier form in the case of even sampling
and is time shift-invariant and proven better than standard Fourier expres-
sions in the cases of non-uniformly distributed data sets. The Lomb-Scargle
periodogram constructed from MAXI light curve data with 1-day sampling
for the XRB source X1636-536 is shown in Fig. 3.3. One can note the
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Lomb-Scargle Periodogram for X1636-536

LS Power
=
o
IS

1073 1072 107!
Frequency(in d~1)

Figure 3.3: Lomb-Scargle periodogram for X1636-536.

presence of red noise (high power at lower frequencies) in the periodogram.
The red noise leads to the detection of false periods, suppressing the real
periods present in the source. Hence, before proceeding, the noise has to be

removed.

However, plotting the periodogram with any of the methods does not
resolve the problem of noise in the periodogram. To detect the significant
periodicities, noise reduction is one of the major jobs. To do this, we used
two methods, light curve chunking and rescaling of the periodogram, which

are discussed below.

3.1.2 Light curve chunking

The signal-to-noise ratio in the periodograms can be increased by di-
viding the light curves into small chunks and then averaging over the pe-
riodograms from each of the chunks. Chunking enhances signal detection
by leveraging the incoherent addition of stochastic noise and the coherent
summation of periodic signals across segmented lightcurve periodograms,
thereby reducing noise power in the averaged spectrum. The greater the
number of chunks, N, the larger will be the signal-to-noise ratio. But N
should be chosen wisely because, as the number of chunks increases, the
length of the chunk decreases which results in a decrease in the frequency
resolution, A f, of the power spectrum since Af o 1/T, where T is the total
time of the chunk. As the length of the chunk changes, the lowest frequency
that can be sampled will be changed, thereby making the periodogram insen-
sitive to very low frequencies or long-term periodicities, and we may lose the
superorbital period information. Hence, this method is not well suited for

noise reduction in such cases. Also, the averaged periodogram may have a
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higher signal-to-noise ratio, but the information of the source variability will
be smeared, which is not desirable. The other problem with this method is
the presence of colored noise (here, in our case, the red noise) that should be
removed before analysis. This can be done with the help of local averaging

and rescaling of the periodogram.

3.1.3 Rescaling of the periodogram

Rescaling is one of the most important techniques for suppressing the
colored noise component present in the periodogram. For lower frequencies,
the power is generally high in the case of colored noise, which has to be re-
moved to detect significant peaks. If it is not removed, then the noise powers
corresponding to the lower frequencies will be detected as the significant
frequencies. To implement this, the method of local averaging over the log
scale is used, as discussed by Israel and Stella 1996 and Wen et al. 2006.
The local average gives the underlying noise power, which is used to get
the rescaled periodogram. For this, the local average at j*” frequency bin is
calculated in such a way that the frequency bandwidth to the right and the

left of the j*" frequency is approximately equal in log scale, i.e.,
log(v;) —log(v; — Aviess) = log(vj + Avyign) — log(v;) (3.3)

AVioal = AVrigh),‘ + AVleft (3.4)

where v; is the frequency at the j”’ frequency bin, Av;.r, and Av,gp, are
the frequency bands left and right to v, respectively, and Av;,; is the total

bandwidth for calculating the local average.

Fixing Av;esq;, from Eq. 3.3 and 3.4 Av,;,,; and Av,, s, can be written as

(4v§ + Avtzoml 172 _ (2v; = Aviorar)
2

Avright = (35)

Avlefl = AVioral — AVright (3.6)

The average of the powers is calculated in both bands, excluding the power
from frequency bins j —2 to j +2. These bins are excluded so that the power
does not get rescaled by itself and the nearby powers. Then, the average of
both bins is calculated as the local average (P;,;) of the expected continuum

power at v;.
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The original power (P;) at the frequency v; is then divided by the local
average power to get the periodogram with reduced colored noise. To avoid
dividing itself, the powers from j — 2 to j + 2 are excluded, as mentioned
above. If we had included the power P; in the local average, we might have
also lost the significant high power peaks. Hence, the rescaled power (P,.)

is given by:

Prej :Pj/Plaj

The interval size, I, which corresponds to the bandwidth Av,,. (=
I = frequency resolution) for local averaging, is fixed for every P;. The
choice of I is made on the basis of the fact that the distribution of the rescaled
powers follows an exponential distribution, as for the case of white noise as
discussed by Israel and Stella 1996. We applied the Kolmogorov-Smirnov
test for the distributions of rescaled powers for different values /. This
test compares the empirical distribution function of a sample to a known,
continuous reference distribution (here, exponential distribution). It tests
whether the sample comes from that reference distribution or not. For this,
our null hypothesis is that the sample comes from the reference distribution.
Higher probability values imply a resemblance between the two distributions.
Hence, we searched for the value of I for which the probability is highest for
the values in the range of / = 2 to 1/10 th of the total number of independent

frequencies.

An example of colored noise reduction for the source X1636-536 is
given in Fig. 3.4. The top panel shows the original periodogram, the middle
panel shows the local average computed using the aforementioned method,
and the bottom panel shows the rescaled periodogram. It is clear from the
figure that the powers at lower frequencies are dominant over the powers at
higher frequencies in the original periodogram, which are suppressed in the

rescaled periodogram.

After the reduction of the colored noise, the significant peaks in the
periodogram are searched. This search is done by calculating of false alarm

level for the given powers in the periodogram.
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Rescaling of the Lomb-Scargle Periodogram for X1636-536
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Figure 3.4: Plot showing comparison between the original (top panel) and

the rescaled periodogram (bottom panel) for X1636-536. The middle panel

shows the underlying noise.

3.1.4 False alarm probability (FAP)

After plotting the rescaled periodogram, the significance of the detected
peaks was assessed by calculating their False Alarm Probability (FAP).
The probability of finding the value Py or more among N independent
measurements is known as FAP and is given by Eq. 3.7 for an exponential
distribution of powers (Wen et al. 2006). The null hypothesis in this context
assumes that the observed peaks in the periodogram arise from noise (only
Poissonian or white noise) rather than a true periodic signal. The lower value
of FAP signifies the significant detection of periodicity, and higher values

signify the noise.

FAP=1-(1-¢to)N (3.7)

To find a significant period, we set the significant threshold power level
for FAP as 10~ and compute the periods corresponding to the powers above

this level for new detections and FAP as 1073 for previously known periods.
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3.1.5 Dynamic Power Spectrum (DPS)

A Dynamic power spectrum, as the name suggests, is a plot that shows
the power spectrum at varying times. Or in other words, the DPS is a plot
showing the variations in the period over the entire span of the observations
( 15 years). The intensity of the color in the DPS shows the strength of
the powers based on the color bar. In the DPS, we plot the time on the
x-axis, periods on the y-axis and the power on the z-axis. The power axis is
perpendicular to the plane of the paper. The left panel with the DPS, shown
in Fig. 3.6, shows the Lomb-Scargle periodogram of the complete light curve
and the green line shows the threshold power level corresponding to FAP =
1073, and the top panel shows the lightcurve for the source over the 15 year
of span. The variations in these DPS show the variations in mechanisms

triggering the periodicities.

For plotting the DPS, we used a window of 600 days and a sliding window
of 5 days to observe a continuous variation in the source for the same, 1-day
averaged data from MAXI. The rescaled periodogram is calculated for all the
lightcurves of 600 days. Large window size is not used as a larger window
will average out the small signals and the variations in the periodicities will
not be visible. The minimum period that can be detected is 2 days and the
maximum 600 days. But since the edge effects may results in false detection,
periods higher than 200 days in DPS are not shown. One of the disadvantages

of this small window is the reduction of the frequency resolution.

3.2 Results from MAXI/ISS

Using the above methodology, we have plotted the rescaled periodogram for
the 22 sources with the frequency resolution of 1/7, where T is the total
observation time for each source. The frequencies are plotted on the x-axis,
and powers are on the y-axis in arbitrary units. The horizontal green line is
the significant power level with FAP as 107>, Periodic signals with power
values exceeding this level are considered statistically significant detections.
The detected periods are mentioned in the plots, and the previously known

periodicities are discussed in the particular section of the source.
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3.2.1 CenX-3

This is an HMXB with an orbital period of 2.09 days. Superorbital
periodicity of ~140 days around MJD 51500 was found by KC11, which
could be a part of the evolving period of ~200 days around MJD 51000
reported by them. We have detected the periods of ~2.03, 2.09 and 2.15
days as shown in Fig. 3.5. Among these periodicities, 2.09 days corresponds
to the orbital period, and the reason for the other two has to be found. We did

not find any of the previously known superorbital periodicities in our study.
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Figure 3.6: Cen X-3: Dynamic power spectrum.

Fig. 3.6 shows no emerging periodicities over time, indicating the source’s

stability. The 2.09-day orbital period also remains unchanged.
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322 CygX-1

The source is an HMXB. The previously detected superorbital periodic-
ities were ~142 days (Ogilvie and Dubus 2001), ~150 days and ~290 days
(Lachowicz et al. 2006), and ~326 days (Rico 2008). The periodicities of
150 days and 326 days were also found by KC11. We only detected the
orbital period of ~5.6 days (Liu, Paradijs, and E. P. J. v. d. Heuvel 2007)
as shown in Fig. 3.7 with FAP of 3.94 x 10™*. Other periodicities are not
found. The DPS in the Fig. 3.8 shows a new period of ~200 days at MJD
57000 and the orbital period is not detected may be due to its weak signal
strength.
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Figure 3.7: Cyg X-1: Lomb-Scargle periodogram.

Dynamic power spectrum of Cyg X-1

£5.0]
c

Threshold power]

150.0(¢ 16
100.0& 14
70.0
— 50.0 12
g 0.0
& 300 10 _
c 9]
= 20.0 8 g
E [
L 10.0 6
I X
6.0 4
4.0 2
2'00 20 55000 56000 57000 58000 59000 60000

L-S Power Time (MJD)
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323 CygX-2

Cyg X-2 is an LMXB system. A range of varying periodicities was
previously detected, like ~60-90 days (Wen et al. 2006) and ~40-90 days
(KC11). The source has an orbital period of 9.88 days (Liu, Paradijs, and
E. P. J. v. d. Heuvel 2007). Smale and Lochner 1992 detected a period of
~T7 days, whereas Paul, Kitamoto, and Makino 2000 concluded the absence
of any long-term periodicity from RXTE/ASM data. We did not find any of
the periodicities as can be seen through Fig. 3.9. Variations in the periods

can be seen in the Fig. 3.10, but no strong conclusion can be made about any

of the periods.
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Figure 3.9: Cyg X-2: Lomb-Scargle periodogram.
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Figure 3.10: Cyg X-2: Dynamic power spectrum.
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3.24 EXO 0748-676

This is an LMXB source with an orbital period of 3.8 hrs (Liu, Paradijs,
and E. P. J. v. d. Heuvel 2007). An unstable superorbital periodicity of ~181
days was detected by KC11 in the high state. The periodicity of 181 days is
not detected and the orbital period cannot be detected due to the constraints
applied by the sampling interval of the light curve as shown in Fig. 3.11.
The DPS (Fig. 3.12) also does not show any significant period as it does not

have high power to call a period significant detection.
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Figure 3.11: EXO 0748-676: Lomb Scargle periodogram
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Figure 3.12: EXO 0748-676: Dynamic power spectrum.
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3.2.5 GRS 1747-312

This LMXB has an orbital periodicity of 12.36 hr (Liu, Paradijs, and
E. P. J. v. d. Heuvel 2007). The superorbital periodicity of ~147 days was
found in the initial stages (MJD 50500 and 52000) of the KC11 study, which
fades with time. The same period was also detected by Wen et al. 2006.
KC11 also detected an evolving periodicity of ~70 days. We did not find any
of the periodicities in the Lomb Scargle periodogram (Fig. 3.13), instead,
there is a detection of ~24 days of period in the DPS (Fig. 3.14), which is
stable throughout the observation. The reason for the periodicity has not

been figured out yet.
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Figure 3.13: GRS 1747-312: Lomb-Scargle periodogram.
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Figure 3.14: GRS 1747-312: Dynamic power spectrum.
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3.2.6 GX 3394

The superorbital period of ~190-250 days was detected by KC11 and by
P. Charles et al. 2008 in this LMXB. It has an orbital period of 1.755 days
(Liu, Paradijs, and E. P. J. v. d. Heuvel 2007). We did not get any of the
detections in our study. It may be due to the presence of high noise in the
periodogram even after applying the whitening technique, as can be seen in
Fig. 3.15. A period ~70-75 days emerges in Fig. 3.16 , which may an artifact

due to the precession of ISS.
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Figure 3.15: GX 339-4: Lomb-Scargle periodogram.
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Figure 3.16: GX 339-4: Dynamic power spectrum.
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3.2.7 GX354-0

For this LMXB, periodicities of ~63 and ~70 days were initially detected
by KC11 and an evolution from ~50 to ~70 days was there in the later stages
of their study. None of the power crosses the significance power level in our
study as seen in Fig. 3.17. Fig. 3.18 also does not show any strong period or

variation in it.
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Figure 3.17: GX 354-0: Lomb-Scargle periodogram.
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Figure 3.18: GX 354-0: Dynamic power spectrum.
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3.2.8 Her X-1

In our study, this LMXB shows some significant peaks at higher fre-
quencies close to each other. We detected the periodicities of ~66.54, 4.74,
17.37,14.02, 2.51, 2.43, 2.35 and 2.07 days as can be seen in Fig. 3.19. The
superorbital period of 34.74 days was previously detected in many studies
(not with the exact value of 35 days). The period of 17.37 days is the har-
monic of 37.74 days of period. The reasons for the other periodicities are
unknown. The orbital period of 1.7 days (Liu, Paradijs, and E. P. J. v. d.
Heuvel 2007) is again not detected due to binning constraints. Some of the
detected periods can be artifacts like 2.07 days, as the period in this range
is found in many other sources as well. Table 3.1 summarizes the list of
different candidate artifact periods. The source shows a steady nature in the
DPS as well. The period of 66.54 days is not strong enough in Fig. 3.20 to
get detected in the 600-day-long long lightcurve.
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Figure 3.19: Her X-1: Lomb-Scargle periodogram.
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3.29 KS1731-260

In this LMXB, the superorbital periodicity of ~38 days was detected
around MJD 51000 and an evolving periodicity from ~75-40 days was
strongly detected between MJD 51000-52000 by KC11. No periodicity was
detected in the later stages of their study (after 52000). We also did not
find any periodicity (Fig. 3.21). The DPS also shows nothing as periods as
seen in Fig. 3.22. The higher power values lie at the higher periods, where
the edge effect from the rescaling periodogram produces discrepancies, and

hence are not shown in the plot.
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Figure 3.21: KS 1731-260: Lomb-Scargle periodogram.
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Figure 3.22: KS 1731-260: Dynamic power spectrum.
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3.210 LMCX-2

The LMXB showed a superorbital periodicity of ~8 days (P. Charles
et al. 2008), which is neither detected by KC11 nor by us. We have detected
two periodicities of ~72 and ~36 days (Fig. 3.23). The reason for 72 day
periodicity might be the precession period of ISS, and 36 days might be
its harmonic. The given reason is supported by the detection of these two
periodicities in other sources as well, as the same periods in many sources
arerare. In Fig. 3.24, 72 days of period is visible throughout the observation.

The source shows an unstable behavior as small periods vary over time.
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Figure 3.24: LMC X-2: Dynamic power spectrum.
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3.211 LMCX-3

For this HMXB source, superorbital periodicity of ~99 days was detected
by Cowley et al. 1991 and KC11 detected the evolving superorbital periodic-
ities in the range of ~100-500 days (also Wen et al. 2006). None of the peaks
in our periodogram crosses the significant level (Fig. 3.25). A periodicity of
~150 days arises around MJD 57000 and then fades in Fig. 3.26.
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Figure 3.25: LMC X-3: Lomb-Scargle periodogram.
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Figure 3.26: LMC X-3: Dynamic power spectrum.
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3.212 LMCX-4

The HMXB has an orbital period of 1.41 days (Wen et al. 2006), the
detection of which in our study is constrained by the binning of the light
curve. The superorbital periodicity of ~30 days was detected by Wen et al.
(2006) and KC11. We also detected this periodicity at 30.36 days and its
harmonic at 15.18 days. Other than this, we detected significant signals at
the periods of ~52, 51 and 21 days, which can be seen in Fig. 3.27. These
were not detected in either of the above-cited papers. The reasons for these
periods have not yet been found. Fig. 3.28 shows a stable period of 30 days.
Periods that are not detected in the DPS may simply lack sufficient strength.
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Figure 3.27: LMC X-4: Lomb-Scargle periodogram.
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Figure 3.28: LMC X-4: Dynamic power spectrum.
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3.2.13 Sco X-1

The previously detected periodicity of 2.6 days (Kudryavtsev et al. 1989)
is neither detected by KC11 nor by us for this LMXB. KC11 strongly detected
the periodicity of ~200 days. This is also not detected in our study. We
detected a periodicity of ~72 days with FAP < 10~3(Fig. 3.29), which can
be again due to the precession of ISS as discussed for LMC X-2. Further
justification is needed for this period. Fig. 3.30 also shows the variation in
the same period after MJD 580000.

Rescaled Lomb-Scargle Periodogram for Sco X-1

20

=
w

————— Threshold power level at FAP 1e-05

0 MWW\/\

10t 102 103
Period(in days)

Rescaled Power
=
o

w

Figure 3.29: Sco X-1: Lomb-Scargle periodogram.
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Figure 3.30: Sco X-1: Dynamic power spectrum.
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3.2.14 SMCX-1

For this HMXB source, periodicities in the range of ~50-70 days were
found by Wen et al. 2006, and KC11 strongly detected the presence of
evolving periodicities in the range of ~42-70 days. A quasi-periodicity of
~60 days was suggested by Gruber and Rothschild 1984 and was confirmed
by Wojdowski et al. 1998 and Clarkson et al. 2003. Wen et al. reported a
quasi-periodicity around ~56 days. We detected the periodicities of ~4.19,
3.89 and 2.06 days in Fig. 3.31, among which 3.89 days is the orbital period
(Schreier et al. 1972). The other periodicities were not detected previously.
There is a detection of a superorbital period of ~65 days in the Fig. 3.32

with varying power over time.
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Figure 3.32: SMC X-1: Dynamic power spectrum.
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3.2.15 SS433

The superorbital periodicity of ~162 days was strongly detected by Wen
et al. 2006 and KC11, which is the relativistic jet precession period (Margon
1984). The HMXB source has an orbital period of 13.1 days (Crampton,
Cowley, and Hutchings 1980). KCI11 reported a strong period of ~400
days when the period of 162 days is weakly detected, suggesting some
correlation between the two periods. The period of 162 days in detected
with the FAP < 107>, whereas the orbital period and its harmonic is detected
with FAP < 1073 as can be seen from Fig. 3.33. The source shows high
variability at different periods other than the superorbital period of ~ 162
days in Fig. 3.34.
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Figure 3.33: SS433: Lomb-Scargle periodogram.
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Figure 3.34: SS433: Dynamic power spectrum.
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3.2.16 X0114+650

We have detected only the orbital period of 11.6 days (Wen et al. 2006)
for this HMXB. There was a strong detection of ~30.8 days superorbital
period by Wen et al. 2006 and an alternate weak and strong detection by
KC11. This period is detected with the FAP < 1073 (Fig. 3.35). Other than
this, period of ~36 days, which is thought to be an artifact, is also detected
with the same FAP. Fig. 3.36 shows the dominant period of ~72 days (the
candidate artifact) and a continuous and stable orbital period with low power
till MJD 58000.
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Figure 3.35: X0114+650: Lomb-Scargle periodogram.
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Figure 3.36: X0114+650: Dynamic power spectrum.
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3.2.17 X1636-536

The superorbital periodicity of ~46 days for this LMXB was detected by
P. Charles et al. 2008 and also by KC11 in the time range MJD 53000-54000.
Fig. 3.37 shows a significant period at ~72 days, which is the artifact as
discussed above and a superorbital period of ~1840 days, which might be
the noise raised due to edge effects in the rescaling of the Lomb-Scargle
period. Robust evidences are required to confirm that this period is an
intrinsic characteristic of the XRB.Fig. 3.38 shows the variations in the
artifact and the evolution of 1840 days of period cannot be detected due to

the window size constraints.
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Figure 3.37: X1636-536: Lomb-Scargle periodogram.
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Figure 3.38: X1636-536: Dynamic power spectrum.
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3.2.18 X1730-333

This is an LMXB in which a superorbital periodicity of ~217 days was
detected by Wen et al. 2006 (and references therein) and in the early stages of
the KC11 study. A period of ~100 days was also strongly detected by KC11.
There is no significant period detected in the complete lightcurve (Fig. 3.39),
but in Fig. 3.40 a period around 100 days is detected in-between MJD 58000
to 59000. This can be due to the same reason as the previous one. This
assertion lacks robustness, as KC11 observed that the period evolves. The
only supporting argument is the possibility that the underlying mechanism

has re-initiated.
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Figure 3.39: X1730-333: Lomb-Scargle periodogram.
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Figure 3.40: X1730-333: Dynamic power spectrum.
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3.2.19 X1907+097

In this HMXB, there was a superorbital periodicity of ~42 days (Pried-
horsky and Terrell 1984). This is not detected in our study. We have detected
the periodicities of ~72.70, 36.11, 8.37 and 4.19 days as seen in Fig. 3.41.
Among these periods, 8.37 days is the orbital period (Liu, Paradijs, and
E. P. J. v. d. Heuvel 2007) and 4.19 days can be the harmonic of it. Period-
icity of 72.70 and 36.11 days can be the above-discussed artifacts. Fig. 3.42
shows a period of ~24 days, which is detected in the Lomb-Scargle peri-
odogram of the entire lightcurve with FAP < 1073, Also the periodicity
fades away after MJD 58000.
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Figure 3.41: X1907+097: Lomb-Scargle periodogram.
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Figure 3.42: X1907+097: Dynamic power spectrum.
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3.2.20 X1916-053

The LMXB source had a periodicity of ~5 days (P. Charles et al. 2008)
and ~199 days (Priedhorsky and Terrell 1984). KC11 also detected the 199
day period but only in the initial stages of their study and no evidence of 5
day period was found by them. In our study, no power crosses the threshold
power level. A period of ~70 days and ~36 days again seen in the DPS
shown in Fig. 3.44. In addition to these, a period of around ~19 days is also
detected with varying power. The DPS shows high power of different periods
around MJD 58000 to 58500, and then again around MJD ~59100-60000,
implying high variation in the source in this particular interval of time.
The simultaneous appearance and disappearance of these periods suggest a

possible underlying correlation between them.
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Figure 3.43: X1916-053: Lomb-Scargle periodogram.
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Figure 3.44: X1916-053: Dynamic power spectrum.
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3.2.21 X1957+115

The superorbital periodicity of ~117 days was found by P. Charles et
al. 2008 in this LMXB. Also, this periodicity was only detected initially by
KC11. We did not detect any periodicity for the source as shown in Fig. 3.45.
The DPS, Fig. 3.46 shows high variabilities in the periods in wide ranges
of days. This variation can be mainly due to noise, as no power is highly

dominating.
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Figure 3.45: X1957+115: Lomb-Scargle periodogram.
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Figure 3.46: X1957+115: Dynamic power spectrum.
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3.2.22 XTE J1716-389

The HMXB source had a superorbital periodicity of ~99 days (Wen et
al. 2006). KC11 detected this periodicity initially, but it went weaker with
time. The source does not show any stable period, neither in Lomb-Scargle
periodogram (Fig. 3.47) nor in DPS (Fig. 3.48).
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Figure 3.47: XTE J1716-389: Lomb-Scargle periodogram.
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Figure 3.48: XTE J1716-389: Dynamic power spectrum.

The following table summarizes the detected periodicities in our study
with their corresponding FAP. Black represents new detected periodicities,
blue represents previously known periodicities we also detected with
FAP < 107,
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, red represents the periodicities that can be

artifacts.

Source Detected periods | FAP
(in days)

Cen X-3 2.15 3.16e-06
2.09 3.71e-116
2.03 1.91e-18

Cyg X-1

Her X-1 66.54 1.6e-11
34.74 5.4e-77
17.37 1.25e-20
14.02 5.59e-06
2.51 1.90e-21
243 1.07e-07
2.35 4.75e-12
2.07 7.75e-10

LMC X-2 72.71 7.48e-08
36.12 5.30e-10

LMC X-4 52.13 1.93e-15
51.64 4.74e-06
30.36 2.52e-67
21.42 1.41e-09
15.18 2.56e-09

SMC X-1 4.11 7.20e-08
3.89 1.06e-161
2.06 1.06e-87

SS433 162.47 3.46e-10

X0114+650
11.60 7.38e-17

X1636-536 1840.67 6.12e-07
72.66 2.57e-10

X1907+097 72.70 1.40e-17
36.11 1.14e-10
8.371 8.4%¢-14
4.19 2.18e-14

Table 3.1: Detected periodicities with their corresponding FAP.
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The above analysis demonstrates that both the periodogram and the
Dynamic Power Spectrum (DPS) reveal repeating patterns in the source
flux and their evolution over the course of the observation. However, these
techniques do not provide insights into the origin or mechanism of the
emission. To gain information about the emitting region within the system,
it is essential to study the energy dependence of these periodicities, as

discussed in the following section.
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3.3 Energy dependence of the periodicities

The energy dependence of periodicities provides crucial insights into the ori-
gin of the emission at specific frequencies. To investigate this, we computed
the fractional amplitude of the detected periodicities across different energy
bands (2-4, 4-10, and 10-20 keV). This was achieved by phase-folding the
lightcurves at the detected periods and fitting them with single or multiple
sinusoidal components, optimizing for a reduced chi-square value close to 1
in each energy band. The fractional amplitude was then obtained by dividing

the fitted optimized amplitude by the offset of the sinusoid.

A higher fractional amplitude indicates greater variability in a particular
energy band. Anincreasing trend with energy suggests that the periodic mod-
ulation originates from hard X-ray photons, likely emitted from the hotter
and inner regions of the accretion disk or potentially from the corona. Given
that superorbital periodicities are generally disk-driven, the disk remains the
more probable source. Conversely, a decreasing fractional amplitude with
energy points to soft X-ray emission, typically arising from the cooler and

outer regions of the accretion disk.

Fig. 3.49 shows phase phase-folded lightcurve in four different energy
bands for source Cen X-3 at period 2.09 day. The top panel, for each energy
band, shows black curve as the sum of all the photons in a particular phase bin
and the red curve shows the fitted model, a sinusoid, with single or multiple
sine functions. The number of sinusoids used to fit the phase-folded light

curve is based on the value of reduced chi-square.

Reduced chi-square is a statistical test used to check the goodness-of-fit
depending on the number of unknown parameters in the model. Reduced
chi-square is calculated in the following steps:

Weighted residual, y, is calculated, which is a measure of the difference
between observed data and a model prediction, adjusted by the uncertainty
(or weight) of each data point.

O;-E;

o

X = (3.8)

where O; is the observed value, E; is the expected value and o7 is the error

in the observed value for the ith data point. The smaller the value of y, the
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more the data point lies toward the fitted model. Then, for the complete data

set with N number of data points, chi-square value is calculated as:

N0~ EN
X2=Z( - ) (3.9)

i=1

If p is the number of parameters in the model, the degree of freedom (do f)
is calculated as
dof =N-p (3.10)

2

and the reduced chi-square, Xrod®

is then given by
X2q =X*/dof. (.11)

sze g values << 1, ~ 1 and >> 1 show over-fitting, good-fitting and

under-fitting of the model, respectively.

To achieve a good fit, we attempted to bring the reduced chi-square erze )
value closer to 1. However, in some cases where the photon counts are high
with low errors, or fluctuations in the baseline (e. g., fluctuations at the top
and bottom of sinusoid nature in Fig. 3.49), the sze 4 value remains above 2
or goes higher, even after trying better models. The same can be seen from
the phase folded lightcurves of all the sources, where the sze o (given in the
caption) is the highest in the 2-20 keV band, as this band has the highest
count among all the energy bands. For high values of sze 4 > 2, aminimum

of values is considered for the study.

The fractional amplitude has been analyzed only for the periods, which
shows a good periodic nature in phase-folded lightcurves in the energy band
2-20 keV. Cyg X-2 shows no variations periodic nature in the phase-folded
light curves for the detected 5.6 day period, LMC X-2 has two candidate
artifact periods, ~36 and 72 days, and the very long-term period of ~1840
days in X1636-536 also does not show any periodic behavior. Hence, energy

dependence analysis is not made for these sources.

The following subsections show the fractional amplitude of different

sources in different energy bands.
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3.3.1 CenX-3

The period which shows a well periodic nature in the phase folded
lightcurve is only 2.09 days. Fig. 3.49 shows the folded lightcurve of Cen

X-3 at a period of 2.09 days. From the figure, it can be seen that the count

2
red

as discussed above. The sze , values are given in the caption of the figures.

rate is high compared to the error. This creates a bias in calculating the y

For the same period, Fig. 3.50 shows the fractional amplitude for the
combination of four different sinusoids (one with fundamental frequency
and three with harmonics) used to fit the phase-folded light curve. al is
the fundamental amplitude, a2, a3 and a4 are the harmonics amplitudes,
and a0 is the offset of the fitted model. Among all the amplitudes, only
al, the fundamental amplitude, shows some significant change in fractional
amplitude. The other amplitudes have significant errors, showing no change

in the fractional amplitude.

The decreasing order of fractional amplitude with energy for the funda-
mental amplitude shows that the mechanism producing the period is domi-

nated in softer X-rays.
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Figure 3.49: Phase folded lightcurve for Cen X-3 at period ~2.09 days.
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3.3.2 Her X-1

The source shows many different periodicities, among which, periods
~2.34, 242, 2.51, 14.01, 34.75 and 66.54 days showed periodic patterns.
From Fig. 3.51 to 3.56 show the folded lightcurves at different periods in
different energy bands. All energy bands exhibit similar behavior across the
periods, except for the 34.74-day period, which shows a distinct peak and
hump. The errors in band 2-20 keV for the period 2.43, 2.51, 14.02 and
66.54 days show relatively higher errors than other bands, showing a large

deviation of the observed values from the model in this band.

Fig 3.57 and 3.58 show the fractional amplitude for these periods. For
period 2.35 and 2.43 days, fractional amplitude is higher in the energy band
2-4 keV, but does not show any significant change from 4-10 to 10-20 keV
energy band. Hence, showing that the periods are arising due to softer X-rays
and produced equally in the other two energy bands. Whereas, periods 2.51
and 14.02 days have large error bars, having the same value within the limits
of uncertainty, hence the mechanisms producing these periods are equally

radiating in the three bands.

Fig. 3.58a The figure displays four distinct fractional amplitudes corre-
sponding to four different sine components. It is evident that the variations
in al and a2 exhibit a similar pattern, suggesting a possible correlation be-
tween them. Likewise, a3 and a4 also follow a comparable trend, indicating
a potential correlation within that pair as well. Also, the decrease of the
fractional amplitude suggests the signals are dominantly produced by the

softer X-rays or the thermal component.

From Fig. 3.58b, it can be seen that the fractional amplitude does not
show any significant change from 4-10 to 10-20 keV for al, whereas a2 and
a3, both have similar values of fractional amplitude in 2-4 and 4-10 keV and
decrease in the band 10-20 keV.
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Figure 3.51: Phase folded lightcurve for Her X-1 at period ~2.35 days.
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Figure 3.52: Phase folded lightcurve for Her X-1 at period ~2.43 days.
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Figure 3.53: Phase folded lightcurve for Her X-1 at period ~2.51 days.
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Figure 3.54: Phase folded lightcurve for Her X-1 at period ~14.02 days.
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Figure 3.55: Phase folded lightcurve for Her X-1 at period ~34.74 days.
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Figure 3.56: Phase folded lightcurve for Her X-1 at period ~66.54 days.
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3.3.3 LMC X4

The period of ~30.36 days and its harmonic 15.18 days show well peri-
odic patterns when folded. Other than the two, ~51.64 days of period also
gives a good repeating pattern. Fig. from 3.59 to 3.61 shows the folded
lightcurves for the three periods. It can be seen from Fig. 3.61 that there is
no variation in 2-4 keV energy band, showing low variability in this band,

but the source is variable in other bands for 51.64 days of period.

Fig. 3.62 shows the variation in the fractional amplitude for the three
periods. Period 15.18 days shows overlapping errors, hence one can infer
that the physical region emitting photons in all three energy bands with
some lower percent in the softer X-rays. The cause producing 30.36 days of
period emits in the softer X-rays, whereas the mechanism producing 51.68
days of period emits in harder X-rays. Since 15.18 days is the harmonic of
30.36 days, both periods follow a similar trend in the fractional amplitude

variation. The period 51.64 days has no relation to the two periods.
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Figure 3.59: Phase folded lightcurve for LMC X-4 at period ~15.18 days.

65



1.50
L 1.25
g
L
G 1.00
o1
2
% 0.75
c
30.50
O

0.25

> | [ H. | | H.
f t f f
o] HM”W““NNNVUW Wumxv “HM”W”““N“WUW WNM\W i
0.00 025 050 0.75 100 1.25 150 175 2.00
Phase
. C U2
(a) Energy: 2-4 keV; y;,.,, = 1.81.
2.0

=
wv

counts/sec/cm?
_O =
w o

N

H t

0.00 025 0.50 0.75 1.00 1.25 150 1.75 2.00
Phase

. L2 -
(b) Energy: 4-10 keV; y;,, = 1.82.

5 ]
! i Ht e i it }
=0 ittty ”NHH.”“’“ t *H.,w bty ”NHH.””’“ ! ’n..m
i i
5

Iy =
o w

counts/sec/cm?
©
w

X
NoN
o

i 1l it i
’,‘uu,u'WW*?”mUW i gy 0WHHWW*H#H?“HHHN N
| |

0.00 0.25 050 0.75 1.00 1.25 150 1.75 2.00
Phase

(c) Energy: 10-20 keV; x2, , = 1.14.

wv

S

counts/sec/cm?
N w

fury

w

[ [
[ t
t it H [l it H [
byt gy e T LT T T TR TR '
i J R b n‘o‘,‘o Pt K R .o.o.,“

X
o

t

0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
Phase

(d) Energy: 2-20 keV; x?2,, = 2.11.

Figure 3.60: Phase folded lightcurve for LMC X-4 at period ~30.36 days.

66



1.0 —— Fitted Sinusoid
o~
€o0.9 ﬂ
¥ LI
%0'8 M wu" i I” H w il "'||I il ,“.,"Jl IM
Lo.7{ (U5 IWH Il Il
207/ Ml n I ﬂ
So0.6
0.5
2.5 by o by oy
=_9¢ UR ‘HH“"N'” "0,0.* it g \HW‘WM ﬁm‘ g i
000 025 050 075 1.00 1.25 1.50 1.75 2.00
Phase
(a) Energy: 2-4 keV; )(fe 4 = 1.06.
12 —— Fitted Sinusoid
T11
¥ |
| el |
]
b [ " ml
Foo I ||L P P, IR rili |r1l
g '""n ] H " '""n ] H
308
Q
0.7
250 il AL ol NN
~ 90 LR iy MWW“ TR iy i
T70.00 025 050 075 1.00 125 150 175 2.00
Phase
(b) Energy: 4-10 keV; )(fed =1.34.
. 1.0 —— Fitted Sinusoid
E i l
O
3 0.8 il JH u IJ|| "-"-ﬂ i u
a l i nl] l || ,, lli
2 el n"||l Iﬂ i ||| I
S06 “ I “
(]
O
0.4
2.5 | |
001 \H g ‘u o i ‘”H"m”‘n
7000 025 050 o.75 100 125 150 175 2.0
Phase
(c) Energy: 10-20 keV; x2, , = 1.66.
3.50

—— Fitted Sinusoid

2.5 L T B T B Py PO KR
*_g:g g W T T AR TR
0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
Phase
(d) Energy: 2-20 keV; x? = 1.69.

Figure 3.61: Phase folded lightcurve for LMC X-4 at period ~51.64 days.

red

67




LMC X-4
Period: 15.18 d

15 4 ao/al
)
g
N 14
£
513
T
2
Z12
&
— 11
©
C
e
210
©
P
91 |
24 4-10 10°20
Energy band (in keV)
(a) Period: 15.18 days.
LMC X-4
Period: 30.36 d
¢ al/a0 L]
g 80 t
©
X
o t
3 60
é 15 ¢ a2/a0 +
o
IS
©
E 10
RS
S
glo.o ¢ a3/a0
i
7.5 \
5.0+ : .
2-4 4-10 10-20
Energy band (in keV)
(b) Period: 30.36 days.
LMC X-4
Period: 51.64 d
4 ao0/al
o 12
(o))
3
10
£
S 8
2
£ 6
©
o
e 4
2
£ 2
24 4-10 10°20

Energy band (in keV)
(c) Period: 51.64 days.

Figure 3.62: Fractional amplitude of the periods for the source LMC X-4.

68



3.34 SMCX-1

The phase folded lightcurve for all three detected periods are given from
Fig. 3.63 to 3.65. The periods 2.06 and 3.89 days show the same pattern
in all the energy bands in folded-lightcurve, which may be due to the fact
that the former is a candidate instrument artifact and the latter is the orbital
motion, hence may affect the photon in each energy equally. For 4.19 days of
the period, the variation in 10-20 keV is lower than the other band, implying

weakness of the signal in the band.

Fig 3.66 shows fractional amplitude for the three periods. Fractional am-
plitude does not show any modulation for 2.06 days, implying the complete
spectrum is affected equally. The cause of the period can be the instrument
artifact that was emerging in many sources, as discussed, which is affecting
all the energies equally. Mechanism for period of 4.18 days is more dom-
inantly emitting in the softer X-rays, corresponding to a low temperature
region from the disk. The period of 3.89 days is the orbital period, and
the amplitude a3 and a4 can have some correlation as they are following a

similar trend.
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Figure 3.63: Phase folded lightcurve for SMC X-1 at period ~2.06 days.
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Figure 3.64: Phase folded lightcurve for SMC X-1 at period ~3.89 days.
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Figure 3.65: Phase folded lightcurve for SMC X-1 at period ~4.19 days.
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3.3.5 SS433

Fig. 3.67 shows the variations in flux across different energy bands and
Fig. 3.68 shows fractional amplitude for 162 days of period. The period
is known to produced by the precession of relativistic jet from the source
which are generally produced from the center of the system. The fractional
amplitude for al also shows high variation in higher energy band, implying
it is produced from higher temperature regions or from the inner parts of the
disk.
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Figure 3.67: Phase folded lightcurve for SS433 at period ~162 days.
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3.3.6 X0114+650

Fig. 3.69 and 3.70 show the variation of flux in different energy bands in
the phase-folded folded lightcurve. A significant variation in the flux pattern
can be seen in different energy bands for both periods, 11.6 and 30.68 days.
For 30.68 days of the period, the photons do not follow a periodic nature,
showing low variability in the energy band 10-20 keV.

From Fig. 3.71 it can be seen that the variation in the flux decreases
with energy due to the orbital motion as 11.6 days is the orbital period. The
period of 30.68 days is produced due to precession of the disk and may be

produced due to low temperature regions.
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Figure 3.70: Phase folded lightcurve for X0114+650 at period ~30.68 days.
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3.3.7 X1907+097

Fig. 3.72 shows the variations in the periods of 8.37 days. From the
figure, it can be seen that in energy band 2-4 keV, the signal does not follow
a pattern, whereas well well-periodic nature can be seen in other bands.

Phase folded lightcurve for period 71.75 days is shown in Fig. 3.73.

Fig. 3.74 shows the effect of orbital motion (8.37 day) on the flux vari-
ation. High variability is seen in higher energy bands due to this. An
interesting feature can be seen for the period 71.75 days that the fractional
amplitude first decreases, then increases and again decreases for al and
the reverse happens for a2, whereas a3 shows a monotonic decrease with

increase in energy.
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Figure 3.72: Phase folded lightcurve for X1907+079 at period ~8.37 days.
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Figure 3.73: Phase folded lightcurve for X1907+097 at period ~71.75 days.
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3.4 Results from Scanning-Sky Monitor/AstroSat

The very first choice of instrument that we had for our study was the
Scanning-Sky Monitor (SSM) on board AstroSat. With the help of SSM
data, we plotted the light curves for the X-ray source Sco X-1 and tried to
find the periodicities present. Fig. 3.75 shows the lightcurve of Sco X-1 for

1 satellite orbit.

Light curve with sampling interval:1.0 second.
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Figure 3.75: Sco X-1 light curve from SSM data for orbit ID 03294, binned

at 1 second. The x-axis is in units of +4.9693e9 seconds.

Due to large data gaps in the light curve, we were unable to construct
the periodogram. The large gaps acted as the windows whose periodogram
comes out as a sinc function, which should not be the case. So, data with
large gaps cannot be used to detect the superorbital periodicities, as the gaps
contain the information about the intensity, which is missing in this case.
But, the data can be used to study the variations in the pulsation period, as
pulses have the periodicity of seconds and milliseconds, and hence can be
detected in even small data sets. So, we will be using the SSM data to look

for pulse evolution.

Hence, to find superorbital periodicities, we used the lighcurves from
MAXI where we found different periodicities for different sources as dis-

cussed above.

We tried finding the pulsation in the lightcurves of three sources, namely,
Cen X-3, GRO J2058+42 and Her X-1, using SSM. As we have seen earlier
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that to find the small periodicities, the binning of the lightcurve is one of the
most important things that has to be kept in mind. Hence, to find pulsations
which are periodicities in the range of some milliseconds to some seconds,
the binning should be of the same order or even smaller. We used different
kinds of binning for different sources. We had some FITS files (FITS is
a file format) from the satellite for the above three sources. Each of these
files contains a different number of extensions, each with ~ 10 minutes of
observation. As discussed earlier for the cases of long-term periodicities
that the data contains lots of gaps when all the extensions are combined
to form a single lightcurve. The large gaps, on transforming from time to
frequency domain, give a sinc function which is not suitable for detecting
the periodicities. To deal with this, instead of combining all the extensions,
we studied single extensions at once. Since the 10 minute extensions do not
have any data gap, the problem of the sinc nature in the periodogram will
be solved. Also, as we are looking for pulsation, 10 minutes of data is good
enough to detect the spin periods (if present). The study and analysis of the

three sources are as follows:

34.1 CenX-3

This is a neutron star binary star system with the spin period of ~4.8
seconds (Giacconi et al. 1971) and orbital period of ~2.09 days, which we
detected from the MAXI observations. To find the period of 4.8 seconds
(or spin frequency, f;,ix» = 0.2083Hz), the binning should be such that the
sampling frequency ( fsump) of the lightcurve is double of the maximum fre-
quency ( fspin) to be detected or more than that. Here, the f;,;, = 0.2803 Hz,
hence fsamp > 2 fspins 1€, fsamp > 0.4166 Hz. In other words, the binning or
the sampling time (¢54/p = fs‘a}np) should be smaller than 2.4 seconds. The
binning of 1-second is used to just look for the behavior of the lightcurves
and to check for the anomalies, if present in the lightcurves. The follow-
ing figure shows the 10 minute lightcurves for the source for the different

extensions:
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Cen_X-3 Light curve with binning: 1.0 second
Dwellseq: 120760006
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Time (in seconds)

Figure 3.76: Cen X-3: 1-sec binned lightcurve for dwell sequence
120760006.

Fig. 3.76 is a lightcurve from one of the extensions from the FITS file
which has a photon count rate of up to 40 counts/sec. Other than this, the
instrument gives some peculiar lightcurves due to different reasons. For
example, in Fig. 3.77 there is a sudden increase and decrease of the photon
counts rate which can be due to the dwelling of SSM such that the source

just comes into the sight of it and moves out quickly as it dwells.

Cen_X-3 Light curve with binning: 1.0 second
Dwellseq: 121620011

300

0 50 100 150 200 250 300 350
Time (in seconds)

Figure 3.77: Cen X-3: 1-sec binned lightcurve for dwell sequence
121620011.

Another anomaly that can be seen in the lightcurves is the rise in the
photon counts throughout the extension. Fig. 3.78 shows an example of such
behavior. The reason for this can be the appearance of other sources with

high flux in these extensions while observing Cen X-1.

In order to look for pulsation, it is not a good idea to search for it in all

the extensions as some of them show anomalies and we can lose information
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Cen_X-3 Light curve with binning: 1.0 second
Dwellseq: 135910006

0 100 200 300 400 500 600
Time (in seconds)

Figure 3.78: Cen X-3: 1-sec binned lightcurve for dwell sequence
135910006.

about the source. So, we can study the lightcurves which have a photon

count rate around ~10 to 40 counts/sec, like in Fig. 3.76.

From the lightcurves of the type discussed above, periodograms are
constructed using the scipy.signal.periodogram module in Python. Here,
the Fourier transformation can be used instead of Lomb-Scargle as the data is
evenly spaced. The application of the Lomb-Scargle periodogram primarily
affects the scaling of the power spectrum but does not modify the underlying
periodic structure. From the periodogram, the maximum power peak and the
corresponding period are extracted. Then the phase-folded folded lightcurve
is created at the detected periods to look for how the flux changes throughout

the period.

The periodograms for different lightcurves from different extensions
show different periods. Fig. 3.79 shows two different periodograms from
two different lightcurves and Fig. 3.80 shows the corresponding phase-folded

lightcurves at the periods where maximum power is detected.
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(a) Periodogram 1: maximum power at 25.952 sec.
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(b) Periodogram 2: maximum power at 13.812 sec.

Figure 3.79: Periodograms for two different light curves of Cen X-3.
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(a) For Fig. 3.85a at period 25.952s. (b) For Fig. 3.85b at period 13.812s.
Figure 3.80: Phase folded lightcurve at the periods corresponding to the
highest peak for the periodograms plotted in Fig 3.79.

The periodograms does not show any strong periods, individually. Sim-
ilarly, many well periodic phase-folded lightcurves were detected at many

different periods. The periods may not be the intrinsic property of the
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source. The averaged periodogram calculated from the lightcurves similar
to Fig. 3.76, shows a peak at period ~4.799 seconds as shown in the Fig. 3.81.
The higher periods in the periodogram are not shown as they contain lots
of noise. The main reason to note this period is that it is close to the spin
period of the source. Further proofs are needed to confirm that this period

arise due to the spin of the neutron star.

Averaged power spectrum of Cen_X-3

10°
Period (in seconds)

Figure 3.81: Averaged power spectrum of Cen X-3.

The higher periods in the periodogram are not shown as they contain lots
of noise. The main reason to note this period is that it is close to the spin
period of the source. Further proofs are needed to confirm that this period

arise due to the spin of the neutron star.
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3.4.2 GRO J2058+42

This is a Be binary system, where the companion is a Be star. These are
the stars with spectral type B but have a strong hydrogen emission line in
their spectrum due to a circumstellar disk present around them. This X-ray
binary source has a pulsation period of ~ 194 seconds (Mukerjee, Antia,
and Katoch 2020).

The source also contains some anomalies and peculiarities in its lightcurves
(not as high as seen in Cen X-3). The source shows a variable nature in

lightcurves for some extensions, as shown in Fig. 3.82

GRO_J2058+42 Light curve with binning: 1.0 second
Dwellseg: 120310008
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Figure 3.82: GRO J2058+42: 1-sec binned lightcurve for dwell sequence
120310008.

Apart from these variable lightcurves, we have some lightcurves which
do not show this kind of nature. These lightcurves can be used to reach our

science goal, like in Fig. 3.83.

GRO_J2058+42 Light curve with binning: 1.0 second
Dwellseq: 119790029

0 100 200 300 400 500 600
Time (in seconds)

Figure 3.83: GRO J2058+42: 1-sec binned lightcurve for dwell sequence
119790029.
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Similar to Cen X-3, unusual features have been seen in the periodograms,
that lightcurves from different extensions show different periods for the same
source. Also, instead of the source’s spin period, we detected some periods
that do not belong to the source. Fig 3.84a and 3.84b show two different
periodograms for the source with different nature and Fig 3.85 shows the
phase-folded lightcurves of the sources at the periods corresponding to the

highest peak in the periodograms.

Power spectrum for GRO_J2058+42
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(a) Periodogram 1: maximum power at 27.132 sec.
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(b) Periodogram 2: maximum power at 9.785 sec.

Figure 3.84: Periodograms for two different light curves of GRO J2048+52.
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(a) For Fig. 3.85a at period 27.132s. (b) For Fig. 3.85b at period 9.785s.
Figure 3.85: Phase folded lightcurve at the periods corresponding to the
highest peak for the periodograms plotted in Fig 3.84.

Similarly, different periods arise in different extensions, some of which
are repeated in more than one extension. These periods are found around
~9.7s, 20.5s, 27.1s and 39.7s. These periods can be produced due to other
sources present in the field of view while observing GRO J2058+42, but
the exact reason is not known. Strong supporting evidence is necessary to

validate this.
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3.4.3 Her X-1

The LMXB has a neutron star with a spin period of ~1.24 seconds and
an orbital period of 1.7 days (Shakura, N. L. et al. 2021). A different kind
of peculiar behavior is seen in the lightcurves for this source. Fig. 3.86 is
an example of such behavior. The lightcurves show a sudden jump in the

photon counts.

Her_X-1 Light curve with binning: 1.0 second
Dwellseq: 135800003
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Figure 3.86: Her X-1: 1-sec binned lightcurve for dwell sequence
136460003.

Also, there is a high count rate observed in the lightcurves for some
extensions. Fig. 3.87 shows this kind of behavior. This can be due to
the appearance of any other source or group of sources with high flux
while observing Her X-1. Studying these lightcurves will not give us the
information about Her X-1, rather, it will show the combined behavior of the

sources in the field of view of SSM.

Her_X-1 Light curve with binning: 1.0 second
Dwellseq: 138650007
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Figure 3.87: Her X-1: 1-sec binned lightcurve for dwell sequence
138650007.
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To deal with this, lightcurves as in Fig. 3.88 are used for the study of this
source.
Same as the above two sources, different lightcurves give different peri-

ods. Fig. 3.89 shows the periodogram and Fig. 3.90 shows the corresponding

phase-folded lightcurves at the period of maximum power.

Her_X-1 Light curve with binning: 1.0 second
Dwellseq: 122970008

m
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Time (in seconds)

Figure 3.88: Her X-1: 1-sec binned lightcurve for dwell sequence 12297008.
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(a) Periodogram 1: maximum power at 8.177 sec.
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(b) Periodogram 2: maximum power at 15.682 sec.

Figure 3.89: Periodograms for two different light curves of Her X-1
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(a) For Fig. 3.89a at period 8.177s. (b) For Fig. 3.89b at period 15.682s.
Figure 3.90: Phase folded lightcurve at the periods corresponding to the
highest peak for the periodograms plotted in Fig 3.89.

Also, the averaged periodogram does not show any significant period,

implying high noise in the data.
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3.5 Eclipse Modelling

To investigate long-term variability in X-ray binaries (XRBs), eclipses can
serve as valuable probes. In binary systems, eclipses can last from a few
minutes to several hours, depending on factors such as the size of the com-
panion star, the dimensions of the compact object, orbital velocity, and the

system’s inclination angle.

We tried to make a model that can identify the eclipses, ingress time,
egress time and can predict the next eclipse from the lightcurve. We applied
it to find the eclipse in the source EXO 0748-676 from the LAXPC/AstroSat
data. Fig. 3.91 shows the light curve of the source for 2.5 days with 5-second
binning. Three bursts can be seen from the lightcurve, but the eclipses are
not perfectly visible. Using the model, we have detected 6 eclipses in this
lightcurve and 1 partial eclipse where the ingress and part of the eclipse is

not observed, as shown in the Fig. 3.95.
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Figure 3.91: Lightcurve of the XRB source EXO 0748-676 with 5-second

binning.

The methodology adopted for detecting eclipses in the lightcurve is

outlined below:

It can be seen from Fig. 3.91 that the observation has many gaps where the
photon count drops to zero. These gaps are the intervals of no observations
for the source from LAXPC/AstroSat. Hence, the data is in chunks (here,
25 chunks where 6 chunks have very little observation time) rather than
having a continuous observation. To deal with this, we tried to find the
eclipse in different chunks separately. The modeling includes calculating

means and variances of the photon counts for the eclipse detection of each
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chunk. The photon counts from the flares, even for a few seconds, change
the mean and variance of the chunk to a high level, hence the flares have
to be removed before proceeding. So, the parts of flares and zero photon
counts are eliminated for the modelling. In order to find the eclipses in a
chunk, we start by finding the dips. Here, a dip will start from the first point
where the photon count is smaller than 0.5 times the standard deviation of
the chunk photons (o junk) and will run until the photon count goes higher
than op,nx. For this particular source, if the total time length of the dip is
greater than 150 seconds, then only it will be a candidate dip for eclipse and
then only we will calculate the ingress and egress time around this dip. The
ingress starts from the point in the chunk around the dip where the photon
count is 4 times the standard deviation of the dip flux (oy;,) and ends at the
first point where the photon count is above 0.50y;,. The same convention
is followed for the egress time, i.e., the egress starts where photon count >

0.504;p and ends where photon count > 407;,.

Fig. 3.92 shows the interval of eclipse in the lightcurve, including ingress

and egress.

Eclipse in EXO 0748-676
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Figure 3.92: Lightcurve of EXO 0748-676. The intervals in blue are the

eclipse found in the source.

The following figure shows the zoomed-in version of the eclipse and its

ingress and egress times.
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Figure 3.93: Eclipse in 1st chunk with ingress time:

time: 465 seconds and egress time: 20 seconds.
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Figure 3.94: Eclipse in 3rd chunk with ingress time:

time: 430 seconds and egress time: 70 seconds.
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Figure 3.95: Partial eclipse in 15th chunk with egress time: 15 seconds and

eclipse time more than 370 seconds.
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Figure 3.96: Eclipse in 18th chunk with ingress time: 5 seconds, eclipse

time: 485 seconds and egress time: 15 seconds.
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Figure 3.98: Eclipse in 25th chunk with ingress time: 30 seconds, eclipse

time: 480 seconds and egress time: 75 seconds.
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Figure 3.99: Eclipse in 28th chunk with ingress time: 25 seconds, eclipse

time: 480 seconds and egress time: 35 seconds.

Table 3.2 summaries the eclipse times found in different chunks. The

Eclipse no. | Ingress time (in sec) | In-eclipse time (in sec) | Egress time (in sec)

1 30 465 20
2 20 430 70
3 - 370 (partial detection) 15
4 5 485 15
5 40 495 25
6 30 480 75
7 25 480 35

Table 3.2: Estimated time of the eclipse in different chunks.
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binning of the lightcurve is 5 seconds, hence there is always a least count
error of 5 seconds present. Since the least count is 5 seconds, the uncertainty

in each measurement is typically taken as:

For six times measurements (excluding partial eclipse), the error can be
propagated as:
Trotal = 3/ V6 = 2.04 seconds

On averaging the ingress, eclipse and egress times, we get:
Tingress = 25 £2.04 seconds

Tectipse = 472.5 +2.04 seconds
Tegress = 27.5 £2.04 seconds
For the above calculation, the partial eclipse is not taken into account.

The ingress and egress times are different for different chunks. Also,
the egress time is more extended than the ingress time when averaged.
The results are somewhat close (but not very good) to the results found by
Knight et al. 2021 where the eclipse time is ~500 seconds, the ingress time
is 15.2 seconds and the egress time is 17.5 seconds. To model eclipse for
other sources, the parameters like ocpunk and o4, will change. Hence, the
criteria for the start and end of the dip/eclipse, ingress and egress will be
changed depending on the source. Hence, the model is not a very strong
enough to detect an eclipse in every lightcurve. Changes in the model are
needed to a large extent for better parameter estimation. This can also be
seen from the difference between the time parameters found by us and those
found by Knight et al. 2021.

The modelling can further be extended to study the difference in the
ingress and egress times, and also to study the extended egress times. On
the other hand, spectral analysis can also provide a good insight into the
behavior of the source at the time of eclipse. But since we are looking
for the temporal evolution of the sources, this is beyond the scope of this

project.
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Chapter 4
Discussion

We analysed 22 sources out of 25 reported in KC11. We found some new
previously unreported periodicities for a subset of sources, whereas for the
others, we detected no significant periodicities. The reason for not seeing
the previously known super-orbital periodicities is the evolution of the XRBs
with time. As the systems evolve, the mechanisms giving rise to the super-
periodicities change, resulting in the change of these periods. Since the
orbital period of the source does not evolve, we found these periods in our
analysis, at least for some HMXBs. The orbital periods of the LMXBs
(except Cyg X-2, which has P,,, = 9.844days (Liu, Paradijs, and E. P. J.
v. d. Heuvel 2007) and two HMXBs, LMC X-3 and LMC X-4, are less than
2 days, which cannot be detected in our study due to the light curve binning
constraints. A light curve binned in seconds or hours can help us detect

these periods.

A subset of X-ray binaries exhibits stable superorbital periods, such as
~35 days in Her X-1, ~162 days in SS433, and ~30 days in LMC X-4.
The persistence of these periodicities suggests that the underlying mecha-
nisms, such as stable precession of a warped accretion disk, remain relatively
unchanged over the observational timescales. Conversely, other systems dis-
play significant variability in their superorbital periods, implying dynamic

changes in their accretion disk structure.

We also found some new periodicities in some of the sources, like:
Cen X-1, Her X-1 , LMC X-4, SMC X-1, X1636-536 and X1907+097.
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Some of these periodicities are due to the intrinsic physical properties of the
sources, and some may be artifacts. There is a detection of a period around
~2 days in some sources, e.g., Cen X-1, Her X-1 and SMC X-1, so it can be
an artifact whose reason is yet to be figured out. Other than this, ~72 days
period in LMC X-2, X1636-536 and X1907+097, and ~36 days of period in
LMC X-2 and X1907+097, are also artifacts arising due to the precession
period of ISS. The period of 72 is also observed in DPS of many sources, like
GX 339-4, Sco X-1, X0114+650 and X1916-053. These three periods are
potential candidates for instrumental artifacts, as it is uncommon to detect

identical periods across multiple independent sources.

Other than the periods of some hundreds of days, we detected a period of
~1840 days in X1636-536 which looks unreal. XRBs can have a superorbital
period >1000 days, but it is very rare. Some of the sources like SXP 138,
GX-304 and y-Cas show superorbital periods > 1000 days as discussed
Chashkina et al. 2015. The detected period is likely to be a false detection
for two reasons: first, there are only about 3 cycles of this period in ~15
years of data; second, because of the edge effects due to rescaling of the
periodogram, the noise itself mimics the signal. Robust evidence is required

to confirm this period as an intrinsic property of the source.

Along with the rescaled periodogram, the dynamic power spectrum pro-
vides deeper insights into the temporal evolution of periodicities in the
sources. Through the DPS analysis, we identified periodicities that were not
apparent in the periodogram generated from the entire ~15 years of data. For
instance, in the case of sources GRS 1747-312, SMC X-1, X1730-333 and
X1907+097, new periodicities at ~24, 65, 100 and 24 days were detected,
respectively, in the DPS but were absent in the full-period periodogram. This
discrepancy may be attributed to the suppression of weaker periodic signals
by the dominant power of stronger periods in the overall dataset. Therefore,
the DPS was employed to capture the local, time-dependent evolution of the

systems more effectively.

To further investigate the X-ray binaries and the detected periodicities,
we examined the fractional amplitude, which revealed varying trends across

the observed periods. We observed a variety of trends in the fractional
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amplitude values with increasing energy, including monotonic increases (e.
g., LMC X-4 at 51.64 days) and decreases (e. g., SMC X-1 at 4.19 and
3.89 days), instances of no significant variation (e. g., Her X-1 at 2.51 and
14.02 days), and turnover behaviors (e. g., X1097+097 at 71.75 days). The
period which do not show any significant changes with energy can be the
instrument artifacts, as these affect the photon count rate equally in energy
bands.

Additionally, we attempted to identify superorbital periods using the
SSM data but did not detect any. This is likely due to the presence of signif-
icant data gaps, which obstruct the detection of long-term periodicities. As
a result, the SSM data is not well-suited for studying superorbital variations.
Moreover, the data is not sufficiently filtered to reliably identify pulsations
either. From pulse analysis of sources Cen X-3, GRO J2058+42 and Her
X-1, we found different periods for the same source. These periods may not
be associated with the sources as they are detected in one extension but not in
the very next extension. The source generally does not show high variations
in very small amount of time. The reason for this can be the noise or the
appearance of other sources in the field of view at the time of scanning any
of the above sources. As SSM has a large field of view of 22.1? x 1007, it
can scan many sources simultaneously. Other than from the X-ray sources,
the X-ray from the Sun and reflected from Earth also contribute to the flux in
the lightcurves. The contribution from all the factors affects the lightcurves
and in-turn the periodogram. These may be the reasons for the many periods
seen other than the original spin periods of the source in the periodograms.
These all contributions from the different sources may suppress the signals

from the source under study, making it too hard to detect the desired signal.

The search for a meaningful signal from SSM was made to test the data
of this instrument. The sources with known spin periods were used for the
same. If we had detected the spin periods in the three sources, we could
have used the other sources to find pulsations from the instrument. Hence,
the pipelines used to clean the SSM data need better filtering algorithms
and the data needs to be continuous to have a better analysis. If the data is
well filtered, it can be used for all the three aspects, superorbital periods,

pulsation and the eclipse, of the project.
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Other than finding periodicities across different time scales, an effort is
made to detect the eclipse from the lightcurve of the sources is also made.
We found 6 eclipses and 1 partial eclipse for EXO 0748-676 from LAXPC
data. There are large uncertainties in calculating the ingress, egress and
in-eclipse time. The algorithm needs modifications for a better study of the

eclipses.
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Chapter 5
Future plans

After successfully developing the periodogram and identifying significant
power levels and periods, the next step is to investigate the causes of these
periodicities. We need to determine whether they are artifacts or a result
of underlying mechanisms in the binary systems. Fractional amplitude is
calculated in different energy bands to investigate the emitting region. This
is not sufficient to find the cause of the period. Hence, we have to come up
with some analysis to find the cause. One can do spectral analysis for the

same.

While calculating the fractional amplitude, the reduced chi square has
high values when the model is fitted. A proper and deep analysis will be
helpful to fit a better model and a better understanding of the sources. If this
problem is resolved, better parameter estimation can be achieved, leading to

a closer physical relation to the system.

The objective of studying pulsations and their long-term variability using
SSM data could not be achieved due to the poor quality of the data, which
contains numerous peculiarities and anomalies. Therefore, there is a strong
need to thoroughly clean and preprocess SSM data for each source. If the
data quality remains insufficient even after cleaning, it may be necessary to

consider using alternative instruments for the analysis.

The eclipse modelling that we have done needs a lot of optimization

and modification. It worked very well in the case of EXO 0748-676 as
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the lightcurve does not have much variations. If any source shows high
variability, the model needs different threshold criteria for mean and standard
deviation to find the eclipse. Also, the algorithm cannot distinguish between
the dip and the eclipse. An optimized modelling is also needed to find
the ingress and egress times of the eclipse. A machine learning model can
be used to get better results for this. The model can be extended to the
prediction of the next eclipses. The analysis can aid in investigating the
shrinking and expansion of the binary orbit. Also, spectral analysis can
be carried out to gain deeper insights into the physical properties of the
X-ray source and its companion. This includes investigating the emission
mechanisms, estimating the temperature and composition of the accretion
material, and identifying any spectral features that may help constrain the

nature of the compact object and its interaction with the companion star.
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