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Abstract

Magnetic field plays an important role in the broadband emission of many astrophysi-
cal sources. The strength of this field whose presence leads to the observed polarization
of radiation varies over an extraordinary range of about 20 orders of magnitude. Neu-
tron stars have the most powerful magnetic field strength of 10*2-10* G. One interest-
ing manifestation of strong magnetic field is the cyclotron resonance scattering feature
(CRSF) which is seen in the spectrum of these sources. In this thesis, we present the
results of pulse phase variation of CRSF in two high mass X-ray binaries using As-
troSat-LAXPC observations. We also present results of other types of isolated neutron
stars from AstroSat-LAXPC observations. Another manifestation of the presence of a
strong magnetic field is the polarization of high energy radiation. The measurement
of high energy polarization has been limited or somewhat elusive so far. This is now
set to become possible thanks to the renewed efforts in the past decade. POLIX is an
X-ray polarimeter based on Thomson scattering. It can perform polarimetry of hard
X-ray sources like accretion powered pulsars, black holes, blazars, supernova remnants
etc. We present the results of two experiments, which are part of ongoing ground
calibration of this instrument. We also present the experimental results for a new

polarization measurement technique based on photo-electric interaction.






SYNOPSIS

Background and motivation

Neutron stars have powerful magnetic fields. The strongest magnetic field known in
such objects is hundreds of millions of times stronger than any man-made magnet and
quadrillions times more powerful than the field surrounding the earth. Strong mag-
netic fields in neutron stars have crucial contribution in properties of pulsed radiation
from radio to gamma rays. This radiation bears signatures of field strength and its
configuration. One important signature is polarization properties, which is only known
for the radio pulsars. While expected X-ray polarization properties of different types
of pulsars studies have been investigated theoretically, confirmation and validation can
only be obtained with polarization measurements. Recent advancement in Thompson
(Rishin and et al., 2010), Compton, and Photo-electron (Evangelista, 2017) based X-
ray polarimetry technique has brought us closer to the day when such measurements

will be done.

When a neutron star is in binary with a main sequence star, it can accrete matter
from its companion. The strong magnetic field of NS in such a system can have a cru-
cial contribution in the formation of the X-ray spectrum of these sources. Scattering
cross-sections of photons are altered in the presence of a strong magnetic field. They
acquire different dependencies depending on whether they escape parallel or perpen-
dicular to the magnetic field (Becker, 1998). Two characteristic which should arise
due to the magnetic field are the formation of cyclotron resonance scattering feature
(CRSF) and polarization of the X-rays. The presence of CRSF was first theoretically
predicted (Gnedin and Sunyaev, 1974) even before it was discovered observationally.
The current census is more than 30 CRSF sources discovered with magnetic field rang-
ing from ~ 1 — 7 x 10'2G. Harmonics of the CRSFs are also seen in several sources
: for example up to the fifth harmonic in 4U 0115463 (Santangelo et al., 2000), two
harmonics in V 0332+53 (Pottschmidt et al., 2005) and single harmonics in several
sources like Vela X-1 (Kreykenbohm et al., 2002), A 0535+26 (Caballero et al., 2007)
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and 4U 1538-52 (Rodes-Roca et al., 2009).

Inherently, the angular dependence of the CRSF cross-section is expected to result in
variations of a few % in CRSF parameters with pulse phase. Physical parameters of
the region like plasma temperature, optical depth, and geometry of region can also re-
sult in variations of CRSF parameters. Pulse phase dependence of CRSF thus provide
crucial clues regarding these conditions across the pulse phase. It also provides clues

on magnetic field configuration of the same (Maitra, 2017).

Research Methods

For carrying out a study on cyclotron lines, data from AstroSat-LAXPC along with
its analysis software tools have been used. This instrument has a large effective area
in broad energy band 3.0-80.0 keV and hence suited for the phase-resolved analysis of
broad feature like CRSF in the spectrum. In addition to data from the performance
verification and guaranteed time observations with AstroSat, we had 3 guest propos-
als accepted with AstroSat in 2016 and 2017. For the study of one source, we also
used archival data from XMM-Newton and RXTE PCA space telescope. Archival
data was obtained from HEASARC NASA’s archive of high energy astrophysical data.
HEASARC also provides data analysis tools that allow users to carry out several
timing and spectral task effectively.

Polarization experiments were set in RRI’s X-ray lab. Some of the equipments were
built in mechanical engineering services (MES) workshop at RRI while others were
either bought or designed and manufactured in collaboration with outside industries.
Thesis Outline

This thesis is divided into 7 chapters

Chapter 1: Introduction

Chapter 2: Description of the Instruments and Methods Used in the thesis
Chapter 3: Pulse Phase Variation Of Cyclotron Resonance Absorption
Feature In HMXBs Using AstroSat-LAXPC

4U 1538-522 is a wind-fed persistent HMXB formed by a massive (17 My) B0lab su-
pergiant and a neutron star. The orbit of the binary system is almost edge-on, and is
characterized by a period of 3.75 days, a low eccentricity of ~ 0.08, and a well defined
X-ray eclipse lasting ~ 0.6 days. The persistent X-ray luminosity is estimated to be
about 2 x 103¢ erg/s for a distance of ~ 6.4 kpc. The system consists of a supergiant
that under-fills its Roche Lobe and is similar to other wind fed systems like Vela X-1
and 4U 1907+09 exhibiting short time variability in terms of dips and flaring activity.
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The neutron star is spinning with a period of ~ 529 s. A CRSF at ~ 20 keV was dis-
covered by using a Ginga observation. An additional absorption feature was identified
in the spectrum at ~ 51 keV using BeppoSAX observations and was later confirmed as
the first harmonic of the CRSF. Using X-ray observations from 1996-2012, it has been
suggested that CRSF centroid energy has increased by ~ 1.5 keV during this period.

4U 1907409 is an HMXB comprising of a neutron star and an O8/09 Ia supergiant
star. It was discovered in the UHURU survey in 1971. X-ray flux modulation of
~ 8.38 d is attributed to the orbital period of the binary. Companion has a mass
loss rate of 7 x 1079 My, yr~!. The neutron star in 4U 1907409 is pulsating with a
periodicity of ~ 437 s and it is known to show occasional quasi-periodic oscillations
at a frequency of about 65 mHz. The light-curve of 4U 1907409 is highly variable
with dips and flares. Based on the long periods of quiescense similar to supergiant
fast X-ray transients (SFXTs), it was classified as an intermediary between classical
sgHMXBs and SFXTs. Pulse profile of 4U 1907409 shows double peak upto 10 keV.
In 10-20 keV pulse profiles exhibit a single peak with only a small secondary hump.
Above 30 keV, there is no visible change in it’s pulse profiles with energy. The CRSF
for 4U 1907409 at ~ 19 keV was first discovered with Ginga and it’s first harmonic
was detected with BeppoSAX.

In this work cyclotron line studies of 4U 1538-522 were carried out with observation
data from LAXPC instrument onboard AstroSat. Cyclotron Resonance Scattering
Feature (CRSF) was detected at ~ 22 keV which confirms the long term increase in
the centroid energy of the CRSF observed between the 1996-2004 RXTFE and 2012
Suzaku observations. It is one of the highest signal to noise ratio detection of CRSF for
this source. Detailed pulse phase-resolved spectroscopy of continuum and CRSF was
done. Significant variations are found in CRSF parameters, which implies physical
parameters like plasma temperature, optical depth, and projections of different parts
of accreting column changes significantly across the pulse phase. Also, pulse profile
showed strong energy dependence, with a double-peaked profile in low energy range
and a single-peaked profile in high energy range, the transition taking place around
the cyclotron line energy of the source. The secondary peak (phase 0.6-1.0) decreases

in strength until it disappears for energy > 19 keV.

In this work, an in-depth pulse phase variation of spectral parameters of 4U 1907409

has been studied along with energy dependence of pulse profile. The light curve con-
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sisted of a flare at the beginning of the observation, followed by persistent emission.
Pulse profiles are detected up to 60 keV. The amplitude and shape of secondary peak
is energy dependent, with a marked difference below and above ~ 16 keV. The am-
plitude of secondary peak goes down significantly in energy bands around CRSF. We
have detected a cyclotron absorption line at ~ 18.5 keV with high detection signifi-
cance and performed a detailed pulse phase resolved-spectral analysis. The cyclotron
line parameters show dependence on the spin phase of the neutron star. Cyclotron

parameters are found to be same for luminosity change by a factor of 2.6.

Chapter 4: AstroSat-LAXPC Observations Of Some Isolated Neutron Stars
In addition to accretion powered pulsars, we have also investigated two other types of

X-ray pulsars with AstroSat observations: 1) Rotation Powered Pulsars 2) Magnetars.

The Crab nebula is a remnant of a supernova explosion in 1054 AD. Crab nebula is the
brightest sources in the sky at photon energies > 30 keV. Crab nebula is the brightest
sources in the sky at photon energies > 30 keV. In the center of the nebula, there is a
high magnetic field neutron star with a spin period of ~ 33 ms, which was discovered
in 1968 (Staelin and Reifenstein, 1968). The pulsar is slowing down at a rate of P =
4.2 x 10713 ss7! (Manchester et al., 2005).

PSR B1509-58 was first discovered in X-rays with Finstein observatory. Its spin pe-
riod was found to be 150 ms. It is embedded in a bright supernova remnant MSH
15-52. Radio pulsations were detected subsequently and a large period derivative of
~ 1.5 x 107*2 ss7! was also confirmed. This implies a dipole field of B = 1.5 x 103
G. The radio pulse profile show a sharp peak, while the X-ray profile has a single,
broad and asymmetric peak and lags the radio peak by about one quarter of cycle.
Using 11 years of radio timing observations, the detailed spin-down evolution suggests
the characteristic age of 1700 years. The distance is 5.2 + 1.5 kpc estimated from HI

measurement.

The magnetar 1E 1048.1-5937 is relatively active, often showing X-ray bursts and un-
stable timing behavior. Its spin period is 6.46 s, and the spin inferred surface magnetic
field strength is B = 4 x 10** G. In quiescence, it shows a spectrum which is well de-
scribed with a blackbody plus power-law model having a kT ~ 0.6 keV and I" ~ 2.9.

The distance to the source is estimated to be 9 kpc.
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1E 22594586 was the first anomalous X-ray pulsar (AXP) to be discovered and also
played a key role in the identification of AXPs as magnetars when it exhibited a series
of over 80 X-ray bursts in 2002. The spin period of 1E 22594586 is P = 6.98 s with
a spin-down rate of P = 0.05 x 10~''ss~'. This implies a surface magnetic field of
0.59 x 10 G, which is toward the lower end of typical range of magnetar magnetic
fields and the characteristic age is estimated to be 230 kyr. It is located near the
center of SNR CTB, which is known for its half shell morphology in both radio and
X-rays. It is at a distance of 4.0 + 0.9 kpc.

Rotation powered pulsars and magnetars are very faint in X-ray except when they
are bursting. In this work, we have developed data analysis method to handle these
faint sources with AstroSat-LAXPC. LAXPC detector has 7 anodes arranged into 5
layers each with 1024 channels. We can extract spectra from different layers separately.
From different layer spectra, we can decide about the right configuration of channels
and layers for timing and spectroscopy can be done. A Source which has comparable
flux to these sources are mostly detected in top 2 layers. We have detected a spin
period of 151.85 ms for PSR B1509-58. Pulsations are detected up to 60 keV for this
source. Emission profile consists of a very broad single peak whose shape does not
change with energy. Another idea we have developed in this work is the extraction of

different types of spectra.

Different types of spectra give us a consistency check on spectral parameters of the
model. For spectroscopy of PSR B1509-58, we have used off pulse emission as a back-
ground spectrum and on pulse emission to source spectrum. Hence obtained spectra
of PSR B1509-58 is found to be well fitted with a model of absorbed power-law in
3.0-25 keV band.

We detected pulsations of 6.46 s for 1E 1048.1-593. Emission profile has a single peak.
Pulsations are detected only in soft energy band up to 7.0 keV. For 1E 22594586, we
detected pulsations of 6.98 s. The pulse profile of this source is double-peaked. For
this source also, pulsations are detected up to 7.0 keV. Data from both sources was

found unsuitable for spectroscopy.

Chapter 5: A Hydrogen Like Iron Line in HMXB Pulsar IGR J16320-4751

and Pulse Phase Dependence of Its Neutral Iron Emission Line
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IGR J16320-4751 was detected with INTEGRAL in 2003 and identified with ASCA
source AXJ1631.9-4751 detected in 1994. It is an HMXB consisting of an O8I opti-
cal counterpart and a neutron star. It shows periodic intensity modulation at 8.96
days, which is considered to be its orbital period. The spin period of neutron star
in this system is ~ 1300 s. It is located at a distance of ~ 3.5 kpc and has an av-
erage X-ray luminosity of 3 x 10%° ergs s=! in 17-60 keV energy band. Other than
orbital modulation, light curves of IGR J16320-4751 show variability at various time
scales, from seconds-minutes to days-months. The pulse fraction is found to be con-
stant with energy in the XMM-Newton and INTEGRAL energy bands. The X-ray
spectrum of this source is similar to other highly absorbed HMXBs, consisting of a
power-law, prominent iron emission lines along with large absorption column (Ng
~ 2 —5 x 10%cm~2). Inspite of large column density, the spectrum also shows a soft
excess below ~ 3 keV, which can be best explained with a black body of ~ 0.07 keV.
The absorption (Ng) and line emission (EW of Fe K,,) are correlated with each other,

as expected from a system with the absorbing material also yielding fluorescence lines.

In this work, we report on results from multiple observations of the High Mass X-ray
Binary (HMXB) pulsar IGR 16320-4751 with XMM-Newton-Newton and RXTE PCA.
Using XMM-Newton and RXTE observations spanning about one binary orbit each,
we investigate the pulse profiles and spectral variations in the system. The pulsar
shows pulse profile variations on a day to day time scale, thereby making it difficult
to determine an orbital solution for the binary. The X-ray spectrum shows signatures
of multiple Fe emission lines. We find the presence of a hydrogen like iron line in the
spectrum. We also find that pulse fraction in iron line energy band pulse profiles is
surprisingly comparable to lower and higher energy range pulse profiles. A pulsating
iron line flux indicates the presence of a complex and asymmetric medium surround-
ing the binary system. A soft excess component is seen in three of the XMM-Newton

observations.

Chapter 6: Experimental X-ray polarimetric activities

In this work, we report on experiments conducted to establish the proof of concept for
simple photo-electron polarimeter. We have used a proportional counter with closely
spaced wires, interleaved as two sets of anodes. This technique does not require X-ray
focusing optics, very high pointing accuracy, or spin of the satellite. This technique is
therefore suitable for a small X-ray polarimetry mission. Photo-electron track made

along wires are likely to produce signal in a single anode whereas tracks perpendicular
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to wires will produce signal in both anodes almost equally. For any track direction
in between, there is a splitting of charges in a ratio somewhere in between depending
upon orientation of track with respect to two anodes. The first challenge is to establish
the charge division concept. For this we used radioactive sources (unpolarized) Cd
and Fe which emit X-rays of ~ 23 keV and ~ 6.0 keV respectively. For Cd charge
division is seen at 200, 400 and 700 Torr gas pressure in detector due to large charge
tracks. For Fe charge division is seen at 200 Torr. However, at higher gas pressure
photo-electron track length is smaller than anode spacing and hence charge division
is not seen. The second step is to distinguish between ratio histograms patterns for
photons of different polarization angle. The ratio of events when the charge is divided
between two events was found to be different for photons with different polarization

angle.

POLIX is an X-ray Polarimeter for astronomical observation in the energy band of
5-30 keV. It is made of proportional counter based X-ray detectors, a scatterer and a
collimator. Scatterer is made of low atomic mass material which causes the Thomson
scattering of incoming X-rays, a process sensitive to the polarization of the X-rays.
A Collimator had been made so as to avoid or reduce the number of other bright
X-ray sources in its field of view. In addition, the dead area between cells and mass of
collimator has to be minimized. These requirements are met with a collimator made
of tapered hexagonal cells with a flat top angular response. This flat top response
helps in mitigating any small pointing error of the satellite. Space based astronomy
is a challenging field. An instrument has to be thoroughly understood and well cali-
brated before it is launched and astronomical observations are made. In the case of
Thompson polarimeter we have to calibrate the flat top and overall angular response
for payload rotation with misalignment with respect to collimator axis. Secondly Mod-
ulation curve which is used to infer the polarization properties, might be affected by
other sources in field of view in addition to target on-axis source. This effect needs
to be well understood and taken into account during observations. In this work, we
present construction and development on two calibration experiments: 1. To measure
the parameters of the flat top response of collimator with hexagonal cells. 2. Un-
derstanding and estimating the contribution of off-axis non polarized sources to the

modulation curve.

Chapter 7: Summary and Future Works
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Chapter 1

Introduction

"Light brings us the news of the Universe. Coming to us from the Sun and the stars
it tells us of their existence, their positions, their movements, their constituents and

many other matters of interest".

William Bragg.

1.1 Introduction

The messages of the universe come to us in the form of electromagnetic radiation. Most
of our understanding of the universe has come by measuring the strength and direction
of radiation at different wavelengths. But the electromagnetic waves are transverse in
nature and direction of the instantaneous electric (or magnetic) field is perpendicular
to its direction of propagation. This fundamental property of the electromagnetic
wave is called polarization. The most intense astronomical radiation that we receive
on earth is the sunlight. Most of this radiation is randomly polarized. Probably, this
was the reason human did not notice this characteristic of electromagnetic radiation
for a very long. Polarization of electromagnetic radiation was observed by Malus in
1808 while looking through a calcite crystal at the setting sun. He noticed that the
relative intensity of light changed as he rotated the crystal. The sunlight can become
polarized due to scattering. Halo of the moon at night and rainbow after rain are
natural examples of polarization by scattering. Light rays from rainbows are highly
polarized (up to 95%). The unique design of their eyes allows bees to detect the
polarization of light. This ability helps them to search for nectar. Figure 1.1 gives us
interesting and funny insight into group discussion in a typical beehive.
Astrophysical sources are large aggregates of particles (plasma or atoms or molecules)

with violent internal motions. The radiation from such sources is expected to be ran-
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== SHE SAYS Q={3U.

BUT 1 THINK THE SWEETEST 5
STUFF IS AT Q=-U!

Fig. 1.1 A Cartoon representing the ability of bees to recognize polarization and how
it plays crucial role in their survival. Figure credit: Radhakrishnan (1989).

domly polarised. For the radiation to have a net polatisation there must be something
to break the symmetry and lead to a preferred direction of polarization. One such
agent is scattering which leads to the modification of the symmetry of incident radia-
tion by inherent anisotropy of radiation distribution after scattering. In all the cases
mentioned above it is the Rayleigh scattering of optical light. Interactions of radia-
tion with atoms Thomson/Compton scattering also leads to polarization of incident
radiation. Another symmetry breaking agent is magnetic field. Magnetic field leads
to polarization of radiation via synchrotron emission. Magnetic field varies over an
extraordinary range of about 20 orders of magnitude in astrophysical sources. Some
sources like radio galaxies Virgo A, Cygnus A, and Centaurus A have very feeble
magnetic field of the order of microgauss. In the interstellar medium we have atomic
and molecular clouds with fields of the order of microgauss. In the radiation belts of
Jupiter the field strength is order of 1 Gauss. Even sun has a magnetic field strength
of about ~ Gauss. On the other hand, stellar compact objects like white dwarfs and
neutron stars have very strong magnetic field. The magnetic fields found in white
dwarfs ranges from thousand to billion Gauss. Neutron star have even more stronger
magnetic field in range 1011-10'® Gauss. Hence, we should be getting polarized radia-
tion in abundances from these astrophysical sources. Polarized radiation comes to us

across the electromagnetic band.
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Polarization studies of astrophysical sources in optical and radio astronomy has
been going on for some time now. On the other hand, polarization studies of astro-
physical sources in high energy is yet to take off. This is a notoriously difficult area
of research, compounded by the combination of low flux levels of high energy sources,
poor efficiency of interaction processes known for making polarimeters of high energy
radiation, high background rates and instrumental artifacts. In this thesis I have
worked on a new technique to measure X-ray polarization. This technique is based on
the photo-electron interaction of X-rays. We have done experiments to demonstrate
the feasibility of distinguishing between incoming photons with different polarization
angles. Along with the development of new techniques, there are renewed efforts to
measure X-ray polarization of high energy astrophysical sources based using space
based polarimeters. India is set to take important step in this field with the launch
of its indigenous X-ray polarimeter (POLIX) by Indian Space Research Organization
(ISRO). It will be the first dedicated X-ray polarimeter mission in the world. This
X-ray polarimeter is based on Thompson Scattering of X-ray photons and being devel-
oped at Raman Research Institute (RRI). I have worked on calibration experiments
of this polarimeter to characterise its collimator and study the effect of presence of an
off axis unpolarized X-ray source in the the field of view of instrument.

Apart from polarization of radiation the presence of a strong magnetic field has
another interesting effect in accretion powered pulsars which is imprinted on their
spectra. In these X-ray sources, energy levels of electrons are quantized due to presence
of strong field which can interact with photons of only certain energy values. Hence,
some of interacting photons with these energies are scattered by the electrons and are
absent from continuum spectra and is manifested as an absorption feature known as
cyclotron line. Study of these features has become a vital tool to understand magnetic
field configuration and accretion geometry of these sources. I have studied this feature
in two HMXBs using data from AstroSat-LAXPC. AstroSat is India’s first dedicated
space based observatory with multiwavelength capability from UV to all the way up
to hard X-ray.

1.2 Cyclotron Resonance Scattering Feature

Cyclotron resonance scattering feature (CRSF) is a line like broad absorption feature
in high energy spectra of X-ray pulsars. Also known as cyclotron line, this feature has
been observed at energies 10-100 keV for various sources. Cyclotron lines are man-

ifestation of quantum electrodynamics process at work in astrophysical sources. In
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electrodynamics, electron makes helical trajectories in the presence of the magnetic
field. The magnetic field strength of earth is ~ 1 G and strongest humanmade mag-
nets have a magnetic field strength of ~ 10° G. At these magnetic fields strengths
classical electrodynamics is applicable, and electrons have continuous energy levels in
the presence of magnetic field. Pulsars are however extreme objects with magnetic
field strengths ~ 10 — 10'3 G. One special class of pulsars called magnetars, even
have magnetic field strengths ~ 10 — 10 G. There is certain limit of the magnetic
field for a particle beyond which problem of its motion needs to take care of relativis-
tic quantum effects. This is called critical field at which particle its cyclotron energy
equals its rest mass energy. For electrons, B..; = % = 44 x 102 G. Detailed calcu-
lations have shown that beyond B..;, electron’s perpendicular momenta (and hence
energies) are quantized in discrete Landau levels. This is given as
pL B

= 1.1
mec nch (1.1)

Pulsars emit photons in a broad and continuous energy band. These photons can
interact with electrons at their discrete energy levels only, and photons with energy
in between do not interact. In other words, scattering cross-section at these energy
is very high. Scattering cross-section of a pulsar with magnetic field 1.69 x 102 is
shown in Figure 1.2. Photons of these energies might be missing in the line of sight
of observer and hence may be observed as absorption feature in the source energy

spectrum. The energy at which this absorption is seen in the spectrum is given by

1+ 2n=2—sin?60 —1 1
E, = (m.c? V fmw X1 (1.2)
Where
m. = Mass of electron
¢ = Velocity of light
0 = Angle between direction of incident photon and magnetic field

z = Gravitational redshift at the surface of the pulsar

The same physics is valid for other charged particles. However their lines will be
seen in different energy band, and the separation between them will be different due
their masses. For example, proton cyclotron lines are expected to be in the range a
few eV to 100 eV for similar magnetic field strength.

The research on cyclotron lines in X-ray binaries is an emerging sub-field of X-ray

astronomy. It is a very active area of research in observations and theoretical modeling.
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Fig. 1.2 Resonant Scattering photons with electron in presence of strong magnetic field
strength. Figure shows cross sections for three viewing angles y = cos = 0.1,0.5, and
0.9 represented by solid,dashed, and dotted lines respectively. Figure credit: Schwarm
et al. (2017).

The observations are detecting cyclotron lines in many new sources and theoretical
works are focused on modeling the change in cyclotron line energy on different time
scales, the relationship between cyclotron line parameters with luminosity, and several
other interesting related problem. In short, cyclotron line research has become probe
to understand the accretion physics in X-ray binaries.

The first cyclotron line was discovered in spectrum of High mass binary Her X-1
using a balloon experiment (Truemper et al., 1978) which provided first direct measure-
ment of Neutron star’s magnetic field strength. Initially, there was an ambiguity about
the cyclotron line in Her X-1 to be an emission feature at ~ 53 keV or an absorption
feature at ~ 40 keV (See Figure 1.3). Later detailed calculations of radiative transfer
in the presence of magnetic field showed that it should be an absorption feature at
~ 40 keV. Within few years, another cyclotron line along with its fundamental and
harmonics was detected in 4U 0115+63 (White et al., 1983). At present, there are five
cyclotron lines (one fundamental and four harmonics) known in this source (Heindl
et al., 2004). In early years of space-based astronomy, cyclotron lines were discov-
ered from observations with pioneering satellite Ginga. After that many instruments
with broad energy coverage and moderate spectral resolution like RXTFE, BeppoSAX,
INTEGRAL were used to study these features. More recently, Suzaku, NuSTAR, As-
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Fig. 1.3 Discovery of cyclotron line in energy spectrum of Her X-1. Observation was
done using a balloon experiment. Figure credit: Truemper et al. (1978).

troSat are providing valuable information regarding cyclotron lines in pulsar systems.
In the last 43 years since the discovery of first electron cyclotron line, they have been
detected in ~ 35 sources. Also, proton cyclotron line have been found in the spectra
of isolated neutron star in energy range 0.1-1.0 keV using soft X-ray observations of
XMM-Newton and Chandra (Haberl, 2007).

There are many scientific implications of studying cyclotron lines in binary pulsars.
Measurement of centroid energy of the cyclotron line gives direct estimate of magnetic
field strength of a neutron star. It can tell us more about physics of extreme environ-
ment near to neutron star by calculating ratios of observed value of fundamental and
its harmonics. It has been seen that many sources show anharmonic spacing between
fundamental and its harmonics. A ratio < 2 can be explained by relativistic correc-
tions as in 4U 0115463 (Santangelo et al., 2000) and > 2 by superposition of many
lines as in Vela X-1 (Kreykenbohm et al., 2002). The shape of the CRSF itself is of
great importance. It is generally fitted with a Gaussian or Lorentzian profile in spec-
tra modeling. However, complex CRSF shapes have been observed in many pulsars
like Cep X-4 (First et al., 2015) and X Persei (Maitra et al., 2017). Even theoretical
works have predicted complex CRSF shapes which includes the presence of line wings
in the fundamental (Nishimura, 2008). Complex shapes are expected for low luminos-
ity pulsars due to distortion of the magnetic field near the base of accretion mound due

to the effects of local instabilities (Mukherjee and Bhattacharya, 2012) or variation
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of Doppler boost with changing luminosity (Mushtukov et al., 2015a). Variations of
CRSF line energy with luminosity can tell us about type of the accretion regime in
sources. It depends upon whether its shows a positive, negative or no correlation of
CRSF energy with luminosity. Theoretical studies have suggested that such correla-
tions can be seen depending on whether a source is in sub-critical or super-critical

regime (Becker et al., 2012). The critical luminosity is given by

A —7/5
Lcrt = 149 x 1037erg S_l (ﬁ) w—28/15

(M 29/30( R )1/1°<Bsurf)16/15 (1.3)
14M, 10 km 102G '

M = Mass to the neutron star.

R = Radius of the neutron star.
B = Magnetic field strength of neutron star.
w characterizes the shape of the photon spectrum inside the column.

A characterizes the mode of accretion.

Sources in the super-critical regime show a negative correlation whereas sources
in the sub-critical regime show positive correlation between the cyclotron line energy
and luminosity. Long term changes in cyclotron line can be indication of geometrical
change in line forming region or change in configuration of the magnetic field at poles
due to the process of continued accretion. Finally, all CRSF parameters can change as
a function of the pulse phase. This is indication of the change in physical parameters
like plasma temperature, optical depth, etc. of the region around the neutron star.
Projections of different parts of accretion mound with different properties results in

variations of CRSF parameters with pulse phase.

1.3 Recent significant results in cyclotron line re-

search

o Evolution of cyclotron energy in Her X-1 : Her X-1 has been a source of
interest for astronomers since in CRSF field research from past ~ 40 years. It
was the first source in which this feature was discovered. Since then it has been

astronomer’s favorite target of study in many electromagnetic bands. In the
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hard X-ray band (> 10 keV), this source has been studied by many instruments
like Ginga, BeppoSAX, RXTE, INTEGRAL, Suzaku, NuSTAR and AstroSat.
Taking all the values of cyclotron line and their uncertainties on face value, it
was found to be constant at ~ 35 keV before 1991 then it suddenly increased
to 45 keV between 1991-1994 and an apparent decay after that. However, a
comparison of values derived from observation of different instruments needs to
be corrected for systematic uncertainties due to calibration and different data
analysis methods. Much of the decay of cyclotron line energy between 1994-
2007 was found to be an artifact (Staubert et al., 2007). Instead, they found
that cyclotron energy has a positive correlation with X-ray luminosity. When
cyclotron line energy was normalized with the correct flux value, the time de-
pendence vanished. However, by adding more measurements (2005-2012), it has
been established that cyclotron energy in this source has decreased by ~ 5 keV
over the past 20 years (Staubert et al., 2014). The latest observation by NuS-
TAR in 2015 has further strengthened this result (Staubert et al., 2016). This
study has separated the flux dependence from time dependence. Such change
in cyclotron energy over a few tens of years reflects a local phenomenon in the
accretion mound rather than change in the magnetic field strength. A change in
magnetic field strength will happen at timescale of million years (Bhattacharya
et al., 1992; Geppert and Urpin, 1994). A change in cyclotron energy at short
timescales can be caused by the geometric displacement of the CRSF region to
a larger distance from neutron star surface and hence a smaller magnetic field
strength in the line producing region. Another possible explanation is that ac-
creted material in the accretion column could drag field lines radially out and

hence reduces the effective field strength where resonant scattering takes place.

Luminosity dependent variation of cyclotron line parameters : X-ray
luminosity of pulsar binaries is known to be variable. The CRSF parameters
of these systems are seen to be varying with luminosity. CRSF line energy
E.y. dependence on X-ray luminosity Lx has been observed for many sources.
Cyclotron line width and depth can also vary with Lyx. A negative correlation
was seen in transient source V 0332453 by Ginga observation (Makishima et al.,
1990). A second source with a confirmed negative E.,./Lx correlation is SMC
X-2 (Jaisawal and Naik, 2016). Positive E.,./Lx correlation has been seen in
many sources: Her X-1 (Staubert et al., 2007), Vela X-1 (Fuerst et al., 2014;
La Parola et al., 2016), A 0535+26 (Klochkov et al., 2011; Sartore et al., 2015),
GX 304-1 (Malacaria et al., 2015), Cep X-4 (Vybornov et al., 2017). V 0332+53
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Fig. 1.4 Established luminosity dependence of E.,. for various sources. A bimodal
distribution is seen among all the sources along with some exception. Figure credit:
Staubert et al. (2019).

also show positive correlation at very low luminosity at the end of outburst
(Doroshenko et al., 2017). In GX 304-1 and Cep X-4, a flattening of linear
correlation is seen at high luminosities (Rothschild et al., 2017; Vybornov et al.,
2017). A comprehensive picture of E.,./Lx behavior is shown in Figure 1.4.
Some indication of positive correlation of width and depth of cyclotron line has
also been found (see table 8 of (Staubert et al., 2019)).

These two types of correlation can be understood in terms of two types of accre-
tion modes separated by L..; (critical luminosity) (Becker et al., 2012). Sources
above and below L..;; are in super-critical and sub-critical luminosity state. L.
depends upon the shape of photon spectrum inside the accretion column, whether
a source is wind accretor or disk accretor and surface magnetic field of NS. In
super-critical accretion mode, a radiative shock is formed in accretion column.
This radiative shock decelerates the infalling material. Hence, an increase in
accretion rate results with increased height of line forming region and vice versa.
In sub-critical accretion mode, no radiative shock is formed, and matter falls
on to the surface of the Neutron star. The deceleration of infalling matter is
achieved through Coloumb interaction. An increased accretion rate leads to the

smaller line forming region and vice versa.
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Some other alternate efforts have tried to explain the bimodal distribution of
luminosity dependence of E,,.. For Example, CRSF line might be produced by
Doppler-shift of radiative plasma whose movement depends on accretion rate
(Nishimura, 2011, 2014). Luminosity dependence of E.,. can be explained by
combining change of height and the area of accretion mound with changes in
emission profile (Mushtukov et al., 2015b). This approach also explains both
positive and negative correlations. Another idea explains the observed positive
correlation by producing CRSF line from the radiation reflected from the NS
surface in accretion column with radiation dominated shock (Poutanen et al.,
2013).

Detection of multiple cyclotron harmonics in 4U 0115463 : High mass
X-ray binary system 4U 0115463 was one of the earliest cyclotron line pulsar. It
has a very low energy fundamental line which make it a very good candidate for
multiple harmonics to be observed with current class of broad band instruments.
It is a very intriguing source in CRSF studies as it validates this phenomenon
by showing multiple harmonics of the cyclotron line in its X-ray spectrum. It
was first discovered in a sky survey conducted by UHURU satellite in 1972 (Gi-
acconi et al., 1977). It is very active transient source, and 15 outburst have been
reported in it since its discovery (Boldin et al., 2013). These are very luminous
type-1I X-ray outbursts during which multiple cyclotron lines are seen in it (Fer-
rigno et al., 2009; Giacconi et al., 1977). In BeppoSAX observation of outburst
in 1999, four absorption feature were seen in pulse phase resolved spectra at a
phase near the descending edge of the main peak of pulse profile. These were
identified as one fundamental and three harmonics of cyclotron line at 12.74,
24.16, 35.74 and 49.5 keV having ratios of centroid energy with respect to the
first to be 1 : (1.9) : (2.8) : (3.9). These ratios are significantly different from
the classical values 1 : 2 : 3 : 4. Theoretical modeling of CRSF have shown
that excess of "shoulder" photons, below the fundamental (Isenberg et al., 1998)
causes line energy of fundamental to appear high and hence ratios comes out
to be smaller than expected. Equivalent widths of higher harmonics are found
to be larger than that of the fundamental. At these energies two-photon pro-
cesses have higher cross sections compared to one photon processes (Alexander
and Meszaros, 1991). Due to these processes a photon with energy E ~ 2F.
is scattered into to two photons at £ ~ FE.. Hence photons at the fundamen-
tal cyclotron line are replenished at the cost of photons at higher harmonics.

The net result is that the spectral line at higher harmonics will be significantly
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deeper. In RXTE observation of 1999 outburst, five lines (Fundamental and
four harmonics) were detected in one of phase resolved spectra (Heindl et al.,
2004). These results emphasized that phase resolved spectroscopy of these fea-
tures holds greater potential than phase averaged spectrum. Variations of CRSF
parameters are averaged out in the phase averaged spectrum. These variations
could be due to presence of multipole component of the magnetic field or an off-
set of dipole field with respect to center of star. X-ray observatories with broad
energy coverage and very high effective area in whole band are very useful for

phase resolved spectroscopy of these features.

e Pulse phase variation of cyclotron parameter

Neutron stars in binary systems are rotating objects in the sky. Their rotation
axis is generally tilted with respect to their magnetic axis. Emission towards an
observer from such an object varies as a function of its rotation phase due to
this misalignment. Model component for CSRF has three parameters for its line
energy, width and depth. A few % of variation in CRSF parameters is due to
angular dependence of cross section. Physical parameters (geometrical view of
accretion column, plasma temperature and optical depth) or magnetic field may
also change with pulsar rotation phase. Thus phase resolved spectroscopy of
CRSF can provide better understanding on geometrical structure and magnetic
field structure of pulsars. Pulse phase resolved studies have played very crucial
role in the development of CRSF research. First of all, the presence of harmonics
was was first noticed in phase resolved spectra than phase averaged spectrum
for may sources like Her X-1 (Enoto et al., 2008; Klochkov et al., 2008), 4U
0115463 (Robba et al., 2001), etc. Using this technique, it has been observed
that ratio of second harmonic to fundamental energy varies across the phase for
Vela X-1 (Maitra and Paul, 2013a). Pulse phase resolved spectroscopy of all three
parameter have been performed for many sources, for example Vela X-1 (Maitra
and Paul, 2013a), 4U 1538-522 (Hemphill et al., 2014; Varun et al., 2019), Cen
X-3 (Suchy et al., 2008) A0535+26, 4U 1907409, XTE J1946+274 (Maitra and
Paul, 2013b), etc. The phase resolved variation of parameters show complex and
different patterns for different sources. These patterns are interpreted differently
for each sources invoking different conditions. However, there is serious need for

comprehensive scheme of theoretical modeling.

Several complicated processes needs to be considered for a sensible interpretation

of observational patterns of CRSR phase variations. To begin with, gravity
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near the NS surface is very strong and effects of gravitational light bending
needs to be included (Leahy, 2003). Due to this, a particular viewing angle gets
contributions from multiple emission regions. Another effect is the presence of
multipolar magnetic field or magnetic field with sharp gradients. Then effect of
different types beaming patterns also needs to be considered. "Pencil" and "Fan'
are two types of beaming pattern considered in pulsars depending on the source
luminosity. Some times a combination of both can be present in a pulsar. Source
luminosity determines which type of beam is emitted. The theoretical modeling
should give us readymade templates for phase variations of cyclotron parameters
given the source physical conditions. Then we will be able to understand these

extreme environments in more details.

Formation mechanism of cyclotron lines

Cyclotron lines observed in pulsar systems tend to be different than any other
atomic or ionic absorption lines. These lines are considerably broader and their
shape also tend to be more complex. Some authors have tried to explain these
lines by solving radiative transfer in slab or cylindrical geometries with uniform
physical conditions (Araya and Harding, 1999; Nagel, 1981a,b). Cyclotron lines
observed in X-ray pulsars are much broader and shallower than predicted by
these theoretical works. Recently, some authors have tried to model accretion
column with a series of regions on top of each other, having different physi-
cal properties like temperature, density and magnetic field varying with height.
Properties of effective cyclotron line emerging from accretion column or mound
is the superposition of cyclotron line emerging from different parts (Nishimura,
2008, 2005). Two types of accretion mound geometries are considered depending
upon whether source luminosity is higher or smaller than critical luminosity (
L. ~ 103" erg s7! ). The systems with L > L* tend to have extended accretion
mounds and are modeled by a cylindrical geometry. On other hand, the systems
with L < L* accretion happens directly on the surface of neutron star surface
and are modeled by slab geometry of accretion. This model shows that super-
position of narrow and deep lines from individual domains with different peak
energies results into effective broad and shallow cyclotron line. The fundamental
line profile has asymmetric shape that is shallower towards lower energies than
towards higher energies. Further, the shape of fundamental line can be more
complex as it is due to the superposition of large number of individual line with
absorption like feature in center and two wings in sides. On the other hand,

shape of harmonics is simple but asymmetric. This type of modeling has been
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considerably successful in explaining properties of cyclotron lines like complex
nature of fundamental line, change in line parameters (energy, depth and width),
deviation of ratio of harmonics and fundamentals from expected value, luminos-
ity dependence of line energy, etc. Results of this model has been used to explain
some enigmatic features in some well known sources. The observed increase of
energy and depth of cyclotron line with time, together with decrease of its width
in V0332+52 (Mowlavi et al., 2006) are consistent with model predictions for
this system. In 4U 0115463, dependence of line energy (while its depth is al-
most constant) with luminosity can be explained using this model. The complex
shape of fundamental line as seen in V0332+53 (Pottschmidt et al., 2005) and 4U
0115+63 (Heindl et al., 1999) can be explained naturally in this model as super-
position of photon densities coming from different segments of accretion column
with cylindrical geometry resulting in a double absorption feature for fundamen-
tal line. However, harmonic lines are much simpler than the fundamental even
in the case of cylindrical geometry. This complicated shape of fundamental line
makes it harder to detect fundamental than harmonics as seen in Vela X-1 and
A0535+426. This also make ratio of harmonics to fundamental to deviate from

expected value as seen in Vela X-1 (Kreykenbohm et al., 1999).

1.4 Polarimetry in high energy astrophysics

Since its birth in 1960s, X-ray astronomy has given significant contribution to our
understanding of universe thanks to fantastic advancements in timing, spectroscopy
and imaging with pioneering instruments like Rossi X-ray Timing explorer (RXTE),
Chandra and XMM-Newton. Polarimetry in high energy started in early phase of
X-ray astronomy with polarimeters on board OSO-8 (Novick, 1975; Weisskopf et al.,
1976) and ARIEL-5 satellites (Gowen et al., 1977). A few observations were made
with these polarimeters. The measurement of polarization of CRAB Nebula (Weis-
skopf et al., 1978b) and upper limits on polarization degree for CYG X-1 (Weisskopf
et al., 1977) and Sco X-1 (Weisskopf et al., 1978a) we obtained from these observations.
The advent of X-ray optics gave significant improvements in imaging and spectroscopy.
Polarimeters based on classical techniques like Bragg diffraction and Thomson scatter-
ing along with collimators required rotation of satellite for measurements. Also, X-ray
polarimeters requires a large number of photons and therefore, very long durations
are required. Due to these differences polarimeters could not be assembled along with

satellite dedicated to other techniques. As a result, polarimetry has been an almost
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unexplored field of high energy astrophysics until recently. Although some polarization

measurements were made using balloon-borne experiments.

1.5 Science Prospects of Polarimetry in High En-
ergy

In recent years, dedicated efforts are being made to open this window of astronomy
due to its promise to solve some unresolved issues. Polarisation measurements are
suggested to be a good method to investigate acceleration processes due to magnetic
reconnections in solar flares and in strong magnetic fields of Neutron stars and White
dwarfs. Polarization measurements can give more details about the geometrical struc-
tures in astrophysical sources like accretion disks, accretion column, molecular torus
and ionization cones by measuring polarization of radiation. Radiation in these struc-
tures gets polarized by scattering from asymmetric regions. Polarisation measurements
also has potential to understand fundamental physics in extreme regimes of strong
gravitational and magnetic fields not accessible on lab experiments on earth. Finally,
it can test some predictions of physical theories like quantum electrodynamics (QED)
and quantum gravity. Astrophysical sources are readymade test beds for testing these
processes and theories. Below is list sources which can be observed by upcoming space

mission for polarization measurements.

e Accretion powered pulsars: In accretion powered pulsars, the accreted
matter is a plasma in a strong magnetic field. The scattering of radiation with
magnetized plasma can lead to strong polarization. The radiation propagates
as ordinary and extraordinary modes in the presence of a strong magnetic field.
These two orthogonal modes of radiation have different opacity in the magne-
tized plasma. The ordinary mode propagates parallel and extraordinary mode
propagate perpendicular to the magnetic field. This difference in opacities for the
two modes leads to birefringence for the propagating photons and thus strong
polarization of the outgoing radiation. The degree of polarization is strongly
dependent on the geometry of the emission region, the spin phase, and also
varies with the energy (Meszaros et al., 1988). For some suitable orientations,
the degree of polarization can reach up to 70 %. The polarization of photons
parallel to the magnetic field ("pencil beam") is expected to be the weakest at
the maximum of flux amplitude. For the photons perpendicular to the field ("fan

beam"), the polarization is expected to be the strongest at the maximum of flux
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amplitude. Thus, the pulse phase-resolved polarimetry can help us get insight
about the geometry of the emission region and radiation pattern model in the
accreting pulsars.

« Galactic Black Hole Binary: In high-soft state of Black hole, the emission
from accretion disk component is the brightest component of X-ray spectrum.
Gravity is very strong in the innermost region of the disk. Although General
relativity has been tested in weak field limit, there are some predictions of GR in
strong field limit which have not been tested yet. Innermost regions of accretion
disk are suitable for testing strong gravity effects. The strong gravitational field
in the innermost regions changes the polarization properties of X-ray emission
(Krawczynski, 2012). These effects have a dependence on mass and spin of black
hole and also show variation with energy. Combining polarimetric measurements
with the timing and spectroscopic data, it will be possible to understand the spin
rate of the black hole and its effect on inner structure of the accretion disk. In
the low-hard state of black hole, X-ray polarization measurements will allow us
to study the reflection of X-rays from the accretion disk, its extent and relation

with the geometry of the disk.

« Rotation powered pulsars: This class of objects have been studied in radio,
optical and X-ray wavelengths via timing and spectroscopic observations. One
question that has not been answered so far is about the origin of X-rays. Pulsar
emission models suggest that X-ray are originated either on polar caps or at outer
gap of the pulsar magnetosphere. Recent observations of Crab pulsar above
25 Gev by Cherenkov detectors seems to prefer polar cap model (Aliu et al.,
2008) but this observation had a small signal to noise ratio. X-ray polarization
measurements will allow us to make a clear distinction between these pulsar

emission models.

e Supernova Remnants: X-ray emission from supernova remnants has two
possible contribution — thermal emission from shock heated high temperature
gas and synchrotron emission from relativistic electrons accelerated by the shock.
Synchrotron emission has been thought to dominate emission from some of these
remnants, and in some specific regions of some supernova remnants. In partic-
ular, remnants that are significantly energised by the wind from an embedded
pulsar are expected to radiate mainly via the synchrotron mechanism. Measure-
ments of X-ray polarization can confirm synchrotron mechanism as the dominant

emission process in such cases. Comparison of the angle of polarization with op-
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tical /radio data can tell us about population distribution of electrons responsible
production of photons in the entire electromagnetic band. Further imaging po-
larimetry can be used to localise the the regions of synchrotron emission and

measure the strength and orientation of magnetic field at different emission sites

(Vink, 2012).

Blazars: The spectral energy distribution in blazars, shows two characteristic
emission peaks. The second characteristic peak can be either due to synchrotron-
self Compton (Celotti and Matt, 1994) or due to inverse compton of seed pho-
tons (Poutanen, 1994). This problem can not be solved via spectroscopic studies.
Both these models give rise to different degree of polarization. Hence, the po-
larization studies of these objects can help us distinguish between these two

alternative scenario for blazars emission.

Solar Flares: Solar flares are produced due to magnetic reconnection and
subsequent acceleration of particle in the corona of the Sun (Brown, 1971). Sim-
ilar phenomenon happens in other stars too which are at larger distance and
hence much fainter. Sun being closer gives the gives us much brighter signal.
Hence, study of solar flares can give us a good understanding of behavior of this
class of sources. In hard X-rays (above 20 keV), the emission from solar flare
is dominated by the non-thermal emission with a polarization degree as high as
40% (Zharkova et al., 2010). Below 10 keV, the emission is mostly thermal but
this thermal emission can also be polarized due to possible anisotropy in the
electron distribution function (Emslie and Brown, 1980). Polarization measure-
ment of soft X-rays gives us the possibility to find out the anisotropy in electron
distribution and study the acceleration mechanism of solar corona at the same
time using hard X-rays. Study of solar flares is also important for space weather

studies.

Millisecond Pulsars: A pulsar with rotational period in range of about 1-10
milliseconds is called millisecond pulsar (MSP). These are very old binary sys-
tems where Neutron star has been spun up by accreting matter from companion.
For these systems emission from accretion shock and accretion disk gives differ-
ent degree of polarization (Sazonov and Sunyaev, 2001; Viironen and Poutanen,
2004). Phase resolved X-ray polarimetry allows us to test which model gives
more appropriate description of emission from these systems. It can also pro-
vide the geometrical parameters, such as the orbital and magnetic inclination.

Usually millisecond pulsars are very faint in quiescence but can undergo outburst
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for few hours to days. During these outbursts these systems are active in X-rays

and can give us useful information about these systems.

1.6 Recent measurement of X-ray Polarization from

astrophysical sources

High energy astrophysics community has made new effort to open this window. Some
new measurements have been made using balloon experiments and space based in-
struments. An intense activity of theoretical modelling has started again. Some new
mission are being planned dedicated to X-ray polarization measurements. Here I
present a brief summary of interesting results in X-ray polarization in last few years.
These results have given specific insights into the understanding related to astrophysi-
cal sources which could not be gained with other type of studies. The impact of these

results are quite remarkable despite poor statistics and low confidence level.

o The pulse phase resolved polarization of Crab: The Crab pulsar is a typi-
cal example of a young, rapidly spinning, strongly magnetized neutron star that
generates broadband electromagnetic radiation by accelerating charged particles
its magnetosphere. It is very bright in X-rays and the flux density and spectrum
are known to be constant, with the exception of the pulsar itself. Crab is the only
pulsar for which X-ray polarization has been measured with high significance so
far. This observation dates almost 50 years back. Recently, a new measurement
of X-ray polarization from the Crab pulsar and nebula was done in the 100-380
keV band using the Cadmium-Zinc-Telluride Imager (CZTI) on-board Indian as-
tronomy satellite AstroSat (Vadawale et al., 2018). Crab was observed 21 times
with a total exposure time of ~ 800 ks. Crab has a phase averaged polarization
of 32.7 £ 5.8%. The measured polarization angle is 143.5 + 2.8° eastwards from
the celestial north. For the off-pulse region the measured polarization fraction
and polarization angle are 39.0 + 10% and 140.9 + 3.7°, respectively. A pulse
phase resolved analysis showed that polarization fraction and angle show a large
variation across the pulse phase as shown in Figure 1.5. Polarization fraction is
found to be stronger in off-pulse region than at two peaks. Polarization fraction
also show a dip at phase 0 along with a swing in polarization angle. There are
two significant implication of these observations in comparison with optical po-
larization behavior (Stowikowska et al., 2009). X-ray polarization behavior show

a noticeable variation of polarization in the off-pulse region. This indicates that
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Fig. 1.5 Pulse phase resolved polarization behavior of Total Crab emission. Top and
bottom panel shows polarization fraction and angle variation pattern. Pulse profile of
crab pulsar is overlaid in gray colored line. Figure credit: Vadawale et al. (2018)

a significant fraction of the off-pulse emission in hard X-rays might be produced
in the pulsar itself. Second, two emission peaks show different behavior in terms

of pulsar properties. This is in contrast with behavior seen at optical band.

o Accretion geometry of Cyg X-1: Cyg X-1 is a Black Hole Binary (BHB)
system in which a stellar mass black hole is closely orbiting a companion star.
Black hole is accreting material from the companion which forms an accretion
disk, corona and a jet. As the matter is accreted, it emits X-ray due to the
release of gravitational potential energy. Cyg X-1 was observed between 12-18
July 2016 by PoGO+ polarimeter which is a balloon experiment (Chauvin et al.,
2018). Source was in its hard state during the observation. Figure 1.6 shows the
results of measurement form this observation. The polarization fraction of Cyg
X-1 of hard X-rays (19-181 keV) was found to be < 8.6% (upper limit at 90%
confidence level) and polarization angle is found to be aligned with jet axis (PA
= 154 £ 31°). This is consistent with radio measurements where this was found
to be 158 £ 5° (Stirling et al., 2001).

Two competing models describe the disk-corona geometry for the hard spectral
state of BHB (Fabian et al., 2012; Makishima et al., 2008). The first is "lamp-

post" corona model in which corona is small and is located on the rotation axis
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Fig. 1.6 PoGo+ measurement of polarization fraction and angle for Cyg X-1. Poste-
rior density and credibility regions are shown. White cross corresponds to maximum
posterior density. Figure credit: Chauvin et al. (2018).

of black hole, close to the event horizon. In this model secondary emission is
strongly affected by strong gravitational field of black hole. Second model is
"extended corona model" in which corona has a spherical distribution around the
black hole and accretion disk is truncated before the innermost stable circular
orbit. Both these models are shown in Figure 1.7. In the lamp-post corona
model, the secondary reflected emission is emitted very near to the black hole
and results into large pulse fraction up to ~ 15% and polarization angle (PA) not
perpendicular to the accretion disk surface (Dov¢iak et al., 2011, 2012). In the
extended corona model, a low pulse fraction of 2-5% is predicted along with a
PA perpendicular to the disk surface. Hence PoGO+ polarization measurement
reveals that the accretion corona to be an extended in agreement with second
model or it might be located far form the black hole.

This measurement has two interesting implications. First, the BHB emission
in hard state comes far away in disk and not affected by strong gravitational
field and black hole spin. Hence, spin parameter will be difficult to determine in
the hard state by using secondary emission. Second, the transition from soft to
hard can be a result of shrinking of corona structure and subsequent expansion

accretion disk beyond the innermost stable circular orbit.
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Fig. 1.7 Geometrical description two models of X-ray emission of hard spectral state
of BHB. Black hole is shown as a black point, accretion disk is the horizontal black
line, and the corona in red color. The primary and secondary emission is shown with
red and blue rays respectively. Primary, second and total spectrum emitted from in
case of these models is shown in bottom panels. Figure credit: Chauvin et al. (2018).

» Polarization measurement of GRBs: Gamma-ray bursts (GRB) are explo-

sive cosmological events which occur during the formation of the stellar mass
compact objects (Mészaros, 2006). Most of the burst energy is released during
first few seconds to a few minutes time duration along with launch of highly
relativistic jet from the central object. This is known as the prompt emission
phase (Piran, 2004). When the outflowing material hits the surrounding mate-
rial, it heats the material. This happens on longer timescale and is known as
the afterglow phase. The prompt emission contains most important information
about the intrinsic properties of outflowing plasma and the central engine, as it

occurs close the the burst site.

The CZT Imager (CZTI) on-board AstroSat works in 20-200 keV band and
becomes an open detector above 100 keV (Rao et al., 2016). The CZTI also has
polarization detection capabilities in 100-380 keV (Vadawale et al., 2015). Thus,
the CZTT provides good spectroscopic and polarization capabilities for studying
GRBs. The first GRB detected by Astrosat CZTI, GRB 151006A was found to
high polarization fraction of 77% and 94% (at lo significance) for prompt and
afterglow phases respectively (Basak et al., 2017). A larger sample of GRBs from
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one year of CZTT operation gave polarization measurement at higher significance
level. All the 11 GBRs observed showed clear polarization signal with > 3o
significance for 4 GRBS and ~ 2.5 sigma for another 3 GRBs (see Table 2. of
Chattopadhyay et al. (2017)). GRB 171010A, a very bright GRBs with fluence
10~%ergs—! was also studied with CZTT (Chand et al., 2019). During the prompt
phase it had a low but time variable polarization. It is difficult to rule out various
emission models with the current sample of polarization measurements. However,
with a proven polarization measurement capabilities with rapidly growing sample

promises an era of polarization detection.

1.7 Measuring X-ray Polarization

A photon is a discrete packet of electric and magnetic fields which are perpendicular
to each other and to the direction of propagation. The polarization describes the con-
figuration of these fields. All photons are polarized individually. However, a source
is polarized if the polarization of different photons have same or similar. If the indi-
vidual photon polarization are uncorrelated, then the source is unpolarized or poorly
polarization.

X-ray polarization cannot be measured directly. All the present X-ray measure-
ments are done indirectly by converting the polarization information into intensity
(Novick, 1975). X-rays first undergo interaction and gets distributed anisotropically
into various directions. The distribution pattern depends upon the type of interaction.
The histogram of X-rays counts collected as a function of angle is called modulation
curve. An sample modulation curve is shown in Figure 1.8. In general, the modulation

curve can be fitted with analytical function given by

C(n) = A+ Bcos*(n — ¢) (1.4)

Where
¢ = Polarization angle.
A = Unpolarized component of the intensity.

B = Maximum polarized intensity.

The Modulation amplitude is, a = (Ciaz — Cmin)/(Crae + Conin) = B/(2A + B).

If the modulation curve is given, a and ¢ can be obtained from it.
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This description assumes an ideal polarimeter which means that there is no mod-
ulation for unpolarized source. In this case the modulation amplitude is equal to po-
larization degree. Most polarimeter show some modulation for unpolarized radiation.
For a polarimeter, the modulation factor, p is defined as the modulation amplitude
measured for 100% polarized radiation. This a property depends upon the working
of polarimeter and energy or spatial distribution of incoming photons. Background
count b, also affects the modulation curve. In practice, the polarization degree of a

source measured from a polarimeter with a given p is

ar—+b
por o

Where 1 is source count rate, a is modulation amplitude which is measure from

pP= (1.5)

modulation curve.

The X-ray polarization levels predicted for the astronomical objects are often quite
low. The polarization fraction P, is a non-negative quantity. Due to statistical fluctua-
tions, any particular measurement of P will also give a small value. Thus instrumental
or systematic errors are a serious concern as non-polarized source can be confused to
have small polarization. The sensitivity of a polarimeter is defined in terms of "Mini-
mum Detectable Polarization" (MDP) (Novick et al., 1977). The MDP is a measure of
confidence of its measurement. It is the largest fluctuation expected with a probability
of 1% for an unpolarized source. Equivalently, the MDP is the smallest polarization
that can be detected with 99% confidence. The MDP is defined as

4.29 b 429 1 b
MDP = 22 [P0 14 -, (1.6)
Ur T W /N r

where T is the observation duration and N = 71" is the total number of source counts.

1.8 Upcoming High energy polarization missions:

« Indian X-ray Polarimeter (POLIX): India is set to enter in the field of X-ray
polarization with the launch of an indigenous space mission. A Thomson X-ray
polarimeter has been approved for a small mission by Indian Space Research
Organization (ISRO). It can perform polarimetry of hard X-ray sources like
accretion powered pulsars, black holes, blazars etc. It also has moderate spectral
and good timing capabilities. The instrument has a simple design which does

not require X-ray optics. The instrument has a very large photon collection area
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Fig. 1.8 Modulation Curve: Detector count rate versus angle for a linearly polarized
radiation.

in 8-30 keV energy band. Some cosmic sources like accreting X-ray pulsars are
brightest in this energy band as they are absorbed at lower energies. There are
about 50 bright X-ray sources for which a Minimum detectable polarization of

2-3% can achieved with this instrument.

The basic configuration of the instrument consists of a collimator, a scatterer
and X-ray detectors surrounding the detector as shown in Figure 1.9. The colli-
mator restricts the field of view to a small part of the sky, 3° x 3° so that there
is only one bright X-ray source in the field of view for most of the observations.
The scatterer is made of a low atomic mass material, Lithium and/or Beryl-
lium which causes Thomson scattering of the incoming X-rays, a process that is
sensitive to polarization of the X-rays. The scattered X-rays are absorbed and
detected in a set of X-ray proportional counters surrounding the scatterer. The
whole instrument is rotated around the viewing axis, thus providing azimuthal
distribution of the scattering of X-rays in each element of the detectors, which

enables X-ray polarization measurement.

« Imaging X-ray Polarimeter Explorer (IXPE): IXPE is space based tele-
scope which will measure the polarization of X-rays from galactic and extra-
galactic sources. IXPE was proposed for a NASA mission in January, 2017 for a
small satellite program to be launched in mid 2021. It can perform polarimetry
of X-ray sources along with imaging, spectroscopy and timing. This will be the
first mission to perform all four types of study with a single instrument. Many

galactic sources produce polarized radiations, like Neutron star (isolated and bi-
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Fig. 1.9 Mechanical design of Thomson X-ray polarimeter. Figure cradit: Rishin P.
V.

nary), black holes, supernova remnants (and pulsar wind nebula associated with
them) and micro-quasars. Extra-galactic objects, especially blazars can also be
studied. Studying the polarization reveals the physics of these objects and can

provide insights into the extreme environments where they are created.



Chapter 2

Description of the Instruments and
Methods Used in the thesis

2.1 Scientific Instruments Used for Data Analysis

Astronomers use four types of measurements, namely timing, spectroscopy, imaging
and polarimetry of electromagnetic waves to understand the cosmic sources. A partic-
ular instrument might be capable of doing all or some of these measurements. X-ray
instruments used in different space missions have different capabilities, for example,
LAXPC on board AstroSat has very good timing and moderate spectroscopy but no
imaging capabilities. On the other hand, ACIS on Chandra is very good imaging and
spectroscopic instrument but its timing capabilities are poor compared to LAXPC.
Generally, astronomers choose to observe a particular source with some astrophysical
phenomenon in their minds which determines the choice of instrument. Observations
from multiple instruments can become useful in some cases.

Progress in any branch of science depends on the new discoveries which is closely
linked with the development of new technology. X-ray astronomy has come a long
way since its birth in the 1960s, from the discovery of high energy radiation from the
sun and other types of cosmic sources to the current era of fast timing, high resolu-
tion spectroscopy, and arcsec angular resolution imaging. Next milestone will be the
addition of high energy polarimetry and its assimilation with other techniques. Astro-
nomical community has taken this challenge with renewed efforts in instrumentation
design boosted by some new results in observations and theoretical modeling.

Our work in this thesis is partly motivated in the direction of high energy polarime-
try with experiments to study the possibility of making a new large area polarization

measurement technique, onground calibration of a polarimeter mission. Along with
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the developmental work towards X-ray polarimetry instrumentation, we have also
analysed data from pulsars to study their cyclotron lines. These lines give us a good
understanding of magnetic field configuration in pulsars which will be probed in more
detail by polarization observations by upcoming missions. Pulsar data were mainly
obtained through observation proposals in the various cycle of guest opportunity of
India’s AstroSat mission. The central point of investigation in these proposals was
the study of cyclotron lines with LAXPC which is ideal for this purpose due to its
high effective area in broad energy band. Some of the pulsar data were obtained from
performance verification cycle of AstroSat. In the next subsection I give a description

of scientific mission and specific instrument used in this thesis.

2.1.1 AstroSat

AstroSat is India’s first dedicated multi-wavelength space observatory. It is a collab-
orative mission of leading astronomy research institutes of India - Tata Institute of
Fundamental Research (TIFR), Indian Institute of Astrophysics (ITA), Inter-university
Center for Astronomy and Astrophysics (IUCAA), Raman Research Institute (RRI)
and various centers of Indian Space Research Organisation (ISRO). These institutes
have contributed to payload development and software support for this mission. Some
parts of the payloads have also been developed in collaboration with Canadian Space
Agency (CSA) and University of Leiscester (UoL), UK. The spacecraft control center
at Mission Operations Complex (MOX) of ISRO Telemetry, Tracking and Command
Network (ISTRAC), Bengaluru manages the satellite during its entire mission life. The
mission was launched on 28 September 2015 into near-Earth (650 km) orbit inclined at
an angle 6° to the equator. The expected operating life time of the satellite will be more
than five years. AstroSat has five dedicated scientific instruments. These are the Ultra-
Violet Imaging Telescope (UVIT) (Subramaniam et al., 2016; Tandon et al., 2017),
Soft X-ray Telescope (SXT) (Singh and et al., 2017), Large Area X-ray Proportional
Counter (LAXPC) (Agrawal et al., 2017; Antia et al., 2017), Cadmium-Zinc-Telluride
Imager (CZTI) (Bhalerao et al., 2017; Vadawale et al., 2016) and Scanning Sky Mon-
itor (SSM) (Ramadevi et al., 2017). The first four instruments are co-aligned so as
to point to the same source. UVIT is a focusing telescope with two identical units,
covering optical to Far-UV bands. SXT has an X-ray CCD detector with conical
foil mirrors, covering the energy range 0.3-8.0 keV having an effective area about 120
cm? at 1 keV. Three LAXPC units cover medium to hard energy range from 3.0-80.0
keV. CZTTI is coded-mask imager, covering 10-150 keV energy band with a field of 6°.

Figure 2.1 is a schematic view of AstroSat showing all instruments on board. This
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Large Area X-Ray Proportional Ultra Violet Imaging
Counter (LAXPC) Telescope (UVIT)

Cadmium Zinc Telluride
Imager (CZTI)
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A

Scanning Sky Monitor (SSM )

Fig. 2.1 Schematic view of all instruments on board AstroSat. Four instruments —
UVIT, SXT, LAXPC, and CZTT are co-aligned. They have fixed pointing. SSM is
placed on a rotating platform to scan the available sky once every six hours. Figure
credit: ISRO.

broad coverage of electromagnetic band enables the simultaneous multi-wavelength
observations of various astronomical sources with a single satellite. Multi-wavelength
observations of AstroSat can be further extended with co-ordinated observations using
other spacecraft and ground-based observations. Both individual studies of specific

sources of interest and surveys can be conducted with this telescope.

2.1.1.1 LAXPC

The Large Area X-ray Proportional Counter (LAXPC) is one of the major instruments
on AstroSat. It consists of three Proportional Counters viz., LXP10, LXP20 and
LXP30, each filled with Xenon-Methane gas at 2 atmospheric pressure. The LAXPC
detectors have a collimator with a field of view of about 1° x 1°. The detectors
are similar to the Proportional Counter Array (PCA) on the Rossi X-ray Timing
Explorer (RXTFE). The main differences are the high gas pressure and larger depth of
the detector, which gives a larger effective area at higher energies (> 15 keV). Three
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Fig. 2.2 The schematic view of one LAXPC detector including collimator and shield.
Area between dashed line shows active volume of the detector. Figure credit: Antia
et al. (2017).

LAXPC detectors are identical but independent of each other. This arrangement
gives a large photon collecting area and continuity of scientific observations in case
performance of any of the detector degrades. The geometric area of each proportional
counter is ~ 100 X 36 cm? (Antia et al., 2017) with a slightly different effective area for
three different instruments. Each detector has five anode layers, each consisting of 12
anode cells of size 100 x 3 x 3 cm?®. The top two layers are divided into two parts with
alternate cells connected. There are seven main anodes—A1 and A2 in the top layer,
A3 and A4 in the second layer from the top, and A5, A6, and A7 in the remaining
three layers. The large detection volume (15 cm depth) of the LAXPCs results in
detection efficiency greater than 50%, in 3-80 keV band. The detectors have a time
resolution of 10 us. They have moderate spectral capabilities, for example, around 20
keV the energy resolution of the detectors is 10%—-15%, while the combined effective
area of the three detectors is about 6000 cm?. The broadband nature of the instrument
with high time resolution capability makes it ideal to perform a detailed timing and
spectral studies of HMXB pulsars and especially cyclotron lines and Quasi-Periodic
Oscillations (QPO)(Paul, 2013).

The LAXPC detectors have two main modes of operation — event analysis (EA)
mode and fast counter (FC) mode. In the EA mode, the timing of each event is
recorded along with information about the anode ID where it is recorded as well
as the pulse amplitude (channel number). In this mode, the detectors have a time
resolution of 10 us and a dead-time of about 42 pus. Another difference of LAXPC is
that the EA mode, which is similar to good Xenon mode, can be used for any source
whereas for PCA, the good xenon mode could not be used for very bright sources due

to data volume/telemetry limitations. The EA mode is another difference of AstroSat-
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LAXPC compared to RXTE-PCA. In the FC mode, the detector has a very low dead
of ~ 10 ps. This allows the recording of much higer count rates and thus is very useful
for the flaring sources. In this mode, counts from only top layers are recorded with a
fixed bin time of 160 us.

2.1.2 XMM-Newton

X-ray multi-mirror (XMM-Newton), also known as the High Throughput X-ray Spec-
troscopy Mission is an X-ray space observatory launched by the European Space
Agency in December 1999. This telescope has a Wolter I type multi-mirror assembly
(Egle et al., 2004a,b) which focuses X-rays on a platform called focal plane assembly
where X-ray instruments are kept. Among these instruments are three European Pho-
ton Imaging Cameras (EPIC) and two Reflection Grating Spectrometers (RGS). It
also carries an optical monitor (OM), designed to provide simultaneous observations
alongside the spacecraft’s X-ray instruments. Figure 2.3 shows a schematic view of
XMDM-Newton showing all its subsystems. The EPIC instrument is the primary instru-
ment onboard XMM-Newton which consists of two MOS-CCD (Struder et al., 2001)
cameras and a single pn-CCD (Turner et al., 2001) camera with a field of view of 30’
and high energy sensitivity in 0.15-50.0 keV band. RGSs are secondary system on the
spacecraft, composed of two focal plane cameras. Their associated reflection gratings
are attached to the mirror systems. Reflection gratings allow 50% of the incoming
X-ray to pass undisturbed to EPIC system, while the other 50% are reflected onto its
spectrometers. RGS system with very high resolution in 0.35-2.50 keV range can detect
the presence of elements like carbon, nitrogen, oxygen, neon, magnesium, silicon and
iron. OM is a 30 cm Ritchey-Chrétien an optical/ultraviolet telescope which is sensi-
tive between 170 and 650 nanometers in a 17 x17" field of view. XMM-Newton is a
pioneering instrument in investigating galactic and extra-galactic sources, performing
narrow and broad spectroscopy, and performing the simultaneous imaging of objects

in both X-ray and optical wavelengths.

2.1.2.1 EPIC PN

EPIC comprises a set of three X-ray CCD cameras. Two of the cameras which contain
MOS-CCD arrays are known as MOS-camera. They are installed behind the X-ray
telescopes that are equipped with the gratings of the RGS, receiving half of the un-
absorbed X-ray flux. The EPIC instrument at the focus of the third X-ray telescope

with an unobstructed beam is made of pn CCDs and is referred to as the PN-camera.
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Fig. 2.3 A schematic view of XMM-Newton. The mirror assembly is shown in the
lower left. X-ray instruments along with their supporting systems like heat radiators,
electronics etc. are shown in top right. Optical Monitor telescope is hidden behind
the mirror 2 module. Image Credit: ESA

The PN-camera is made of twelve 3 x 1 cm? pn-CCDs on a single wafer. Twelve CCDs
are divided into four individual quadrants each having three pn-CCD subunits with
a format 200 x 64 pixels operated in parallel. It has a total effective size of 6 x 6
cm?. The telescope has a large effective area (~ 1000 cm?) and good spectral resolu-
tion (AE/E ~ 20-50) in its nominal energy range (0.15-15 keV). Several observation
modes are possible to adjust the performance of the instrument based on the observa-
tion requirement. The full frame and window modes are imaging modes. In the full
frame mode all pixels of CCD are read out and thus full FOV is covered. In Large
Window mode, only half of the area in all 12 CCDs is read out, whereas in Small
Window mode only a part of CCD number 4 is used to collect data. In the Timing
mode, spatial information is maintained only in one dimension, along the column axis.
Along the row direction, spatial information is lost due to continuous shifting and

collapsing of rows to be read out at high speed.

2.1.3 RXTFE

The Rossi X-ray Timing Explorer (RXTFE) was launched on December 30, 1995, and
remained operational till the beginning of 2012. It was developed, built, tested and
operated by NASA’s Goddard Space Flight Center (GSFC). Two instruments onboard
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Fig. 2.4 A schematic view of RXTFE with all its instruments PCA, HEXTE, ASM and
other supporting subsystems. Image credit: NASA/GSFC
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RXTE covered a wide energy range from 3 to 250 keV with a moderate spectral res-
olution, but had excellent timing capability. It could observe timing variations from
microseconds to months time scale. Two co-aligned instruments on board were the
Proportional Counter Array - PCA (Jahoda et al., 1996; Zhang et al., 1993) that cov-
ered the energy range from 3 to 60 keV and the High Energy X-ray Timing Experiment
- HEXTE (Rothschild et al., 1998) which covered the higher energy range of 18-250
keV. The field of view of both the instruments was collimated to ~ 1 degree, and hence
provided a low background. In addition to the pointing instruments, RXTFE was also
equipped with a small 1D coded mask All Sky Monitor - ASM (Levine et al., 1996)
that scanned about 80 % of the sky in every revolution. It continuously monitored
the sky to detect numerous transient sources for which follow-up pointing observations
could be carried with the main instruments on board RXTFE and also other X-ray mis-
sion. Figure 2.4 shows a schematic view of RXTE with all the instruments onboard.
RXTE provided great insight into the fast-moving high-energy worlds of black holes,

neutron stars, and AGNs.

2.1.3.1 PCA

PCA on board RXTE was composed of 5 Proportional Counter Units (PCUs) with a
total photon collection area of 6500 cm? in the 3-60 keV range. Each detector had a
hexagonal collimator made of beryllium copper with a field of view of 1°. Detectors
were filled with Xenon gas at 1 atmosphere pressure. It had a good sensitivity, up to 1
mCrab, which was useful to detect faint sources. PCA covered a broad spectral range
with moderate spectral resolution. The energy resolution was about 18% at 6 keV.
The peak effective area was 6000 cm? in the 3-6 keV range, which fell rapidly above
15 keV. It had an excellent time resolution of one microsecond, which was best timing
resolution achieved for any X-ray observatory. This made it ideal to study short time

variability.

2.1.4  Swift

Swift is a multi-wavelength observatory, developed in collaboration between Goddard
Space Flight Center (GFSC) and an international consortium of United States, United
Kingdom, and Italy, and was launched on November 20, 2004. The primary goal of
this mission is to observer GRBs and afterglows in the gamma-ray, X-Ray, ultraviolet
and optical energy bands. It has three scientific instruments: the Burst Alert telescope
(BAT) (Krimm et al., 2013), the X-ray Telescope (XRT)(Burrows et al., 2004), and



2.1 Scientific Instruments Used for Data Analysis 33

Fig. 2.5 A schematic view of Swift along with three scientific instruments and support-
ing systems on board. Image credit: NASA.

the Ultra-Violet/Optical Telescope (UVOT) (Breeveld et al., 2005). Figure 2.5 shows
the schematic view of Swift with all the scientific instruments. BAT is the primary
instrument on-board Swift to detect the GRBs with a few arcmin accuracy. Once
the BAT locates a GRB, the spacecraft quickly re-orients to make observation of
the burst position with XRT and UVOT. The BAT is a hard X-ray detector made of
CdZnTe detectors and with a coded-aperture mask. The XRT uses a single MOS-CCD
similar to those used in XMM-Newton which is placed at the focus of X-ray optics
arrangement of Wolter Type I. The telescope can make X-ray images and perform
timing and spectroscopy in the energy range 0.2-10.0 keV. The UVOT provides a sub-
arcsecond position accuracy and very good optical /ultra-violet photometry through
lenticulars filters and low resolution spectra (170-650 nm) through the use of optical
and UV grisms. Along with GRB detections, Swift-BAT has carried out sensitive all-
sky survey of low-energy gamma-rays. In the time between GRB events, Swift-XRT

and UVOT are available for other types of scientific observations.

2.1.4.1 BAT

The BAT uses a coded-aperture mask of lead, 1 meter above the plane of CdZnTe hard
X-ray detector. The coded mask aperture is a plate with a pre-determined pattern of

transparent and opaque areas for the incoming photons. In other words, a coded mask
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is a pinhole camera with not just one but many holes. A coded mask is placed over a
position sensitive detector whose spatial resolution is matched to the spacing between
the mask elements. The incoming photons cast a shadow on the detector plane and this
shadow convolved with the pattern of mask elements gives us the information about
the direction and intensity of incoming photons. The coded-aperture mask gives it
a large field of view, covering a one-third of the sky at any instant. The operating
energy range of BAT It operating energy range is 15-150 keV. It locates the position
of each event with an accuracy of 1-4° within 15 seconds. BAT detectors almost
100 GRBs every year. Apart from GRB discoveries, it also detects the outbursts in
the known X-ray sources and continuously monitors the ~ 1000 known transient and
bright persistent X-ray sources. All these sources which are part of BAT catalog are

tracked whether they are currently active or not.

2.1.5 A Special Collimator with Flat Top Angular Response
for POLIX.

POLIX (Paul et al., 2016; Rishin and et al., 2010) is an X-ray polarimeter based on
the Thomson scattering technique. Its operating in energy range is 10-30 keV, which
can be extended for very bright sources. Astronomical sources like accreting X-ray
pulsars are suitable candidates for this mission as they are brightest in this energy
band. POLIX consists of a collimator, a scatterer and four X-ray detectors arranged
in a rectangular configuration as shown in 2.6. The collimator restricts the field of
view (FOV) to a small part of the sky. The scatterer is made of high purity beryllium.
The scattered X-rays are detected in either of the surrounding detectors after the
interaction. The whole instrument is rotated around the viewing axis. Rotation of
instrument gives the azimuthal distribution of the scattering of X-rays in each of the
four detectors.

A collimator is used to restrict the Field Of View (FOV) of POLIX to ensure only
one bright X-ray sources in FOV for 50 bright source which are primary targets for
this mission. While a small FOV is preferred for avoiding contamination from other
sources, one has to optimize the collimator mass and dead areas between two adjacent
holes in the collimator. A collimator with rectangular or hexagonal holes is better
than circular holes under these considerations. Hexagonal shape is preferred in this
case as it provides additional an advantage to determine the effects of a secondary
source in the FOV. The effect of a secondary source is well studied and calibrated in

advance. Another improvement made in the mechanical design of this collimator is
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Fig. 2.6 Arial view of POLIX assembly in the lab. A collimator is seen on top of four
detectors. Only two can be seen completely from this angle. A scatterer is kept at the
base, beneath the collimator. Figure credit: Rishin P. V.

that the hexagonal holes are slightly tapered. This gives a flat top angular response
upto 0.2° degrees from the center of the FOV. It helps in mitigating a pointing error
of the satellite up to 0.1°. In the course of this thesis, we have done two calibration
exercises, which involve the collimator. First is the study of collimator throughput as
a function of off-axis angle and second is the azimuthal intensity modulation of off-axis

sources within the field of view.

2.1.6 Photo-electron Polarization Measurement Technique

Photo-electric interaction of X-ray photons is a relatively new technique to built X-
ray polarimeters (Costa et al., 2001). In this interaction, the electron emitted after
the interaction is most likely to be ejected in the direction of the electric field of the
incoming photon. This ejected photo-electron leaves a track of secondary electron-ion
pairs. We are using proportional counter detectors with closely spaced wires, with two
sets of interleaved anodes to measure the direction of these charge tracks. Charges
deposited in the two anodes depends upon the polarization of incoming photons. The
effectiveness of capturing polarization signature with this technique can be optimized
by using a suitable separation between adjacent anodes, suitable gas mixtures, and

gas pressures. The other polarimeters based on photo-electron technique along with
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X-ray focusing optics, designed for relatively large spacecrafts are very sensitive, but
they have a very small geometric area. On the other hand, the prototype photo-
electron detector can be used to develop a large area X-ray polarimeter, which can be

accommodated on relatively small satellite.

2.2 Data Analysis Methods

X-ray observations of cosmic sources cannot be done from the earth as these radiations
are absorbed by the atmosphere. X-ray detectors must be taken to high altitude for
this purpose. Earlier astronomers also used balloons or sounding rockets for this
purpose, but these methods are less preferred in current times. These days X-ray
astronomy is mostly done by sending scientific instruments into earth orbit on an
artificial satellite. This gives an advantage of long uninterrupted observations and
long usage of science instruments. Due to this, X-ray observatory like RXTE, XMM-
Newton, and Chandra have far outlived their expected operational life. Initially, the
observation data is stored on the satellite and later data is sent to the ground station
using radio communication. This data is in the form of event mode, which means
all the information like energy, arrival time, direction, and polarization of incoming
photons is stored. Satellite orbital parameter should be taken into account for further
data extraction from event mode into user products. The data is stored in a digital
format called Flexible Image Transport System (FITS). The data used in this thesis
was retrieved mainly from Indian Space Science Data Center (ISSDC) which is the
primary data center for the payload archives of Indian space science missions. Some of
the data were obtained from the High Energy Astrophysics Science Archive Research
Center (HEASARC), which is the primary archive for astronomical data from all
current and past space missions launched by NASA. The raw levell event data from
ISSDC was further processed using LAXPC Levell to Level2 data processing guide!
at Payload Operation Center (POC) at Raman Research Institute (RRI). Further
timing and spectroscopy products were extracted using LAXPC data reduction guide
for users?. Light curve and spectrum hence created were analyzed using HEASOFT
software. General FITS file manipulation (create, examine, and modify) was done
with FTOOLS package. The various tasks in HEASOFT software use the default
graphics plotting package called QDP/PLT3.

thttp://www.rri.res.in/~rripoc/POC.html
2http://www.rri.res.in/~rripoc/LAXPC__user.html
Shttps://heasarc.gsfc.nasa.gov/ftools/others/qdp/node3.html
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2.2.1 Timing Analysis

Timing analysis allows astronomers to study the dynamic properties of an object. The
target of timing studies include accretion flows, pulsations, eclipses, and accretion disk
instabilities as well as the instabilities in compact and non-compact stellar systems.
Timing analysis involves recording photon count rate as a function of time which is
known as "light curve". The photons are usually collected in a particular energy band.
We have analysed light curves of binary and isolated pulsars in this thesis. Timing
analysis of these pulsars was done to search for periodic signals, find their spin periods,
create pulse profiles and pulse profiles in different energy band. The timing analysis
was done using timing analysis software "XRONOS". The description of the specific

tools of XRONOS used in our analysis is given below.

2.2.1.1 lcurve

This tool helps to visualise the source intensity variations in an observation. The input
format is FITS using the BINTABLE extension. Both the binned data format and
event data format are allowed for input. User can screen the data by using windows
of time, phase, intensity and exposure. User can plot maximum of 4 light curves at a
time. User can rebin the light curve with a binsize larger than that in the input file
of light curve. This tool can also show the ratio of count rates from two light curves
if they cover the same time duration. This is known as Hardness ratio or color, which
tells us if there is any change in the spectra during an observation. For multiple time
series, a color-color plot can also be created wherever possible. It is also possible to

save the output of lcurve in a FITS file.

2.2.1.2 powspec

This tool calculates a Power Density Spectrum (PDS) of input light curve. The PDS is
either computed by Fast Fourier Transform (FFT) or a direct slow Fourier algorithm
by using parameter "fast" of the tool. The input file format is FITS using a BINTABLE
extension. The power spectrum can be created for different intervals of a light curve or
from the whole light curve. Different normalization can be used for the power spectrum
by changing the parameter "mormalization". Power spectrum can be visualised with
different types of binning using the parameter "rebin" (= 0 for no rebinning, > 1 for

constant binning, and < geometric binning).
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2.2.1.3 efsearch

There are several astrophysical phenomenon, which can give rise periodic signals in
astronomical sources. Periodicity can be attributed to change in brightness as in case
of binary pulsars and pulsating stars or change in position as the motion of neutron
star in orbit around its companion in a binary. The tool efsearch finds the period in
a light curve by folding it at different trial periods. For each trial period, the folded
light curve is fitted to a constant and the y? is calculated. At the correct period, the
pulse profile is fully recovered giving a larger y? whereas for incorrect trial period, the
pulses are folded with varying phases resulting in a nearly constant profile and hence
a low value of the y2. The maximum y? corresponds to the most likely period value in
given range of periods. The search can be done in different intervals of light curve as
well as in full light curve. The error bars for the x? represent the standard deviation
of the relevant y? distribution rescaled by the value of x? for each period divided by

N-1, where N is the number of phase bins.

2.2.1.4 efold

In the case of accretion-powered pulsars, the X-ray light curve contains a periodic
signature corresponding to pulsar rotation. A light-curve containing periodic signal
can be stacked with this period, and count rate can be averaged. This is known as
folding a light curve and gives us an averaged count at each spin phase of the pulsar.
This folded profile represents an averaged emission pattern of the pulsed component of
total emission in the system. The efold tool creates the folded profile from an input
light curve for a given period value and number of phases in the period. It can process
up to four light curves at a time produce four pulse profiles at a time. Folded light
curves from different intervals can be averaged in one or more frames. The error bars
are calculated after averaging folded light curves from different intervals in a frame,
either using the standard deviation of mean values of each phase bin or propagating

the error in each phase.

2.2.2 Spectral Analysis

There are three main software package available for X-ray spectral analysis, XSPEC,
ISIS, and Sherpa. In this thesis, I have used XSPEC (Arnaud, 1996), which is included
in NASA’s general software package HEASOFT for X-ray analysis. XSPEC uses x?
minimization for determining the best fit spectral models and the parameter values.

Uncertainties in the fit parameter are generally found by freezing the parameter of
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interest along a range of values and fitting the remaining parameters until the fit
statistic exceeds the best-fit statistic by an amount corresponding to the desired con-
fidence limit. One may also compute confidence contours by stepping one or more
parameters over grids of two parameter values and fitting the remaining free param-
eters. These are more computationally demanding than uncertainty calculations for
single parameters, but give a better picture of the x? landscape around the best-fit
parameters. These contour plots are important in spectral analysis of HMXB system
as spectral parameters of the continuum may be artificially correlated with the pa-
rameters of cyclotron lines. The fitting algorithm can also fall into local minima and
fail to find the global best-fit set of parameters. These uncertainty calculations and
confidence contours allow one to shake up the fit and find the best-fit model.

The primary goal of spectral analysis is to infer the actual physical parameters
behind the phenomenon that produces the observed spectrum. The spectra of HMXB
pulsars are produced by a combination of many physical processes. This makes the
theoretical modeling of pulsar spectra to be quite difficult. Consequently, spectra of
these objects are generally fitted with empirical models. The complete model generally
consists of many components which may have a simple mathematical form (constants,
powerlaws, Gaussians, etc.) or highly complex form. The general form the multicom-

ponent spectral model for accretion-powered pulsars takes the form

Total Model = (Absorption*f + Partial Absorption®(1-f))*( Continuum Model *

Cyclotron line + Emission Line + Emission Line )

In the next subsection, I give an overview of models component used in the thesis

for continuum spectra, cyclotron line, and other features.

2.2.2.1 Powerlaw with High Energy Cutoff Model

The basic shape of the continuum is a powerlaw multiplied by some form of exponential
cut-off. The simplest form of this cutoff is highecut (White et al., 1983). This model
is used in combination with the powerlaw model. This model has few free parameters
and hence fast in implementing. A combined analytical form of both component

becomes:

E Ecut
I(E) = KE' x -

Beui—F
ea:p(%) E>Ecut
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The photon energy E is in keV. The normalization K is photon flux at 1 keV. Al-
though this model fits the spectra of many sources fairly well, the piecewise exponential
can produce an artifact which looks like an absorption feature around the cut-off en-
ergy. This issue is crucial in systems having a cyclotron line in their spectrum. In

such cases, a correlation between FE.,, and £, should be investigated.

2.2.2.2 Negative and Positive Powerlaw Exponential Model

This model consists of negative and positive powerlaws with a common exponential
cutoff. This model approximates a photon number spectrum for an unsaturated ther-
mal Comptonization in plasma (Makishima et al., 1999). The analytical form of this

model is given by
E

[(E) = (ALE + A E*™)exp <——>

kT
Where A,, A,, I'l, I'2 are positive parameters, and k is the Boltzmann constant.
The index for positive powerlaw is fixed at 2.0, and the negative powerlaw is dominant
at low energies. At high energies more contribution comes from positive powerlaw

which gives it a concave curvature on a log-log plot.

2.2.2.3 compTT Model

This model is based on the theory of spectral formation in thermal X-ray sources, in-
cluding the effects of Comptonization and Klein-Nishina corrections (Titarchuk, 1994;
Titarchuk and Hua, 1995; Titarchuk and Lyubarskij, 1995). The analytical calcula-
tions of the source spectrum is case dependent (optically thick or thin plasma) and
has five parameters which represents redshift, plasma temperature, optical depth of
the plasma cloud, injected soft photon spectrum temperature and parameter 5. The
parameter [ is not a free parameter in the model. It depends upon the geometry
parameter which can be set to be spherical or disk type. For modeling the spectra of
accretion-powered pulsars, this parameter is kept > 1 which applies to a spherical ge-
ometry. Although it is not a correct approximation for the accretion column geometry,

this is the closest to the expected conical/cylindrical geometry.
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2.2.2.4 Powerlaw with a Smoothed High Energy Cutoff (NEWHCUT)
Model

This model is a modification of high energy cutoff model, smoothed around the cutoff

energy. Analytical form of model (Burderi et al., 2000) is given by:

NE-T if £ < Eeut — AE
I(E) = { AES+BE24+CE+D  if Bewt — AE < E < Eous + AE
NE—Fexp(%) if B> Eewt + AE

The constants A, B, C and D are calculated assuming the continuity of the function
[(E) and its derivative in the range of E.,; — AF and E.,;+ AFE (Burderi et al., 2000).

2.2.2.5 Powerlaw with a Fermi-Dirac Cutoff (FDCUT) Model

This model is a powerlaw with a form of exponential that resembles with the Fermi

Dirac function. The analytical form of model (Tanaka, 1986) is given by

NET if F <FE.
NE _ ifE>E,

emp(%—})

I(E) =

where I' is the powerlaw photon index, E. is cutoff energy and Ejy is folding energy

of exponential roll over.

2.2.2.6 Gaussian Absorption Line Model

This component is used for modeling the cyclotron line in HMXB pulsar. It is a
multiplicative component in XSPEC. It has a simple form and fits the cyclotron line in
many source very will, with few exception (First et al., 2015). The analytical form of

the model is given by

1(E) = eap <_ <ﬁ> - <_%>>

where E.,. is the line center, o is line width and d is line depth. The optical depth

. . d
at line center is Tora
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2.2.2.7 Photoelectric Absorption Model

A continuum emission is subjected to absorption by interstellar medium in the line of
sight. This is more prominent at low energies. There are many model for accounting
this absorption. The main difference in these models is abundance constituent of the
interstellar medium. I have used phabs in this thesis. It is a multiplicative model in

XSPEC. Its analytical form is given by

I(E) = eap (—nuo(E))

where o(F) is photo-electric cross-section (NOT including Thomson scattering)
and ny is equivalent hydrogen column (in units of 10%? atoms ¢m~2). This model uses
angr (Anders and Grevesse, 1989) table of XSPEC for abundances.

2.2.2.8 Gaussian Line Profile

The spectra of accretion-powered pulsar show many emission lines below 10 keV. Iron
line at ~ 6.5 keV is generally seen in many sources and modeled by gaussian line

profile. It is a multiplicative model in XSPEC. The analytical form is given by

o (20

1
I(F)=K
(E) o2 202
where Ej is line energy in keV, o is line width in keV, and K is normalization in

units of photons em=2s7!.



Chapter 3

Pulse Phase Variation Of Cyclotron
Resonance Absorption Feature In
HMXBs Using AstroSat-LAXPC123

3.1 Effect Of High Magnetic Field On Accretion
And High Energy Radiation

The neutron stars in HMXBs have magnetic fields that are of the order of 10'% G.
The accreted material is channeled along the magnetic field lines at relatively large
distances from the compact object, leading to the formation of extended accretion
columns. The exact details of how the magnetic field affects the accretion flow is
still a topic of investigation (Becker et al., 2012). It is generally expected that the
inflowing material is directed towards the magnetic poles of the neutron star where
two hot spots are formed. The gravitational potential energy of the inflowing material
is first converted into kinetic energy and then released as X-rays due to shocks and
dissipations into the accretion column and on the hot spots (Basko and Sunyaev, 1975).
The emitted X-ray radiation is broadband in nature and is generated by multiple and
interdependent processes near the neutron star surface. In the accreting X-ray pulsars,
the hard X-rays are produced by inverse Compton scattering of soft X-ray photons by
high energy electrons. The strong magnetic fields of neutron stars in HMXBs play a

crucial role in the generated X-ray radiation. Due to the non-spherical nature of the

'Most of the results presented here have been published by me as first author in these two journal
papers:

2 https://academic.oup.com/mnrasl/article-abstract/484/1/11/5245189

Shttps://doi.org/10.3847/1538-4357 /ab2763
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emission region, and the scattering cross sections which are altered by the magnetic
fields, different emission beam patterns are produced: the fan-beam type emission
at high accretion rates, and the pencil-beam type emission at low accretion rates.
The distinction between the high and low accretion rate regimes is believed to be
determined by the critical luminosity, which also depends on the magnetic field of the
neutron star (Basko and Sunyaev, 1976; Becker et al., 2012; Mushtukov et al., 2015a).

3.2 Formation Of CRSF And Variation In Its Pa-

rameters

Cyclotron Resonance Scattering Feature (CRSF) is usually seen in absorption against
the continuum spectrum in many HMXBs. CRSFs are formed by cyclotron resonant
scattering of the X-ray photons in the presence of the strong magnetic field of the
neutron star. The centroid energy of the CRSF is related to the magnetic field given
by the "12-B-12" rule given by

_ 1157keV
cyc — 1+Z

where B, is the magnetic field in units of 10'? G and z is the gravitational redshift

Bis (3.1)

in the scattering region for neutron star. The CRSF parameters also provide important
information on the line forming region like the plasma temperature and the optical
depth of the line forming region. Most importantly, it provides crucial clues on the
geometry of the line forming region: the emission beam pattern, and the magnetic
field configuration of the neutron star (Maitra, 2017).

The CRSF properties of X-ray pulsars are found to be variable for different rea-
sons (Maitra, 2017). The CRSF line energy evolves with time in sources like Her X-1
(Staubert et al., 2017) and 4U 1538-522 (Hemphill et al., 2019). Line energy also
shows dependence on X-ray luminosity, for example, in V0332453 (Doroshenko et al.,
2017). An unvarying or weakly varying CRSF over a large luminosity range, as seen in
1A 0535+262 (Caballero et al., 2007; Sartore et al., 2015) is also of interest. CRSF pa-
rameters in most sources show large variation with spin phase, for example, A0535+26,
XTE J1946+274, and 4U 1907409 (Maitra and Paul, 2013a; Rivers et al., 2010). Ac-
curate measurement of the CRSF also depends on broad band spectral coverage, and
it is important to model the underlying continuum well. It is therefore of interest to

study the CRSF with different instruments at different epochs, and intensity states of
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the sources.

The LAXPC instrument on AstroSat with its moderate energy resolution and high
effective area, is very good for the study of CRSF. We wrote two guest observation
proposals on 4U 1907409 and 4U 1538-522 to study their timing and spectral prop-
erties. The detection of CRSF and its pulse phase variation using LAXPC data was

a key objective of these observations proposals.

3.3 4U 1907409

4U 1907409 is an HMXB system discovered in the UHURU survey (Giacconi et al.,
1971). The companion is a O8/09 Ia supergiant with a mass loss rate of 7x107° M
yr~1 (Cox et al., 2005; Schwartz et al., 1980; van Kerkwijk et al., 1989), a small fraction
of which is accreted by the neutron star. X-ray flux modulation in 4U 1907409 with a
stable period of ~ 8.38 d is attributed to the orbital period of the binary (Marshall and
Ricketts, 1980), which is also corroborated from the orbital pulse arrival modulation
measurements (in 't Zand et al., 1998). The X-ray emission from 4U 1907409 shows
clear pulsations with a periodicity of ~ 437 s (Makishima et al., 1984), and it is known
to show occasional quasi-periodic oscillations at a frequency of about 65 mHz (in ’t
Zand et al., 1998; Mukerjee et al., 2001). Though 4U 1907409 was initially found
to have a nearly constant spin-down (Baykal et al., 2001), later observations (Baykal
et al., 2006) showed variation in the spin-down rate and multiple torque reversals
(Fritz et al., 2006). Period measurements with INTEGRAL and RXTE exhibit short
term fluctuations in pulse frequency over the long term spin-change rates, which are
consistent with the random walk model (Sahiner et al., 1977). A Cyclotron Resonance
Scattering Feature (CRSF) at 19 keV was first discovered with Ginga (Makishima and
Mihara, 1992; Makishima et al., 1999) and its first harmonic was detected with Bep-
poSAX (Cusumano et al., 1998). The CRSF was further investigated with different
instruments like RXTE (Fritz et al., 2006; Inam et al.), INTEGRAL (Hemphill et al.,
2013) and Suzaku (Maitra and Paul, 2013a; Rivers et al., 2010).

3.4 4U 1538-522

4U 1538-522 is a wind-fed persistent X-ray binary formed by a massive (17 M) B0Iab
supergiant (Reynolds et al., 1992) and a neutron star. At the time of its discovery,
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the neutron star had a spin period of ~ 528 s (Becker et al., 1977) and it was in spin
down phase for more than a decade. Since then the source underwent two torque
reversals, in 1988 (Rubin et al., 1997) and 2009 (Hemphill et al., 2013). The spin pe-
riod is currently ~ 527 s. The orbit of the binary system has a high inclination (67°)
(Falanga et al., 2015), and has an orbital period of 3.75 days with an X-ray eclipse
lasting ~ 0.6 days (Becker et al., 1977; Mukherjee et al., 2006). However, shape of the
orbit is still unknown for this system. Some authors have determined the orbit to be
circular (Makishima et al., 1987; van Kerkwijk et al., 1995) whereas others have found
an eccentricity of 0.17-0.18 (Clark, 2000; Mukherjee et al., 2006). Rawls et al. (2011)
have used both circular and elliptical orbit parameters for mass determination of the
neutron star from optical light curves and radial velocity measurements. The system
consists of a supergiant donor that under-fills its Roche Lobe and is similar to other
wind fed systems like Vela X-1 and 4U 1907409 exhibiting short time variability in
terms of dips and flaring activity. The persistent X-ray luminosity is estimated to be
about 2 x 10% erg/s for a distance of ~ 6.4 kpc (Becker et al., 1977).

The X-ray spectrum is typical of an accreting HMXB pulsar with a power-law feature
and an exponential turnover. A CRSF at ~ 20 keV was discovered by Clark et al.
(1990) using a Ginga observation. An additional absorption feature was identified in
the spectrum at ~ 51 keV using BeppoSAX observations (Robba et al., 2001), and
was later confirmed as the first harmonic of the CRSF by Rodes-Roca et al. (2009).
Hemphill et al. (2014) reported the results of a phase-resolved analysis of the CRSF
fundamental in 4U 1538-522 for the first time using a Suzaku observation. Noticeable
variations in the CRSF parameters were observed. However, the pattern of variation
could not be probed in detail as the parameters had large error bars associated with
them, due to statistical limitations of the data. Hemphill et al. (2016) reported that
CRSF energy of 4U 1538-522 has increased by ~ 1.5 keV between 1996 and 2012. Fur-
ther measurements of cyclotron line energy are required to confirm that this increase

is secular.

3.5 Observations

The Large Area X-ray Proportional Counter (LAXPC) onboard AstroSat (Agrawal,
2006; Antia et al., 2017) consists of three identical Proportional Counters viz., LXP10,
LXP20, and LXP30, with seven anodes arranged into five layers, and each filled with

Xe gas at 2 atmosphere pressure. The geometric area of each proportional counter
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Table 3.1 Summary of Observations of two sources used in the study

Source Obs ID Start Date | End Date | Exposure | Pgpin
Name (ks) (sec)
4U 1907409 | A03_105T01_9000001268 | 04-06-2017 | 05-06-2017 46.7 ~ 440
4U 1538-522 | A02_198T01_9000001376 | 12-07-2017 | 13-07-2017 45.9 ~ 530

is ~ 100 x 36 cm? (Antia et al., 2017) with a slightly different effective area for
three different instruments. The broadband nature of the instrument with high time
resolution capability makes it ideal for performing a detailed timing and spectral
studies of HMXB pulsars and especially study CRSFs (Paul, 2013). 4U 1907409 was
observed on the 4th and 5th of June 2017 for a total of 18 AstroSat orbits using the
LAXPC instrument in the third cycle of guest observations. This observation was
carried out at 0.5 orbital phase away from the peak of the orbital intensity profile.
In the Swift-BAT light curve, the source intensity at this orbital phase is ~ 1/3 of
the peak intensity. We have obtained a total of ~ 47 ks on-source data from this
observation. 4U 1538-522 was observed with AstroSat on 12th and 13th July 2017.
We have obtained a total of ~ 46 ks on-source data from this observation. The details
of observations of both the observations are given in Table 3.1. In this chapter, we
report the results of the analysis using LAXPC data of both these sources taken
in the event analysis (EA) mode. Data files were reduced with Levell to Level2 data
processing guide? version 1. Levell products were processed to reduce Level2 products
from which we can produce light curves and spectral files. Further handling of light
curves and spectra was done using tools in HEASOFT software suite, version 6.19.
The time intervals when the source is occulted by earth and the satellite is passing
through the South Atlantic Anomaly (SAA) region have been removed for the creation
of light curves, and spectral files. Average of the count rates during earth occultation,
and the spectra acquired during earth occultation with the satellite being outside the

SAA are used as background count rate and spectra in subsequent sections.



48 Pulse Phase Variation Of Cyclotron Resonance Absorption Feature

300 ¢
|
o

AP INTTINTULY

=
=

300 f } ‘ }\\\ ‘ }

| ]
NNy ‘ - e
mewwwwwwwwmmemMM*

TP IR

| 1
L \
1 n 1 n 1 1 n 1

0 2x10* 4x104 6x104 8x10* 108
Time (s)

Fig. 3.1 Light curves of 4U 1907409 from the AstroSat observation with the LAXPC.
Top, middle and bottom panels show data from the 3 detectors LXP10, LXP20 and
LXP30 respectively with a bin size of 10 s. Flaring is seen at the beginning of the
observation.

3.6 Data Analysis

3.6.1 Timing Analysis
3.6.1.1 Timing Analysis Of 4U 1907+09

A single merged light curve was created with a bin time of 10 ms after eliminating
all overlaps between adjacent data downloaded in different orbits. A background light
curve was created using time windows during which the source was occulted by the
earth. The average background rate was subtracted from the source light curves. The
light curves from all three detectors in the 3.0-80.0 keV energy band are shown in
Figure 3.1 with a bin size of 10 s after subtracting an average background count rate
for each detector. LXP10, LXP20, and LXP30 have an average source count rate of 54,
61 and 54 per sec respectively. At the beginning of the observation, the source showed
a higher count rate for ~ 1/10 of the observation, followed by a lower count rate for
the rest of the observation. We carried out a periodicity search on the summed and
barycentered light curve with the FTOOL efsearch and obtained a period of 442.33
+ 0.07 s (see Figure 3.2). The pulse profiles created using this spin period from the

thttp://www.rri.res.in/~rripoc/POC.html
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Fig. 3.2 Left: The results of pulse period search in the light curves of 4U 1907+09 from
combined data of 3 detectors. The x? for different trial pulse periods is shown. Right:
The pulse profiles of 4U 1907409 folded with the best period obtained in period search.
Pulse profiles from three detectors — LXP10 (red), LXP20 (green), LXP30 (blue) are
overlaid.

3 LAXPC detectors in the energy band 3.0-80.0 keV are shown in Figure 3.2. Pulse
profiles from all detectors show an identical double-peaked shape. The first peak is
smaller than the second peak. We did not perform orbital correction on the photon
arrival time as there are large error bars on most of the orbital parameters of this
source (in 't Zand et al., 1998). However, we checked whether a period derivative
term should be included for the timing analysis. The period search was carried out
for a wide range of period derivatives, and it was seen that the data is consistent
with zero period derivative. Hence, all subsequent analysis was performed with the
above-mentioned pulse period and a zero period derivative.

The emission pattern of many pulsars in the hard X-rays band is different from
their emission pattern in soft X-rays, which is also affected by absorption. The large
effective area of LAXPC allows us to carry out timing analysis in a broad range of 3.0-
80.0 keV. In order to investigate the emission pattern at various energies we created
energy resolved pulse profiles in 7 energy bands: 3.5-8.0 keV, 8.0-16.0 keV, 16.0-19.0
keV, 19.0-22.0 keV, 22.0-40.0 keV, 40.0-60.0 keV and 60.0-80 keV. Two energy bands
16.0-19.0 keV and 19.0-22.0 keV are chosen in the CRSF energy range of 4U 1907+09.
Figure 3.3 shows the energy resolved pulse profiles created with combined data of 3
detectors. Pulse profiles have two peaks with a small peak preceding a higher and
broader primary peak. Pulse profiles up to 40 keV are created with 128 phase bins
and with 32 phase bins in last two energy bands. Pulsations are detected up to 60

keV. The amplitude and shape of the secondary peak have a strong energy dependence
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Fig. 3.3 The energy resolved pulse profiles of 4U 1907+09 created from combined data
of 3 detectors. 3rd and 4th panels from the top are from 2 bands adjacent to the
CRSF Energy. Pulse profiles in top 5 panels are created with 128 phase bins and in
bottom two panels with 32 phase bins.

with a marked decrease in pulse fraction above the CRSF energy. Pulse fraction of
the main peak increases from 38% in 3.5-8.0 keV to 58% 19.0-22.0 keV band. In the
22.0-40.0 keV band, it remains the same at 57%, and in 40.0-60.0 keV band, it drops
to 25%.

3.6.1.2 Timing Analysis Of 4U 1538-522

For the timing analysis, light curves from the entire observation were extracted with
a bin size of 10 ms. Barycenter correction was applied to light curve using tool
aslbary® along with online tool AstroSat orbit file generator®. We have not done
orbital correction on the photon arrival time as there is ambiguity about the orbital
parameters of this source. Figure 3.4 shows the light curves binned at 10 s for LXP10,
LXP20, and LXP30 with average source count rates of 89, 80, and 76 c¢/s respectively.

Pulsations are clearly seen in the light curves of all the three detectors. We used the

*http://astrosat-ssc.iucaa.in/?q=data_and_ analysis
http://astrosat-ssc.iucaa.in:8080/orbitgen /
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Fig. 3.4 Light curves of 4U 1538-522 in energy band 3.0-80.0 keV from 3 LAXPC
detectors — From top to bottom LXP10, LXP20, LXP30. Data gaps corresponds to
times when satellite is passing through SAA, or the source is occulted by earth.
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Fig. 3.5 Left: The results of pulse period search in the light curves of 4U 1538-522
from combined data of 3 detectors. The y? for different trial pulse periods is shown.
Right: X-ray Pulse profiles of 4U 1538-522 created from light curves folded with best
period is divided in 128 phase bins. Pulse profiles from three detectors — LXP10 (red),
LXP20 (green), LXP30 (blue) are overlaid.
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Fig. 3.6 Energy resolved pulse profiles of 4U 1538-522 from light curves of data added
from 3 detectors. The 3.0-80.0 keV energy band has been divided into 7 finer energy
bands. Pulse profiles in top 5 panels are created with 128 phase bins and in bottom
two panels with 32 phase bins.

pulse folding and y2-maximization method to determine the pulse period of the pulsar
using the FTOOL efsearch. Pulsations were detected at 527.06 4+ 0.11 s using all
the three detectors. Figure 3.5 shows the results of period search using added light
curves from 3 detectors and background subtracted pulse profiles from all the detectors
integrated in the energy range of 3.0-80.0 keV. Pulse profiles show a double-peaked
structure with a primary and secondary peak. To investigate the energy dependence of
the same, we extracted pulse profiles in seven energy bands from 3 to 80 keV, selecting
two energy bands (19.0-22.0 and 22.0-25.0 keV) around cyclotron absorption feature
as shown in Figure 3.6. The pulse profiles are double peaked and exhibit significant
evolution with energy. The secondary peak (phase 0.6-1.0) decreases in strength until
it disappears for energy > 19 keV. The primary peak also becomes narrower with
energy with pulse fraction increasing from 48% to ~ 98% (for 40.0-60.0 keV). Pulse
fraction in band for the low energy side of CRSF line center (19.0-22.0 keV) is higher
(74%) than to higher energy side (22.0-25.0 keV) where its value is 70%. Pulsations are
detected up to ~ 60 keV. In 60-80 keV energy band pulsations are not detected due to
poor statistics in data. The pattern of evolution of the pulse profiles with energy are
consistent with the results from Ginga (Clark et al., 1990), BeppoSAX (Robba et al.,
2001), and Suzaku (Hemphill et al., 2014).
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3.6.2 Spectral Analysis

3.6.2.1 Background Spectra And Response Matrix Files For Spectral Anal-

ysis

Spectra were created from all channels which encompass the 3.0-80.0 keV energy band
of the LAXPC detectors. Background spectra were extracted from data acquired in
time intervals when the source was occulted by the earth. Most of the X-ray pho-
tons of energy greater than 34 keV produce double events in LAXPC as an X-ray
fluorescence photon emitted from the Xenon atoms is detected in a different part of
detector. LAXPC detectors have different response matrices depending on the types
of events taken to create the spectrum (single or double or all). The response matrix
also depends on the gain in the detector, which is variable. To determine this, we
first estimated the relative gain of each LAXPC detector during both observations
and selected a response matrix accordingly. This was done by creating a spectrum of
K-fluorescence photons from the double events. K-events spectrum” can be used as a
gain calibrator as these photons are mono-energetic. Once the channels corresponding
to the energy of these photons is determined, we compare it with their nominal values
determined at the ground to get relative gain for our observations. Significant gain
variations were found for LXP20 during these observations. As a result, not all of
the double events were registered in the double event spectral window of this unit,
which is preset for each detector irrespective of the gain variability. LXP30 data has
large uncertainties in its quantum efficiency and energy response due to gas leakage
and thus was not used for spectral analysis. Therefore, for the spectral analysis, only
LXP10 data was used.

3.6.2.2 Models For Continuum Spectra

In HMXB pulsars, the continuum emission can be interpreted as arising from comp-
tonization of soft X-rays in the plasma above the neutron star surface. The most com-
monly used spectral models for HMXB pulsars are high energy cutoff power-law (XSPEC
model HIGHECUT), a combination of two negative and positive power laws with expo-
nential cutoff (NPEX Makishima et al., 1999), and a thermal Comptonization model
(CompTT Titarchuk, 1994). Other local models are power-law with Fermi-Dirac cutoff
(FDCUT Tanaka, 1986) and a smooth high energy cutoff model (NEWHCUT Burderi

et al., 2000). A careful modeling of the broadband continuum spectrum is crucial for

"http://www.rri.res.in/~rripoc/laxpc_gain.html
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Table 3.2 Best-fit parameters of the pulse phase-averaged spectrum of 4U 1907409
from the AstroSat observation. The errors correspond to 90% confidence limits.

Parameter NEWHCUT HIGHECUT
r 0.81 +0.04 0.84 +0.04
Eeur (keV) 12.0 0.9 11.6 + 0.4
B o (keV) 11.86 + 0.48 12.42 + 0.37
Ecrsr (keV) 18.5 4 0.2 18.540.2
oorsr (keV) 244 0.4 21+ 0.3
TORSF 9.48 + 0.56 2.09 =+ 0.30
Fekq eqwidth (eV) 216 + 24 209 £ 52
Fegp eqwidth (eV) 148 £ 45 159 + 45
Flux® (4-40 keV) 6.21 + 0.06 6.21 £0.04
x2/d.o.t 0.94/288 (3.81/291 | 0.94/288 (3.58/291
without GABS) without GABS)

@ In units of 1070 erg cm =2 57!

obtaining consistent and physically reliable parameters for the CRSF (see, for example,
Miiller et al., 2013).

3.6.2.3 Phase Average Spectrum Of 4U 1907409

Different continuum models have been used in the past to fit the spectra of 4U 1907409
from different instruments. We fitted the phase-averaged energy spectra with all the
five continuum models mentioned above, available as a standard or local package in
XSPEC (Dorman and Arnaud, 2001). XSPEC version 12.9.0 was used for spectral fitting.
The spectrum was fitted in the energy range of 4.0-40.0 keV. Energy ranges lower
and higher than this were neglected due to limited statistics. We added a systematic
error of 1% in the energy band of 4.0-10.0 keV and 0.5% in the band of 10.0-40.0 keV
using the tool GRPPHA. The background subtracted spectrum was fitted with all the
parameters of the continuum model kept free except the absorption column density.
The column density is not constrained well with LAXPC spectrum above 4.0 keV and
was therefore fixed at 1.5 x 10*? atoms cm ™2 (Maitra and Paul, 2013a). We have used
angr (Anders and Grevesse, 1989) table of XSPEC for abundances. Iron Ka and Kf
lines were detected and modeled as Gaussians with their energy centers fixed at 6.4
keV and 7.1 keV respectively. The line widths were also fixed at 0.1 keV. Separate
spectral fits to the continuum with the continuum models mentioned above showed
a deep negative feature in the residuals around 19 keV with a width of about 2.5
keV. This is the CRSF feature already known in 4U 1907409 and was modeled with
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Fig. 3.7 x? contour plots of continuum parameters and CRSF energy created from
the phase averaged spectrum of 4U 1907+09. The central cross in light blue color
represent the best fitted parameter values. Red, green and dark blue represent the
contours of parameter values at 1o, 20 and 30 deviations from the best fit.
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Fig. 3.8 The pulse phase-averaged spectrum of 4U 1907409 along with the best fit
NEWHCUT model and residuals to the fit without and with a CRSF component in
the model.
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a Gaussian absorption profile (GABS model in XSPEC). Among the five continuum
models used, the HIGHECUT and the NEWHCUT model gave comparable fits, and
both better compared to the remaining models. The best fit parameter values and
fit statistics for these two models fitted to LXP10 spectrum are given in Table 3.2.
To check any correlation between the CRSF and the continuum parameters, we have
created contour plots of x? for several combinations of parameters in the HIGHECUT
and NEWHCUT models and no dependencies were found. For phase-resolved spec-
troscopy, we found that the continuum and CRSF parameters in some pulse phases
were better constrained with the NEWHCUT model compared to the HIGHECUT
model. Therefore, only NEWHCUT model is considered for further spectral analysis
of this source. NEWHCUT model is a modification of the high energy cutoff model,
smoothed around the cutoff energy. Functional form of this model was given in Bur-
deri et al. (2000). The constants in this model are calculated internally assuming the
continuity of the intensity function and its derivative in the range of Ec + AE. This
model has been used (Jaisawal and Naik, 2015; Maitra et al., 2018, 2017) extensively
for broad band spectra of many accreting pulsars with cyclotron line and AF is usually
kept constant at 5.0 keV. To be consistent with the literature, we have also fixed it
to 5.0 keV. Figure 3.8 shows the LXP10 spectrum along with the best fit NEWHCUT
model and the residuals before and after including the CRSF component, thus clearly
showing the presence of the absorption feature. Using a CRSF component in the model
improves x? from 1108 (for 291 degrees of freedom) to 271 for the addition of three
parameters. The line is detected with more than 8o significance. We looked for any
correlation between the CRSF and continuum parameters by creating contour plots in
XSPEC for all possible combinations of parameters. The contour plots for CRSF energy
and continuum parameters in Figure 3.7 shows that there is no correlation between
them. Similarly, for other parameters no correlations were found. The photon index
of ~ 0.8, Cutoff energy of ~ 12 keV and E-folding energy of about 12 keV are all well
within the range for accretion powered high magnetic field pulsars. The CRSF feature
is at ~ 18.5 keV with a width of 2.4 keV and depth of 2.48 keV. The equivalent width
of iron Ka and K are found to be ~ 220 eV and ~ 150 eV respectively.

3.6.2.4 Phase Average Spectrum Of 4U 1538-522

We fit the spectra of 4U 1538-522 with all the above-mentioned models. We found
that two models FDCUT and NEWHCUT provided better fits to the continuum spec-

trum compared to other models in terms of the absence of residuals and the reduced
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Fig. 3.9 x? contour plots of continuum parameters and CRSF energy created from
the phase averaged spectrum of 4U 1538-522. The central cross in light blue color
represent the best fitted parameter values. Red, green and dark blue represent the
contours of parameter values at 1o, 20 and 30 deviations from the best fit.
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Fig. 3.10 Pulse-phase-averaged spectrum of 4U 1538-522 along with best fit model
using LXP10 data. Top panel shows data (Black) and model (Red). Middle panel
shows residuals when model does not contain component for CRSF. Bottom panel
show residues when CRSF component is included in the model.
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x? values. A uniform systematic error across the entire energy band gave large contri-
butions to the x? in the 4.0-10.0 keV range without any structures in the residuals in
that energy range. To reduce the x?, we have therefore added a systematic error of 1%
in energy band 4.0-10.0 keV and 0.5% in 10.0-40.0 keV to the spectra using the tool
GRPPHA. The fit parameters were found to be largely the same if the same systematics
was used across the full band, albeit with a poorer spectral fit. A narrow and deep ab-
sorption feature at ~ 22 keV was observed in the residuals, coincident with the CRSF
known in this source. The feature was modeled with a Gaussian absorption feature
(XSPEC model GABS). A Fe Ka line was also detected at 6.4 keV and was modeled
by a Gaussian emission line. For the final spectral model, a power-law modified by
NEWHCUT and a GABS absorption line for the CRSF was adopted. This is because
the CRSF is better constrained in the NEWHCUT model compared to the FDCUT.
Using NEWHCUT as continuum and GABS as CRSF we obtain a fit with y? of 277.59
for 276 dof. When a fit is done without GABS component, we get a much poorer fit
with x? of 937.53 for 279 dof. This makes it one of the highest signal to noise ratio de-
tection of CRSF for this source. To strengthen the reliability of the CRSF parameters,
we performed a contour analysis in XSPEC and found that CRSF energy is not corre-
lated with continuum parameters of the NEWHCUT model (see Figure 3.9). Similar
analysis of CRSF width and depth with continuum parameters shows that no corre-
lation is present between them. Figure 3.10 shows the phase-averaged spectrum with
the best-fit model and the residuals with and without adding the CRSF component.
The best-fit spectral parameters are reported in Table 3.3.

3.6.2.5 Pulse Phase-Resolved Spectral Analysis Of 4U 1907-+09

As mentioned earlier, the pulse profile of 4U 1907+09 shows significant energy depen-
dence. Morphology of pulse profile changes from being double-peaked between 3.5-22.0
keV to single peaked beyond the CRSF. Such a sharp change in pulse profile with en-
ergy indicates a significant spectral change with the pulse phase. To investigate this,
we carried out a pulse phase-resolved spectral analysis. This was done by creating
spectra in 10 independent phase bins, each of width 0.1. We also extracted spectra
with overlapping bins of phase width 0.1 each sliding with a phase interval of 0.02.
We refer to this as sliding phase-resolved spectroscopy. However, all the 50 spectra in
sliding phase-resolved spectroscopy are not statistically independent. Effectively it is
a set of five different phase-resolved analyses, each with ten independent bins. The

same background spectrum and response matrix file, as in case of the phase-averaged
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Table 3.3 Best fitting phase-averaged spectral parameters of 4U 1538-522. FErrors
quoted are for 90% confidence range.

Parameters NEWHCUT FDCUT
r 0.96 £ 0.02 | 0.87 & 0.03
Eeut (keV) 14.0+ 0.3 24.0+ 2
E o (keV) 103+ 0.3 | 5.0%0.5
Eorse (keV) 21.94 0.2 | 22.7+ 0.3
oorse (keV) 23+ 0.3 | 3.5+ 0.3
TORSE 2.94 0.4 8+1
Fera (keV) 6.45% 0.09 | 6.40%0.09
Fera EQW (kéV) | 0.2140.03 | 0.2120.03
Flux ¢ (4.0-40.0 keV) | 1.102+ 0.006 | 1.10+ 0.01
Reduced x?/d.o.f 1.00/276 1.16/276
With CRSF
Reduced x?/d.of 3.36/279 6.29/279
Without CRSF

2 57! in the mentioned energy band.

@ _ Observed flux in units of 107 erg cm™
spectrum were used for phase-resolved analysis. The spectra were also fitted in the
same energy range as the phase-averaged spectrum. The absorption column density
and Fe line centers along with their width were frozen as in the case of the phase-
averaged spectrum. Also, as the width of the CRSF could not be well constrained
with the phase-resolved spectra, it was fixed to its phase-averaged value. We would
like to mention here that since the CRSF energy is later found to be somewhat variable
with the pulse phase, line width measured from the phase-averaged spectrum is per-
haps broader than the intrinsic line width in phase resolved-spectra. The pulse phase
variation of the continuum and the CRSF parameters obtained with the NEWHCUT
model are shown in Figure 3.11 with error bars. The upper and lower limits of the
parameters obtained from the sliding phase-resolved spectroscopy are shown in Figure
3.11 with shaded regions. The 4.0-40.0 keV flux at different pulse phases is shown in
the top panel for comparison with the pulse profile. The ratio of two phase-resolved
spectra with respect to the phase averaged spectrum are shown in Figure 3.12, high-
lighting the strong pulse phase dependence of the X-ray spectrum of 4U 1907+09. The
spectrum at phase 0.59-0.69 is harder compared to the spectrum at phase 0.27-0.37,
while the depth of CRSF is smaller in the former. All the Continuum parameters
show significant variation with pulse phase. The photon index shows a double-peaked
profile that is shifted in phase with respect to the pulse profile. Near the peak of

emission profile the photon index decreases indicating a hard spectrum at that phase.
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Fig. 3.11 Variation of spectral parameters of 4U 1907409 with pulse phase is shown
here. At top is flux measured in 4.0-40.0 keV band. The results from independent
phase bins are shown in red and results from the sliding phase spectroscopy are shown

as bounds on the parameters as shaded region. In the top panel is flux measured in

units of 1071 erg cm™2 571

Near the minimum of emission profile, the photon index is maximum, which means
spectrum is comparatively soft in these phases. Hardening of the spectrum at the
pulse peak and vice versa is consistent with increasing pulse fraction with energy. FE..;
and Fy,q parameters show some variation during most phases, both these parameters
peak near the end of the primary peak in the pulse profile. The CRSF parameters
also show significant variations with pulse phase. CRSF energy E.,. shows about 12%
variation around the mean value, with it being lowest at the main peak of the pulse.
Strength of the CRSF is nearly constant except during the rise of the secondary peak.
At phase 0.3, the CRSF strength is larger by a factor of ~ 3 compared to its value in
the phase-averaged spectrum. The result of sliding phase-resolved spectroscopy agrees
with independent phase bin spectroscopy. The sliding phase analysis also shows that

the variation of cyclotron line parameters is insensitive to the choice of phase zero.
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Fig. 3.12 The ratio of two phase resolved spectra of 4U 1907409 with the phase
average spectrum. Ratio of spectrum from phase 0.27-0.37 and phase-averaged spectra
is shown in black, while same is shown for phase 0.59-0.69 in red. These two phases
are chosen to demonstrate a high contrast.

3.6.2.6 Pulse Phase-Resolved Spectral Analysis Of 4U 1538-522

To probe the changes in the continuum and the CRSF parameters with the rotational
phase of the pulsar, spectra were extracted from 10 independent pulse phase bins.
The same background spectra and response file as in case of phase-averaged spectral
analysis were used. Figure 3.13 shows the results of the phase-resolved spectral analysis
of the continuum and CRSF parameters. We also performed a sliding phase-resolved
analysis for this source as in the case of 4U 1907+09. The upper and lower limits
of the parameters obtained from the sliding phase resolved spectroscopy are shown in
Figure 3.13 with shaded regions. The spectrum is harder at the primary (phase 0.2-0.4
) and secondary pulse peaks (phase 0.7-0.8) with lower values of I" and corresponding
increase in F.,; and Ey,q energies. The secondary peak is softer in general than
the primary peak and is consistent with the energy dependence of the pulse profiles
seen in Fig. 3.6. The CRSF parameters show significant energy dependence with the
phase as also observed in earlier works (Clark et al., 1990; Hemphill et al., 2014).
The variation of all the CRSF parameters is however probed in detail for the first
time, especially the CRSF depth. In Figure 3.14, we highlight the strong pulse phase
dependence of the X-ray spectrum. The ratio of two of the pulse phase-resolved

spectra are shown here. The spectrum at phase 0.3-0.4 (shown in red) is harder than
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Pulse Phase

Fig. 3.13 The phase variation of the continuum and CRSF parameters of 4U 1538-522.
Results from the independent phase bins are shown in red and from the sliding phase
bins are shown as bound to the parameters as shaded region.

the phase- averaged spectrum whereas at phase 0.7-0.8 (shown in black) it is softer
with a strong CRSF feature around 22 keV. The CRSF energy (Eq,.) is correlated
with the pulse profile and rises to ~ 23 keV near the peak of the primary peak (phase
0.4-0.5). This is consistent with that seen in earlier works (Clark et al., 1990; Hemphill
et al., 2014). The overall variation in the CRSF energy measured from independent
bins is 13 %(20.00-23.02 keV). The CRSF is deeper near the secondary peak (phase
0.65-0.95) than the primary peak (phase 0.2-0.3), and lot of variation is detected near
the primary pulse. It was not possible to constrain the CRSF width at the rise (phase
0.0-0.2) of the primary peak and during secondary peak (phase 0.5-0.8) and was frozen
to the phase-averaged value ~ 2.0 keV instead for these phases. The overall pattern
implies a complex pulse phase dependence of the CRSF parameters, which are evident,
especially from the sliding phase-resolved spectroscopy. The parameter variations are

consistent with that obtained from the independent phase bins.
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Fig. 3.14 Ratio of the spectrum of 4U 1538-522 during pulse phase 0.3-0.4 and its
phase averaged spectrum is shown in red, while the same for phase 0.7-0.8 is shown

in black. The spectrum is softer during phase 0.7-0.8 with a deep CRSF.

3.6.2.7 Intensity Resolved Spectral Analysis Of 4U 1907409

At the beginning of the AstroSat observation of 4U 1907+09, the intensity was seen
to be higher than later in the observation as seen in Figure 3.1. We performed an
intensity dependent spectroscopy from this observation by considering the first two
orbit data as high luminosity and rest of observation as low luminosity. We fitted
both spectra with the NEWHCUT model, and the best-fit parameters are given in
Table 3.4. The parameters in high and low luminosity states are in agreement within

error bars.

3.7 Discussion On The Results

In this chapter, we have presented the results from timing analysis, pulse phase-
averaged spectroscopy, and pulse phase-resolved spectroscopy of two HMXB pulsars
4U 1907409 and 4U 1538-522 with AstroSat-LAXPC. For 4U 1907409, we have also
performed an intensity-resolved spectral analysis. These are early results on the cy-
clotron lines in accretion-powered pulsars with AstroSat, especially with pulse phase-
resolved spectroscopy. In this section, we give a discussion on the implication of our

results.
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Fig. 3.15 Two spectra of 4U 1907409 at different intensities during its AstroSat obser-
vation. Black is the spectrum during higher intensity in first ~ 10 ks of observations.
Red is the spectrum of data during the rest of the observation.

Table 3.4 The best-fit spectral parameters of 4U 1907409 from intensity dependent
spectroscopy with the same model as used with phase averaged spectrum. The errors
correspond to 90% confidence limits.

Parameter High Luminosity | Low Luminosity
r 0.82 4+ 0.04 0.80 £ 0.04

Ecu (keV) 11.40 + 0.87 13.6 £1.7

E o (keV) 13.42 + 0.58 10.2+£1.2

Ecye 18.71 + 0.32 18.29 + 0.26

o (keV) 2.714+0.54 2.74 4+ 0.53
Strength 2.644+0.73 3.3+1.3

Flux®* (4.0-40.0 | 13.4 £0.1 5.13 £ 0.06

keV)

@ In units of 107! erg cm=2 571
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3.7.1 4U 1907409
3.7.1.1 Energy Dependence Of The Pulse Profile And Period Evolution

As is known in 4U 1907+09, the LAXPC observations also show strong energy depen-
dence of the pulse profile, the two peaks were varying differently with energy. Suzaku
observations (Rivers et al., 2010) showed a pulse profile with two peaks of compara-
ble amplitude at lower energies and the secondary peak to be much weaker at higher
energy. Energy resolved pulse profiles from the LAXPC observation agree with these
findings, and we have probed the pulse profile variations further around the cyclotron
line energy. We have found that the secondary peak becomes weaker near cyclotron
energy (energy bands of 16.0-19.0 keV and 19.0-22.0 keV) and the pulse fraction of
primary peak increases from 38 % in 3.5-8.0 keV band to 58 % in 22.0-40.0 keV and
then it drops to 25 % in 40.0-60.0 keV range. A change in pulse shape or pulse frac-
tion near the cyclotron line energy has been seen in several pulsars like 1A 111861, A
0535+26, XTE J1946+4-274 (Maitra and Paul, 2014) and V 0332453 (Tsygankov et al.,
2006). Being at the lower end of luminosity for the persistent HMXB pulsars, a pencil
beam pattern is expected in 4U 1907409, with the two pulse peaks being produced
from the two magnetic poles. The two pulse peaks are not separated by a phase of 0.5,
which indicates either a non-dipole field geometry of the neutron star or a complex
beaming profile (a combination of pencil and fan beam geometry) from at least one
of the poles. Additionally, the different energy dependence of the two pulse peaks
indicates a significant difference in the energy dependence of the beaming pattern in
the two magnetic poles in 4U 19074-09.

Although we have not carried out photon arrival time correction for the orbital
motion, if the nominal values of the orbital parameters determined from the RXTFE-
PCA observations are used (in 't Zand et al., 1998), the current LAXPC observation
of 4U 1907409 is done at an orbital phase of 0.18 after T 5, corresponding to a line

! and a Doppler-shift corrected pulse period of 442.51

of sight velocity of —119 km s~
seconds. Along with the historical data (Sahiner et al., 1977), it indicates a continued

slow down of the pulsar.

3.7.1.2 The CRSF And A Possible Weak Luminosity Dependence

X-ray emission processes in accreting pulsars and the behavior of matter in strong
magnetic fields determine the characteristics of their CRSF properties. The CRSF in

this source was earlier investigated with several different instruments, most notably
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Fig. 3.16 The relationship of CRSF energy of 4U 1907+09 with its luminosity is shown.
The measurement of CRSF energy at two luminosities in AstroSat observation is shown
along with some previous measurements with different X-ray telescopes.

with two Suzaku observations which were analyzed differently (Maitra and Paul, 2013a,
2014; Rivers et al., 2010). It should be noted that the broad band Suzaku spectrum
is obtained with two sets of instruments, XIS (0.7-10 keV) and PIN (15-80 keV), and
the relative normalization of the two instruments is often derived from each spectral
fit. It is also to be noted that the CRSF feature in 4U 1907409 is close to the
energy threshold of PIN detectors. The present measurements are carried out with
a single instrument covering a broad band. The low and high energy thresholds of
LAXPC are a factor of a few from the CRSF energy, giving a clear detection of the
feature with a single instrument. Overall, the CRSF parameters determined from the
LAXPC spectrum are in agreement with the previous measurements (Cusumano et al.,
1998; Hemphill et al., 2013; Maitra and Paul, 2013a; Rivers et al., 2010). Different
continuum models have been used in the past to fit the spectra of 4U 1907409, and
for completeness, we have given results from the spectral fit with all the five models.
With three of the spectral models that gave a relatively poorer fit to the LAXPC
spectrum, the cyclotron line energy is about 0.5 keV larger than the value obtained
with the other two models. We also note that an additional broad 10 keV component
that was included in the Suzaku spectrum in Rivers et al. (2010) has been shown to
be not necessary in reanalysis of the Suzaku spectrum by Maitra and Paul (2013a),
INTEGRAL spectrum by Hemphill et al. (2013) and the LAXPC spectrum in the

current work.
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Some accretion-powered pulsars show a dependence of the cyclotron energy on
luminosity. In the super-critical luminosity regime, a negative correlation between
CRSF energy and luminosity is expected, and the opposite is expected in the sub-
critical regime (Becker et al., 2012). Barring singular aspects of some sources, both
the expected correlations have been seen in accreting pulsars: a negative correlation in
V 0332453 (Doroshenko et al., 2017) and a positive correlation in Her X-1 (Staubert
et al., 2007) and GX 304-1 (Klochkov et al., 2012) being prime examples. At much
lower luminosity, below L., the cyclotron line energy is expected to be independent
of X-ray luminosity and the same has been observed in A 0535426 over a luminosity
range of two decades and a positive correlation at the highest luminosity range for this
source (Caballero et al., 2007; Sartore et al., 2015). Assuming canonical neutron star
parameters M = 1.4 M and R = 10 km, 4U 1907409 is well within L., (Hemphill
et al., 2013). A weak positive correlation between the cyclotron line energy and 5-100
keV X-ray luminosity was reported for 4U 1907+09 making it the lowest luminosity
cyclotron line source to exhibit this relationship (Hemphill et al., 2013) and indicating
that perhaps the sub-critical regime is more relevant for this source. The highest
5-100 keV X-ray luminosity at which CRSF has been reported in 4U 1907409 is
about 3 x 10%¢ erg s~! with the Suzaku observation in 2007. For comparison with the
observations mentioned in Hemphill et al. (2013), we have extrapolated the flux to
the 5-100 keV band and calculated the luminosity for a distance of 5 kpc (Cox et al.,
2005). The averaged luminosity was ~ 2 x 10%¢ erg s7!, and the luminosity during
the low and high intensity parts as reported in Table 2 was 1.6 x10% erg s7! and
4.2 x10% erg s~! respectively, the cyclotron line in all of them being consistent with
18.54+0.2 keV. Thus the LAXPC observations marginally extend the luminosity range
over which the CRSF has been detected in 4U 1907+09 without providing additional
support for a luminosity dependence of the line energy. The measurements of CRSF
energy at two luminosities during LAXPC observations, along with other observations
in the past, is shown in Figure 3.16. The current observation itself gives a luminosity
range of 2.6, over which the CRSF is found to be non-varying beyond 3%. The
AstroSat observations rules out the positive correlations of CRSF energy in a wider
luminosity range of (0.8-4.2)x10%% ergs~! which was reported in range (0.8-3.0)x103¢
ergs—! (Hemphill et al., 2013). The CRSF characteristics of 4U 1907+09 appear more
like A0535+262, with no strong correlation between the CRSF energy and luminosity.
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3.7.1.3 Pulse Phase Dependence Of The CRSF

The LAXPC results are consistent with the earlier reported pulse phase-resolved spec-
troscopy of 4U 1907+09 with Suzaku with six independent phase bins by Rivers et al.
(2010) and eight independent phase bins by Maitra and Paul (2013a) respectively.
Mainly, the line depth was found to be highest just before the secondary peak, and
the line energy was found to be highest just after it. Suzaku observations were also
useful to demonstrate that the pulse phase behavior of CRSF parameters has a sim-
ilar pattern with a change in luminosity by a factor of 2.5 between 2006 and 2007.
The LAXPC pulse phase-resolved spectroscopy carried out with 10 independent phase
bins shows the line to be strongest around the secondary peak. Given the poor phase
resolution in all the phase-resolved spectroscopy with limited statistics, these results
are consistent with the Suzaku results. The line being strongest near the secondary
peak is somewhat surprising for 4U 1907+09 which has a lower luminosity, and hence
is expected to have a pencil beam emission and low depth of CRSF at the pulse peak.
This indicates the beaming pattern in the two magnetic poles to be different, a com-
plex beaming pattern, or perhaps a deviation from a dipole geometry of the neutron
star magnetic field. We also note that the variation in cyclotron line energy in 4U
1907409 is about 13%, which is smaller compared to some other sources like Vela X-1,
1A 111861, and XTE J1946+274 (Maitra, 2017).

3.7.2 4U 1538-522
3.7.2.1 Long Term Increase In Cyclotron Line Energy

Hemphill et al. (2016) reported a long term increase in the CRSF centroid energy
by ~ 1.5 keV between the 1996-2004 RXTE and 2012 Suzaku measurements. The
authors obtained a linear increasing trend of 0.058 4= 0.014 keV yr—!. This would im-
ply an increase of 0.29 keV between the Suzaku and AstroSat measurements, which
would be impossible to detect given the error bars of the measurements. Our reported
centroid energies of Ey. = 21.9+0.2keV with the NEWHCUT continuum model and
Eeye = 22.76 £ 0.26 keV with the FDCUT continuum model are however consistent
with that obtained from the Suzaku data while all the earlier RXTE measurements
were below 21 keV. Our results are comparable to results obtained by Hemphill et al.
(2016). The results from our work further strengthen the claim of a long term increase
in Egy., rather than the Suzaku, measurement representing a short-term or a local in-
crease in Ey.. This result has also been confirmed by a recent NuSTAR observation of
4U 1538-522 (Hemphill et al., 2019). The long term behavior of CRSF in this source
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Fig. 3.17 The long term behavior of CRSF energy in 4U 1538-522, measured with var-
ious telescopes along with the AstroSat observation presented in this chapter. Figure
credit: Hemphill et al. (2019).

using data from AstroSat observation along with previous measurements is shown in
Figure 3.17. The long term increase indicates a local change or reconfiguration in the
line forming region, thereby resulting in an increased effective magnetic field strength
(Mukherjee and Bhattacharya, 2012). However future observations separated by suffi-
ciently large time gaps will be able to ascertain whether the trend is linearly increasing
or the increase was due to a sudden change in the line-forming region which caused

this change in E,y..

3.7.2.2 Variation of Cyclotron Line Energy With Pulse Phase

Our results of the phase dependence of CRSF energy are in agreement with earlier
works. Clark et al. (1990) studied CRSF energy variation with pulse phase using
Ginga observation. They used power-law as a continuum component along with a
gabs component for CRSF. They found a 14% variation in CRSF energy with pulse
phase. Hemphill et al. (2014) used Suzaku observations and found 10% variation of
same using HIGHECUT, FDCUT, and NPEX models. The variation using AstroSat-
LAXPC observation is ~ 13%.
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3.7.2.3 The Emission Pattern of High Energy Radiation In This Pulsar

The measured flux of 4U 1538-522 in the energy range of 4.0-40.0 keV indicates a
luminosity of 5.1 x 10%6 erg s™! at a distance of 6.4 kpc. At this luminosity, the source
is expected to be accreting at the super-critical regime, with the expected value of
Leris at ~ 2 —4 x 10 erg s7! (see Hemphill et al., 2016, assuming the same distance).
At this regime, the source is expected to transform from a plasma-dominated regime
with a dominant pencil-like emission beaming pattern to a radiation dominated regime
with a dominant fan-like emission beaming pattern (Basko and Sunyaev, 1976; Becker
et al., 2012; Mushtukov et al., 2015a). The complex pulse profile morphology and its
energy dependence in 4U 1538-522 is however difficult to be identified with a pure
pencil-like or fan-like beaming pattern. The CRSF parameters exhibit strong pulse
phase dependence, but effects like lightbending, relativistic beaming, reflection, and
the mixing of two columns make the interpretation of the CRSF parameters very
difficult. While the results indicate an overall complex beaming geometry, a detailed
modeling of the energy dependence of the pulse profiles together with the pulse phase
dependence of the CRSF parameters is required to map the complex variations, a.k.a

the accretion geometry in this source. We leave this for future works.

3.8 Conclusions

3.8.1 4U 1907409

In this chapter, we have reported the results from an observation of the HMXB pulsar
4U 1907409 with the AstroSat-LAXPC. Two peaks of the pulse profile of 4U 1907+09
exhibited different energy dependence: the pulsed fraction of the main peak increased
till about 40 keV and decreased after that while the secondary peak disappeared at
energy above about 20 keV. The pulsar was found to continue on the spin-down trend.
A CRSF was detected at 18.5 + 0.2 keV in the X-ray spectrum. A flare was detected
at the beginning of the observation with flux 2.6 times compared to the rest of the
observation. The cyclotron line energy during the flare was found to be consistent
with the rest of the observation. Pulse phase-resolved spectroscopy was carried out
with 10 independent phase bins, and variations of the CRSF parameters with pulse
phase were found to be consistent with previous results from two Suzaku observations
of 4U 1907+09.
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3.8.2 4U 1538-522

In this chapter, we have presented our results on cyclotron line study of the High mass
X-ray Binary pulsar 4U 1538-522 with the AstroSat-LAXPC. During the observation
of source which spanned about one day with a net exposure of 50 ks, the source X-ray
flux remained constant. Pulse profile is double-peaked in low energy range and has
a single peak in high energy range, the transition taking place around the cyclotron
line energy of the source. CRSF is detected at ~ 22 keV with a very high significance
in phase-averaged spectrum. It is one of the highest signal to noise ratio detection
of CRSF for this source. We have performed a detailed pulse phase resolved spectral
analysis with 10 independent phase bins. We have reported the results of pulse phase-
resolved spectroscopy of the continuum and CRSF parameters. The cyclotron line
parameters showed pulse phase dependence over the entire phase with a CRSF energy
variation of ~ 13% which is in agreement with previous studies. We also confirm the
increase in the centroid energy of the CRSF observed between the 1996-2004 (RXTE)
and the 2012 (Suzaku) observations, reinforcing that the increase was a long-term

change.






Chapter 4

AstroSat-LAXPC Observations Of

Some Isolated Neutron Stars

4.1 Introduction

After AstroSat was launched on the 28th of September 2015, a series of standard astro-
nomical sources were observed for instrument calibrations and better understanding
of the scientific instruments (Agrawal, 2017; Bhattacharya, 2017). The Crab nebula is
naturally the first choice for high energy instruments like LAXPC for this purpose. It
was observed on the 19th of October 2015 and its signature pulse profile was obtained
from this first light of LAXPC. Later more observations of the Crab nebula were per-
formed for detailed calibration of this instrument (Antia et al., 2017). LAXPC is an
excellent instrument for timing and moderately good for spectroscopy in 3.0-80.0 keV
range. All types of Isolated neutron stars (INS) emit in X-rays. X-ray observations of
INS have given some of the crucial observational insights which were missed by radio
observations. Even with a smaller sample of a few tens of sources in X-rays, they
provide a different view on a variety of phenomena in standard in rotation powered
pulsars. Some of the INSs like rotation powered pulsars and magnetars are active in
LAXPC energy band. Some standard INSs were also observed in the performance ver-
ification phase of AstroSat. We have carried out analysis of data from observations of
four INSs which cover a wide range of source properties: X-ray flux, pulse period, pulse
profile, and X-ray spectral shape. Three of the sources analyzed in this chapter are
part of Supernova Remnants (SNR) (See 4.1). The fourth source 1E 1048.1-593 does
not have an association with SNR. Crab nebula is chosen as a bright source due to its
large flux in 3.0-80.0 keV band. We have used data from observation of Crab Nebula

over one orbit of satellite to see the pulse profile behavior with energy. Then, we have
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Crab Nebula PSR B1509-58

Fig. 4.1 X-ray Images of the sources analyzed here. Images of Crab nebula and PSR
B1509-58 are taken from Chandra repository and image of 1E 22594586 is from a
ROSAT observation. Image Credit: CXC and (Vogel et al., 2014)

carried out analysis of a moderately bright rotation powered pulsar PSR B1509-58.
For this source, we have done timing analysis in a different energy bands and spectral
analysis with different combination of layers and event types. We have also analyzed
data from observations of two magnetars 1E 2259+586 and 1E 1048.1-593. These two
sources are very faint and only detected in low energy bands. The work in this chapter
has given us a good idea on how to handle LAXPC data of different types of sources.
Some of the insights gained from the analysis of these sources have been helpful to us

in other works also.

4.2 AstroSat Observations Of Rotation Powered

Pulsar.

Rotation Powered Pulsar (RPP) is historically the first class of pulsars to be discovered.
The first pulsar to be discovered, PSR B1919+421, was an RPP. Also, one of the most
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important astronomical source, "Crab", is also an RPP. These are fast rotating neutron
stars. Most of them spin down steadily, converting their rotational energy into electro-
magnetic radiation and particle outflows. They typically have spin periods of ~ 0.1-10
s and period derivatives of ~ 10712-10717 s s7!, implying magnetic fields of B ~ 10
~10'3 G. Currently, there are ~ 1700 RPPs known in radio!, 12 in optical (+NIR+UV)
(Mignani, 2011), ~ 100 in X-rays (Kargaltsev and Pavlov, 2014), and ~ 150 in ~y-rays
(Kuiper and Hermsen, 2015). Most of the RPPs are distributed towards the galactic

plane.

4.2.1 The Crab Nebula

The Crab nebula is a remnant of a supernova explosion in 1054 AD. It was registered
and monitored by contemporary Chinese astronomers. Since then the remainder of the
explosion, the Crab nebula and its pulsar, has been studied over the centuries. Edwin
Hubble correctly measured the expansion velocity and deduced that the nebula was
the remainder of the 1054 AC supernova explosion. Crab nebula is the brightest
sources in the sky at photon energies > 30 keV. It can be studied in great detail due
to its high luminosity L ~ 1.3 x 10% erg s=! (Hester, 2008) and its closeness ~ 2 kpc
(Trimble, 1973). It is, therefore, our prime laboratory to study non-thermal processes
in the Universe. Many discoveries have been made in the Crab and then been seen
in other non-thermal sources such as polarized synchrotron radiation or pulse optical
emission (Cocke et al., 1969).

In the center of the nebula, there is a high magnetic field neutron star with a spin
period of ~ 33 ms, which was discovered in 1968 (Staelin and Reifenstein, 1968). The
pulsar is slowing down at a rate of P = 4.2 x 10713 ss~' (Manchester et al., 2005).
The loss of rotational kinetic energy from neutron star powers the whole nebula. The
radiation is thought to be collimated in beams of light, which sweeps the line of sight
from the earth, creating the observed pulsations. The pulsed emission is visible across
the entire electromagnetic spectrum. In all the energy bands, the pulse profile is
double-peaked and most of the emission from the neutron star is concentrated in two
peaks (Abdo and et al., 2010). The main peak P1 and inter-pulse P2 are separated
by phase 0.4 over all the energies (Pravdo et al., 1997). The pulse shape is found to
quite stable with time in soft X-ray (2.0-20.0 keV) and hard X-ray (30.0-100.0 keV)
(Jain and Paul, 2011). However, the pulse shape varies as a function of energy. The

relative intensity of the two peaks first increases and then decreases with increasing

thttp://www.atnf.csiro.au/research /pulsar/psrcat
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energy. The first peak is more pronounced in radio, optical bands and up to hard
X-rays (Oosterbroek et al., 2006). The second peak becomes more prominent at soft
~v-rays. With a further increase in energy, the first peak against becomes dominant
(Kuiper et al., 2001). In this chapter, we present the timing analysis of Crab from the
data observed with LAXPC instrument onboard AstroSat.

4.2.2 PSR B1509-58

PSR B1509-58 is a pulsar situated in the supernova remnant MSH 15-52 near its
geometric center. The 150 ms spin period was discovered by the Finstein satellite
(Seward and Harnden, 1982) which was confirmed quickly with the help of radio ob-
servations (Manchester et al., 1982). This pulsar is one of the youngest and most
energetic pulsars known in the galaxy with a characteristic age of 1700 yrs and period
derivative, P = 1.49 x 10712 ss~' (Kaspi et al., 1994; Weisskopf et al., 1983). The
inferred spin down power is £ = 1.8 x 1037 erg s~'. Assuming a dipolar form of the
magnetic field the inferred surface magnetic field is 1.5 x 10'® G. The measurement of
pulsar braking index shows that this assumption is nearly correct (Livingstone et al.,
2005). The distance to the source is found to be 5.2 £+ 1.4 kpc using HI absorption
measurement (Gaensler et al., 1999). The average pulse profile in X-ray has a single
broad peak followed by a broad minimum. The shape of average pulse profile is found
to be steady with time (Pradhan et al., 2015). The broad X-ray pulse profile can be
described by two Gaussian components (Cusumano et al., 2001). On the other hand,
the pulse profile in radio band shows a narrow peak. The X-ray pulse lags radio pulse
by about one quarter of a cycle (Kawai et al., 1991).

The X-ray spectrum of this source has been studied in detail due to large flux
which is not possible for most of the other rotation-powered pulsars. The spectrum
of the nebula is described well by an absorbed powerlaw with photon index av ~ 1.86
and column density Ny ~ 6.6x10?" ecm™2 in the energy range 1.6-11 keV (Trussoni
et al., 1990). Using the pulsed spectrum in 0.1-2.4 keV energy range and restricting to
powerlaw photon index to the values 0.3-1.4 the column density was determined to be
~ 9.5x10* cm~2 (Greiveldinger et al., 1995). The spectrum of pulsed component is
fitted by power law of photon index 1.36 £ 0.01. The off-pulse emission shows a softer
spectrum with I' = 2.215 £ 0.005 (Marsden et al., 1997). The power-law photon index,
obtained from by using the off-pulse emission as background to the pulsed emission,
varies with phase from 1.33 to 1.47 as obtained by using 15 years of RXTFE data
(Ge et al., 2012). The broadband spectrum between 0.1-300 keV is better fitted by a
curve log-parabolic model than by single PL (Cusumano et al., 2001). The broadband
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Table 4.1 Summary of Observations of different type of sources used in the study

Source Obs ID Obs Date | Exposure Source Popin
Name (ks) Class (sec)
Crab T01_052T01_9000000312 | 04-02-2016 16.0 RPP 0.033
PSR B1509-58 | T01_029T01_9000000352 | 01-03-2016 24.9 RPP 0.150

1E 1048.1-593 | G06_023T01_9000000762 | 28-10-2016 63.4 Magnetar | 6.98
1E 22594586 | G06_026T01 9000000962 | 13-01-2017 68.4 Magnetar | 6.46

spectrum of this source in 3.0-79.0 keV also fitted well with the log-parabolic model
although best-fit parameters are slightly different than obtained by BeppoSAX data.

4.2.3 Observations

The Crab was observed on 4th of February 2016 for 5 AstroSat orbits using LAXPC
instrument. Total on source time during the observation was ~ 16 ks. We have used
the first ~ 3.5 ks on source data from this observation. PSR B1509-58 was observed on
Ist of March 2016 for 8 AstroSat orbits using LAXPC instrument. We have obtained
~ 16 ks on source data from this observation and the same was used for data analysis.
Both these observations were carried out during the performance verification of the
observatory. Details of both the observation can be found the Table 4.1. Here we
present the detailed timing results for the Crab Nebula. For the PSR B1509-58 we
present timing and spectroscopic results of data from its LAXPC observation. The
data from the event analysis mode were used. Raw data files were reduced with Levell
to Level2 data processing guide? version 1. Level2 products were used to create light
curves and spectral files. Further timing and spectral analysis were done using tools
in HEASOFT software suite, version 6.19. Time intervals when the source is occulted
by the earth and satellite is passing through South Atlantic Anomaly (SAA) region

have been removed for the creation of light curve and spectral file.

4.2.4 Timing Analysis

For Crab, the light curve from the first ~ 3.5 ks on source data was created with a
bin time of 100 us. A light curve extracted when the source is occulted by the earth
is used as the background. The average count rate obtained from such a light curve
was subtracted from the source light curve. The background subtracted light curves

from three LAXPC units in full energy band are shown in figure 4.2 with a bin size

2http://www.rri.res.in/~rripoc/POC.html
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Fig. 4.2 Light curves of the Crab Nebula from the AstroSat observation with LAXPC.
Three panel from top to bottom show data form 3 detectors LXP10, LXP20, and
LXP30 respectively, with a time bin size of 20 s.
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Fig. 4.4 The energy resolved pulse profiles of the Crab Nebula from the combined data
of 3 detectors. Pulse profile in top 6 panels are created with 128 phase bins and in
last panel with 64 phase bins.
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20 s. As this is a very bright source, we get very high count rates in LAXPC. Three
detectors LXP10, LXP20 and LXP30 have an average count rate of 2812, 2649 and
2702 per sec respectively. The count rate is almost steady throughout this observation.
A small dromp in count rate at ~ 1400 seconds is related to change in satellite pointing.
We searched for periodicity on the barycenter corrected light curve using the FTOOL
efsearch and obtained a period of 0.033718641 £ 0.000000001 s. The light curve
folded with this spin period obtained from this observation showed the signature pulse
profile of this source in three detectors (See Figure 4.3). Pulse profile obtained from
three detectors are identical with two narrow peaks separated by a bridge. The second
peak is smaller in these pulse profiles created from full 3.0-80.0 keV data. There is
also a broad minimum after the second peak. The first peak has a sharp rise and fall,
whereas the second peak rises slowly but falls comparatively faster. The pulse profile
of the Crab pulsar is known to vary with energy. So, we created the energy resolved
pulse profile in 7 energy bands : 3.5-7.0 keV, 7.0-10 keV, 10.0-15.0 keV, 15.0-25.0 keV,
25.0-40.0 keV, 40.0-60.0 keV and 60.0-80.0 keV. Figure 4.4 shows the energy resolved
pulse profiles with combined data from 3 detectors. Pulse profiles from the first six
energy bands are created with 128 bins and in the last energy band with 64 bins.
Pulsations are detected in all seven energy bands. The pulse shape is almost similar
in all the energy bands except that the pulse amplitude seems to be increasing with
energy. Both pulse peaks become almost comparable in the 60.0-80.0 keV band. The
strength of pulse peaks is determined in terms of pulse fraction (PF = %) The
pulse fraction of both peaks in all seven energy bands is shown in Figure 4.5. The
Pulse Fraction in first peak increases from 23 % in 3.5-7.0 keV to 36 % in 60.0-80.0.
The pulse fraction in the second peak is smaller than the first peak at lower energies
shows a sharper increase with energy. Pulse fraction in this peak increases from 16 %
in 3.5-7.0 keV to 36 % in 60.0-80.0 keV. The pulse fraction in both peaks is equal in
60.0-80.0 keV energy band.

For PSR B1509-58, a light curve from entire observation was extracted with the
bins size of 1 ms. Barycenter correction was done of the light curve using tool asibary?
along with the online tool AstroSat orbit file generator*. The top panel in Figure 4.6
shows the light curves from the complete observation binned at 100s for LXP10. It
contains sections of high and low count rate. Low count rate sections correspond to
the time when the satellite is pointed at source but is occulted by the earth. We

separated these two regions using time windows based on elevation criterion. The

Shttp://astrosat-ssc.iucaa.in/?q=data_and _analysis
*http://astrosat-ssc.iucaa.in:8080/orbitgen/
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http://astrosat-ssc.iucaa.in:8080/orbitgen/

4.2 AstroSat Observations Of Rotation Powered Pulsar.

81

40— 7

300 |

otfs
X
\
!
\
{

200 | ' 3

100 H—+——+—+—"+—+—+—+—+—t+—+—+—+—+—t—+—+—+—+1

300 |

ct/s

200 | 3

100 H——F————+—+—+———+—+—+———+—+—+—+—

300 E 3

ctls
!
X
b
s
4

200 3

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 104 2x10* 3x10* 4x10*
Time (s)

100 E

Fig. 4.6 Light curves of PSR B1509-58 from LXP10 binned with 100 s bin time.
Full light curve (Top panel) has regions of high and low count rates due to strong
background variations. The source and background light curves are shown separately

in middle and bottom panels.

Best Period: 0.15184p300000000 s
Resolution: .100E-07 s

—_
)

. g
3000 .
. g !
E L
208
14
2000 §1.2
P - R
.1
E |
208
1000 F
51.2 -
=
i ] E |
]
0 ) | ) 1L z 08
%106 0 2x10-
Period (s) - Offset Phase
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The

x? obtained using different trial period is shown here. Right: Pulse profiles from 3

detectors LXP10 (top), LXP20 (middle), and LXP30 (bottom) in 3.0-80.0 keV.
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Table 4.2 Channel ranges corresponding to 7 energy bands in different LAXPC detec-
tors for all the sources in this chapter.

Energy Range | LXP10 | LXP20 | LXP30

(keV)
3.5-7.0 25-55 27-51 24-53
7.0-10.0 56-81 02-72 54-80

10.0-15.0 82-124 | 73-106 | 81-122
15.0-25.0 125-208 | 107-173 | 123-205
25.0-40.0 209-327 | 174-240 | 206-323
40.0-60.0 328-475 | 241-387 | 324-467
60.0-80.0 475-611 | 388-497 | 468-597
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Fig. 4.8 Energy resolved pulse profiles of PSR B1509-58 from LXP10 (left), LXP20
(middle), and LXP30 (right) detectors in 7 energy bands. Pulse profiles in top 4 bands
are created with 64 phase bins and in last 3 bands with 16 phase bins.
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clean source and earth occulted sections are shown in the middle and bottom panels
of Figure 4.6. We searched for pulsations in the clean source light curve using FTOOL
efsearch and obtained a period of 0.15184980 £ 0.00000035 s (See Figure 4.7). The
pulse profile created using this spin period from the 3 LAXPC detectors in the energy
band 3.0-80.0 keV are shown in Figure 4.7. The pulse profile from all three detectors
show an identical broad single peak followed by a broad minimum. We also looked
for pulsations in different energy bands as those defined for the Crab pulsars. The
performance of three LAXPC detectors differs from each other depending upon their
operating conditions. Different gains of three detectors leads to a different channel
to energy conversion. For the selected energy bands the channel ranges are given
the Table 4.2. Channel ranges for LXP10 and LXP30 are very similar in all the
energy bands but they are very different for LXP20, especially after 15.0 keV. Pulse
profile created from the 3 detectors using these channel ranges is shown in Figure 4.8.
Pulsations are detected in all three up to 60.0 keV. There is a slight hint of detection
of pulsation in LXP30 in 60.0-80.0 keV band. This might be due to gain variation in
this detector during this observation. Due to which channel to energy conversion for
this detector might not be accurate.

LAXPC detector has a large instrumental background due to is large size. For a
bright source like Crab nebula this few percent of total count rate observed and does

not affect the quality of data. On the other hand, the high background can affect
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Table 4.3 Channel ranges for which source is detected in different layers.

First Layer 17-700
Second Layer | 17-800
Third Layer | 120-850
Fourth Layer | 150-800
Fifth Layer | 170-620
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Fig. 4.10 Light curves of PSR B1509-58. Light curve in top panel is created by
selecting data from channels with good data statistics and light curve in bottom panel
is created using data from all channels of all layers.

the quality of data significantly for faint sources. For example, in the case of PSR
B1509-58 the count rate in source sections is ~ 260 of which ~ 230 is attributed to
the background. For such sources, one can use the layerwise construction of LAXPC to
improve the data quality. For a faint source, events from all channel of all layers might
not be useful. In such a case, user can create a layerwise spectrum and check which
channels ranges have good statistics. A light curve extracted with such restricted
channel range of layer will have a lower background. This will be very helpful for
detecting pulsation from faint sources using LAXPC data. A layerwise spectrum from
different layers is shown for PSR B1509-58 in Figure 4.9. Most of the photons are
absorbed in the top layer. Subsequent layers receive gradually fewer photons. Channel
ranges for which data has good quality is given in Table 4.3. A light curve created by

selecting only these channel ranges from different layers of LXP10 is shown in Figure
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Table 4.4 Spectral parameters of PSR B1509-58 using LXP10

Parameter All Events Single Events | Double Events | Single Events
from all layers | from all layer | from all layers | from top layer
Photon index 1.9 +£08 1.4 +£0.2 1.9 1.2 £0.1
Norm? 6.5 + 0.5 0.8 + 0.3 0.4 +0.1 0.4 + 0.1
Nlbf 33+04 12.0 + 3.8 — 4.0 + 2.0
@ %1072
b % 10%2

¢ In Units of atoms c¢m 2

4.10. For comparison, the original light curve from all channels of all layers is also
shown. The count rate in the top light curve is smaller in comparison to the original

light curve due to the reduction in background.

4.2.5 Spectral Analysis

The spectrum was created from all channels which cover energy range 3.0-80.0 keV
energy band of LAXPC detectors. The source spectrum was generated using events
which falls in phase range 0.0-0.7, which is the peak of pulse profile. The off pulse
spectrum (phase range 0.7-1.0) is used as a background to the pulse spectrum. The
response matrix was selected by finding the relative gains of detectors using a spectrum
of K-florescence photons from double events. K-florescence spectra of 3 detectors
from the AstroSat observation of PSR B1509-58 are shown in Figure 4.11. In case
of a double event, the K-florescence can be detected either as first or the second
event. Thus, we have two spectra for each detector. Each spectrum is fitted with a
Gaussian to determine channel for energy corresponding to K-florescence photon (34
keV). The ratio of the average of two channels from two spectra with channel value
gives the relative gain of the detector during the observation. This nominal value was
determined by ground calibration of the instruments. The relative gain for LXP10
and LXP20 was found to be 1.0 during this observation. For LXP30, all the double
events were not registered in the preset channel window fixed for these double events.
The window is decided by gain variability allowed for normal operation of the detector.
Thus, the gain of LXP30 cannot be calculated for this observation. For LXP20, the
response matrices are not as well understood as for LXP10. Therefore, for the spectral
analysis, only LXP10 was used.

We fitted the pulsed spectrum with the POWERLAW model of XSPEC (Dorman
and Arnaud, 2001) in the energy range 4.0-25.0 keV. Absorption component PHABS
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Fig. 4.11 K-events spectra from 3 LAXPC detectors in PSR B1509-58 observation.
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Gaussian to determine mean channel value. LXP30 (bottom) spectrum is not suitable

for fit.



87

Of Rotation Powered Pulsar.

tions

4.2 AstroSat Observa

10 20

Energy (keV)

5

all layers data of LXP10

ts in

all even

of PSR B1509-58 from

Fig. 4.12 Pulsed spectrum

detector.

selecting different

(left), ever

ated by

all layers

Fig. 4.13 Different types of spectra of PSR B1509-58 cre

1ts from

ts from

single even
nts from all layers.

different layers:

ts from
(middle) a

types of even

nd double eve

top layers



88 Observations Of Some Isolated Neutron Stars

was multiplied to account for the absorption by the interstellar medium. The combined
absorbed POWERLAW model fits well to this data with y? close to one. However
there is an absorption feature ~ 5 keV, which is not explained. Data and fitted model
are shown in Figure 4.12. LAXPC detector is divided into five layers. Data extraction
software allows for selecting events in different layers separately. It is also possible to
extract the spectrum of single events or double events. Three more types of pulsed
spectrum were extracted for this observation: 1. Single events from all layers 2. Events
from top two layers and 3. Double events from the all layers. The spectrum of events
in off pulse (phase range 0.7-1.0) is used as background to the spectrum of events in
pulse peak (phase range 0.0-0.7). We fitted all these spectra with the same model as
in case of spectrum from all events from all layers. Data and fitted model are shown
in Figure 4.13 and parameter values are given in Table 4.4. Data quality of spectrum
from double events is not good but It is shown here for illustration of different types
spectrum possible with LAXPC. The photon index, I' values are consistent from all
types of spectra. The errors are larger in the value obtained from full data. T’ is
better constrained in spectra of only single events from all layers. It is even better in
spectra from the top layers. It is not possible to constrain the value of I' in double
event spectrum and was fixed at the value obtained with the spectrum of complete
data. Normalization in the different spectra is different types of spectra. The value of
column density matches within error in the spectrum of all events from all layers with
single events from only top layers. The value obtained from the spectrum of single

events from all layers is comparatively larger.

4.3 AstroSat Observation Of Magnetars

Magnetar is a type of neutron star whose main source of energy is the decay of the
magnetic field, instead of rotation or accretion. Historically, magnetars were thought
to be two different classes of astrophysical sources: soft I'-ray repeaters (SGRs) and
anomalous X-ray pulsars (AXPs). SGRs were initially mistaken to be a subclass of
[-ray bursts due to their non-association with any known sources and peculiar softer
spectrum. AXPs were initially identified as persistent pulsars in soft X-ray range (<
10 keV) but their other properties such as narrow period distribution, long term spin-
down trends, soft X-ray spectrum, did not agree with either X-ray binary pulsars or
rotation powered pulsars (Mereghetti and Stella, 1995). There are strong indications
that these two are a single class of objects. The surface magnetic fields of magnetars

is typically 10'3-10' G and their interior magnetic fields might be even stronger.
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Magnetars are the most variable sources among different classes of isolated neutron
stars. Their emission is characterized by powerful short bursts and giant flares. Some
magnetars are persistent sources with typical luminosity ~ 10° erg s~! and some are
transient with their luminosity ranging from ~ 1032-10%¢ erg s=!. Their pulse periods
are in the range 2-12 s which are secularly increasing with P ~ 10713-10710 s s71. At
present, there are 24 magnetars known in our galaxy and one each in two Magellanic
Clouds (Olausen and Kaspi, 2014a,b). The model which suggests that these object are
powered by magnetic fields decay was given in 1992 (Duncan and Thompson, 1992).
This model provides the best explanation of the observational properties of magnetars.
An alternative model is that the isolated neutron star is being powered from the fall-
back disk formed after the supernova explosion (Alpar et al., 2001; Triimper et al.,
2010). This model requires some additional process, besides accretion, to explain the
powerful bursts and flares observed from these sources.

1E 2259+586 is one of the most studied magnetars to date, which played a key
role in the unification of anomalous X-ray pulsar (AXP) with high magnetic fields.
It is located near the center of supernova remnant CTR 109, which is known for its
half-shell morphology. The 1E 2259+4-586/CTB 109 was identified as a diffuse X-ray
source by Finstein satellite in 1980 (Gregory and Fahlman, 1980). X-ray pulsations
with P = 6.98 s were discovered in 1983 (Fahlman and Gregory, 1983). The estimated
dipolar magnetic field of 1E 2259+586 is B = 5.9 x 10'3 G (Dib and Kaspi, 2014),
which is toward the lower end of the typical range of magnetic fields of magnetars. The
estimated distance and age are 3.2 + 0.2 kpc and 10? yr (Kothes and Foster, 2012).
The emission from the source is mostly constant except sudden giant bursts, which
are thought to be associated with its magnetic reconfiguration. One such burst was
observed in 2002 by RXTE. During this burst, almost all the aspect of the emission
changed drastically: the pulsed and persistent flux, shape and pulse fraction of pulse
profile and spectral properties (Kaspi et al., 2003; Woods et al., 2004). During the burst
in 2002, a glitch was also observed. Furthermore, 80 X-ray bursts were detected during
the 14.4 ks RXTFE observation with durations ranging from 2 ms to 3 s. A second
glitch was observed in 2007 (Dib et al., 2008). In contrast to glitches, a radiatively
quiet anti-glitch was observed in 2012 (Archibald et al., 2013). Pulse profile of 1E
22594-586 has double-peaked morphology with one shallow and one deep minimum.
The double-peaked morphology changes with increasing energy (Kuiper et al., 2006).
The dominant peak at energies < 4 keV becomes smaller with energy. In 4.0-8.3

keV both peaks are comparable. The second peak becomes dominant above 8 keV.
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NuSTAR observation in 2016 has shown that pulsation are detected in 24.0-79.0 keV
(Vogel et al., 2014). Also, one of the peak was found to be shifting phase with energy.

1E 1048.1-593 was discovered serendipitously as pulsar by Finstein observations of
the Carina nebula in 1979. It has a spin period of 6.46 s and a spin-down rate of ~
1.5 x 107 s s (Seward et al., 1986). The pulsations are detected up to 8 keV with
a single broad pulse profile (Paul et al., 2000). A recent NuSTAR observation found
pulsation up to 20 keV with a transient secondary peak between 7-20 keV (Yang et al.,
2016). Its inferred magnetic field strength is B = 4 x 10 G. It is a relatively active
source which shows X-ray bursts and unstable timing behavior. It was the first AXP
to show SGR-like bursts and hence indicated that two classes are possibly a single
class. This source showed four long periods of activity with outbursts and bursts in
2001, 2002 and 2007, and 2011 (Archibald et al., 2015; Dib and Kaspi, 2014). The
first flux outburst was accompanied by SGR-like burst. Large variation of spin-down
rate was seen during the last three flux outbursts. The spectrum of 1E 1048.1-593 is
well described by with blackbody plus powerlaw having kT ~ 0.6 keV and I" ~ 2.9
(Paul et al., 2000; Tam et al., 2008). During the bursts, a possible emission feature
has been reported at ~ 13 keV in the spectrum. Its distance is estimated to be 9 kpc
(Durant and van Kerkwijk, 2006). The source lies at a low Galactic latitude, resulting

in a significant absorption in soft X-rays (Nz ~ 10*? cm™2).

4.3.1 Observations

Magnetar 1E 2259+586 was observed on the 10th of October 2016 for 13 AstroSat
orbits using the LAXPC instrument. We have ~ 64 ks on source data from this obser-
vation. The other magnetar 1E 1048.1-593 was observed on 13th of January 2017 for
14 AstroSat orbits using the LAXPC instrument. Both these observations were carried
out during the guaranteed time cycle of AstroSat. More details of the observations
are given in Table 4.1. We here present the timing results of these observations. The
data from the event analysis mode were used. Raw data files were reduced with Levell
to Level2 data processing guide® version 1. Level2 products were used to create light
curves and spectral files. Further timing and spectral analysis were done using tools
in HEASOFT software suite, version 6.19. Time intervals when the source is occulted
by the earth and satellite is passing through South Atlantic Anomaly (SAA) region

have been removed for the creation of light curve and spectral file.

Shttp://www.rri.res.in/~rripoc/POC.html
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Fig. 4.14 Light curves from LXP10 (top panel), LXP20 (middle panel), and LXP30
(bottom panel) detectors for observation of magnetar 1E 2259+586. Data from only
top layers in channel range corresponding to 3.0-12.0 keV was used.

4.3.2 Timing Analysis

These magnetars are very faint sources in high energy and most of the source photons
are absorbed in top layers of LAXPC instrument. The spin periods of the pulsar
in both sources is ~ 7 s. Therefore we extracted light curves from channel 20-100
of top layers with bin time of 1s. This channel range corresponds to energy range
3.0-12.0 keV. Data from the other layers were mostly background dominated. Figure
4.14 shows the light curves 1E 22594586 from 3 LAXPC detectors binned at 100s for
LXP10, LXP20, and LXP30 with average count rates 47, 18 and 15 ct/s respectively.
We searched for pulsations using FTOOL efsearch. Figure 4.15 shows the y? plot
of a series of trial period using the LXP10 light curve. We found the best period of
6.9797 4+ 0.0002 s from all three detectors. Pulse profiles created using this spin period
from 3 LAXPC detectors is shown in Figure 4.15. Pulse profile shows two broad peaks
of comparable amplitude. There is a shallow minimum between the peaks and a deep
minimum after the second peak. We searched for pulsations in energy-resolved light
curves in two energy bands: 3.5-7.0 keV and 7.0-10.0 keV. Pulse profiles in the two
energy bands are shown in Figure 4.16. Pulsations are detected only in the 3.5-7.0
keV energy band.
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combined light curve of data from 3 LAXPC detectors. Right: Pulse profile from
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Fig. 4.17 Light curves from LXP10 (top panel), LXP20 (middle panel), and LXP30
(bottom panel) detectors for observation of magnetar 1E 1048.1-593. Data from only
top layers in channel range corresponding to 3.0-12.0 keV was used.
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Fig. 4.19 Energy resolved pulse profiles from LXP10 (left), LXP20 (middle) and LXP30
(right) of 1E 1048.1-593. In each panel, two energy bands are 3.5-7.0 and 7.0-10.0 keV
(upper and lower).

Light curve from 1E 1048.1-593 from 3 LAXPC detectors with a 100 s time bin for
LXP10, LXP20, LXP30 are shown in Figure 4.17. Average count rates from the light
curve are 51, 22 and 17 ct/s. We searched for pulsations using FTOOL efsearch.
Figure 4.18 shows the best period of 6.46301 £ 0.00006 s in the plot of y? for different
period values. We folded the light curve from three detectors with the best period
using FTOOL efold. Pulse profiles from LXP10, LXP20, and LXP30 are shown
in Figure 4.18. Pulse profiles consist of a brood single peak followed by a narrow
minimum. We created energy-resolved light curve in two energy bands: 3.5-7.0 keV
and 7.0 10.0 keV. Pulsations are only detected in the lower energy band 3.5-7.0 keV
(see Figure 4.19).

4.4 Summary

In this chapter, we have presented the timing and spectroscopy results of four isolated
neutron stars from AstroSat-LAXPC observations done during performance verifica-
tion and guaranteed time cycles of observation. LAXPC has excellent timing capability
and moderate spectral resolution. The main aim of the study of these sources was to
prove the capability of this instrument for such sources. These are early results on
timing and spectroscopy of isolated neutron stars. Techniques developed for studying

these sources can be useful for more detailed observations of faint sources.
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The Crab pulsar (PSR B0531+-21) is one of the best studied astronomical sources
across the electromagnetic band. For the Crab pulsar we created pulse profile using
data from full band and energy-resolved pulse profiles in 7 energy bands. The AstroSat
observation shows the clear detection of pulsation up to 80 keV. We found that the all
the pulse profiles in different energy bands show two peaks with non zero flux region
in between which is named as the bridge. The pulse fraction of both peaks show
energy dependent variation. The trend of pulse fraction in both peaks is the same but
the change in second peak is sharper. The energy dependent behavior of two pulse
peak has been studied across the electromagnetic magnetic band. In the radio and
optical bands the first peak is more prominent (Oosterbroek et al., 2008). The pulse
fraction in the second peak increases in the soft X-ray band (Mukerjee et al., 1999)
and becomes more than the primary peak in the soft y-ray band (Mineo et al., 2006).
In the v-ray band the first peak again becomes dominant (Kuiper et al., 2001). The
AstroSat observation further extends this trend up to 80 keV.

We have reported on the energy-resolved pulse profiles and pulsed spectrum of
PSR B1509-58. The AstroSat observation shows that the pulsations are detected up
to 60 keV. Pulse profile consists of a single peak in all the energy bands. Pulse profile
in this source has a single peak below ~ 50 keV and an additional feature at higher
energy (Marsden et al., 1997). We do not see any new feature in 40.0-60.0 keV energy
band. We have not reported on pulse fraction in different energy bands due to large
uncertainty in the background during these observations. The pulsed spectrum of
PSR B1509-58 is well described by the POWERLAW model multiplied by absorption
component.

For both the magnetars, pulsations were not detected using the data of all layers.
However, the pulsations were detected from the light curve extracted from top layers
in 3.0-12.0 keV band. In the energy resolved analysis pulsation are detected only up
to 7.0 keV. For both the magnetars, the X-ray pulse profiles obtained with LAXPC
light curves are similar to the known pulse profiles of these two sources in the same

energy bands.






Chapter 5

A Hydrogen Like Iron Line in
HMXB Pulsar IGR J16320-4751

and Pulse Phase Dependence of Its

Neutral Iron Emission Line !.

5.1 Introduction

Pulse profiles of neutron stars tell us about the emission processes and beaming mecha-
nism. Pulses from neutron star in X-ray binary system are advanced or delayed accord-
ing to the position of neutron star in its orbit. Using this fact we can determine orbits
of neutron stars in binaries. The measurement of binary orbits have contributed much
to our understanding of binary stellar evolution, mass transfer mechanism, masses
and radii of mass losing supergiants, shape of orbit, and other related astrophysical
phenomenon. Most of the transient X-ray pulsars are also Be X-ray binaries which
have much wide orbits, and hence it is more difficult to derive their orbital parameters.
There are about 300 (Liu et al., 2006, 2007) known X-ray binaries of which complete
set of parameters is known for only few systems. For X-ray binaries of known orbital
period hosting an X-ray pulsar, the orbital parameters can be determined accurately
with the pulse arrival delays method. Applicability of this method requires pulse pro-
file to be stable. Most HMXB pulsars show stable pulse profile from observations with
significant number of pulses. However pulse profile can change due to sudden change

in luminosity. Long term time variability is also seen in HMXB sources. Some pulsars

IThis work has been done in collaboration with Nirmal Iyer and Biswajit Paul
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also show significant variations between subsequent pulses (Kretschmar et al., 2014;
Staubert et al., 1980).

Iron emission lines have been found in spectra of large number of HMXB’s and
proven to be a useful tool to study stellar wind properties in these systems. Fe Ko
and Fe K/ lines from neutral or relatively low-ionized iron and He-like, H-like lines
of Fe have been found in many HMXBs (Aftab and Paul, 2017; Pradhan et al., 2018;
Torrejon et al., 2010). For HMXBs the most common site of fluorescence is the stellar
wind from the massive companion. An X-ray-irradiated stellar wind is expected to
form an onion-like structure of different ionization degrees (McCray et al., 1984). For
optically thin gas case (Kallman and McCray, 1982), the zone dominated by He-like
and H-like ions iron are formed in the inner region with ionization parameter being

around log ¢ = 3.0 and 3.5 respectively.

IGR J16320-4751 was detected with INTEGRAL in 2003 (Tomsick et al., 2003)
and identified with the ASCA source AXJ1631.9-4751 detected in 1994 (Sugizaki et al.,
2001). It is an HMXB consisting of a neutron star and an O8I companion star (Chaty
et al., 2008). It shows periodic intensity modulation at 8.96 days, which is considered
to be its orbital period (Corbet et al., 2005), and pulsation at a period of ~1300 s
(Lutovinov et al., 2005). It is located at a distance of ~3.5 kpc and has an average
X-ray luminosity of 3 x 10% ergs s™! (Lutovinov et al., 2013) in 17-60 keV energy band.
Other than orbital modulation, light curves of IGR J16320-4751 show variability at
various time scales, from seconds-minutes (Rodriguez et al., 2003) to days-months
(Foschini et al., 2004). The pulse fraction is found to be constant with energy in the
XMM-Newton and INTEGRAL energy bands (Rodriguez et al., 2006). The X-ray
spectrum of this source is similar to other highly absorbed HMXBs, consisting of a
power-law, a prominent iron emission lines along with large absorption column (N
~ 2 —5x 10%8cm~?2). In-spite of large column density, the X-ray spectrum also shows
a soft excess below ~3 keV, which can be best explained with a black body of tem-
perature ~0.07 keV (Rodriguez et al., 2006). The absorption (Ny) and line emission
(EW of Fe K,) are correlated with each other, as expected from a system with the

absorbing material also yielding fluorescence lines (Giménez-Garcia et al., 2015).

We have investigated timing and spectral properties of IGR J16320-4751, using
many observations made with XMM-Newton and Rossi X-ray Timing Explorer (RXTE).

Specifically, we investigated the pulse profile variations with both observations and line
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Fig. 5.1 Swift-BAT long term light curve of IGR J16320-4751 folded at orbital pe-
riod of 8.99 days and epoch as 53417.34 (MJD). Orbital phase of all RXTFE and
XMDM-Newton observations are indicated on orbital profile in first and second cycle
respectively. Marking of observations from RXTE and XMM-Newton is for visual
illustration. Actual observations from RXTFE and XMM-Newton are done almost one
year apart. Panels in middle and right shows actual BAT light curve for duration
when RXTE and XMDM-Newton observation were done. Start time for Swift-BAT
light curves in middle and right panel is at orbital phase zero.

emission features using XMM-Newton data. We give details of the instruments and
observations used in §5.2. Timing, spectral data reduction and analysis steps are given

in §5.3. Finally, we present our results followed by a discussion of these findings in §5.4.

5.2 Observations

We used archival data from XMM-Newton and RXTE observations of IGR J16320-
4751 for our work. IGR J16320-4751 was observed 8 times with XMM-Newton during
14-26 August 2008. Details of these observation details are given in Table 5.1. Ob-
servations were of different durations, from 2.2-12.3 ks. These observations have been
carried out at different orbital phases, thus giving a fair coverage of one binary orbit.

We have used all of these XMM-Newton archival observation for our analysis.

IGR J16320-4751 was observed 15 times with RXTE-PCA during 5-13 August

2007. More information is given in Table 5.1. This set of observations are also made
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Fig. 5.2 This figure shows light curves from all RXTFE and XMM-Newton data plotted
with a time bin of 10.0 s. Time axis has been rescaled to start from zero for all
observations. Left and Middle panel shows figure from RXTFEobservations. Right
panel shows light curves from XMM-Newton observations.

at different orbital phase values covering almost entire orbit. We have analyzed these
archival observations of IGR J16320-4751 taken from RXTE-PCA. On an average
three PCUs were ON for the observations.

We have used Swift-BAT long term light curve for IGR J16320-4751 for a total
~12 years (14-02-2005 to 13-12-2016). We searched for periodicity in this light curve
and determined a period of 8.99 + 0.02 days which is agreement with orbital period
(8.96 £ 0.1) days of this source earlier reported (Corbet et al., 2005). Orbital profile
created with Swift-Bat is shown in Figure 5.1. It is interesting to note that although
the source is not an eclipsing HMXB system, it shows very strong orbital intensity
modulation. Combining data from XMM-Newton and RXTE gives us full orbital

coverage of this source twice.

5.3 Analysis and Results

5.3.1 Timing
5.3.1.1 XMM-NewtonTiming

In order to analyze timing features of the XMM-Newton EPIC PN data, we took

standard event files to extract light curves from a circular region of radius 1’ centered
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Fig. 5.3 Pulse profile obtained from 8 observations of XMM-Newton. All the observa-
tions shows a single and narrow peak in pulse profile. Same epoch has been used for
creating these pulse profiles and a gradual phase shift can be seen between different
observations.
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on the position of the source. The analysis of XMM-Newton data was done using XMM
Science Analysis System (SAS version 15.0). Light curves were barycenter corrected
using SAS tool barycen. Figure 5.2 shows all XMM-Newton light curves with 10 s
binning. From a visual inspection of these light curves we notice the presence of
pulsations at ~1000 sec in all observations. During two of the observations, obs 2 and
8 in Table 5.1, the source showed flares. We observed that flares affect the shape of
the pulse profile and the results of our pulse profile analysis. So we removed these
sections from light curves before creating pulse profiles.

We searched for periodicity in each XMM-Newton observation using the tool efsearch.
This gave us a most probable period value of 1305.9 seconds, which was obtained by
using data combined from three observations made on two consecutive days, viz. obs-
ids 4, 5 and 6. Pulse profiles were created from each observation in energy band 0.2-10
keV using this most probable period and a reference epoch at 54692.0 (MJD), with
the tool efold. All pulse profiles (created with 32 phasebins) are shown in Figure 5.3.
We note that the pulse profiles show a narrow single peaked feature. One of the pulse

profiles (observation 6 in Table 5.1) also shows a small inter pulse.

5.3.1.2 RXTE Timing

For RXTE-PCA data we took the standard products available for light curve, rebinned
them with 10 sec and applied barycenter correction to it using tool faxbary. All 15
RXTE-PCA light curves are shown in Figure 5.2. We searched for pulsations in
these data and created pulse profiles with the most probable period of 1311.8 seconds
(obtained from observation 9) using epoch at 53417 (MJD). Pulse profile created with
RXTE data in energy band 2.0-30.0 keV show large variation in pulse shape as shown
in Figure 5.4. Also these pulse profiles are very different qualitatively than those
obtained with XMM-Newton data. Pulse profiles in RXTFE data show much broader
pulse peaks compared to XMM-Newton pulse profiles. Some of RXTE data pulse
profiles even have two peaks. For finding pulse arrival lags/delays by correlation
method it is important that all the pulse profiles are similar. As RXTFE data pulse
profiles are different among themselves as well as they differ from XMM-Newton data
pulse profiles, this data is not useful to find orbital solution.

RXTE PCA is a non-imaging instrument with a 1° circular field of view (FOV) and
the light curve might be contaminated due to presence of some other X-ray sources in
this crowded field. In order to investigate this issue we have examined the INTEGRAL
image with radius 1° around IGR J16320-4751. We found that there is one more source
(named IGR J16318-4848) in this image which is 4.14" away. We have compared
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Fig. 5.4 Pulse profiles from 15 RXTE-PCA observation. There is large variation in
pulse shape from these observations.
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Fig. 5.5 Swift BAT light curves of two adjacent sources in 15-50 keV energy band
from Jan 2007 to Dec 2008. Red and Blue colors represent IGR J16320-4751 and IGR
J16318-4848 respectively.
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Fig. 5.6 a) Template pulse profile obtained from combining data from observations 4,
5and 6. b) A plot of phase difference of pulse peak from each observation with respect
to pulse peak of best profile. ¢) Phase difference curve (ignoring point of very large
value from observation 3) fitted with sin function.

Swift BAT light curve of this neighboring source with our source for January 2007
to December 2008 in 15.0-50.0 keV energy band. In this energy band both sources
have comparable count rates for most of times as shown in figure 5.5. This means
that neighboring source in RXTE PCA FOV is contaminating data from our source.
Contamination by the IGR J16318-4848 effects the unpulsed level of the pulse profile

of our source.

5.3.1.3 Variation In Pulse Profile and Pulse Arrival Delays

In order to measure the lags/leads between the pulse profiles from the XMM-Newton
observations, we created a template pulse profile from the combined obs. 4, 5 and

6. This is shown in Figure 5.6, with the interpulse seen more clearly. We used the
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tool crosscor to correlate all pulse profiles with the template profile. A plot of phase
difference for different observations is given in Figure 5.6.

The phase-lag profile plotted as a function of orbital phase does show a sinusoidal
modulation (with the exception of point from obs 3) as seen in Figure 5.6. If we ignore
the point of very large phase delay value from obs 3 and fit remaining modulation curve
with a sin function, we get a large projected orbital semi-major axis a,sin(i) = 251.5
It-sec. This implies a large mass function of companion mass of ~ 280M. The fact
that the BAT light curve does not have any signature of an X-ray eclipse places a
upper limit on the inclination angle. This gives very improbably high value for the
mass of companion star. Since most HMXBs have companions in the mass range 10
to 70 My (Martins et al., 2005), we suspect that fit to apparent pulse arrival time
delay shown in Figure 5.6 is incorrect. We suspect this is due to intrinsic variations
in the average pulse profiles.

For pulse timing analysis pulse profile of neutron star should be stable. If pulse
profile is variable it will introduce error in arrival time of the pulses, since it would
be difficult to have a unique time marker in pulse profile. 8 pulse profiles from XMM-
Newton data that are shown in Figure 5.3 are similar qualitatively but there are small
discrepancy between them. Profile 3 and 6 have sharp pulse peak whereas profiles 1
and 4 have broader pulse peaks. Profile 6 and 8 show a small secondary pulse peaks
whereas profile 7 has a small dip. Data in observation 5 is about 3 ks, so there are about
only two and half pulses in it which leads to a poor pulse profile for this observation.
Pulse fraction in these profiles varies between 0.16-0.3. Hence pulse shape and pulse
fraction of XMM-Newton pulse profiles are variable. All these differences can affect
pulse arrival delays computed from cross correlating the pulse profiles. We discuss

possible reasons for this variation in §5.4.

5.3.2 Spectroscopy
5.3.2.1 XMM-Newton Spectral Analysis

We analyzed XMM-Newton EPIC PN data for studying the spectral behavior of the
source. To do this, source spectra were extracted from a circular region of radius
1" centered on the position of the target. Background events were extracted from a
similar source-free circular region. The spectra so obtained, were grouped to have a
minimum of 25 counts in each bin with SPECGROUP. The resulting spectra were fitted
in XSPEC V12.8.3. Initially, we tried fitting the spectrum using a model consisting of

an absorbed power-law and a Gaussian line for Fe Ka emission line. With this model
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Fig. 5.7 Spectrum of IGR J16320-4751 with a model fit from observation 6. Left :
Spectrum in range 3-11 keV. Model used for fitting is single absorbed powerlaw and
two iron lines. Right : Spectrum in range 0.3-11 keV. Bottom panels shows residuals
of fitted model.

fit, some residuals are seen around 7 keV and at energies lower than 3 keV. We obtain
a relatively better fit and improved y? (in range 0.96-1.43 ) if we add another Gaussian
component (to account for the 7 keV residuals). For observations 4 and 5 width of
second line could not be constrained, hence for these observations we fixed its value
to be 153 eV (Average of width from rest of observations). Table 5.2 gives best fitted
parameters in 3.0-11.0 keV. Figure 5.7 shows spectral data and model fit observation
6. We tried bremsstrahlung and blackbody models below 3 keV to account for the soft
excess. For finding parameter values of these components we fixed other parameters
of model. The RXTE PCA field is crowded and due to potentially higher background
of unresolved sources in FOV (field of view), we did not carry out spectral analysis
using PCA.

5.3.2.2 Additional components in the X-ray spectrum

We tried to check the nature of the additional Gaussian component that has a line en-
ergy of about 7 keV. The Iron K, flourescence energy is about 6.40 keV. The additional
component at 6.95 keV may correspond either to neutral Fe Kz (7.05 keV) or to hy-
drogen like iron fluorescence (6.95 keV). To distinguish between these we investigated
the ratio of the energy of the two iron lines. Line energy values may slightly differ
from exact known values due to instrument calibration uncertainties. However ratio of
line center value of two lines is largely independent of these uncertainties. This ratio
value for all XMM-Newton observation is shown in Figure 5.8. For all observations
this value is close to 1.085 except observation 5 at which it is consistent with 1.101.

In this observation we have only a 3 ks data, thereby having limited statistics. Thus
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Table 5.1 Table Of Observations

Obs.No. Obs. Id Date-Start Tstart Date-End Tend Duration(s] Orbit Phase Satellite Data Mode
1 93034-02-01-00 05-08-2007 00:33:16 05-08-2007 04:23:00 13785 0.08 RXTE Standard2f
2 93034-02-05-00 08-08-2007 00:30:44 08-08-2007 03:56:41 12358 0.43 RXTE Standard2f
3 93034-02-08-00 10-08-2007 05:55:55 10-08-2007 09:50:26 14072 0.66 RXTE Standard2f
4 93034-02-09-01 10-08-2007 23:50:28 11-08-2007 00:13:20 1372 0.74 RXTE Standard2f
5 93034-02-09-00 11-08-2007 00:47:28 11-08-2007 03:17:23 8996 0.75 RXTE Standard2f
6 93034-02-11-00 12-08-2007 11:31:50 12-08-2007 15:22:10 13822 0.92 RXTE Standard2f
7 93034-02-12-00 13-08-2007 06:35:02 13-08-2007 10:28:19 13998 0.00 RXTE Standard2f
8 93034-02-02-00 14-08-2007 18:26:35 14-08-2007 21:06:19 9584 0.16 RXTE Standard2f
9 93034-02-03-00 15-08-2007 11:47:16 15-08-2007 15:27:49 13234 0.19 RXTE Standard2f
10 93034-02-04-00 16-08-2007 05:05:19 16-08-2007 09:03:58 14320 0.33 RXTE Standard2f
11 93034-02-06-00 17-08-2007 18:51:32 17-08-2007 22:24:29 12778 0.50 RXTE Standard2f
12 93034-02-07-00 18-08-2007 10:30:20 18-08-2007 14:11:23 13264 0.58 RXTE Standard2f
13 93034-02-10-00 20-08-2007 16:24:15 20-08-2007 16:54:16 1802 0.82 RXTE Standard2f
14 93034-02-10-01 20-08-2007 17:30:28 20-08-2007 18:28:36 3488 0.82 RXTE Standard2f
15 93034-02-10-02 20-08-2007 19:04:57 20-08-2007 20:02:48 3472 0.83 RXTE Standard2f
16 0556140101 14-08-2008 22:44:10 15-08-2008 01:14:43 9033 0.90 XMM Full Window
17 0556140201 16-08-2008 17:41:23 16-08-2008 19:55:16 8033 0.10 XMM Full Window
18 0556140301 18-08-2008 13:36:12 18-08-2008 15:33:26 7033 0.30 XMM Full Window
19 0556140401 20-08-2008 07:36:07 20-08-2008 10:43:20 11233 0.50 XMM Full Window
20 0556140501 21-08-2008 07:04:12 21-08-2008 07:41:30 2238 0.60 XMM Full Window
21 0556140601 22-08-2008 03:55:58 22-08-2008 07:22:36 12397 0.70 XMM Full Window
22 0556140701 24-08-2008 18:30:00 24-08-2008 21:00:33 9033 0.99 XMM Full Window
23 0556140801 26-08-2008 13:34:33 26-08-2008 16:15:06 9632 0.19 XMM Full Window
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Table 5.2 Results of the spectral fitting of IGR 16320-4751 with model.

Parameter Obs 1 Obs 2 Obs 3 Obs 4 Obs 5 Obs 6 obs 7 Obs 8

Parameter values Of absorbed Power Law and Two Iron Lines

NL 30.77 127 21,7470 7T 21311081 25411084 94.9372-83 93,6170-50 45.9712:50 23 01038
r 08540078 0,544 0052 0,560 050 0,820 030 0850 142 049400 0300 142 075008
Norm? 9.367170 9121118 g9t1-19 10.4fld 8287320 1037089 4111128 53971120
ECk, (keV)| 6437000 6.4310-00 6.437001 6.437001 6.42709% 6431000 6.4240-00 6.427 001
EQW (eV) 251155 200118 177l 186t 0 182Dl 231712 a62t50 215171
ECLa(keV) | 7041905 6.9510-05 6.9710-08 7027005 7071022 6.9910-0% 6.9510-04 6.9810-05
EQW (eV) 55121 78123 802 6412 satis 122715 205745 0st20
2oy 1.07 1.05 1.13 1.08 0.96 1.39 1.43 1.12

1 1022 atoms em ™2

2 1072 Photons keV " tem™2s™ 1 at 1 keV
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Fig. 5.8 Top panel shows ratio of the line center values two emission lines seen in spectra
of IGR J16320-4751. Two horizontal lines in black show ratio of line energies of Fe
K5 to Fe Ko (at 1.101) and Hydrogen line Fe to Fe Ka (at 1.085). All observations
(except one) indicates that second line in spectra is a hydrogen like iron line. Bottom
panel shows ratio of fluxes of two lines for all XMM-Newton observations.
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Fig. 5.9 Variation of spectral parameters with orbital phase. Intensity, Ny and Equiv-
alent width of iron line with orbital phase. Top panel is orbital profile of BAT data. In
Middle and Bottom panel star and rectangular marker represent XMM-Newton and
RXTEFE data points.

second line in speatra is hydrogen like iron line. Ratio of two line fluxes is ~0.2 for
first observation and for other observations it is in range of 0.3-0.5.

Spectra of IGR J16320-4751 is well fitted with an absorbed powerlaw and two Gaus-
sian lines in 3.0-11.0 keV energy range but at lower energies a soft excess is seen some
of the XMM-Newton observations (see for example Figure 5.7). For understanding this
soft excess we tried two components in the model : 1. Unabsorbed bremsstrahlung
and 2. Absorbed Blackbody. None of these models seems to account for soft excess
completely. Bremsstrahlung model gives very high temperature for material that can
not be found in a binary environment and for Blackbody model parameters are not
well constrained. However in order to just estimate the flux of soft excess component
we used an unabsorbed Blackbody component in model. We have found that flux
of Blackbody component for observation 1, 2 and 6 is 2.4 x 107, 3.7 x 107* and

2 respectively. For other observations flux value is consistent

3.4 x 1078 erg s7t em™
with zero. Phase value for these observations are 0.90, 0.10 and 0.70 respectively as
shown in Figure 5.9. A strong variation of Ny is seen at phase 1.0. This large variation
of Ny is close to superior conjunction of this system (Heras et al., 2009). This means

soft excess in this source is present in phases near to superior conjunction.



110 A Hydrogen Like Iron Line and its Pulse Phase Dependence

o>

035 -

03 -

Pulse Fraction
o
oo

025 Fo -

02 -

oo

>
L

Il L Il L Il L
2 4 6 8
Observation Number

Fig. 5.10 Pulse fraction from energy resolved pulse profiles in 3 band :1) 3.0-6.2 keV 2)
6.2-7.5 keV 3) 7.5-10.0 keV. Circle, rectangle and triangle marker represent data from
band 1, 2 and 3 respectively.

5.3.2.3 Energy Resolved Pulse Profiles

The X-ray spectrum of IGR J16320-4751 shows very strong absorption with a column
density in excess of 10% atoms em 2. Consistent with the large column density, source
also shows a very strong iron emission line at 6.4 keV with equivalent width in the
range of 177-462 eV. If the iron emission line is produced in a large region surrounding
the neutron star, the line photons may have smaller pulse fraction due to light travel
time variations across the reprocessing region. Pulse fraction of line emission will also
be smaller if matter is distributed isotropically all around the neutron star. On the
other hand, if the line producing region is very near to the source and distributed
in non-isotropic manner around the neutron star, the line component can have a
strong pulsation, albeit with a different pulse profile compared to the pulse profile of
the continuum spectral component. The individual XMM observations are not long
enough, and therefore have limited statistical quality to carry out pulse phase resolved
spectroscopy in several phase bins.

To investigate any variation in the iron line flux with pulse phase, we created pulse
profiles from all XMM-Newton observations in iron line energy band (6.2-7.5 keV). We
also created pulse profiles in 3.0-6.2 keV (Low energy) and 7.5-10.0 keV (High energy).
Pulse fraction of main peak in energy resolved pulse profiles from all observations is

shown in Figure 5.10. For all observations pulse fraction in iron band is found to
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Fig. 5.11 Energy resolved pulse profile in three energy band from observation 4 and
7. Red, Blue and Green color shows Low, Mid and High energy bands as explained in
text above.
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Fig. 5.12 Pulse profiles in iron line energy band for observation 4 and 7. Black is the
observed pulse profile in the 6.2-7.5 keV energy band and red is the calculated profile
as explained in the text above.

be comparable to lower and higher energy band. Energy resolved pulse profiles from
selected individual observations (4 and 7 in Table 5.1) are shown in Figure 5.11. These
pulse profiles are used to compare emission behavior in mid energy band from rest of
energy band. We found that pulse fraction and pulse profile behavior in mid energy
and rest of energy range is quite similar. This behavior suggest that distribution of
reprocessing matter around the neutron star is not symmetrical.

To confirm this, we calculated iron line pulse profile from mid energy pulse profile.
The mid energy range profile has contribution from the line photons and the continuum
photons in that energy band. Since the continuum pulse profile in the band below and
above the line energy are nearly identical, we assumed the continuum pulse profile of
the mid-energy band to be the average of the two other profiles. We subtracted the

same from the mid-energy pulse profile to obtain the pulse profile of the line emission
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in the following manner. The normalized pulse profile in the three energy bands, as
shown in Figure 5.11 have been used for the same.
I 4,4(n) is calculated from the normalized pulse of the low and high energy pulse

profile as :

Fpo) = T2 Tt 1) 5.1)

Here we have assumed that pulsation behavior of continuum in whole XMM-

Newton band is same. Intensity in n'" bin of line energy pulse profile :

Time(n) = 1 + % (([Mid(n) _ 1> _ <1 _ Ez%/v) ([Avg(n) _ 1)) (5.2)

In this equation EQW is Equivalent Width of iron K, line, BW is total band
width if mid energy range. These iron line pulse profile are plotted against measured
mid energy profiles as seen in Figure 5.12 for observation 4 and 7 that have highest
statistical quality among all the XMM observations. Here also we see almost similar
emission in both mid energy and line profile. However we expect much lower pulse
fraction in pure iron line pulse profile because of X-ray reprocessing from a wind

surrounding the neutron star.

5.3.2.4 RXTE Spectral Analysis

We analyzed RXTFE PCA data to check whether the behavior of spectral parameters
can be confirmed with these observations. For broad band RXTE spectral analysis
we took standard spectra files available for all observations. We fitted the data in
3.0-15.0 keV band with a model consisting of powerlaw for the continuum, a gaussian
component for emission line at 6.4 keV, and photoelectric absorption in line-of-sight
(Xspec model wabs). Since this source falls in galactic plane, we also used model
components to account for Galactice ridge emission and cosmic X-ray background
with appropriate normalizations (Valinia and Marshall, 1998). Orbital phase variation
of Ny and equivalent width of gaussian line is shown in 5.9. Np value from RXTE
data lies between 8.0-13.0 (x10%*? atoms cm~2) and does not vary much with orbital
phase. Ny values from RXTFE data is significantly lower than XMM-Newton values.
Equivalent width of iron line from RXTF data show a correlation with orbital intensity
and agrees mostly with trend obtained from XMM-Newton data except at the peak of
orbital intensity.
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5.4 Discussion

Pulse profiles of IGR J16320-4751 are found to be variable on day to day basis. Vari-
ability is in pulse shape as well as in pulse fraction. Even larger variability is detected
in pulse profiles obtained with RXTFE-PCA data. Highly variable average pulse profile
of the source could be due to variations in the accretion from the medium surround-
ing the compact object. A high density accretion stream can also cause changes in
the shape of the pulse profile and thereby make it difficult to estimate pulse arrival
time delays using correlation of the pulse profile. A mass function of ~280 M, deter-
mined by XMM-Newton observations seems unlikely and is perhaps due to intrinsic
variabilities of the pulse profiles. A systematic study of these phase delays and orbital
intensity in more such orbits will be needed to confirm this. If this is indeed true,
using hard X-ray pulse profiles and phase lags with NuSTAR/AstroSat can possibly
give the orbital solution.

It is interesting to note the presence of a Lya line from hydrogen-like iron in
addition to ubiquitous Fe Ka line and the absence of helium-like iron line in the X-ray
spectrum. The 6.4 keV line has been reported in this source earlier (Rodriguez et al.,
2006) and is interpreted as fluorescence of iron in a wind or circumstellar medium. GX
144 (Paul et al., 2005) and Her X-1 (Jimenez-Garate et al., 2005) are two other sources
which shows these two lines while helium-like iron is absent from their spectra. There
are some sources like Vela X-1, CenX-3 which show helium-like iron also. These three
lines can be produced in an onion-like structure in accretion matter with changing
ionization degree and different ionization levels of metals. On the other hand, for
sources like IGR J16320-4751 it has been suggested that 6.4 and 6.95 keV lines originate
from two completely different regions. One possibility is that 6.4 keV fluorescence line
originates very far from neutron star and hydrogen-like iron line originates from a hot
gas inside or near the Alfvén shell, where ionization parameter is quite high.

From a comparative analysis fo the pulse profiles in different energy bands, we
have detected a pulsating nature of the fluorescent flux in the neutral iron line band.
This suggest that reprocessing material is neither symmetrically distributed around
the neutron star nor large enough in size to smear out the pulsations of the iron
fluorescence emission. This is seen in source like 1A 1118-61 (Maitra et al., 2012)
where pulse profiles in energy band 6-7 Kev shows a somewhat different pulse profile
compared to lower and higher energy bands.

Soft excess emission is a spectral feature of excess intensities over the extrapolation
of a power law fitted to higher energies. Soft excess is seen in many HMXBs like LMC
X-1 (Woo et al., 1996), SMC X-1 (Wojdowski et al., 1998), RXJ0059.2-7138 (Hughes,
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1994), XTE J011.2-7317 (Yokogawa et al., 2000). Origin of soft excess in XBPs can
by explained by 4 types possible mechanism (Hickox et al., 2004) : (1) emission from
accretion column (2) thermal emission by collisionally energized diffuse gas around the
neutron star (3) reprocessing of hard X-rays by diffuse material around neutron star
and (4) reprocessing by optically thick, dense material around the neutron satr. In
some HMXB sources with low column density (Her X-1, SMC X-1, LMX X-4 etc.) with
low column density and high Lx soft excess is found to be reprocessing by optically
thick structures in accretion disk. In IGR J16320-4751 soft excess is detected even
when power-law component of emission is highly absorbed with column density of of
~ 10% atoms cm 2. Soft excess component in this source is therefore likely to have
different origin, like in GX 302-1 (Islam and Paul, 2014). It could be, for example,
the emission by a collisionally energized cloud or reprocessing of hard X-rays either
by a diffuse cloud. For IGR J16320-4751 this soft excess has been fitted by Blackbody
component and suggested to be an emission by a collisionally energized cloud in which
compact object is embedded (Rodriguez et al., 2006). In our analysis of soft excess the
parameters are not well constrained by Blackbody component. However soft excess
is definitively present when system is near superior conjunction. Soft excess near to

superior conjunction has been seen in three other sources 4U 1700-37 (Haberl et al.,

1989) Centaurus X-3 (Burderi et al., 2000) and IGR J191404-0951 (Prat et al., 1977).

5.5 Conclusion

The main results that we have from our analysis presented above are

o Pulse profiles of IGR J16320-4751 are highly variable. Qualitative variations
of pulse profiles from XMM-Newton data and contamination of pulse profiles
from RXTE data due to a neighbouring sources hinders us from finding orbital

solution of this system.

o Spectra of IGR J16320-4751 from XMM-Newton observations shows hydrogen

like iron line along with previously reported Fe Ka line.

o Pulse profiles in iron line band shows pulsations and are qualitatively similar to

low and high energy band.

o X-ray spectrum in three XMM-Newton observations shows soft excess compo-
nent. Orbital phase of these observations are around superior conjunction of

system.



Chapter 6

Experimental X-ray polarimetric

activities

6.1 Experiments on Photo-Electron Polarimeter

6.1.1 Photo-electron Polarimeters

Polarimetry is widely considered to be a powerful observational technique in X-ray as-
tronomy, useful to enhance our understanding of emission mechanisms, geometry and
magnetic field arrangement of many compact objects. Conventional X-ray polarime-
ters are based on Bragg reflection and Thomson/Compton scattering. The photoelec-
tric effect is much more sensitive to photon polarization than these methods in the
few keV energy range. In this energy range, this process has a very large interaction
cross-section. Thompson/Compton scattering has a very small cross-section in this
energy band. Bragg reflection based polarimeters work in only a narrow energy range.
The photo-electron polarimeter can work over a dynamic range of 5 or so (2-10 keV)
compared to a few eV at 2.6 keV for a Bragg polarimeter made using graphite crystal.
For this reason, this process has been considered as a base principle of good X-ray
polarimeters in 2-10 keV energy range. Many groups are developing X-ray polarimeter
based on the study of photo-electron track in a gas-based medium. Historically, the
first scientist who studied X-ray polarization through the photo-electron track was
P.W. Sanford, in 1970 (Sanford et al., 1970). In recent years, this type of polarime-
ters has brought major advancement in polarization measurement sensitivity with the
development of GEM-based micro-pattern polarimeter (Bellazzini et al., 2002; Costa

et al., 2001) and Micro-pattern time projection chamber polarimeter (Black et al.,
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2007). These polarimeters which image the photo-electron track in a gaseous medium,
are useful along with X-ray focusing optics.

Here we discuss the development of a photo-electron polarimeter that will enable
polarization measurements without using focusing optics. We use a proportional
counter with closely spaced wires, interleaved as two sets of anodes. An incident
photon with its polarization parallel to the direction of wires deposits most charges in
any of the anodes, whereas a photon with its polarization perpendicular to the direc-
tion of wires deposits charges equally in two anodes. This technique can be scaled up
to make a large area polarimeter by using multiple detector units. Here we describe

the experiments to establish the proof of concept of this technique.

6.1.2 Photo-Electron Interaction

In the photoelectric absorption process, a photon undergoes an interaction with an
absorber atom in which the photon completely disappears. In its place, an energetic
photo-electron is ejected by the atom from one of its bound shells. The interaction is
with the atom as a whole and cannot take place with free electrons. For any photon
with energy higher than the binding energy of the K-shell electrons, the most probable
origin of the photo-electron is the most tightly bound or K shell of the atom. The

photo-electron appears with an energy given by

Ee— = hv — Eb (61)

The direction of emitted photo-electron is dependent on the linear polarization
of the incident photons. The analytical expression of the differential cross-section

distribution of the photo-electron, in the non-relativistic approximation, is

do A <m02>% 44/2sin? () cos? (¢) (6.2)

o0~ 0137 \ ho (1— Beos (0))
where # = The polar angle between the direction of incoming photon and the ejected
electron (from K-shell).
¢ = The azimuthal angle of the latter with respect to the X-ray polarization vector.
Z = The atomic number of the absorption material.
ro = The classical radius of the electron.

[ = Speed of electron divided by c.
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The sin? (f) term in the numerator represents the dependence of differential cross-
section of the photo-electron on polar angle. For photons with energy of few keV,
photo-electron are essentially emitted in the plane perpendicular to the direction of
incident photon (at 90° polar angle). In this plane, the direction of the photo-electron
follows a cos? (¢) angular dependence. The distribution has maximum probability in
the direction of electric field vector of photon. The term in the denominator accounts

for the tilt of the distribution with the increasing energy of the photo-electron.

6.1.3 Principle of Polarization Measurement in PE Detector

When a photon interacts with gas molecule via photo-electric interaction, a photo-
electron is ejected in the direction of polarization of incoming radiation. The primary
photo-electron further ionizes the other gas molecules and losses its energy in the
process. In the first few interactions, when the photo-electron is very energetic, it
deviates very less from this original direction. Hence electron-ion pairs are created
in the initial direction of photo-electron. This ensemble of charges is called a charge
cloud or charge track. Thus the information about the polarization of the incoming

radiation is captured in this photo-electron track.

We use two sets of interleaved anodes for detecting the direction of the photo-
electron tracks. When the charge track is along the anodes, most of the charges are
deposited at one of the anodes and very less in the second anode. On the other hand,
when the charge track is created perpendicular to the direction of anodes, the charge
is deposited in both the anodes. For the track direction in between, charges are split
between two anodes in a ratio which is indicative of track direction, which in turn is
dependent on the polarization of the initial photon. Hence, the ratio of the charge
collected in the two anodes gives us a measure of the polarization angle of incoming

photons.

6.1.4 PE Detector

The PE detector wireframe is realized using a printed circuit board (PCB) with a
cutout at the center, as shown in Figure 6.1. The use of PCB as wireframe facilitates
easy change of wire separation for experimentation. In the current tests, the separa-
tion between adjacent anodes on the PCB is 2.4 mm. Anode wires are made of 25
micron thick Stainless Steel (SS), coated with Gold. The cathode is made of 50 micron
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Cathode ~ Anodel | Apoded

Fig. 6.1 Left panel shows a schematic of wiring configuration in PE detector. Right
panel shows the PCB of wires inside the detector housing along with the top plate.
Image Credit: Rishin P. V.

thick alloy of Beryllium and Copper. PCB is mounted inside the detector housing on
a Teflon spacer. This spacer keeps anodes and cathode at a reasonable distance from
the top plate and bottom of the detector housing. The interior of the detector should
not have any sharp or irregular connections. Otherwise, this can lead to unnecessary
sparks due to the discharge of high voltage used for detector biasing. Due to this rea-
son, the detector wires are soldered to PCB wireframe using ball soldering technique.
The detector housing is made of aluminum material. The detector has a gas port,
located at the side of the detector housing. It serves the purpose of filling the detector
to the required pressure level. It also helps in evacuating the detector chamber to the
required level of vacuum before filling the detector with gas. The detector is closed
with a top plate, and it is sealed with detector housing with the help of an O-ring,
which makes it leak proof and helps in maintaining its gas pressure. The incoming
radiation enters through a small window in the top plate, which is made of 50 micron
thick aluminum. The detector is filled with P10 gas (90% argon and 10% methane) at
different gas pressures. Argon has large cross-section for the absorption of X-rays by
photo-electric process and provides higher mobility of electrons in the gas. Methane
is added as a quench gas. Figure 6.1 shows a top view of detector housing and top

plate before the assembly.
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The Photo-Electron (PE) detector is a variant of the proportional counter. The
detector unit is made of closely spaced wires divided into two anodes and one cathode.
A high voltage of positive polarity is applied to anodes, and negative polarity is ap-
plied to the cathode. The interaction of an incoming photon with a gas molecule emits
photo-electron which further creates a charge track via collision with other molecules.
The electrons and the ions in charge track drift towards the electrodes of opposite
polarity. Ions have low mobility due to their high mass. Free electrons are easily
accelerated by the applied voltage and gain significant kinetic energy. If this energy
is greater than the ionization energy of the neutral gas molecule, it is possible fora
dditional ion pair to be created in the collision. The electron emitted by secondary
ionization will also be accelerated by the high voltage, and during their subsequent
drift, they further create more ionization. The process, therefore, creates a form of an
avalanche in which more free electrons are created. The electrons created inprocess

are collected at anodes as a charge pulse.

The output charge pulse of the detector is given to a Charge Sensitive Pre-Amplifier
(CSPA), which amplifies and converts it into proportional a voltage pulse. The am-
plification factor is 4.8 x 10 V/coulomb or 0.76 pV /electron. The output of CSPA
is passed to a peak detector as well as to a comparator. The peak detector holds the
peak value of the voltage pulse while the comparator compares whether the incoming
pulse height is more than the predefined voltage or not. For a pulse whose peak value
is more than this pre-defined threshold voltage, it generates a square wave of same
time duration as the incoming pulse. The output of the comparator is passed to a
Field-Programmable Gate Array (FPGA). If the duration of square wave pulse from
the comparator is more than a preset time, the FPGA considers it as a valid pulse and
sends a signal to analog to digital converter (ADC) to digitize the pulse held in peak
detector. The digitized value is acquired in a PC using a PCI based data acquisition
card and stored in a file for further offline processing. Once the pulse is digitized, the

peak detector is again reset for the next pulse.

6.1.5 Charge Division Experiment

The idea of charged division is central to the working of PE detector. We first tested
this idea using radioactive sources which give unpolarized X-rays. For this test, the
detector was filled with P10 gas at three different gas pressure 300, 400, and 600 Torr.
We carefully aligned the X-ray sources with the window opening of the detecor. The
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Fig. 6.2 The pulse height histograms for exposure to 6 (left) and 23 (right) keV X-rays.
The histograms of pulse heights in anodel and anode2 are shown in black and red.
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radioactive source Fe-55 and Cd-109 emit X-ray photons of ~ 6 and ~ 23 keV, respec-
tively. The exposure time of 5 min was used for each source. Figure 6.2 shows the
pulse height histograms for both the sources at 600 Torr gas pressure. The black and
red curves represent the charge collected in anodel and anode2, denoted by Anl and
An2. The green curve represents the sum of charges collected in both the anodes. This
is denoted by Anl12. For Fe-55, the results are shown in the left panel. The number
of events up to 400 channel are very low in Anl and An2. After channel 400, the
number of events increases sharply, peaks at ~ 500 and falls to zero at ~ 650. The
peak centered at channel 500 corresponds to the 6 keV photons. A large number of 6
keV photons are present in Anl and An2. This is also seen for An12. The presence of
a large number events of 6 keV in Anl and An2, indicates that the charge tracks are so
small that most charges get deposited on an anode which is closer to it, irrespective of
its orientation with respect to anode wires. For Cd-109, the results are shown in the
right panel of Figure 6.2. For Anl and An2, the number of events up to 2000 channel
are constant, and after that, it rapidly decreases to zero. For Anl2, the number of
events are low up to 1500 channels, then it rises and peaks at ~ 1700 channel. After
1700, it goes down again and becomes zero at 2200. The small number of 23 keV events
in Anl and An2, indicates that the charge tracks are big for this energy. Whenever
they are aligned with respect to wires at some angle, the charge is divided in both
the anodes. The efficiency of charge division is seen to improve gradually at lower gas

pressures of 400 and 300 Torr. For the same energy of incident photons, the length



6.1 Experiments on Photo-Electron Polarimeter 121

CSPA BOX
1
1
L

I I
ROTARY -lll|
[ [

2 S =

Fig. 6.3 The test setup of polarization experiments. Image Credit: Rishin P. V.

charge track increases at lower gas pressures, which results in more efficient charge

division.

6.1.6 Experiments with Polarized X-rays
6.1.6.1 Experimental Setup

The setup consists of an electron X-ray generator, from whose continuum, polarized
X-rays are extracted. In the X-ray generator, the electrons accelerated by the high
voltage supply hit the metal target where both Bremsstrahlung X-rays and character-
istic X-rays are produced. The generator was operated at 23.5 kV and 0.095 mA. We
have used a filter which cutoff 95% lower energy photons. The X-rays of the highest
energy are polarized. The detector and the electronics are mounted on a rotary stage
which is driven by microstepping stepper motor controller. The experimental setup
is shown in Figure 6.3. The detector was filled with P10 gas at 600 Torr pressure.
The operating high voltage was set at 1565 V. At first, the detector and generator
orientation were fixed such that the polarization of incoming photons is parallel to

the direction of anodes. Then the detector was rotated in the step of 15° so that
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Fig. 6.4 Pulse height histograms for X-rays with 90° polarization. Right: Ratio his-
togram of the same.

polarization of incoming photons is 15°, 30°, 45°, 60°, 75°, and 90° with respect to

anodes. At each position, ~ 1 million photons were collected in the detector.

6.1.6.2 Results

The left panel of Figure 6.4 shows pulse height histogram in anodel and anode2 for
incoming photons with linear polarization at 90° to the anodes. If there is no charge
division, the pulse height in one of the anode is large and added as an event at higher
channel value between 1000 and 1500. Pulse height in another anode is very small in
this case and gets added in a small channel. Anodel and anode2 are denoted by Anl

and An2. Anl2 denotes the histogram sum of pulse heights in both the anodes.

For further analysis, we chose only those events which fall under the peak of An12.
These events correspond to 23 keV incoming photons. Below the peak, the events are
a combination of X-rays < 23 keV from generator and background cosmic rays. From
all the events which fall under the peak of Anl12, we created the histogram of pulse
heights in anodel to the sum of pulse height in both anodes as shown in the right pan-
els of Figure 6.4 for 90° polarization. The y-axis represents the number of events for
a particular ratio value, normalized by the total number of events. In ratio histogram,
small values (close to 0) denote those events for which the pulse height in anodel was
small. The value close to 1 is for those events when the pulse height in anodel was

large. Both these regions represent the events whose the charge is not divided between
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Fig. 6.5 Ratio histogram for different polarization angles.

anodes. The values in between are cases when charge divided into two anodes. This
region is more important to us in our analysis as the charge division of charge track
contains the information about polarization. We expect the ratio histogram pattern to

be different for these values when shined with the polarized source at different angles.

The ratio histograms for polarized X-ray photons with different polarization with
respect to anodes are shown in Figure 6.5. The pattern shape remains same for all
the cases but are quantitatively different for the ratio 0.2-0.8. These ratio values cor-
responds to events with charge division between the two anodes. Left panel shows the
ratio histograms for three different angles 0°, 45°, and 90°. The depth of histogram
increases as the angle increases. The ratio histogram are shown for all 7 angles in
right panel. The same behavior is seen this also with increase of depth with increasing

angles.

The charge ratio histograms generated by varying orientation of the X-ray detec-
tor in the experimental setup shows its potential for X-ray polarization measurement.
However, further investigations are required to quantify the shapes of the histograms
with respect to the polarization angles, and degree of polarization. The dependence of
the histogram shape variation on i) the energy of the X-ray photons, ii) gas pressure,
iii) gas mixture, and iv) separation of the anode wires need to be investigated in detail

to establish and optimize usage of this technique in astronomical X-ray polarization
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Fig. 6.6 A geometrical sketch of POLIX collimator. Unit of all length is in mm. A
zoomed view of few cells is shown in the Left. Image Credit: Rishin P. V.

measurement.

6.2 Collimator Calibration Experiments for POLIX

POLIX is an X-ray polarimeter instrument based on Thomson scattering in the energy
band of 8-30 keV. The aim of this instrument is to measure the polarization of X-ray
sources, like the accretion-powered pulsars and black holes, etc. whose spectrum is
dominant in this energy band. A complete understanding of its scientific instruments
is paramount to the usage of POLIX in polarization measurement. For this, it needs to
be well calibrated on the ground before its launch and in space after launch. The cali-
bration for the POLIX is different from most other timing, spectroscopic, or imaging
instruments due to its different objective, type of instrument, and operational require-
ments. Some of the important considerations for X-ray polarization measurements
with POLIX are the following: identifying the cell-ID for a photon, precise timing of
incoming photons, and dependence of detector gain and spectral resolution on various

operational parameters. The calibration experiments on these aspects are underway
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Fig. 6.7 Experimental setup for the collimator response calibration. Figure not the
scale. Image Credit: Abhilash P Kulkarni.

separately. Some other considerations come into the picture due to design modification
in components of POLIX. The POLIX collimator is designed with some improvements
on classical collimators used in other instruments. It is made of 757 hexagonal cells,
which are slightly tapered. Each hexagonal cell is made of two hexagonal openings,
with the bigger hexagon being near the detector and the smaller hexagon being open
to the sky. FEach side of the smaller hexagon is 5.7 mm. Each side of the bigger
hexagon is 6.5 mm. Depth of each cell is 200 mm. Figure 6.6 shows a geometrical
sketch from the face on view. This leads to small decrease in its throughput and a
significant flat-top angular response which mitigate the effect of small pointing error.
These modifications also lead to a different angular response and different azimuthal
distribution in the presence of an off-axis unpolarized X-ray source. Here, I describe

the collimator calibration experiments which I have conducted on these aspects.

6.2.1 Collimator Angular Response

A collimator is used to restrict the FOV of an instrument to a few or possible one

sources and avoid the contamination from other neighboring sources. About 50 bright
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Fig. 6.8 Data and the fitted model of angular response of collimator.

X-ray sources are within the sensitivity range of POLIX, and many of these sources
are in the plane of the Milky Way with angular separation between a fraction of a
degree to several degrees. While a very small field of view is preferred for avoiding any
other X-ray sources in the FOV, there are several limiting factors for FOV: increas-
ing collimator mass, increasing dead area, and more stringent pointing requirement
with smaller FOV. Considering all these aspects, a 3° x 3° FOV at full width half
maximum has been selected for POLIX. Polarization of incoming X-ray photons leads
to the asymmetry in the distribution of scattered X-rays. However, a small pointing
error may also lead to an asymmetrical azimuthal distribution of X-ray photons. The
collimator is slightly tapered resulting into a flat-top angular response to mitigate the
effect of small pointing error. The collimator response has an estimated angular extent
of 6.68° with a flat-top of 0.44°.

The angular response is measured by scanning the collimator across its diameter
at the different orientations to the direction of the incoming X-ray beam. A full scan
of the collimator is needed to check the uniformity of collimator construction. A colli-
mator calibration jig has been made for this purpose. The jig has a provision of height
adjustment and angular orientation adjustment. The testing uses a micro-position
controller motor with a translational stage and a rotational stage. X-ray sources in
the lab have divergent beams. Such a beam will smoothen sharp feature in the colli-
mator angular response. This is very important near the flat top part of the angular

response. Hence, a small, non-divergent beam is required to measure the angular re-
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sponse. To get a narrow beam at the detector, an X-ray beamline of 12 meter length
is used, which is kept at ~ 107® bar pressure of air. At the detector, a 1 mm slit
is used to give a very narrow beam of ~ 0.01°. The experimental setup (see Figure
6.7) consists of an X-ray generator at one end of the beamline, the collimator on its
jig placed on the controlling stage before the detector with a slit at the other end.
A semiconductor detector, along with its processing unit, is used in this experiment.
The photon counting mode of the detector is used for data acquisition. The starting
orientation of the collimator is —4° away from the direction of the incoming beam.
At each angular position, the collimator is translated across its full length and then
rotated by 0.2°. Near the direction of the beam, the collimator is rotated in steps of
0.1°, after every scan. As the collimator rotates away from the beam direction on the
other side, the step size of rotation is again 0.2°, after every scan. The final scan is

taken at 4+4° away from the direction of the incoming beam.

The data is checked very carefully for any cell to cell variation in each scan. Data
from each scan is added and averaged by the total time taken to complete each scan.
Figure 6.8 shows averaged counts at each angular position. Data is fitted with box
function with two slopes. The total angular coverage of collimator is found to be
+3.25° with a flat-top of £0.18°.

6.2.2 Collimator Calibration for the Presence of Unpolarized

X-ray Source

If the X-ray source is on-axis, an equal number of X-ray photons fall on the scatterer
at any azimuthal angle. However, due to a hexagonal construction of collimator cells,
an off-axis X-ray source should produce a six-fold X-ray intensity pattern along the
azimuthal direction. The shape and the amplitude of this modulation depend on the
offset angle. It is due to the change in the projected area of the smaller hexagon onto
the bigger hexagon as seen in Figure 6.9. The projected area is proportional to the
number of photons which will go through the collimator and strike the scatterer. A
polarized source will also produce a modulation pattern in the detector due to the
asymmetric distribution of the scattered photons. The nature of modulation patterns
will be different in two cases. The modulation pattern will be a superposition of these
two patterns when there are two sources present in the FOV of POLIX . Hence, it
is important to measure the modulation patterns due to an off-axis source at various

offset angles for meaningful interpretation of polarization data. A sample modulation
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Fig. 6.9 Projection of front hexagon onto the back hexagon. The hatched area is area
of overlap at this angular position. Image Credit: Nirmal Iyer.
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Fig. 6.10 Simulated pattern of collimator response for a source at an offset angle with
respect to the viewing axis of the collimator. Image Credit: Nirmal Iyer.
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Fig. 6.11 Small collimator used for the calibration of modulation pattern produced by
an off-axis source due to the spin of satellite. Image Credit: Rishin P.V.

pattern is shown in Figure 6.10 for an unpolarized X-ray source at 1.1° offset angle.

A small proportional counter detector was made for this experiment. It is made
of a single anode wire mounted on a Teflon spacer. The wire is made of 25 microns
thick stainless steel (SS), coated with Gold. The detector housing works as a cathode.
The detector has a gas port located at the side of the detector housing. The detector
is closed with a top plate, and it is sealed with detector housing with the help of an
O-ring. The incoming radiation enters through a 3cm x 3cm window, which is made
of 50-micron thick mylar. The detector is filled with P10 gas (90% argon and 10%
methane). In this experiment, we have used a small test collimator (See Figure 6.11)
with identical hexagonal cells. The design and cell dimension of the small collimator

is identical to final POLIX collimator except that it has a smaller number of cells.

The experimental setup (see Figure 6.12) consists of an X-ray generator at one
end of the beamline. The collimator and detector, mounted together in front of the

other end of the beamline. The collimator is mounted on a rotation stage. All the
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Fig. 6.12 Experimental Setup for modulation intensity variation of an offaxis source.
Figure not to the scale. Image Credit: Abhilash P Kulkarni.

cells of the collimator are blocked, except one, using a 2 mm thick stainless steel cap.
The detector is at the back of collimator mounted vertically on a T-plate. Both the
detector and collimator are mounted on another rotary stage. The beam spot size is
0.15° at the position of the detector. The collimator axis is first aligned to the X-ray
beam by scanning it in the horizontal direction. However there can be a small residual
misalignment in the vertical direction. In addition, there can be a small misalignment
between the collimator axis and the spin axis of the rotational stage on which the
collimator is mounted. Intensity profile of X-rays in the proportional counter detector
was obtained by rotating the collimator, first around the best aligned position and
then by varying the collimator spin axis with respect to the beam line. The rotation
speed of collimator was fixed at 0.4° sec™!. 10 full rotation are completed at each offset
angle. The full data is carefully examined for any variations between different cycles
at particular offset. The data from 10 the rotation cycle is added and normalized to
get the intensity modulation pattern. Modulation patterns at five angular positions

are shown in Figure 6.13.

All the profiles show a single modulation over 360 degree rotation with an ampli-
tude of about 4%. This is related to the unknown small angle between the collimator
axis and the spin axis. With increasing offset angles between the spin-axis and the

X-ray beam, a six fold modulation appears, which is quite prominent for 1.6 degree
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Fig. 6.13 Intensity Modulation Pattern due to the presence of secondary source at
an offset. Modulation patterns are shift up by 0.05 for 0.4°, 0.8°, and 1.2° offset.
Modulation pattern for 1.6° offset is shifted up by 0.08.

offset. The amplitude of the 6 fold modulation can be used to determine any offset
between an X-ray source and spin-axis of the satellite. Any possible offset between
spin axis of the satellite and the collimator axis can be determined from the single

modulation over 360°.






Chapter 7

Summary and Future Works

7.1 Summary

In this thesis, we have reported the results from AstroSat-LAXPC observations of two
HMXB pulsars and four INSs. The behavior of CRSF is investigated in two HMXB
4U 1907409 and 4U 1538-522. The timing capability of LAXPC is demonstrated to
study the isolated neutron stars of different properties: X-ray flux, pulse period, and
pulse profile. In the experimental section of this thesis, we have reported the results of
calibration experiments of POLIX to verify its angular response and study the effect
of presence of a secondary source in the field. Also, we have reported the experimental
results of a new polarization technique based on photo-electron interaction. The results

are summarized below

o In chapter 3, we reported results from detailed timing and spectral study of two
HMXB sources 4U 1538-522 and 4U 19074-09. We studied the energy depen-
dence of pulse profiles of these two sources. The broad band coverage of LAXPC
allows to study the pulse profile behavior in 3.0-80.0 keV with a single instrument.
Both the sources show a strong energy dependence of the pulse profile with en-
ergy. The two peaks in the pulse profile of 4U 1907+09, vary differently with
energy. The pulse fraction of primary peak increases from up to 40 keV and the
it drop in 40.0-60.0 keV band. The secondary peak becomes weaker in the hard
X-ray band and sharp change is seen near the CRSF energy. The secondary peak
in the pulse profiles of 4U 1538-522, decreases in strength until it disappear for
energy > 19 keV. The primary peak becomes narrow with energy with increase
in pulse fraction from 48 % in 3.5-7.0 keV to 98 % in 40.0-60.0 keV band. Pulse

fraction in the lower energy side of CRSF energy is higher compared to the en-
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ergy band on the higher side. We carried out a pulse phase resolved spectroscopy
of spectral parameters for both the sources with 10 independent phasebins. The
AstroSat observations shows strong pulse phase variations of CRSF parameters
for both the sources. The variation of CRSF parameters is studied in great detail
for the first time, especially the CRSF depth. The variation of CRSF energy is
found to be 10-15%. For 4U 1907409, a positive correlations is reported between

0% ergs~! (Hemphill et al.,

the CRSF energy and luminosity in range (0.8-3.0)x 1
2013). The AstroSat observation rules out the possibility of such correlations in a
wider luminosity range of (0.8-4.2)x103%¢ ergs—!. For 4U 1538-522, the AstroSat
observations support the long term evolution of CRSF energy as suggested by

an earlier Suzaku observation (Hemphill et al., 2016).

In chapter 4, we carried out an energy resolved timing of two rotation powered
pulsars (Crab nebula and PSR B1509-58) and two magnetars (1E 2259+586 and
1E 1048.1-593). For the Crab pulsar, the pulsations are detected up to 80.0 keV.
The pulse fraction in both the peaks increase with energy. The pulse fraction in
primary peak is higher in the lower energy bands but the change in pulse fraction
of secondary peak is shaper than the primary peak. In the 60.0-80.0 keV band
both peaks have same pulse fraction. For PSR B1509-58, a single peaked pulse
profiles is detected upto 60.0 keV. For both the magnetars, the energy resolved
timing analysis shows that the pulsations are detected only in 3.5-7.0 keV energy
band.

In chapter 5, we analyzed data from XMM-Newton and RXTE of HMXB pulsar
IGR J16320-4751. There are many observations at different orbital phases of the
binary, covering one full orbit for each instrument. We presented our attempt to
derive the orbital parameters. We have presented the difficulties and limitations
of the available data. We performed a spectral analysis of the XMM-Newton
data. We found that the system has hydrogen like iron line at certain orbital
phases, in addition to the neutral iron line which has been reported earlier. IGR
J16320-4751 shows pulsations in the iron line band which indicates the presence
of non-symmetric matter distribution in the system. X-ray spectrum in three
XMM-Newton observations near the superior conjunction of the system shows

a soft excess component which is suggested to be an emission by a collisionally
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energized cloud in which the neutron star is embedded.

e In chapter 6, we have shown the results of X-ray experiments. For the photo-
electron polarization detector, we have successfully demonstrated the concept
of charge division using two radioactive sources Fe-55 and Cd-109 which emits
the X-ray photons of 6 and 23 keV respectively. The charge division is very effi-
cient for 23 keV photons. We performed a polarization experiment with 23 keV
photons by changing the orientation of anodes in the detector with respect to
the polarization direction of the incoming photons. The charge ratio histograms
for the polarized X-rays with different polarization show a gradual change for
increasing angles. This shows the potential of PE detector for X-ray polarization

measurement.

The experimentally measured angular response of POLIX collimator has a to-
tal opening of +3.25° with a flat-top of £0.18°. We have experimentally found
out the intensity modulation patterns due to the presence of a secondary source
in the field of view of POLIX. The patterns have two component: 1) A single
modulation over 360° rotation related to the unknown small angle between the
collimator axis and the spin axis. 2) A six fold modulation due to secondary

source which is most prominent at 1.6°.

7.2 Future Works

— The study of CRSF in HMXBs is a rich field and has the potential to give
insight about their accretion geometry and magnetic field geometry. The
pulse phase resolved spectroscopy of CRSF in 4U 1907+09 and 4U 1538~
522 demonstrates the capability of LAXPC to study these features. These
are early works on CRSF in accretion-powered pulsars with AstroSat and
opens up the possibility of such studies for many other sources. The As-
troSat observation of 4U 1907409 was carried out at 0.5 orbital phase away
the peak of orbital intensity profile. We plan to propose one more obser-
vation 4U 1907409 with AstroSat at the peak in the orbital profile which,

together with the already existing measurements, will allow investigation
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of the cyclotron line charactirstic over a wider range of X-ray luminosity.

For both the sources, we have data from SXT and CZTI instruments of As-
troSat. We plan to analyze this data to get more information about these

sources, especially the absorption column density and the iron emission line.

The experiments with photo-electron polarimeter demonstrates its capabil-
ity for X-ray polarization measurements. We plan to perform more exper-
iments to characterize the working parameters of this detector. The per-
formance of this detector depends on the energy of the incoming photons,
type of gas, gas pressure, and separation between two anodes. We plan
to investigate all these aspects in more details to find out the suitability
of this technique for more sensitive astronomical observations. In addition,
we want to simulate the detector environment using GEANT software to

aid the experiments in gaining these insights.
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