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Abstract

Polarization measurements of astrophysical sources could help in understand-

ing phenomena that can not be distinguished only through imaging, timing and,

spectroscopy. Measuring polarization of the source over various regimes of the

electromagnetic spectrum could address the nature of source geometry, emission

mechanism behind the origin of photons, and magnetic field. Since polarization

is not a directly measurable quantity, special components/techniques are needed

to the measure polarization of any astrophysical source. In general, polariza-

tion measurement requires a large number of source photons. This makes mea-

surement of polarization highly challenging, particularly in X-ray regime since

X-ray instruments are space-borne. Polarization measurements in X-rays are

achieved by measuring the modulation amplitude, which is the histogram of de-

tected counts at various azimuthal scattering angles.

The importance of polarimetry was realized in the early stages of X-ray astron-

omy and there were several attempts to perform polarimetry through rocket-based

experiments. The first dedicated space-based polarimeter is a Bragg polarime-

ter onboard OSO-8 which reported the first reliable polarization measurement of

Crab in soft X-ray band. Since then, over the past five decades, there has been

no dedicated space-based X-ray polarimeter. Though there have been attempts

to measure polarization through balloon-borne instruments, they have a disad-

vantage in limited exposure time. In the absence of dedicated polarimeters, there

have been constant attempts to use the polarization capability of spectroscopic

instruments. The modulation amplitude which gives the polarization fraction

is a positive definite quantity. Hence, in case of low signal to noise, there are

chances to measure definite polarization fraction even if the incident radiation

is unpolarized. Hence it is important to experimentally verify the performance
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of a polarimeter with unpolarized X-rays. Major problems with utilizing imag-

ing/spectroscopic instruments to do polarimetry is that they were not optimized

experimentally for polarization measurements. Due to this reason, there are ap-

prehensions in the scientific community to accept the results obtained from those

instruments.

Cadmium Zinc Telluride Imager (CZTI), which is one of the payloads onboard

India’s first multiwavelength astronomical satellite AstroSat is one such imaging

& spectroscopic instrument that could be optimized to perform polarimetry. Pri-

mary objective of CZTI is to perform imaging and spectroscopy over an energy

range of 20 – 150 keV. The instrument employs pixelated CZT detectors that

could be used to measure polarization. A major advantage of CZTI is that

its polarimetric capability was experimentally demonstrated before launch using

both unpolarized and polarized X-rays.

AstroSat was launched in September 2015, and post-launch CZTI was used to

measure hard X-ray polarization of Crab pulsar and nebula, which is a standard

candle in X-ray astronomy. While the hard X-ray (/soft gamma-ray) polarization

of Crab was reported earlier (by INTEGRAL), the major advancement provided

by CZTI is that it could measure polarization as a function of the pulse phase.

Using Crab data obtained by CZTI over one year its operation, Vadawale et

al 2018 (V18) showed a clear swing in polarization in the off-pulse region and

the polarization properties are found to be different at two peaks of Crab. In

addition to the data used in V18, CZTI has acquired Crab data over multiple

observations. Here, we use this data to confirm the phase dependent signatures

and also carry energy resolved phase dependent polarization analysis. Over the

past 4 years of operation, Crab has been observed for ∼ 1800ks over multiple

observations by CZTI out of which the results of ∼ 800ks data was reported
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in V18. Following up the work of V18, we perform phase resolved polarization

analysis over 100 – 380 keV using ∼1800 ks of CZTI Crab data observed over

4 years. The phase integrated and phase resolved polarization results over 100

– 380 keV are consistent with those reported by V18 with a better statistical

significance. We obtain PF, PA of 33.4±4.1%, 143.6±1.7◦ at 8.1σ for Crab and

35.2±7.4%, 144.2±3.0◦ at 4.7σ for the off-pulse region. It is to be noted that,

so far these are the results with the best statistical significance. Further, we

extended the work by analyzing polarization over multiple energy ranges. A

method of dynamic binning in energy, dividing the total energy range 100 – 380

keV into bins of 70 keV with a sliding window of 10 keV is performed for the

first time. We obtained interesting results which show energy dependence in the

polarization at both the peaks, bridge, and off-pulse region.

The polarization measurement of Crab in hard X-rays using CZTI prompted

two branches of possibilities. First is to use CZTI to the measure polarization

of other hard X-ray bright sources. The second is to probe the possibility of

performing multiwavelength polarimetry of Crab.

Besides observing persistent sources like Crab, CZTI is also a prolific Gamma-

Ray Burst (GRB) detector. This provides an opportunity to utilize CZTI to

perform polarization of GRBs in hard X-ray regime. One advantage of GRB

polarization using CZTI compared to Crab is the high signal to noise ratio, re-

sulting in better sensitivity. However, a drawback is that GRBs are randomly

distributed in space and time and they last for a very short time (fractions of sec-

onds to few seconds). Hence in general Monte Carlo simulations are essential in

GRB polarization analysis. We developed the AstroSat Mass model using Geant4

to perform required simulations for CZTI GRB polarimetry. CZTI detected 47

GRBs between October 2015 to October 2016 out of which we report polarization



xvi

of 11 bright GRBs.

A statistical study on GRB polarization could help in understanding the emis-

sion mechanism behind GRB prompt emission and the nature of the magnetic field

along the jet. This demands precise polarization measurement of a large num-

ber of GRBs. Hence, CZTI, which measured polarization of 11 GRBs detected

over a year is of great importance to the GRB polarimetry community. However,

one caveat is that the polarimetric capability of CZTI for off-axis sources is not

experimentally demonstrated. Experimental confirmation of CZTI to be used

to perform polarimetry in case of pointed observations is the factor that makes

CZTI unique from other non-optimized polarimeters. However, experimental con-

firmation for such capability is not available for non-dedicated GRB polarimeters

including CZTI. In this context, we performed controlled experiments using CZT

detector and complemented the experimental results with extensive Geant4 sim-

ulations. Our results show that CZTI can be used to measure the polarization of

bright GRBs up to the off-axis angle of ∼60o.

With firm polarization measurements of Crab in X-rays, we explored the possi-

bility of measuring Crab polarization in other wavebands. Although polarization

reports of Crab are available in radio, optical, X-rays/Gamma-rays, interestingly

no such report of polarization exists in the infrared regime. The Mount Abu

Infrared Observatory (MIRO), is one of the facilities of Physical Research Lab-

oratory (PRL) that has a 1.2 m Cassegrain f/13 telescope and various optical

and infrared back end instruments. The Near Infrared Camera and Spectrograph

(NICS) is a workhorse instrument which is capable of doing imaging and spec-

troscopy in the near IR regime. The accessibility of MIRO and NICS provided

the motivation to explore the possibility of measuring the near IR polarization of

Crab. We added imaging polarimetric capability to NICS (NICSPol) by mounting
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a rotating wire grid polarizer between the telescope optics and NICS. NICSPol

covers a wavelength range of 0.8 to 2.5 µm over H, J and Ks bands. We veri-

fied the performance of NICSPol by observing a set of polarized and unpolarized

standards. The results show that NICSPol can constrain polarization within ∼1%

for sources brighter than ∼16 magnitude in JHKs bands. NICSPol is the only

imaging IR polarimeter in India and would provide a fantastic opportunity to do

simultaneous polarimetry of various astrophysical objects over a wide range of

EM spectrum.

In a nutshell, we performed energy dependent polarization of Crab using As-

troSat CZTI data with respect to the pulse phase. We obtained Crab polariza-

tion results with the best statistical significance so far in the hard X-ray regime.

Apart from persistent sources like Crab, CZTI also serves as a good GRB detec-

tor. Hence we performed polarimetry of GRBs detected by CZTI over a year and

obtained polarization of 11 bright GRBs with good statistical significance. The

GRB polarization results using CZTI are promising, but to enhance the credibil-

ity of these measurements we carried out controlled experiments and simulations

with polarized and unpolarized incident X-rays to validate the off-axis polarimet-

ric capability of CZT detectors. This ensures that pixelated CZT detectors could

be used to perform GRB polarimetry. These works which comprise the thesis

have resulted in significant advancement in the field of astrophysical polarimetry.

By achieving the hard X-ray polarization of Crab we explored the possibility to

measure polarization of Crab in the infrared regime by developing NICSPol, as an

add-on to NICS at MIRO, PRL. Currently, NICSPol is the only imaging infrared

polarimeter in India.

Keywords: X-ray polarimetry, Cadmium Zinc Telluride Imager (CZTI),

Crab, Gamma-ray bursts (GRB), infrared polarimetry, Geant4, instrumentation.
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Chapter 1

Introduction

The field of observational astronomy involves the collection of electromagnetic ra-

diation from various astrophysical sources. The analysis of the acquired photons

could be performed using three most popular and commonly used techniques:

1) Spectroscopic analysis - radiation in the energy (or wavelength) domain 2)

Timing analysis - radiation in time domain 3) Imaging analysis - radiation in

the space domain. There is a fourth comparatively less explored but important

tool: polarimetry. Polarization is an inherent property of electromagnetic radia-

tion which indicates the dominant orientation of the electric (& magnetic) field

vector. Polarimetry gives two additional parameters: polarization angle (PA)

and degree of polarization (DoP/polarization fraction PF). PF is the fraction at

which the incident radiation from the source is polarized, that is, the fraction

of polarized intensity in the total intensity. When the source exhibits a finite

polarization fraction, then the preferred orientation of the plane in which the

electric vector oscillates, as it propagates, with respect to a reference direction

(in sky plane typically with respect to celestial north) is the polarization angle. In

general, astronomical sources are expected to be unpolarized unless there exists

some asymmetry and/or anisotropy either in terms of matter or field, in the source

1
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or along the path of propagation of the photons. Hence measuring polarization

helps in studying the magnetic field and geometry of various astrophysical sources

and their surrounding medium. Despite these obvious advantages, polarimetry

is relatively less popular compared to spectroscopy and imaging due to certain

inherent complexities. The prime reason is that most of the sources possess very

low polarization (a few %) and hence longer exposure times are needed compared

to spectroscopy.

The origin of polarization differs over different parts of the electromagnetic

spectrum. In radio regime polarization is due to synchrotron radiation. Polariza-

tion in UV, optical and IR arise due to scattering by dust grains and magnetic field

that orients the dust grains. Non-thermal radiation from different sources is also

polarized. Optical polarization in various astrophysical sources could also partly

arise due to the synchrotron process. In X-ray regime depending on the photon

energy, geometry, and magnetic field, polarization could arise due to scattering

(Rayleigh, inverse Compton), cyclotron, synchrotron, [1] or due to more exotic

physical processes like vacuum polarization and birefringence through extreme

magnetic fields [2, 3]. Assuming the initial radiation from the internal structure

of the source to be unpolarized, measuring polarization could help in understand-

ing the point of interactions which polarizes it. The study of polarization induced

by scattering is a powerful technique to understand the intervening matter and

field distribution, when the original radiation is expected to be unpolarized (e.g.

thermal radiation).

The work done in the thesis involves instrumentation, detailed simulations,

experimental validation of polarimetric efficiency, and polarization measurement
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of astrophysical targets: 1) the Crab pulsar and Nebula and 2) Gamma-Ray

Bursts. In section 1.1 the two astrophysical sources of interest in the thesis are

discussed briefly. Section 1.2 describes the basics of X-ray polarimetry briefing

the techniques involved at different energy ranges. Section 1.3 discusses about

Cadmium Zinc Telluride Imager (CZTI), a hard X-ray polarimeter onboard As-

troSat followed by an overview 1.4 of the thesis.

1.1 Astrophysical targets

In this section, we provide a brief introduction of two types of sources: Pulsar

and pulsar wind nebula (in particular Crab) and Gamma-ray bursts for which

polarization studies are performed in the thesis. These sources are extensively

studied over decades, however, there are many open-ended questions that need

further theoretical and observational developments. Few of these unsolved issues

for which measurement of polarization (particularly in the X-ray regime) could

give more insights are described in the following subsections.

1.1.1 Crab Pulsar and Nebula

The Crab pulsar and its nebula (Crab in general) is the remnant of the popular

supernova event that happened in 1054 A.D. Crab, which is a Pulsar Wind Nebula

(PWN) is the first source that was listed in Charles Messier’s catalog (M1).

Review articles by Hester 2008 [4] and Bühler and Blandford 2014 [5] are excellent

sources that cover the existing knowledge of Crab. The Crab nebula is roughly

an ellipsoidal volume with a major axis of 4.4 pc and a minor axis of 2.9 pc and

is ∼2 kpc beyond the solar system. The Crab could be broadly divided into four

components: 1) An isolated ∼10 km radius rotation powered pulsar, which has
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a pulse period of ∼33 ms and a spin-down luminosity of 5 × 10 38 erg s -1, 2)

The synchrotron nebula with features like wisps and knot, 3) thermal gas with

features called filaments, and 4) freely expanding supernova remnant. Figure 1.1a

shows the composite of images obtained in radio, optical, and X-ray regimes from

Chandra X-ray telescope, Hubble Space Telescope (HST), and Very Large Array

(VLA) respectively. The pulsar emission is bright in X-rays, the synchrotron

emission could be seen both in X-rays and in optical, the thermal gas is bright

in optical and infrared, while the faintly expanding supernova remnant could be

seen in radio regime. The pulse profile of Crab is a double peak structure that

is termed as the main pulse and the intermediate pulse. The pulse phases are

aligned throughout the electromagnetic spectrum, while from figure 1.1b it could

be seen that the amplitude of peaks varies with respect to the energy of incident

photons.

(a)

(b)

Figure 1.1: (a) A false color composite image of Crab using data from Chandra
(X-ray) in blue, HST (optical) in green, and VLA (radio) in red. Credits: Hester
2008 [4] and (b) Pulse profiles for radio (1.4 GHz), optical (1.5 – 3.5 eV), X-ray
(100 – 200 keV), HE gamma-ray (100 – 300 MeV) and VHE (50 – 400 GeV)
gamma-ray energies. Credits: Bühler and Blandford 2014 [5].

The Crab has been studied observationally over the entire electromagnetic
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spectrum and is one of the few X-ray bright sources. The flux of Crab is constant

over a specific energy range and the intensity of X-ray sources are commonly

measured in terms of Crab units. 1 The spectral and timing properties of Crab

are quite steady and being a standard candle, observations of Crab are used

to perform onboard calibration of X-ray instruments. Crab was the first pulsar

for which imaging photometry and imaging polarimetry were reported in opti-

cal wavelengths. The first-ever X-ray polarization measurement was reported for

Crab by Weisskopf et al 1978 [6] using a Bragg polarimeter onboard Orbiting

Solar Observatory - 8 (OSO-8). However, over the past years, there has been

no dedicated space-based X-ray polarimeters. There have been various attempts

to measure the polarization of Crab in X-rays using instruments onboard IN-

TEGRAL, RHESSI, PoGO+ and the results obtained are discussed in section

2.1.

Even after 50 years of pulsar observations, with improvements in imaging,

timing, spectroscopy, the point of origin and the emission mechanism(s) behind

the gamma photons itself are not known yet. There are various models such as:

polar cap [7, 8], outer gap [9], slot gap [10], two-pole caustic [11], and stripped

wind [12, 13] predict the origin of the high energy photons from rotation powered

pulsars. A major disadvantage is that multiple models are compatible with the

observed Crab pulse profile and spectra. The polar cap, outer gap, and slot gap

models predict the origin of emission inside the light cylinder while the stripped

wind model predicts the emission to originate outside the light cylinder. The

intrinsic polarization predictions depend on the emission mechanism responsible

for the origin of the photons. One distinguishing feature of these models which

could provide additional information is their phase-dependent polarization signa-

1A Crab unit is 2.4×10-8 erg cm-2 s-1 over 2 – 10 keV.
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ture. All of these models involve unknown parameters such as the viewing angle,

inclination angle, pitch angle, and light cylinder radius. Figure 1.2 shows the

polarization predictions with respect to pulse phase for optical and gamma-ray

regimes obtained for two different light cylinder radii: r = 0.7 – 1.3 RLC and 1.3

– 2.0 RLC each for three cases inclination angles: α = 45◦, 60◦, 75◦. The viewing

angle in all the cases is assumed to be ζ = 70◦ and the particle pitch angle is

assumed to be ψ = 0.01 . From this figure it could be seen that even a minor

change in one of the various parameters in the models would result in different

polarization predictions [14].

Figure 1.2: The figure shows the pulse profile with the predicted polarization
fraction and polarization angle over optical and gamma-ray regime for inclination
angles: α = 45◦, 60◦, 75◦ each for two different light cylinder radii: r = 0.7 – 1.3
RLC and 1.3 – 2.0 RLC . The viewing angle in all the cases is assumed to be ζ =
70◦ and the particle pitch angle is assumed to be ψ = 0.01. Credits: Harding et
al 2017 [14].

Measurements of Crab polarization from optical to gamma have been reported

by various ground and space-based instruments [6, 15, 16, 17, 18, 19]. Slowikowska

et al 2009 [20] reported phase resolved polarization of Crab in the optical regime

using data from Optical Pulsar Timing Analyzer (OPTIMA) mounted at 2.56 m
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Nordic Optical Telescope. This report leads to development in theoretical predic-

tions of phase resolved polarization [12, 13] based on the above mentioned models.

Though stripped wind and slot gap models matched the trend of optical obser-

vation, the predictions did not consider energy dependence. Harding et al 2017

[14] is the only report in which phase resolved polarization of rotation powered

pulsars are predicted from optical to gamma regimes. The development of the-

oretical models based on observed results emphasize the need for more accurate

phase resolved polarization measurements over a wide range of the electromag-

netic spectrum. Apart from the optical report [20], there were no other reports on

phase resolved polarization till Vadawale et al 2018 (V18) [21]. V18, for the first

time, not only reported phase resolved polarization in X-rays but also showed

significantly strong variation in PF and PA in the off pulse region. They showed

that the phase resolved polarization behavior for the main pulse in hard X-rays

are similar to the optical polarization results [20], but for the intermediate peak,

the results show an opposite trend in comparison with the optical regime. These

imply the importance to develop energy dependent theoretical models along with

a more accurate phase resolved polarization measurements over the entire elec-

tromagnetic spectrum.

1.1.2 Gamma-Ray Bursts

Gamma-ray bursts (GRBs in general) are the most powerful events observed

in the universe, releasing energy in the order of ∼1053 erg in the gamma regime.

GRBs were accidentally discovered during the early 1970s by Vela satellites which

carried gamma-ray, X-ray, and neutron detectors and were meant to monitor

whether any nuclear weapon test was carried out in outer space. Since its dis-

covery, between 1973 – 1991 hundreds of theories were developed to explain the
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origin of GRBs. In the year 1991, Compton Gamma Ray Observatory (CGRO)

was launched which carried the Burst And Transient Source Experiment (BATSE)

as one of the payloads [22]. BATSE detected ∼2700 GRBs along with localizing

their positions in the sky through which the GRBs were found to be isotropically

distributed in the sky 1.3a. Hence BATSE ruled out the galactic origin of GRBs

and proved its cosmological origin.

(a) (b)

Figure 1.3: (a) Isotropic distribution of BATSE GRBs in sky co ordinates Credits:
G. Fishman et al., BATSE, CGRO, NASA (b) Histogram of T90 of BATSE GRBs
with a minimum ∼2 s clearly distinguishing short and long GRBs. Credits:
Kouveliotou et al 1993 [23].

The duration over which the GRB occurs is defined by the term T90 which

is the time interval over which 90% of the source counts are observed. The

histogram of T90 of BATSE GRBs shown in figure 1.3b represents two types

based on the GRB duration: short (T90<2s) and long (T90>2s) GRBs. The

progenitors of the short and long GRBs are different. It is now known that short

GRBs occur when two compact stellar binaries merge [25, 26] and long GRBs

occur during the core collapse of massive stars [27, 28, 29]. In both the cases, a

black hole with an accretion disk is formed with oppositely directed jets launched

from the proximity of black hole. GRB emission occurs in two distinct phases:

the prompt emission and the afterglow. The initial burst of high-energy emission

or the prompt emission is widely believed to originate from a jet close to the black

hole, while the long-lasting multi-wavelength afterglow emission is generated far
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Figure 1.4: The figure represents the fireball model that explains both the merger
and collapse scenario. The jet launched closer to the black hole emits high energy
photons (gamma/hard X-rays) during prompt emission which interacts with the
ambient medium for the afterglow emission from soft X-rays to radio. Credits:
Gehrels et al 2002 [24].

from the compact object by the interaction of the GRB jet with the circumstellar

medium [30, 31]. Figure 1.4 represents the widely accepted fireball model that

explains the prompt emission due to internal shocks and afterglow emission due

to external shocks when jet collides with the ambient medium.

Over the past 4 decades, observational study of GRBs has grown tremendously

with the advent of several missions like CGRO/BATSE, Neil Gehrels Swift Ob-

servatory, Fermi, etc and other ground-based observatories. The afterglow phase

of GRBs is well studied by timing and spectroscopy. Despite observing a large

number of GRBs with sensitive detectors onboard Swift [32, 33] and Fermi [34]

missions, the mechanism of the prompt emission has not yet been well understood

[35] owing to the diversity, extreme variability, and very short duration of this

prompt phase [36, 37]. The prompt emission is believed to be generated either by

synchrotron process [38, 39] or through inverse Compton scattering [40, 41, 42].
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Besides, a few cases display the evidence of a thermal black body component,

presumably of photospheric origin [43, 44, 45, 46]. One way of distinguishing

between these emission processes would be through their unique polarization sig-

natures. Toma et al 2008 [47] simulated around 10,000 GRBs and reported that

the degeneracies in geometry and the radiation process could be critically con-

strained by measuring the polarization of a large number of GRBs and statistically

studying the measured polarization fraction with respect to the ratio between the

number of GRBs with polarization measurement to the total number of GRBs

detected [47]. This emphasizes that the measurement of X-ray and Gamma-ray

polarization is of great importance in the study of GRB prompt emission [48, 49].

1.2 X-ray Polarimetry

Uhuru, the first X-ray astronomical satellite was launched in 1970. Since then

X-ray astronomy has grown tremendously over the past five decades, with im-

provements in imaging, spectroscopy, and timing sensitivities comparable to those

at other wavelengths. Along with these three techniques, the importance of X-ray

polarimetry was realized decades back and there were attempts for rocket-borne

or early satellite-borne polarization experiments. Performing polarization in X-

rays is highly challenging because it requires a large number of photons which

ends up in poor detector sensitivity. Over time the improvement in sensitivity for

spectroscopy and imaging was significant and hence those techniques were given

more prominence. Hence, the field of X-ray polarimetry is still largely unexplored

due to the inherent complexities in measuring X-ray polarization [50]. Despite

the scientific importance of X-ray polarimetry [51], there have been very a few

dedicated X-ray polarimeters since the first reliable measurement of the X-ray

polarization of the Crab nebula at 2.6 and 5.2 keV by OSO-8 [6]. Apart from
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the balloon-borne dedicated polarimeters like X-Calibur [52], POGOlite [53] and

POGO+ [54], there have been attempts to use the polarization capability of spec-

troscopic instruments such as RHESSI, IBIS and SPI onboard INTEGRAL, CZTI

onboard AstroSat to measure the polarization of hard X-ray bright sources like

Crab [18, 21] and Cygnus X-1 [55]. A major reason for the lack of progress in X-

ray polarimetry is that the X-ray polarization measurements are highly prone to

systematics and require a large number of photons. However, X-ray polarimetry

is expected to get an impetus in the near future with the launch of two dedicated

missions - IXPE [56] and XPoSat [57, 58]. IXPE is expected to provide two orders

of magnitude improvement in sensitivity within the energy range of 2 – 8 keV

[59] over the earlier OSO-8 measurements, whereas the XPoSat mission is likely

to provide ten times better sensitivity while extending the energy range to 8 – 30

keV.

X-ray polarization can be measured mainly by three different techniques which

involve the principles of scattering, photoelectric effect, and Bragg reflection.

Bragg reflection works only in discrete energies and hence has low sensitivity

despite a high modulation factor. Photoelectric based polarimeters work on soft

X-ray regime. In the hard X-ray or soft gamma regime, the dominant processes

are Rayleigh/Compton scattering. Hence scattering based polarimeters are used

to detect hard X-ray polarization. These three methods to measure polarization

from soft to hard X-ray regime are described briefly in the following subsections.

1.2.1 Bragg Reflection Polarimetry

For the Bragg reflection technique, the incoming photons undergo constructive

interference during reflection off the crystal at the glancing angle. The maximum

reflectivity occurs for photons which have their electric vectors parallel to the
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crystal planes and zero reflectivity if the direction of electric vectors is normal.

The Bragg crystal method, although highly efficient, can suffer from a narrow

energy range strictly selected by the Bragg law.

1.2.2 Photo-Electric Polarimetry

Photoelectric polarimetry is based on the photoelectric effect where a k-shell

photo- electron is emitted in the polarization direction. The cross-section depends

on the azimuthal angle between the photon electric vector and the direction of the

electron emission. Polarimeters based on the photo-electric effect utilize high Z

materials (cross-section proportional to Z5 ) as detectors and work in the energy

range where the photoabsorption cross-section is the highest (soft X-ray regime).

1.2.3 Scattering Polarimetry

Scattering based polarimetry could be either Compton or Rayleigh/Thomson

scattering. In Compton scattering, the incident photon gets in-elastic scat-

tered and knocks off an electron, which takes away a part of the energy. In

Rayleigh/Thomson the photon gets scattered elastically with the same incident

energy. The differential cross-section for Compton scattering of a polarized X-ray

beam is given by Klein-Nishina formula [60],
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2
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where ro is classical electron radius, me is electron mass, θ is the polar scat-

tering angle and φ is the azimuthal scattering angle which is the angle between

the electric vector of the incident photon and the scattering plane. Hence the
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cos2φ term results in a polarization dependent cross-section which in turn results

in an increased probability for photons to get scattered perpendicular to the po-

larization vector. Scattering based polarimeters have a scatterer surrounded by

detectors to detect the scattered photons. In case of Compton, detection of scat-

tered electron confirms a true Compton event. Hence Compton scattering has

low background compared to Rayleigh. The advantage of Rayleigh is that, unlike

Compton, it has better sensitivity at lower energies.

1.3 CZTI: A Hard X-ray Polarimeter onboard

AstroSat

Figure 1.5: Cadmium Zinc Telluride Imager, one of the payloads onboard As-
troSat. Credits: Bhalerao et al 2017 [61].

An ideal hard X-ray polarimeter is a focal plane instrument which consists of
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a scatterer (active/passive) in the middle surrounded by detectors [62, 57]. But

the development of a hard X-ray telescope itself is a highly challenging task (NuS-

tar is the only hard X-ray telescope till now) and there has been no dedicated

focal plane polarimeter flown so far. In the absence of dedicated polarimeters,

over the years there were constant attempts to perform polarimetry using open

FOV detectors which were meant to do timing and/or spectroscopy. A detailed

summary of these non-optimized polarimeters are discussed by McConnell 2016

[49]. BATSE onboard CGRO was a GRB all-sky monitor [22]. BATSE carried

NaI(Tl) scintillators in eight detector assemblies, one at every corner of CGRO

spacecraft. The detectors were meant to perform spectroscopy, however by mea-

suring the distribution of albedo flux of photons scattered by Earth atmosphere,

BATSE coarsely reported polarization of GRBs. The Reuven Ramaty High En-

ergy Solar Spectroscopic Imager (RHESSI) was launched by NASA as a part

of its Small Explorer missions in 2002. RHESSI was primarily meant to study

solar flares and particle acceleration in flares through imaging and spectroscopy

covering an energy range of 3 keV – 17 MeV [63]. RHESSI carried 9 Germa-

nium detectors and a Beryllium scatterer and it measured polarization of bright

X-ray sources by measuring the distribution of photons scattered between the

Ge detectors. The International Gamma-Ray Astrophysics Laboratory (INTE-

GRAL) carried two sets of instruments: IBIS (15 keV – 10 MeV) [16] and SPI

(20 keV – 8 MeV) [64] primarily meant to perform imaging and spectroscopy

respectively. IBIS consists of Cadmium Telluride detectors, SPI carried Germa-

nium detectors and both the instruments are attempted to perform polarimetry.

These non-optimized polarimeters reported polarization of bright X-ray sources

Crab, Cygnus X-1, and GRBs. But these instruments were not tested and verified

to perform polarization on ground before launch. Hence there are complexities
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in the X-ray polarization community towards the results obtained from these

instruments.

AstroSat is India’s first multiwavelength astronomical satellite with five sci-

entific payloads: Ultra Violet Imaging Telescope (UVIT), Soft X-ray Telescope

(SXT), Scanning Sky Monitor (SSM), Large Area X-ray Proportional Counters

(LAXPC), and Cadmium Zinc Telluride Imager (CZTI). AstroSat was launched

in September 2015 and one highlighted feature of AstroSat is that it can simul-

taneously observe the celestial source of interest from ultraviolet to hard X-ray

bands. CZTI is primarily meant to perform imaging and spectroscopy over an

energy range of 20 – 150 keV. Figure 1.5 shows the final assembled CZTI flight

model payload. CZTI consists of an array of 64 CZT modules where each detec-

tor is 5 mm thick and the detector module is further pixelated into 256 pixels

(with a nominal pixel size of 2.5 mm × 2.5 mm). A 0.5 mm thick Tantalum

coded mask provides imaging capability to the instrument in 20 – 150 keV en-

ergy range. Collimators made of Tantalum and Aluminium are placed above the

detector housing to provide a restricted field of view of 4.6◦ × 4.6◦.

Figure 1.6: The figure shows the verification of on-axis polarimetric capability of
CZT detectors. The modulation curves are obtained for unpolarized and polarized
beam (polarization angles 0◦ and 45◦). The solid curve shows the experimental
modulation and dotted curve is obtained from the Geant4 simulations of the
experimental setup. Credits: Vadawale et al 2015 [65].
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CZTI also has the advantage of working in a photon tagging mode with a time

resolution of 20 µs, that is any two events occurring within 20 µs will have the

same timestamp (double events). The photons that are Compton scattered from

a pixel and absorbed in any neighboring pixels could be detected from the double

events. Equation 1.1 implies that the direction of the Compton scattered photon

depends on the polarization of the incident photon. The combination of the signif-

icant Compton scattering cross-section of CZT detectors at energies beyond 100

keV and the availability of continuous time-tagged events makes CZTI a sensitive

Compton polarimeter over 100 – 400 keV for bright X-ray sources [65, 66]. The

scattering and absorbing pixels are identified by the ratio of energies deposited by

the photon (pixel with lower energy is scatterer and higher energy is absorber).

The direction of center of scatterer to absorber gives the azimuthal scattering

angle, the histogram of which gives the raw azimuthal distribution of Compton

scattered events. This raw azimuthal distribution should be corrected for a geo-

metric effect that occurs due to the unequal solid angles subtended by the edge

and corner pixels. This effect could be corrected by using the azimuthal distri-

bution corresponding to unpolarized radiation that is obtained through Geant4

simulations (in detail in section 2.2.4).

The polarimetric capability of CZTI for pointed on-axis observations is verified

through experiments and simulations pre-launch by Vadawale et al 2015 [65]. The

experiments are performed for both polarized and unpolarized incident radiation

and the results are complemented by the Geant4 simulations of the experimental

setup. Figure 1.6 shows the modulation curves obtained for both experiments

and simulations corresponding to two polarization angles. With this validation,

V18 [21] performed polarization analysis of the Crab. V18 for the first time

reported the phase resolved polarization of Crab over 100 – 380 keV. They found
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the polarization properties to be different at two peaks of Crab and also for the

first time showed a clear swing in polarization across the off-pulse region.

1.4 Aim and Overview of the thesis

The major objective of the thesis is to develop techniques, required instrumen-

tation, experiments, and simulations to carry out polarimetry over X-ray and

infrared wavelengths with the Crab Nebula and GRBs as specific science targets.

1.4.1 Crab polarimetry using AstroSat-CZTI

CZTI onboard AstroSat is designed primarily for hard X-ray imaging and spec-

troscopy up to 100 keV. The polarization measurement capability of CZTI for

on-axis sources over an energy rage of 100 – 400 keV was experimentally con-

firmed before the launch of AstroSat [65] and CZTI provided very interesting

results on the phase dependent polarization measurements for the Crab pulsar.

V18 showed how polarization changes during both the peaks as well as in the

off-pulse region. Over the past 4 years of operation, Crab has been observed for

∼ 1800ks over multiple observations out of which the results of ∼ 800ks data was

reported in V18. Following up on the work of V18, we perform phase resolved

polarization analysis over 100 – 380 keV using ∼1800 ks of CZTI Crab data. The

analysis is carried out independently following the analysis technique reported in

V18. The results are consistent with those reported by V18 with a better sta-

tistical significance. We also perform energy dependent phase resolved analysis

both over independent and dynamic bins.
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1.4.2 GRB polarimetry using AstroSat-CZTI

CZTI is a hard X-ray polarimeter over an energy range of 100 – 400 keV. But

apart from observing persistent sources like Crab, CZTI is also a prolific Gamma-

ray burst (GRB) detector [67]. The collimators, coded mask, other payloads, and

satellite structure become increasingly transparent at energies above 100 keV. On

its very first day of operation, CZTI detected a GRB, GRB151006. By using this

unique opportunity, the timing, spectral, and polarimetric analysis of GRB151006

were reported in Rao et al 2016 [67]. The polarization results of GRB151006

provided motivation to pursue GRB polarization analysis using CZTI. CZTI de-

tected 47 GRBs from October 2015 to October 2016 out of which a sample of 11

bright GRBs were chosen for polarimetric analysis over an energy range of 100

– 350 keV. We selected GRBs with fluence higher than 10−5 erg cm−2 so that

the number of Compton events are sufficient (∼400 Compton events) to attempt

polarization measurements. Table 3.5 shows the polarization results obtained for

the 11 bright CZTI GRBs. Detailed data analysis and the resulting polarization

estimates for these 11 GRBs are reported.

1.4.3 Experimental verification of off-axis polarimetry of

CZT detectors

CZTI turns out to be a very capable GRB polarimeter and is likely to provide

polarization of a large sample of GRBs over its years of operation. Polarization

measurements of off-axis sources like GRBs are challenging and they significantly

depend on simulations. Geant4 [68] simulations are used to obtain the geometric

corrections based on the simulation for unpolarized photons as well as to estimate

the polarization fraction based on the simulation for 100% polarized photons, both
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incident from the direction of the GRB. Heavy reliance on Geant4 simulations to

estimate GRB polarization may lead to some apprehensions. Hence, it is vital

to ensure experimentally that CZTI is sensitive to measure the polarization of

X-rays incident from a direction off-axis to the detector. Experimental confir-

mation for such capability are not available for non-dedicated GRB polarimeters

including CZTI. Further, the report of polarization of 11 bright GRBs detected

over a year shows the potential of CZTI as a GRB polarimeter and emphasizes

the need for experimental confirmation. We report the experimental verification

of off-axis polarization capability of CZT detectors, the results of which are com-

plimented by Geant4 simulations.

1.4.4 NICSPol: A near-infrared imaging polarimeter

Having hard X-ray polarization measurement of Crab using CZTI and with the

availability of an optical polarimeter at the 50 cm telescope of Physical Research

Laboratory (PRL) [69], we explored the possibility to achieve multiwavelength

polarization measurement of the Crab pulsar and Nebula. Radio, Optical, soft

X-ray and hard X-ray/Gamma-ray polarization of Crab have been reported sev-

eral times over the past decades. Despite these reports over multiple wavelength

regimes, the infrared polarization of Crab has not been reported so far. In or-

der to achieve this, we made use of the Near Infrared Camera and Spectrograph

(NICS) which is one of the back end instruments for the 1.2 m Cassegrain f/13

telescope located at the Mount Abut Infrared Observatory of PRL[70]. We added

polarimetric capability to the existing NICS, making NICSPol the first imaging

IR polarimeter in India. NICSPol would provide a fantastic opportunity for si-

multaneous polarimetry of various astrophysical objects over a wide range of EM
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spectrum.

The thesis has been organized into seven chapters. Chapter 1 discusses the

importance of polarization measurement and introduces the science targets of

the thesis along with briefly describing the outline of the thesis. Chapter 2 dis-

cusses the energy dependent phase resolved polarization results of Crab in hard

X-ray regime. Chapter 3 details the GRB polarization results using CZTI with

a detailed description on the analysis procedure. Chapter 4 describes the ex-

perimental verification of the off-axis polarimetric capability of CZTI. Chapter

5 discusses the instrument design of NICSPol and its calibration results for IR

polarimetric standards. The thesis is concluded in chapter 6 by summarizing the

results, the implications based on the conclusions of the results along with the

future prospects.
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Energy dependent phase resolved

Crab polarimetry using

AstroSat-CZTI

An ideal Compton scattering based hard X-ray polarimeter is a focal plane in-

strument that consists of an active scatterer, surrounded by detectors. But no

dedicated focal plane polarimeter has been flown so far. As mentioned in section

1.2 in the absence of dedicated polarimeters, over the years there were constant

attempts to perform polarimetry using open FOV detectors which were meant

to do timing and/or spectroscopy. But these instruments were not tested and

verified to perform polarization on ground before launch. Hence there were ma-

jor controversies in the results obtained from those instruments. Unlike other

instruments, CZTI was experimentally verified to perform polarization in hard

X-ray regime before launch.

Having CZTI as a hard X-ray polarimeter one obvious choice of source to

study is the constantly hard X-ray bright Crab pulsar and nebula. Crab has

been studied observationally over the entire electromagnetic spectrum, but still

21
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the point of origin and the emission mechanism(s) behind the high energy pho-

tons remain unknown. Phase resolved polarization measurement of Crab could

constrain theoretical models which predicts the geometry and nature of emission

mechanism.

2.1 Polarization of Crab before AstroSat-CZTI

Polarization of Crab from optical to gamma regime have been reported by various

ground and space-based instruments. Slowikowska et al 2019 [20] reported phase

resolved and nebula subtracted phase resolved polarization of Crab in the optical

regime using data from Optical Pulsar Timing Analyzer (OPTIMA) mounted

at 2.56 m Nordic Optical Telescope. They reported a phase averaged polar-

ization fraction (PF) and polarization angle (PA) of 9.8±0.1% and 109.5±0.1◦.

The first-ever reliable measurement of Crab polarization was made by Weisskopf

et al 1978 [6] using a Bragg polarimeter onboard OSO-8. At energies 2.6 keV

and 5.2 keV they reported PF, PA of 19.2±1.0%, 156.4±1.4◦ and 19.5±2.8%,

152.6±4.0◦. PoGO+ reported a polarization of 20.9±5.0%, 124.0±0.1◦ for phase

averaged Crab and 17.4+8.6
−9.3%, 137.0±15.0◦ for off-pulse region over the energy

range 20 – 160 keV [71]. There have been multiple reports of Crab polariza-

tion using IBIS and SPI onboard INTEGRAL. Forot et al 2008 [18] and Dean et

al 2008 [17] reported phase averaged polarization of 47.0+19
−13%, 100.0±11.0◦ and

47.0±10%, 124.0±0.1◦ using IBIS and SPI respectively. Chauvin et al 2013 [72]

used INTEGRAL SPI data over 130 keV – 8 MeV and found no significant change

in PF with energy. Comparing optical data from Hubble Space Telescope with

INTEGRAL IBIS Moran et al 2013 [19] showed the change in polarization from

2005 to 2012. In optical the polarization changed from 7.7±0.1%, 109.5±0.7◦ to

9.6±0.5%, 85.3±1.4◦ while in gamma it changed from 96±34.0%, 115.0±11.0◦ to
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98.0±37.0%, 80.0±12.0◦. Jourdian et al 2019 [73] used 16 years of INTEGRAL

SPI data observed between 2003 – 2018 and reported a phase averaged polariza-

tion of 24±4.0%, 120.0±6.0◦. PolarLight is a gas pixel detector onboard a cubesat

that works in the soft X-ray range 3 – 4.5 keV and measures polarization based

on electron track. PolarLight observed Crab during a glitch that happened on 23

July 2019 and reported a change in polarization before and after the glitch [74].

For the phase averaged Crab the PF, PA changed from 24.3±5.7%, 144.5±6.7◦

before the glitch to 11.3+3.7
−3.8%, 146.9±9.6◦ after the glitch. Similarly, in the on-

pulse region, the polarization changed from 28.8+7.1
−7.3%, 142.7±7.2◦ to 10.1+4.7

−5.1%,

153.0±14.4◦ after the glitch [74].

Slowikowska et al 2009 [20] for the first time reported very precise measure-

ment of phase resolved optical polarization of Crab. This report lead to develop-

ment in theoretical predictions of phase resolved polarization [12, 13] based on the

above mentioned models. Though stripped wind and slot gap models matched

the trend of optical observation, the predictions neither took energy dependence

nor polarization properties in the off-pulse region into consideration. Harding

et al 2017 [14] predicted phase resolved polarization of rotation powered pulsars

for optical and X-ray regimes. Apart from the optical report [20], there were no

other reports on phase resolved polarization till Vadawale et al 2018 (V18). V18,

for the first time, not only reported phase resolved polarization of Crab in X-rays

but also showed significantly strong variation in the PF and PA in the off-pulse

region. In the present work, we independently perform phase resolved polariza-

tion analysis over multiple energy ranges within 100 – 380 keV using Crab data

observed using CZTI over 4 years.
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We perform phase resolved polarization analysis over 100 – 380 keV using

∼1800 ks of CZTI Crab data. The analysis is carried out independently fol-

lowing the analysis technique reported in V18. The results are consistent with

those reported by V18 with a better statistical significance. We obtain PF,

PA of 33.4±4.1%, 143.6±1.7◦ at 8.1σ for phase averaged Crab and 35.2±7.4%,

144.2±3.0◦ at 4.7σ for off-pulse region respectively. We also perform energy de-

pendent phase resolved analysis both over independent and dynamic bins. Section

2.2 describes the analysis procedure including the details of Crab and background

data 2.2.2, calculating the pulse phase 2.2.3 and polarization estimation 2.2.4.

Section 2.3 discusses the results of phase averaged 2.3.1, phase resolved polariza-

tion 2.3.2 and monthly averaged polarization of Crab over 4 years of observation

2.3.3. Section 2.3.4 discusses the results of the energy dependent phase resolved

polarization followed by discussion in 2.4.

2.2 Data and Reduction

Crab has been observed multiple times by CZTI between 2015 – 2019. V18

used data observed until 2017 corresponding to a net exposure of ∼800 ks. In

the current work, we use data with a total exposure of ∼1800 ks obtained over

32 observations. A critical step in Crab polarimetry is background subtraction,

which varies over both space and time. Dedicated background observations are

proposed for a specific region of the sky (RA:183.4796◦, Dec:22.8◦) which is closer

to Crab and doesn’t have any other hard X-ray bright sources in the field of view.

We use 4 such background observations for the analysis.
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2.2.1 Preliminary processing

CZTI data are saved in the form of event files with the position, time, and energy

information of each event. The processing of data obtained after onboard bunch

clean is done by cztpipeline 1. A new form of the pipeline with better cosmic

and Compton noise reduction is found to give identical results as given by the

existing pipeline. The new noise clean procedure would provide better signal to

noise in single event spectroscopy. Hence the well-established default cztpipeline

is used for the processing of data.

All the instruments onboard AstroSat are switched off while the satellite is

crossing the South Atlantic Anomaly (SAA) region. Though, the effect of high

particle density affects the data that are observed closer to the SAA region. Using

the latitude-longitude information, part of data observed during the region closer

to SAA are automatically excluded and the user-defined Good Time Intervals

(GTI) are saved. Further processing is carried out for only the data correspond-

ing to the user-defined GTI. Along with the default event file (evt) cztipipeline

provides double event (dblevt) files having information of two simultaneous events

occurring within 20 µs, that is any two events occurring within 20 µs will bear the

same timestamp. Barycentric correction is applied on the photon arrival times in

evt and dblevt files using as1bary which is a part of cztipipeline

CZTI polarimetry is based on the principle of Compton scattering. Hence

the first step in performing CZTI polarimetry of any source is to identify the

Compton events in data. The selection criteria of the Compton events have been

discussed in detail in Chattopadhyay et al 2014 [66]. The event file lists the pixel

and detector ID, the PHA channel of detection, veto, and alpha coincidence flags.

1http://astrosat.iucaa.in/czti/?q=node/7

http://astrosat.iucaa.in/czti/?q=node/7
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The Compton scattered events are normally expected to be captured within the

20 µs time window. However, since the readout in CZTI is done for one module

at a time, if two events are registered in two different pixels in the same module,

there is a certain probability that the two events would get different timestamps.

Therefore, we select all the double pixel events happening within a coincidence

window of 40 µs, as polarization information of the radiation is embedded in these

double pixel events [66]. In the case of these double pixel events, the pixel with

the lower energy deposition is considered to be the scattering pixel and the higher

energy pixel as the absorbing pixel. Compton events are filtered out by applying

the criteria: 1) spatial proximity of the pixels (immediate neighboring pixels)

and 2) sum and the ratio of the deposited energies must be consistent with those

expected for true Compton events for the scattering geometry of CZTI. Also, all

events from noisy and spectroscopically bad pixels are excluded.
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Table 2.1: List of CZTI observations of Crab constituting ∼1800 ks.

Observation ID Exposure (s)

20151008 P01 120T01 9000000006 level2a 14329.2357091

20151010 P01 120T01 9000000016 level2a 13781.8771444

20151025 P01 161T01 9000000068 level2a 11357.9941288

20151112 P01 141T01 9000000096 level2a 41158.7088796

20151114 P01 141T01 9000000100 level2a 16776.8075317

20151114 P01 141T01 9000000104 level2a 21652.9024102

20151123 P01 156T01 9000000114 level2a 7803.35018265

20151124 P01 156T01 9000000118 level2a 22698.5394551

20151125 P01 156T01 9000000122 level2a 10426.0962708

20160107 G02 010T01 9000000252 level2a 59908.0474353

20160201 T01 052T01 9000000308 level2a 49407.9182373

20160203 T01 052T01 9000000312 level2a 60798.3042001

20160207 T01 052T01 9000000316 level2a 50706.4245581

20160331 T01 112T01 9000000406 level2b 114318.833294

20160822 G05 237T01 9000000620 level2b 84907.5504283

20161108 A02 090T01 9000000778 level2c 61376.6964276

20170114 G06 029T01 9000000964 level2c 78601.1994742

20170118 A02 090T01 9000000970 level2c 123064.920924

20170927 A03 086T01 9000001568 level2d 119575.38527

20180115 A04 174T01 9000001850 level2d 193845.410647

20180129 A04 174T01 9000001876 level2d 234120.659159

20180313 T02 013T01 9000001976 level2d 41939.0758255

20180408 T02 039T01 9000002026 level2d 10995.4488653

20180830 T02 058T01 9000002338 level2d 14958.5503704

20180912 T02 090T01 9000002360 level2d 17309.1050884

20180913 T02 090T01 9000002364 level2d 27794.7409702

20180914 T02 091T01 9000002368 level2d 49013.0857505

20181005 C04 007T01 9000002408 level2d 11738.9371462

20181014 C04 007T03 9000002436 level2d 13953.2354801

20181014 C04 008T01 9000002434 level2d 23080.1374907

20181029 T03 024T01 9000002472 level2d 74827.0796239

20190126 A05 159T01 9000002678 level2d 130825.117405

The details of all 32 observations along with the exposure times are listed here.
The total exposure time is 1807 ks.
a20160116 G02 052T02 9000000276 level2, b20160604 G05 182T01 9000000484 level2,
c20170122 G06 029T02 9000000974 level2, d20170412 G07 029T01 9000001158 level2
are the four corresponding background observations.
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2.2.2 Background selection

The number of photons emitted from an astrophysical source decreases with re-

spect to the photon energy. Also, the source photons are highly dominated by

background emission. There are various factors like cosmic microwave, Earth

albedo constitute background. On an average the Compton background rate is

∼12 – 14 counts/s over an energy range 100 – 380 keV whereas the Crab Compton

rate over the same energy range is ∼0.7 counts/s. This implies that the back-

ground subtraction is a critical step. The 32 observations of Crab are listed in

Table 2.1 marked with the corresponding backgrounds used for each observation

ID. For each Crab observation, depending on the time of observation a suitable

background is chosen. Similar to Crab observations, filtering of user GTI and

selection of Compton events are performed for background observations. Still,

a major problem is the Compton rate of background is either slightly lesser or

higher than Crab data. This is due to various reasons including the fact that

the background rate changes with the orbits of observation. Hence we scale the

background with a factor such that the background subtracted Compton count

rate of Crab is 0.7 counts/s. The scaling factors for all the observations ranging

from 0.9 – 1.2 are plotted in figure 2.1.

2.2.3 Pulse profile

The pulse profile of Crab is a double pulse structure while the amplitude of the

pulses varies over the electromagnetic spectrum. In the hard X-ray range, the

amplitude of the first pulse which is the Main Pulse (MP) is higher than that of

the second pulse that is the Intermediate Pulse (IP). In order to get the pulse

profile, the light curve of Crab should be folded using an accurate pulse period.

The single event files are used to obtain a precise pulse period for each Crab
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Figure 2.1: Background scaling factors used for all observations. The scaling
factors applied for all 32 observations lie within 0.9 – 1.2.

observation. Since the Crab pulsar is slowing down at nanoseconds over a day,

pulse period for individual observation at picosecond precision is needed. Initial

guess values of pulse period and the first derivative of barycentric frequency ν̇

are obtained from the Jordell bank monthly ephemeris 2. For each observation,

the pulse period with picoseconds precision corresponding to maximum χ2 value

between a constant value and the pulse amplitude are obtained. In each case, the

arrival time of the first event is used as respective epoch value. Hence the position

of MP and IP would be at different phase values over all the observations. In

order to add multiple observations, pulse profiles of all observations should be

aligned at identical pulse phase values. We fit the MP with a Lorentz profile

2http://www.jb.man.ac.uk/pulsar/crab/crab2.txt

http://www.jb.man.ac.uk/pulsar/crab/crab2.txt
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and calculate the epoch value, corresponding to which the MP could be shifted

and aligned at pulse phase value 0.3. For each Crab observation, the single event

pulse profile is folded using the calculated epoch, pulse period, and ν̇ values and

the pulse profiles are co-added over all the observations. Figure 2.2 shows the

single event pulse profile in blue obtained by adding 32 Crab observations. The

Compton events filtered for each observation are folded with the pulse periods,

ν̇, and epoch values obtained for respective observation using single events. The

phase value of each Compton event is saved for all 32 Crab observations. In figure

2.2 the co-added Compton pulse profile of all observations is shown in red.

Figure 2.2: The pulse profile obtained by co adding 32 observations. The single
event pulse profile is shown in blue which is overplotted with Compton events
pulse profile in red. The amplitude of first pulse (MP) is higher than the second
pulse (IP) in the single event pulse profile as it is expected in the hard X-ray range.
In case of Compton event pulse profile, the IP has a higher amplitude. The pulse
profile is distinctly seen in the Compton events, proving that the selection of
Compton events is valid.
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2.2.4 Polarization Estimation

The procedure to identify the Compton events and corresponding azimuthal scat-

tering angle is explained in Section 2.2.1. From the histogram of the scattering

angle of Compton events for both Crab and background data raw azimuthal distri-

bution is obtained. Background subtraction is performed with the raw azimuthal

histogram obtained for each Crab observation. Considering a 3 × 3 matrix of

pixels with the center pixel being the scatterer, the solid angle covered by edge

pixels is larger than that for corner pixels, and hence more photons are detected

in edge pixels. Hence, the raw azimuthal distribution Mpol requires a correction

for this geometric effect. The final geometry corrected modulation is obtained

by following the equation 2.1. The modulation of unpolarized radiation Munpol is

obtained from the average counts in edge and corner pixels separately. The mod-

ulation curve Mcorr is fitted with equation 2.2 and the best fit parameters give the

modulation amplitude µ and PA. µ100 is the modulation amplitude corresponding

to 100% polarized radiation. µ100 is obtained through Geant4 simulations using

CZTI, where the incident radiation is a Power-law spectrum with α of -2.1, over

an energy range 100 to 400 keV (mono energies 100 – 400 keV with 10 keV bin

size) each for PA 0◦ – 45◦ (for every 5◦). PF is calculated by dividing µ by µ100

corresponding to respective PAs.

Mi,corr =
Mi,pol

Mi,unpol

∗Munpol (2.1)

C = Acos(2(φ− φo + π/2) +B (2.2)

It could be seen that PF is calculated from the modulation amplitude which

is a positive definite quantity. Hence in case of low signal to noise, there are
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chances to measure definite polarization fraction even if the incoming radiation

is unpolarized. Though, the polarization results obtained with high statistical

significance are not affected by this. Polarization measurements follow the Rice

distribution. Maier et al 2014 [75] followed the Bayesian approach in which the

true polarization value is considered to be unknown and the higher and lower

limit intervals are estimated based on real observed data. They provided a recipe

for which the observationally obtained signal to noise is the input parameter.

We use this recipe in to obtain the true PF, PA and the 1σ credibility intervals

provide the errors of corresponding PF, PA.

2.3 Results

Polarization analysis of Crab is performed by following the procedure briefed in

V18. Firstly, to ensure that the current analysis is definite, we re-analyze the ∼

800 ks data used in V18. The results obtained are found to be matching well

with the reported results and also results of the second set of data (∼ 1000 ks

observed post V18) are consistent with the results of the first set of data.

2.3.1 Phase averaged analysis

Phase averaged Crab is obtained by including all Compton events without divid-

ing the data with respect to the pulse phase values. For the first set of data, in

case of phase averaged Crab, we obtain a PF of 33.5±5.4 % and PA of 145.7±2.5

◦ at 6.2σ significance. The PF and PA reported by V18 for phase averaged Crab

are 32.7±5.8 % and 143.5±2.8 ◦ with more than 5σ confidence. Also by combining

the data observed post V18 we obtain PF and PA of 33.4±4.1% and 143.6±1.7◦

at 8.1σ confidence level for the phase averaged Crab. Figure 2.3 shows the mod-
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ulation corresponding to the total ∼1800 ks data.

Figure 2.3: From the left: 1) The modulation curve obtained over 100 – 380 keV
by using phase averaged data corresponding to 32 observations. This corresponds
to a PF of 33.4±4.1 % and PA of 143.6±1.7 ◦ and 2) & 3) represents the energy
dependence of PF and PA respectively for phase averaged Crab.

2.3.2 Phase resolved analysis

The phase values of Compton events corresponding to each observation are cal-

culated and saved as mentioned in section 2.2.3. We select the Compton events

corresponding to a given range of phase values from 0 to 1, each for a bin size is

0.1. The phase resolved polarization is performed by following dynamic binning

of phases and a sliding window of phase value 0.01 is used. All Compton events

corresponding to the total energy range of 100 – 380 keV are considered. Figure

2.4 shows the PF and PA obtained with respect to pulse phase. The flip in the

PA at the middle of the off-pulse region which was reported in V18 could be

prominently seen in figure 2.4. PA could be seen to increase at the rising edge of

both the pulses and reaches a minimum in the falling edge of IP. PA rises at the

off-pulse region and reaches the maximum in the middle of off-pulse region and

starts to fall again from the middle. With respect to pulse phase a rise in PF is
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seen in the falling edge of IP, which reaches minimum in the middle of off-pulse

region and starts to rise from the middle of off-pulse region. As shown in V18

the off-pulse region is found to be highly polarized. The off-pulse region (0.82 –

1.18) shows a PF of 35.2±7.4% and PA of 144.2±3.0◦ with 4.7σ confidence.

Figure 2.4: The figure shows the variation of PF and PA with respect to the
dynamically binned pulse phase values of Crab pulsar. Each point is obtained for
a phase width of 0.1 with a sliding window of 0.01. The black points represents
the values where transition from maximum to minimum or vice verse happens.
The PF reaches the minimum and PA reaches the maximum approximately at
the middle of off-pulse region. The error bars in the data points are 1σ credibility
intervals following Bayesian analysis.

2.3.3 Variation over time

The total ∼1800 ks of Crab CZTI data are observed over 32 observations. In

order to check if there is any change in the polarization over the observed time,

we analyzed the data with respect to the month of observation and co-added
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Figure 2.5: The plot shows the monthly average PF and PA values observed
from 2015 to 2019 over 32 observations. The time in modified Julian date along
the x-axis represents the middle of the month and multiple observations over a
given month are added together. The solid horizontal green line represents the
PF and PA value obtained for the total data, whereas the dotted lines shows the
corresponding 1σ error bars.

multiple observations over a given month. Figure 2.5 shows the monthly averaged

PF and PA values. The Modified Julian Date corresponding to the day 15 of each

month is shown along the x-axis. The phase averaged PF and PA values obtained

by co adding all observations are shown in horizontal green lines, along with the

standard 1σ error bars shown in dotted lines.

2.3.4 Energy dependence

CZTI results of Crab polarization showed a swing in the PA and PF with respect

to phase over the energy range 100 – 380 keV. Whereas PoGO+ [76] which works

from 18 – 160 keV showed no change in the polarization in the off-pulse region.
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Hence in order to verify if such change in polarization with respect to pulse phase

has energy dependence, the phase resolved polarization should be performed over

different energy ranges. Based on the data available we performed the phase

resolved analysis with respect to energy in two ways: 1) Dynamic phase bins as

followed in Section 2.3.2 over four independent energy bins 2) Dynamic energy

bins from 100 – 380 keV with a bin size of 70 keV over a sliding window of 10

keV and independent phase bins, that is dividing the Crab into four regions MP,

IP, Bridge, and Off-pulse region.

Independent energy bins, dynamic phase bins

In order to check if there is an energy dependence in polarization, as a first step we

performed the phase resolved polarization as done in section 2.3.2 over multiple

independent energy ranges. The dynamic binning of phase is done identical to

the procedure mentioned in section 2.3.2. The PF and PA values obtained with

respect to the pulse phase for energy bins are plotted in: 100 – 150 keV 2.6, 150

– 200 keV 2.7, 200 – 250 keV 2.8, and 250 – 380 keV 2.9. The variation of PF

over 100 – 150 keV 2.6 is similar to the variation reported in V18, though the

error bars are higher to due low detector sensitivity over that range. Though, no

prominent variation of PA is seen in the off-pulse region. Figure 2.7 corresponding

to 150 – 200 keV, shows a clear swing in PA at the middle of off-pulse region. PA

at this energy range increases at the rising edge of MP, decreases to minimum at

falling edge and increases towards the middle of the bridge region. Whereas at

these respective pulse phase values an opposite trend is seen in the PF. That is

PF decreases at the rising edge of MP, increases at the falling edge and reaches

minimum at the centre of the bridge. Also the PF increases to ∼60% at the falling

edge of IP and decreases till ∼60% at the middle of the off-pulse region where the
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PA flips to reach ∼200◦ from ∼150◦. The small error bars are due to the fact that

the efficiency of CZTI is significantly better over the energy range 150 – 200 keV.

In the energy range 200 – 250 keV 2.8 PF is high at the rising side of MP and

low at the falling side. In the bridge region a swing of PF with respect to pulse

phase is faintly seen. The PF swings from maximum to minimum at the middle

of the bridge and increases again. Though there is no prominent change in PF at

the bridge region, the PA clearly increases along the IP and reaches maximum at

the peak. The two peak structure of PA is seen at the off-pulse region reaching

a minimum at the centre of off-pulse region. The results for energy range 250 –

380 keV in figure 2.9 has large error bars because of the poor detector sensitivity.

Figure 2.6: The figure shows the phase resolved polarization of Crab over an
energy range of 100 – 150 keV
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Figure 2.7: The figure shows the phase resolved polarization of Crab over an
energy range of 150 – 200 keV

Independent phase bins, dynamic energy bins

The next step in the phase resolved polarization with respect to energy is to

analyze total Crab data over dynamic energy bins. The total energy range 100

– 380 keV is divided into bins of 70 keV with a sliding window of 10 keV. Since

the energy bin size is 70 keV, phase resolved analysis as performed in 2.3.4 would

result in poor statistics. Hence we choose independent phase bins by dividing

the Crab into four of its pulse profile features: 1) Main pulse, 2) Bridge, 3)

Intermediate pulse, and 4) Off-pulse region. Each of these regions are divided

into three equal parts in order to verify whether the energy dependence of PF

and PA changes within a region of interest. The following subsections show the

PF and PA variation with respect to energy for the phase averaged Crab, the

four regions and each of the regions in three parts.
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Figure 2.8: The figure shows the phase resolved polarization of Crab over an
energy range of 200 – 250 keV

Table 2.2: Polarization results obtained for phase averaged Crab, off-pulse region,
MP, IP, bridge over various energy ranges.

Source Energy range PF PA Significance

(keV) (%) (◦) (σ)

Phase averaged Crab 100 – 380 33.4±4.1 143.6±1.7 8.1

100 – 180 18.1±4.7 149.1±4.6 3.9
180 – 250 33.0±5.5 149.5±3.3 6.0
250 – 380 66.5±12.9 131.8±2.9 5.2

Off-pulse region 100 – 380 35.2±7.4 144.2±3.0 4.7

100 – 180 25.1±8.3 150.7±6.4 3.1
180 – 250 23.5±9.5 150.8±8.5 2.5
250 – 380 85.3±24.3 133.4±3.8 3.5

Main pulse 100 – 380 36.9±7.2 140.1±2.3 5.1

100 – 180 13.4±7.7 147.1±9.4 1.7
180 – 250 44.3±10.2 145.4±3.6 4.3
250 – 380 78.1±21.9 124.9±5.3 3.6

Bridge 100 – 380 33.2±9.0 139.2±3.3 3.7

100 – 180 13.2±10.9 149.1±14.7 1.2
180 – 250 32.8±11.8 145.2±6.1 2.8
250 – 380 81.8±27.5 126.6±5.8 3.0

Intermediate pulse 100 – 380 30.6±6.4 149.3±3.9 4.8

100 – 180 17.3±7.5 147.7±7.1 2.3
180 – 250 36.9±8.6 155.6±6.0 4.3
250 – 380 41.0±20.0 143.2±7.9 2.1
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Figure 2.9: The figure shows the phase resolved polarization of Crab over an
energy range of 250 – 380 keV

Phase averaged Crab

The energy dependence analysis is performed in the total phase averaged Crab

data, without dividing it with respect to pulse phase. Figure 2.3 shows the PF

and PA obtained for various energy ranges from 100 – 170 keV to 310 – 380 keV

in blue and red points respectively, whereas the modulation curve corresponds to

100 – 380 keV. The three highlighted points of PF and PA corresponds to 100

– 180 keV, 180 – 250 keV and 250 – 380 keV. The PF and PA values obtained

for Crab along with significance over independent energy ranges, 100 – 380 keV,

100 – 180 keV, 180 – 250 keV and 250 – 380 keV are listed in Table 2.2. We

observe a linear increase in PF with respect to energy, while PA remains constant.

Although the dynamic points in PF show a decreasing trend above ∼280 keV,

for the energy range 250 – 380 keV the PF is still higher.
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Main pulse

The phase range corresponding to the MP of Crab is 0.18 – 0.42. We divide the

MP into three parts, 0.18 – 0.26, 0.26 – 0.34, and 0.34 – 0.42 and the modulation

curves corresponding to 100 – 380 keV for all four cases are plotted in figure

2.10. In figure 2.10 each column represents a phase range which is marked by

vertical red lines over the pulse profile. For the overall MP the PF is seen to

be increasing with energy while the PA remains constant. We observed a linear

increase in PF for the first and second part of MP, whereas for first part the PA

follows an opposite trend to PF by decreasing from ∼ 200◦ – 120◦ and for the

second part the PA remains constant. For the third part of MP the dynamic

PF points increase till ∼250 keV, show a decreasing trend till ∼320 keV and

increases again above 320 keV. While the PA for third part show a minor change

from ∼130◦ to 150◦ till 250 keV and decreases towards higher energies. The PF

and PA values corresponding to the three highlighted data points in each panel

are listed in Table 2.2.

Bridge

The bridge region between both Crab pulses span over pulse phase values 0.42 –

0.56. the modulation curves corresponding to 100 – 380 keV for the bridge and

for phase ranges 0.42 – 0.47, 0.47 – 0.51, and 0.51 – 0.56 which are three parts

of bridge are plotted in figure 2.11. The phase range in each case are marked

by vertical red lines over the pulse profile. As seen in MP, for the bridge the

PF is seen to be increasing with energy while the PA remains constant. A linear

increase in PF and decrease in PA is observed for the first part of bridge similar to

the trend in first part of MP. The second part of bridge show a sharp decrease in

PF till ∼220 keV and starts increasing towards higher energies. In the third part
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Figure 2.10: The figure corresponds to the polarization obtained for MP and
three sections of MP(regions marked in pulse profile). The first row in the figure
represents the modulation curve obtained for the MP and three parts of the
MP. The second and third row represents the energy dependence of PF and PA
respectively for the MP

of bridge the PF points increase with energy while the PA remains constant to be

∼140◦. The PF and PA values corresponding to the highlighted data points in

each panel for three independent energy ranges defined earlier are listed in Table

2.2.

Intermediate pulse

The IP of Crab corresponds to phase range 0.56 – 0.82 which is divided equally

as 0.56 – 0.65, 0.65 – 0.74, and 0.74 – 0.82. The modulation curves corresponding

to 100 – 380 keV for all four cases are plotted in figure 2.12. For IP the PF is seen

to have a slight increment with energy while the PA remains constant at around

∼150◦. For both first and second part of IP we see the variation of PF to be

similar though the way PA varies is different. The PF in both the cases increase

till ∼220 keV and show a slight decrease towards higher energies. In the first part
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Figure 2.11: The figure corresponds to the polarization obtained for the bridge
region and bridge in three sections (regions marked in pulse profile). The first
row in the figure represents the modulation curve obtained for the bridge region
and three parts of the bridge. The second and third row represents the energy
dependence of PF and PA respectively for the bridge region

of IP the PA decreases from ∼200◦ to ∼140◦ till ∼220 keV and increases again,

while in second part an opposite trend is seen. The PA increases from 100 keV

to 220 keV (∼ 145◦ to ∼ 180◦) and starts decreasing in the higher energy side

(till ∼ 130◦). For the third part of IP the dynamic PF points slightly decrease

till ∼220 keV and increases above 220 keV. While the PA for third part remain

constant at ∼140◦. The PF and PA values corresponding to the three highlighted

data points for IP, and its three independent parts are listed in Table 2.2.

Off-pulse region

The off-pulse region of Crab lies between pulse phase values 0.82 – 1.18. V18

showed that the off-pulse region is highly polarized with PF and PA of 39.0±10.0%

and 140.9±3.7◦ at 4σ confidence. By using the data comprising 32 observations

we obtain a PF of 35.2±7.4% and PA of 144.2±3.0◦ with 4.7σ significance. We
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Figure 2.12: The figure corresponds to the polarization obtained for the IP and
three sections of IP(regions marked in pulse profile). The first row in the figure
represents the modulation curve obtained for the IP and three parts of the IP. The
second and third row represents the energy dependence of PF and PA respectively
for the IP

divide the off-pulse region into three parts, 0.82 – 0.95, 0.95 – 1.05, and 1.05 –

1.18 and the modulation curves corresponding to 100 – 380 keV for all four cases

are plotted in figure 2.13. The PF for the entire off-pulse region remains almost

constant at ∼30% till 220 keV and linearly increase above 220 keV, while the PA

doesn’t show significant change with respect to energy. The first part of off-pulse

region shows increase in PF with respect to energy, whereas no change in PA is

seen. The second part of off-pulse region doesn’t show a significant change in PF

with respect to energy. The PA in the second part increases from ∼150◦ at 100

keV to ∼200◦ at 220 keV, and decreases to ∼150◦ at 320 keV. The third part of

off-pulse region shows no variation in PA and the PF increases above 220 keV.

This correlates well with the results in section 2.3.4. The swing in the PA is seen

only at the second part which lies at the middle of the off-pulse region. Also the

PA swings above 160 keV at this region. Table 2.2 contains the values of PF
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and PA for the highlighted data points corresponding to the independent energy

ranges.

Figure 2.13: The figure corresponds to the polarization obtained for the off-
pulse and off-pulse region in three sections (regions marked in pulse profile). The
first row in the figure represents the modulation curve obtained for the off-pulse
and three parts of the off-pulse region. The second and third row represents the
energy dependence of PF and PA respectively for the off-pulse region

2.4 Discussion

Polarization analysis of Crab is performed using data obtained by CZTI over

its four years of operation. We performed phase averaged and phase resolved

polarization analysis both over various energy ranges between 100 – 380 keV.

The phase averaged Crab for the overall energy range 100 – 380 keV is found

to be polarized with a PF of 33.4±4.1% and an associated PA of 143.6±1.7◦.

The phase averaged polarization is obtained with 8.1σ confidence, which is the

best statistical significance reported so far in X-ray regime. The off-pulse region

for the same energy range is found to be highly polarized with PF and PA of
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35.2±7.4% and 144.2±3.0◦ with 4.7σ confidence. Along with the off-pulse region

we divide Crab pulse profile based on the pulse features into main pulse, bridge

and intermediate pulse and performed polarization analysis over dynamic energy

bins. From the results listed in table 2.2 it could be seen that for all the regions

of the pulse profile the PF increases with respect to energy. Though there is no

significant change in PA with respect to energy. The phase resolved polarization

over 100 – 380 keV show clear swings in polarization at the peaks and off-pulse

region. The change in PA in the off-pulse region reported by V18 is reconfirmed

with better detection significance.

The polarization analysis with respect to pulse phase is performed over four

independent energy ranges: 100 – 150 keV, 150 – 200 keV, 200 – 250 keV and

250 – 380 keV and we find no swing in PA in the off-pulse region for 100 – 150

keV while the swing is significantly seen over 150 – 200 keV. This shows that the

change in polarization in the off-pulse region has a clear energy dependence. We

further performed the energy resolved analysis following dynamic energy binning

by dividing the four regions of Crab pulse profile each into three parts. This way

of analysis shows clear change in polarization with respect to energy within each

region of interest. More importantly, in the off-pulse region, all three sections

of the region exhibit PA of ∼150◦ below 160 keV. However, over 180 – 250 keV

energy range the PA swings from ∼150◦ in first section to ∼190◦ in middle section

and changes back to ∼150◦ in the last section. This result is in accordance with

the polarization report of PoGO+ where no swing in PA was observed over 18 –

160 keV.

Feng et al 2020 [74] reported change in polarization for on-pulse and phase

averaged Crab during a glitch that happened on 23 July 2019. The CZTI data

used in the current work are observed between 2015 – 2019 during when 5 glitches
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occurred in Crab. On-pulse, off-pulse and phase averaged polarization analysis

are performed independently for seven observations which happened within 100

days of glitch occurrence. The results show no statistically significant variation

in polarization over 100 – 380 keV before and after the occurrences of glitches.

A detailed investigation on energy dependence of change in polarization during

glitch necessitates prompt long exposure observations during glitch occurrence.

Figure 2.14: The figure illustrates the geometrical origin of high energy photons
described by various models: polar cap, two-pole caustic, outer gap, and stripped
wind models. Credits: Harding 2019 [77].

The polarization measurement of Crab is primarily important because these

properties are related directly to the geometry, emission process and the nature of

magnetic field which remain unknown. Multiple theoretical models are developed

to explain the point of origin and corresponding radiation mechanism behind the

high energy photons (>optical wavelengths) in rotation powered pulsars. The

classical polar cap model (blue) states that the high energy photons originates
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closer to poles. The high electric field resulting due to the magnetic field of

∼1012−13 G, strips off electrons from the Neutron Star (NS) surface and these

ultra relativistic electrons through curvature radiation along the open field lines

emit high energy photons. According to the two-pole caustic model (red) the

emission originates at a narrow region on last open field line from NS surface till

the light cylinder while in the outer gap model (yellow) the narrow region on last

open field line is between the null charge surface and end of light cylinder. These

three models imply that the emission originates inside the light cylinder. In the

stripped wind model (green) the emission is due to the escaping particles through

open field lines outside the light cylinder. Figure 2.14 illustrates the geometrical

representation of all the four models. However, the polarization predictions of all

these models heavily rely on various parameters like viewing angle, inclination

angle, pitch angle, light cylinder radius and even a small change in one of these

parameters would change the polarization prediction drastically. In addition to

that, the predictions of these models have not taken the off-pulse region into

account still.

The current results of phase resolved polarization over various energy ranges

imply the importance of development of theoretical models based on observations.

The phase resolved polarization results is clearly seen to be differing between

optical and hard X-ray regime, and also change within the hard X-ray regime.

Harding et al 2017 reported that, the emission of high energy photons are expected

to originate outside the light cylinder if there is no significant change in PA for

phase averaged Crab over the electromagnetic spectrum. Though the present

results along with the reports from literature hint the geometrical origin of the

high energy photons outside the light cylinder, more advancement in theoretical

models is still necessary. The clear change in polarization in the off-pulse region
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can not be explained by the current models where the off-pulse region is not

taken into consideration. The work described in this chapter emphasize further

exploration of theoretical models along with continuous observations to yield

higher significance.

2.5 Summary

This chapter described the results of phase resolved polarization of Crab using

CZTI data. The polarization analysis is performed over multiple energy ranges

between 100 – 380 keV. The dynamic phase binning method is followed over four

independent energy ranges and the dynamic energy binning is followed for the

four regions of Crab pulse profile. The polarization of phase averaged Crab is

reported with best statistical significance and the off-pulse region is found to

be highly polarized over the energy range 100 – 380 keV. Though the swing in

polarization at the middle of off-pulse region over 150 – 200 keV is prominent,

no swing in PA is seen over 100 – 150 keV. The PF increases with respect to the

photon energy over all regions of Crab. The energy dependence observed in the

polarization of MP, IP, bridge, and off-pulse region strongly indicate development

of theoretical models taking off-pulse region and energy of incoming photons into

consideration.





Chapter 3

GRB polarization using

AstroSat-CZTI

As discussed in chapter 2, CZTI provided interesting hard X-ray polarization

results of Crab. Apart from Crab, CZTI is proposed on a regular basis to observe

one of the the high mass X-ray binaries Cygnus X-1 and bright transient sources.

CZTI can act as a GRB monitor since the collimators, other supporting structures

of CZTI and satellite structure gets increasingly transparent at energies >100

keV. CZTI that could act as a GRB detector along with its capability to measure

polarization provides a unique opportunity to measure GRB polarization. GRB

polarimetry with CZTI is very similar to the on-axis polarimetry of persistent

sources, but with the following advantages and limitations.

Advantages:

• Because CZTI polarimetric observations do not require any change in the

hardware configuration, polarimetric analysis can be attempted from data

obtained in the standard mode. CZTI detects 4–5 GRBs in a month. Po-

larimetric analysis can in principle be attempted for any detected GRB.

51
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• GRB prompt emission is expected to be strongly polarized owing to its

non-thermal origin and the involvement of high bulk Lorentz factors, thus

making detection easier.

• Compared to bright persistent sources like Crab or Cygnus X-1, GRBs

provide higher signal to noise ratio in Compton events resulting in a higher

polarimetric sensitivity.

• Accurate polarimetric background measurements are available just before

and after the GRB event.

Limitations:

• GRBs are isotropic events that occur for a very short time (fraction of

seconds to a few tens of seconds). That is their occurrence is completely

random in space and time.

• Owing to off-axis angle of incidence of incoming photons, the azimuthal

angle distribution differ significantly from on-axis sources. For each GRB,

the correction for geometric effect requires the modulation corresponding

to 100% unpolarized radiation, by simulating the GRB with its observed

spectral parameters and angle of incidence.

We performed polarization analysis for GRBs detected by CZTI from October

2015 to October 2016, and reported polarization results for 11 bright GRBs.

Before AstroSat, polarization measurements existed only for tens of GRBs and

CZTI over its one year of operation added 11 more GRBs to the list.
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3.1 Introduction

The GRB polarimetric studies provide a unique opportunity to address the na-

ture of the magnetic fields close to the relativistic jet launching site [47, 78].

Based on this promising capability of addressing the central engine of GRBs,

there have been many attempts over the past decade to measure the polarization

of prompt emission, both by using dedicated polarimeters as well as instruments

primarily designed for non-polarimetric observations. The first polarization mea-

surement of GRB prompt emission was made in 2004 with RHESSI instrument

[79] designed for solar hard X-ray spectroscopy, though there has been some con-

troversy about it [80, 81]. Subsequently there were reports of GRB polarization

with INTEGRAL SPI [82, 83, 84] and IBIS [85, 86, 87]. The GAP instrument on

board Japanese IKAROS mission was the first dedicated GRB polarimeter de-

signed and calibrated for polarization measurements. GAP was launched in 2010

and detected polarization of three GRBs [88, 89]. The second dedicated GRB

polarimeter, POLAR [90], was launched in 2016 on board Chinese space-station

Tiangong 2, which measured polarization for five GRBs [91]. POLAR, however,

stopped its operation on 2017 March 31. Hence, presently and in near future

CZTI is one prolific GRB polarimeter in hard X-ray regime. Using CZTI, it is

possible to have reliable polarization measurements of ∼10 GRBs per year.

This chapter discusses the detailed data analysis and the resulting polarization

estimates for 11 CZTI GRBs. The details of preliminary processing of CZTI data

and procedure to select Compton events are explained in detail in chapter 2

(section 2.2.1). Section 3.2 discusses the details of the GRBs in our sample.

Section 3.3 discusses about the details of AstroSat mass model and in section 3.4

the procedure to obtain PF and PA are discussed. This is followed by the final
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results and discussions in sections 3.5 and 3.6 respectively.

3.2 GRB: Source and Background counts

Over its first year of operation, CZTI detected 47 GRBs 1 out of which 11 GRBs

were selected which are bright enough to give sufficient number of Compton

events (the number of double events satisfying the Compton criterion greater

than 400) to attempt polarization analysis. Localization of these GRBs in CZTI

co-ordinates was done using the position information available in the Swift and

Fermi GRB data bases. Our choice of bright GRBs with sufficient Compton

events corresponds to a limiting fluence of 10−5 erg cm−2. A clear detection of

the GRB in Compton events shows the pertinence of the event selection criteria.

Figure 3.1 shows the light curve of GRB 160623A in single (blue line) and Comp-

ton events (black data points).

GRB polarization measurements are difficult due to the scarcity of flux in most

cases and the extreme photon hungry nature of X-ray polarimetry. One major ad-

vantage in GRB polarization in comparison with Crab is the availability of precise

background information. GRBs in general occur for a few seconds, and they are

several Crab units brighter than background. For each GRB, data corresponding

to a few hundred seconds before (pre-GRB) as well as after the occurrence of

GRB (post-GRB), independently and together (pre-GRB+post-GRB) constitute

accurate background. We have treated the statistical uncertainties and the possi-

ble sources of systematics which may introduce false polarimetric signature, with

utmost care for each of the GRBs. The details of preliminary processing of CZTI

data and procedure to select Compton events are explained in detail in chapter

1http://astrosat.iucaa.in/czti/?q=grb

http://astrosat.iucaa.in/czti/?q=grb
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2 (section 2.2.1).

Figure 3.1: Observed rate of single and double events in CZTI during GRB
160623A. The blue solid line (plotted against the right axis) is obtained from
the detected single events. The events satisfying the Compton criteria (plotted
against the left axis) are shown in black and the red data points (plotted against
the left axis) are double events not satisfying the Compton criteria. The region
between the dashed vertical lines in the light curve marks the prompt emission
phase of GRB 160623A. The Compton events within this region are used for
further analysis.

3.3 AstroSat mass model

Polarization analysis of off-axis sources is challenging as the polarization prop-

erties of photons are affected due to the interactions with satellite elements and

CZTI housing elements. These interactions are highly direction and energy depen-

dent. To account for this we modelled the entire AstroSat with accurate chemical

and geometrical properties inside Geant4 (GEometry ANd Tracking) simulation

[68] including all the payloads of AstroSat: SSM, UVIT, SXT, LAXPC, CZTI
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and the satellite bus. The mass model is essential to model the effect of the

surrounding material on unpolarized and polarized radiation. We modeled the

payload and satellite bus geometries as accurately as possible. Some elements of

the geometry are coded using the GEANT4 geometry classes while for the com-

plex structure we used the Cadmesh interface [92] to import the CAD models

into Geant4 detector construction. Figure 3.2 shows the mass model of AstroSat

simulated in Geant4. The mass model of CZTI and the physics codes had been

extensively validated during ground calibration of the CZTI pixels and polariza-

tion experiments with on-axis calibration sources [65]. The Geant4 geometry of

other instruments (LAXPC, SXT, UVIT, SSM) and spacecraft were included at

a later date after the launch of AstroSat. However, these geometries are based

on the actual CAD models and hence are expected to be highly accurate.

Figure 3.2: Mass model of AstroSat simulated in Geant4 with zoomed in view of
CZT-Imager.
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3.4 Polarization Estimation

In order to obtain the distribution of azimuthal scattering angles for the GRB

photons, through which the polarization signature is derived, we first generate 8-

bin azimuthal angle distributions for combined background and GRB events (e.g.

the Compton events contained within the vertical dashed lines in Figure 3.1).

The azimuthal angle distribution for background events alone is then subtracted

from the total distribution to obtain the source distribution. The background dis-

tribution is obtained by averaging the pre-GRB and post-GRB azimuthal count

distributions. The azimuthal angle for a given valid event is defined with re-

spect to the X axis on the CZTI plane (perpendicular to the radiator plate) in

anti-clockwise direction when viewed from the top. The background subtracted

azimuthal angle histogram for GRB 160821A, as an example, is shown in Fig-

ure 3.3 (left) in black. We see a significant difference in the count rate detected

by the edge pixels (angular bin 0◦, 90◦, 180◦ and 270◦) and the corner pixels

(angular bin 45◦, 135◦, 225◦ and 315◦). This is due to the unequal solid angles

subtended by the edge and corner pixels to the central pixel [66]. It is to be

noted that the azimuthal angle distribution for any off-axis source is supposed to

differ significantly from that for an on-axis source. This is because of the break

in symmetry of the pixel geometry with respect to the incident photon direction.

This complicates the overall shape of the azimuthal angle distribution. However

both these effects can be taken care of by normalizing the azimuthal distribution

of the GRB by that for a 100% unpolarized radiation, of the same spectrum and

incident at the same off-axis angle as the source. The corrected distribution for

the polarized photon count can be obtained using equation 2.1. We obtain Ui

or the unpolarized distribution by simulating 100% unpolarized incident radia-

tion with the AstroSat mass model at the same angle of incidence and with the
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same spectrum as the observed GRB. The red line in Figure 3.3 (left) shows the

raw azimuthal unpolarized distribution, whereas the black histogram, in right

panel, shows the modulation curve for the GRB following the geometry correc-

tion. The error bars in the modulation curve represent the 1σ uncertainties in

each bin which are mostly dominated by the statistics of low photon counts dur-

ing the GRB prompt emission and the uncertainty in estimating the background

azimuthal distribution.

3.5 Results

The modulation curves for all GRBs are obtained in the energy range ∼100–300

keV. We see a clear polarization signature in most of the GRBs, while for a few

GRBs, lack of sufficient number of photons leads to a large uncertainty in the

estimated modulation amplitude and the polarization angle. The fitted values of

the modulation amplitudes and polarization angles are given in the text inside

the figures along with the estimated uncertainties. The green dashed lines are the

simulated modulation for 100 % polarized radiation for the GRBs at the observed

polarization angles respectively. Except for GRB 160325A and GRB 160802A, all

the GRBs manifest a single broad pulse. These two GRBs show two clear pulses

in their light curves. The modulation curves shown here are for the combined

Compton events from the both the peaks in order to enhance the signal to noise

ratio. However we have seen no significant change in the modulation amplitudes

and polarization angles across the pulses in both the GRBs. It is to be noted that

previously we presented polarization analysis for GRB 151006A in Rao et al 2016

[67]. The analysis was done without the use of detailed AstroSat mass model.

With the implementation of the mass model the new result is more accurate and

the estimated modulation amplitude is slightly less than that reported earlier. It
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Figure 3.3: Left: background subtracted raw eight bin azimuthal angle distri-
bution for GRB 160821A obtained from the Compton events (∼100–300 keV)
are shown in black. The error bars are the Poisson error on each azimuthal bin
for 68% confidence level. The azimuthal distribution shown in red is that ob-
tained by simulating unpolarized incident radiation from the same GRB. Right:
the geometrically corrected modulation curve for GRB 160821A. The blue solid
line is the sinusoidal fit to the modulation curve while the red dashed line is
obtained from an MCMC method for a modulation amplitude ∼0.23 with a de-
tection significance >3σ (one parameter of interest at 68% confidence level) and
a polarization angle ∼-39◦ in the CZTI plane.

is to be noted that we do not see any significant modulation for GRB 160623A

in the full energy range of 100–300 keV. The modulation amplitude is estimated

to be low with large uncertainties on both modulation amplitude and polariza-

tion angle, signifying that the radiation is unpolarized or has low polarization in

100–300 keV band. Interestingly, at energies below 200 keV, we find significant

modulation in the azimuthal angle distribution for GRB 160623A. It is either
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due to a change in the polarization angle or unpolarized nature of the radiation

at higher energies, which leads to a net low polarization in the full 100–300 keV

band. Currently, it is not possible to distinguish these two scenarios due to poor

statistics at higher energies. Figure 3.4 shows the modulation curves for the re-

maining 10 GRBs.

Polarization fraction is estimated by normalizing the estimated modulation

amplitude with µ100. We estimate µ100 from the Geant4 simulations of AstroSat

mass model. µ100 depends on the energy of the photons, polarization angle, and

the incidence direction. Chattopadhyay et al 2014 [66] describe the dependence

of µ100 on photon energy and polarization angle for on-axis sources. Higher values

of µ100 are expected when the polarization is along the corner pixels, whereas µ100

is low when it is aligned along the edge pixels. For off-axis angles, we find that

the dependence of µ100 on polarization angle is not as significant as for on-axis

sources. µ100, however, strongly depends on the incident direction of the photons.

For larger off-axis angles, value of µ100 is found to be lower than those for smaller

off-axis angles. In order to take these effects into account, we estimate µ100 by

simulating the same GRB spectra at the same viewing angle for the observed po-

larization angle. Values of PF and PA for the 11 bursts (upper limit for 5 GRBs)

are given in Table 3.1. We note that the sky polarization angles (after converting

the polarization angles in CZTI plane to the sky frame) are randomly oriented

in the full angle space of 0–180◦ as expected for a large sample. We see that

most of the GRBs are highly polarized, corroborating earlier reports for a few

GRBs by RHESSI, INTEGRAL and GAP. For GRB 160106A, GRB 160131A,

GRB 160802A, GRB 160821A and GRB 160910A, the polarization fractions are

estimated with '3σ detection significance (for 1 parameter of interest at 68%
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Figure 3.4: Geometrically corrected modulation curves (similar to 3.3 right panel)
for the remaining 10 GRBs. The blue solid line is the sinusoidal fit to the mod-
ulation curve while the green dashed line is the simulated azimuthal distribution
for 100 % polarized radiation for the same observed polarization angle. Values of
modulation factor and polarization angle shown in text are obtained from MCMC
simulations. The uncertainties are obtained for one parameter of interest at 68
% confidence level.
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confidence level). On the other hand for GRB 160325A, polarization fraction is

constrained within ∼2.2σ significance.

Table 3.1: Measured polarization fractions (PF) and position angles (PA) for the
GRBs

GRB Name Ncompt PF (%) CZTI PA (◦) sky PA (◦)

GRB 151006A 459 <84 (α = 0.05, β = 0.5) - -
GRB 160106A 950 69±24 -23±12◦ 108±12◦

GRB 160131A 724 94±33 41±5◦ 87±5◦

GRB 160325A 835 59±28 11±17◦ 158±17◦

GRB 160509A 460 <92 (α = 0.05, β = 0.5) - -
GRB 160607A 447 <77 (α = 0.05, β = 0.5) - -
GRB 160623A 1400 <46 (α = 0.05, β = 0.5) - -

<57 (α = 0.01, β = 0.5)
GRB 160703A 448 <55 (α = 0.05, β = 0.5) - -

<68 (α = 0.01, β = 0.5)
GRB 160802A 901 85±30 -36±5◦ 147±5◦

GRB 160821A 2100 54±16 -39±4◦ 25±4◦

GRB 160910A 832 94±32 44±4◦ 46±4◦

3.6 Summary

This chapter described the polarimetric analysis method for GRBs using the CZTI

instrument of AstroSat and presents the prompt emission polarization measure-

ments for 11 bright GRBs detected during the first year of operation of CZTI.

A good polarization measurement in hard X-rays is very difficult due to two rea-

sons: firstly, the measurements are prone to high systematic errors and secondly,

the measurement itself is of extreme photon starved nature. For the measure-

ment of the polarization of the prompt emission of GRBs, both these aspects are

significantly amplified due to the short duration of the prompt emission and the

unknown position of the GRBs. These aspects are evident from the fact that

despite multiple efforts for more than a decade and a half, there has not been
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any firm detection of polarization apart from a few measurements made by PO-

LAR [91] and GAP [88, 89]. In most cases (about 10 GRBs), only some hints of

polarization have been reported (RHESSI: [93], IBIS: [86, 87], SPI: [94, 95, 84],

BATSE: [96], AstroSat: [67, 37, 97, 98], see review by [49]) and in many cases

the measurements are of not very high significance. In this context, the present

work is of considerable significance because it has almost doubled the number

of GRBs with measured polarization in its first year of operation. Similar mea-

surements have been carried out for a number of additional GRBs and will be

reported later. It is to be noted that POLAR has stopped operating in 2017 and

there are currently no GRB polarimetric mission scheduled in near future. This

makes the measurements from CZTI even more important. An important point

to note here is that the results presented here (or GRB polarization measure-

ment with CZTI in general) critically depend on the simulation for unpolarized

and polarized radiation through the AstroSat satellite. For this purpose, we have

made the AstroSat mass model, painstakingly collecting the details of all parts

and materials gone into making the satellite. This is implemented in the Geant4

code and the resultant products (DPH, spectra, localization) are shown to agree

quite well with the real data. The residual systematics from the mass model

might contribute towards the estimation of the µ100 but it may not have signif-

icant effect on the detection of polarization. We find most of the bursts to be

highly polarized, implying either synchrotron emission in a time independent or-

dered magnetic field or Compton drag as the mechanism for the prompt emission.

However, in order to draw such ‘firm’ conclusions, it is necessary to have much

larger sample. Given the fact that most of the GRBs in the present sample are

moderately bright, CZTI is expected to continue GRB polarization measurements

at a similar rate for several years to come. Availability of a large number of such
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measurements from CZTI is likely to significantly enhance our understanding of

the GRB prompt emission.



Chapter 4

Experimental verification of

off-axis polarimetry with

Cadmium Zinc Telluride

detectors of AstroSat-CZTI

The polarization measurement capability of CZTI for on-axis sources was exper-

imentally confirmed using polarized and unpolarized X-rays before launch [65].

This enhances the confidence in polarization measurements of pointed observa-

tions post launch. In chapter 2 we discussed the interesting results on the X-ray

polarization of the Crab nebula and pulsar in the energy range of 100 – 380

keV. CZTI has also contributed to the measurement of prompt emission polar-

ization for 11 GRBs, the results of which are discussed in chapter 3. However,

polarization measurements of off-axis sources like GRBs are challenging and they

significantly depend on simulations. Hence, it is important to ensure experi-

mentally, that CZTI is sensitive to measure the polarization of X-rays (polarized

and unpolarized) incident from a direction off-axis to the detector. Experimental

65
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confirmation for such off-axis polarimetric capability are not available for non-

dedicated GRB polarimeters including AstroSat CZTI. Nevertheless, this is an

essential factor in enhancing the credibility of the measurements. In this context,

we report the verification of the off-axis polarimetric capability of pixelated CZT

detectors through controlled experiments carried out with the qualification model

(QM) of the CZTI instrument as well as extensive Geant4 simulations of the ex-

perimental setup. We have also employed an alternate goodness of fit reduced χ2

method in the polarization analysis.

4.1 Introduction

For fast transient sources such as GRBs, sensitive X-ray polarization measure-

ments are likely to remain impervious. In this case, the difficulties of polarization

measurements are compounded due to multiple reasons - 1. They last only for a

short duration ranging from few seconds to at the most few minutes. 2. Their

occurrence is random both in space and time. All X-ray polarimeters measure the

azimuthal distribution of scattered photons/electrons with respect to a reference

direction. Since GRBs occur at varying angles with respect to the instrument

reference direction, the polarization measurements are highly prone to the sys-

tematic effects. Besides, the short duration GRBs result in a limited number of

photons. Thus, measuring polarization of the GRB prompt emission is a chal-

lenging task.

CZTI measured polarization of 11 GRBs during its first year of operation 3.

Impact of the CZTI measurements can be seen from the fact that polarization

measurements were available for only 10 GRBs before the launch of AstroSat.
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One important objective of GRB polarimetry is to have a sufficiently large sam-

ple of GRBs with definite polarization measurements, which can then be used to

distinguish between various prompt emission models [47]. In this context, contin-

ued GRB observations with CZTI are likely to play a significant role in the field.

Since the launch of AstroSat in September 2015, CZTI has detected more than

250 GRBs [99]. Polarization analyses have been carried out for bright GRBs

having a sufficiently large number of Compton events that is adjacent double

pixel events satisfying Compton criteria [66]. Geant4 [68] simulations are used to

obtain the geometric corrections based on the simulation for unpolarized photons

as well as to estimate the polarization fraction based on the simulation for 100 %

polarized photons, both incident from the direction of the GRB. The availability

of accurate background measurements before and after the GRB emission is a

major advantage in GRB polarization measurements. Further, GRBs are often

detected well above the average background, and hence the signal to background

ratio is much better during GRB compared to that of conventional X-ray source

like Crab. However, unlike persistent sources, GRB polarization analysis rely

more on Geant4 simulations. Hence it is important to verify the off-axis polar-

ization capability of CZTI detectors experimentally.

In this chapter we present the experimental validation of hard X-ray off-axis

polarization measurement capability of the pixelated CZT detectors as well as

the efficacy of the Geant4 simulations that are required for the polarization anal-

ysis. Section 4.3 shows the implementation of the new goodness of fit method

in the C19 reported sample of GRBs. Section 4.4.1 describes the experimental

set up used for the off-axis validation, followed by section 4.4.2 that describes

the Geant4 simulations used to obtain the reference grid (4.4.2) as well as the
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simulation of the experimental set up used for direct comparison with experi-

mental modulations (4.4.2). Section 4.5 discusses the results of experiments and

simulations. Finally, section 4.6 summarizes the key findings of the present work.

4.2 Polarization Analysis using χ2 method

We follow the same procedure to identify the Compton events and respective

azimuthal angles as described in section 2.2.1. Raw azimuthal distribution is

obtained from the histogram of the scattering angle of Compton events. Back-

ground subtraction is performed with the raw azimuthal histogram obtained for

each observation. Considering a 3 × 3 matrix of pixels with the center pixel being

the scatterer, the solid angle covered by edge pixels is larger than that for corner

pixels, and hence more number of photons are detected in edge pixels. Hence,

the raw azimuthal distribution requires a correction for this geometric effect. One

way of geometry correction is by using the modulation of unpolarized radiation,

which can be obtained through simulations. This method is used in C19 to report

polarization measurements of 6 GRBs and upper limits on 5 GRBs. But there

have been some concerns about the geometry correction method as the off-axis

modulation curves are not expected to be sinusoidal [100]. Hence, here we use

an alternate goodness of fit χ2 method of directly comparing the observed uncor-

rected azimuthal histograms with the expected uncorrected histograms obtained

from Geant4 simulations for a grid of Polarization Fractions (PF) and Polariza-

tion Angles (PA), similar to that used for the analysis of GRB polarization from

the POLAR experiment [91]. This method requires a library of azimuthal his-

tograms for all possible PFs and PAs from a given incident direction, which is

generated using Geant4 simulations, as discussed in section 4.4.2. The observed
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azimuthal histogram is directly compared with each of the 8 bin simulated az-

imuthal histograms of the library, to obtain the χ2 value between the measured

and simulated modulation as given by:

χ2 =
8∑

i=1

(Mobs −Msim)2

(σ2
obs + σ2

sim)
(4.1)

and ∆χ2 is defined as,

∆χ2 = χ2 − χ2
min (4.2)

Here Mobs and Msim are observed and simulated modulations respectively and

σobs and σsim are the corresponding errors. The results are shown in the form of

contour plots for PF and PA, and the minimum value of χ2 over the full range of

PF and PA gives the best estimate of the actual PF and PA. The error estimates

for PF and PA are obtained from the two parameter confidence levels for the χ2

distribution with ∆χ2 = 2.28, 4.61 and 9.21 for the 1σ, 2σ and 3σ confidence

levels.

4.3 GRB Polarimetry with CZTI using χ2 method

In this section, a few bright CZTI GRBs are reanalyzed by following the χ2

method. C19 reported polarization of a sample of 11 GRBs, detected by CZTI

over the energy range of 100 – 350 keV. C19 followed the geometry correction

method using unpolarized radiation (using photon indices of respective GRBs as

input) obtained using the AstroSat mass model. From the sample of C19, few

bright GRBs are chosen, and polarization analysis using the GRB and background

time stamps used in C19 are performed by following the goodness of fit χ2 method.

The 100% polarized and unpolarized modulations are obtained by shining the

photons following a power law over energy range 100 – 400 keV (with photon



70 Chapter 4. Off-axis polarimetry of CZT detectors

Table 4.1: Measured PF and PA values for bright CZTI GRBs, following goodness
of fit χ2 method are listed in columns 2 and 3. Along with the current results,
C19 and S19 reported PF and PA values are given for reference.

GRB PF PA C19 PF [101] C19 PA [101]

(%) (o) (%) (o)

GRB160131A 98 +2
−17 81 +5

−23 94±33 87±5

GRB160325A 45+36
−38 166 +5

−45 59±28 158±17

GRB160802A 78+19
−28 157+3

−9 85±30 147±5

GRB160910A 97 +3
−15 49+2

−2 94±32 46±4

GRB PF PA S19 PF [102] S19 PA [102]

(%) (o) (%) (o)

GRB160821A Time bin 1 86+14
−13 137+12

−11 71+29
−41 110+14

−15

GRB160821A Time bin 2 57+38
−34 63+14

−4 58+29
−30 31+12

−10

GRB160821A Time bin 3 66+34
−33 117+14

−9 61+39
−46 110+25

−26

GRB160821A Total 38+26
−26 104+14

−41 21+24
−19 -

index and Epeak of corresponding GRB) over the AstroSat mass model. The

library of PF - PA grid points (in detail in section 4.4.2) is obtained for each

GRB using 10 million incident photons and following equations 4.1 and 4.2, ∆χ2

grids are computed. The PF and PA values corresponding to the ∆χ2
min value

with 1σ error bars are listed in Table 5.1. GRB160821A is the brightest of the

C19 sample of GRBs and showed a swing in the PA across the GRB time. S19

reported PA and PF by dividing the GRB time over three time bins (Time since

GBM trigger 115-129 s, 131-139 s, 142-155 s), whereas the GRB is unpolarized for

the overall time (115-155 s). Figure 5.1 shows the confidence contours obtained

for three time bins of GRB160821A and for the total GRB time. PAs and PFs

obtained match with S19 reported values and the PA of bin 2 matches with S19

within the 2σ confidence level. The polarization values obtained in the current

work by following the goodness of fit method, match well with the results of C19

and S19 (Table 5.1).
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(a) (b)

(c) (d)

Figure 4.1: The plots represent the ∆χ2 contours obtained for (a) GRB160821A
Time bin 1 - PF = 86+14

−13%, PA = 137+12
−11

o (b) GRB160821A Time bin 2 - PF =
57+38

−34%, PA = 63+14
−4

o (c) GRB160821A Time bin 3 - PF = 66+34
−33%, PA = 117+14

−9
o , and (d) GRB160821A Total - PF = 38+26

−26%, PA = 104+14
−41

o
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4.4 Off-axis polarization experiment using CZT

detectors

CZT detectors are proven to measure polarization of on-axis sources over an en-

ergy range of 100 – 400 keV by V15 [65]. CZTI is composed of four identical

quadrants, each having 16 CZT detector modules, and one of the modules of

the CZTI flight model was used for the experimental verification of the on-axis

polarimetric capability reported by V15 [65]. In this work, we extend this exper-

imental validation to off-axis sources. Details of the experimental configuration

and Geant4 simulations are discussed.

4.4.1 Off-axis polarization experimental setup

The qualification model (QM) of CZTI is used for the off-axis experiments. The

CZTI QM is identical to the flight model with an exception that only one quadrant

has active CZT detectors. Also, these detector modules are of slightly inferior

quality, in terms of noisy pixels, energy resolutions, and so on; as the best ones

were used for the flight model. The first task was to evaluate the performance

of all 16 CZT modules to select the best module for further experiments. This

was achieved by carefully measuring long duration background at a controlled

temperature of 16oC as well as measuring gain and energy resolution for all pixels

using radioactive sources 241Am, 133Ba and 57Co. Based on these measurements,

the best detector module was selected for all further polarization experiments.

Partially polarized X-rays for the polarization experiment were produced by ∼90

degree scattering of 356 keV line from 133Ba radioactive source. We used the

same arrangement as that used in V15, where a 6 cm long aluminum cylinder

inside a 4 cm thick lead enclosure was used as a scatterer. A slit of 5 cm length
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Figure 4.2: Definition of θ, φ of the source (grey) with respect to the detector
(pink).

and 2 mm width allowed the partially polarized X-rays to exit the enclosure in

one direction. The geometry of this arrangement allowed scattering of 90o ± 15o

resulting in the partially polarized X-rays with energy range of ∼190 keV to ∼240

keV.

First, we repeated the on-axis polarization measurement to ensure that the re-

sults reported by V15 can be reproduced. In these experiments, the lead cylinder

was kept over the coded mask with the PA set to 0o, 45o as well as intermediate

values of 10o and -15o with respect to the CZTI detector coordinates. The results

were found to be consistent with V15. After end-to-end verification of the on-axis
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Figure 4.3: The images depicts the experimental set up used for the off-axis
validation. (a) shows a side view of CZTI QM with the partially polarized source
configuration kept above the collimator for on-axis experiments (b) shows the top
view of QM, 16 Orbotech CZT detectors after the removal of collimators.

polarization measurement, which included a completely independent implemen-

tation of the analysis software, we proceeded for the off-axis experiments. Here,

the major challenge was to devise a method to place the heavy lead cylinder

at a precise position and orientation to achieve the desired off-axis angles, the

polar angle θ and the azimuthal angle φ (see figure 5.2 for definitions of these

angles) while ensuring that the partially polarized X-ray beam is centered at the

selected CZT detector module. A special setup as shown in figure 5.4 was fab-

ricated surrounding the QM of CZTI, which allowed any required placement of

the lead cylinder as well as in-place rotation of the cylinder to achieve different

PAs. With this setup, we attempted the first round of off-axis measurements for

three different values, each for θ and φ. A major problem encountered was the

very low Compton count rate from the polarized X-ray source. The background

count rate in the controlled laboratory conditions was ∼0.9 counts/s, whereas
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with the polarized source maximum count rate achieved was ∼1 count/s. Such

a low signal-to-noise ratio was due to two reasons: 1. increased distance of the

source and 2. possible attenuation of the incident X-rays in the collimator struc-

ture of the CZTI instrument. Since the main objective of our experiments was to

verify the off-axis polarization measurement capability of the basic CZT detector

modules, we decided to remove the collimator structure of the CZTI in order to

mitigate both these issues. This resulted in good improvement in the source count

rate to ∼15 counts/s. The exposure time required for a given θ and φ angle was

of the order of 10 hours. As a result, and due to few other practical limitations,

we obtained measurements for three polar angles (θ = 30o, 45o and 60o) for

the azimuthal angle φ = 0o, but for each of these, we measured two different

incident PAs of 0o and 20o. For θ = 45o, we also carried out measurement

for φ = 45o and PA of 45o. It should be noted that the PA mentioned here

is in the sky plane and not with respect to the CZT detector coordinates. For

each measurement, data were recorded in the form of individual event list by the

ground checkout system used to operate the CZTI QM. It was then converted

into the standard CZTI level-0 format, and the regular CZTI data pipeline was

used for further filtering to obtain clean event files.

4.4.2 Geant4 simulations

Geant4 simulations are an integral part of X-ray polarization analysis. The modu-

lation factor µ100 for any X-ray polarimeter is typically obtained from the Geant4

simulations incorporating the exact instrument geometry. In the case of polar-

ization analysis with CZTI for X-rays incident on-axis, the Geant4 analyses have

been reported and extensively validated by C14 and V15. We use the same basic

methodology for present simulations, including detector geometry, physics pro-
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cesses, event processing as well as further data analysis, to finally record the

azimuthal histogram in detector plane. However, in terms of the overall experi-

mental geometry and incident photon directions, we employ two different types

of Geant4 simulations.

Generation of the modulation curve library

In the first set of Geant4 simulations, we generate a polarization grid of azimuthal

histograms for comparison with the observed histogram by illuminating the CZT

detector directly with 100% polarized and unpolarized X-rays. The incident X-

ray photons are in the form of parallel beam from the direction given by polar and

azimuthal angles θ and φ with respect to the detector plane. The energy of the

individual photons is randomly sampled within an energy range of 190 keV to 240

keV, in case of simulations for analysis of experimental data. For each incident

direction, the simulations are performed for 100% polarized beam, spanning PAs

from 0o – 180o at steps of 5o. In all cases, simulations are carried out for 10

million incident photons, and all resultant valid Compton events are used to

obtain azimuthal histogram for 100% polarized X-rays. To obtain the azimuthal

histograms for partially polarized X-rays, randomly selected Compton events from

the fully polarized simulations are fractionally added to the unpolarized Compton

events for every 1% polarization step. This results in a library consisting of 3636

(36 PA bins × 101 PF bins) raw azimuthal histograms for every incident direction.

This library is then used to calculate χ2 at each point in the PF - PA grid for the

observed raw azimuthal histogram, as discussed in the previous section.
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Simulation of the full experimental setup

The incident photons from astrophysical sources are in the form of a parallel

beam. However, it is challenging to obtain such parallel beams in the laboratory

experiments using radioactive sources. In our experiment, the divergence of inci-

dent X-ray beam is minimized by using appropriate collimators at the entry and

exit points of aluminium scatterer. In order to fully validate through Geant4 sim-

ulations for off-axis incidence, it is necessary to include generation of the partially

polarized X-rays within the Geant4 setup itself. In this context, we simulated the

experimental setup, incorporating the disk type 133Ba radioactive source. The

hollow lead cylinder with cap and slit as well as the aluminium scatterer used

to produce the partially polarized beam are defined in the exact dimensions by

importing a CAD design (using Inventor 2017) using the CADMesh interface for

Geant4 [103]. This direct import of the CAD design preserves the relative place-

ment and orientation of various components of the source assembly. However,

the placement of the complete source assembly is tricky, as it involves multiple

coordinate transformations and rotation matrices. The placement coordinates

and orientation of the source plane are calculated separately since it is imple-

mented using General Particle Source (GPS). It has to be placed independent of

the rest of the source assembly, with an additional rotation and translation. The

energy of the source photons is fixed to 356 keV, which after scattering in the

aluminum scatterer results in a partially polarized X-ray beam with appropriate

energy range. For each case of θ, φ, and PA the simulations are run for ∼1010

photons, after verifying the geometry by visual inspection.



78 Chapter 4. Off-axis polarimetry of CZT detectors

Figure 4.4: The images show the real experimental setup and the experimental
setup constructed using Geant4. (a) shows the experimental setup. In the top is
the source placed in the experimental setup, mounted over an aluminium slab to
place the source at a desired θ and on the bottom is the source tilted for a PA
of 45o and (b) shows the simulated CZT module (pink), the lead cylinder along
with cap (grey) and the aluminium cylinder used for producing the polarized
beam through scattering are constructed in the same dimensions as the ones
used in the experiments. The images show the source kept at θ = 45o and φ =
0o with PA = 0o. The incident 356 keV mono energetic beam (green) could be
seen getting scattered by the aluminium cylinder (blue).

4.5 Results and Discussion

The off-axis experiments are performed for 4 sets of θ, φ each for 1-2 PAs. For

each of these cases an array of 3636 ∆χ2 values are calculated as discussed in

section 4.2. A systematic error of 5% and 3% are used for the experimental and

grid simulation results, respectively. The systematic error in the experiments

include the uncertainty in the θ, φ arising due to both the errors in the vertical

and horizontal distances and the alignment of the aluminium slab for a desired

polar angle. The PF and PA values obtained for each configuration (PFexpt &

PAexpt) corresponding to the ∆χ2
min are listed in Table 5.2. A typical error bar
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(a) (b)

(c)

Figure 4.5: The plots show the confidence contours obtained for off-axis experi-
mental data, where the source is kept at θ = 30o, φ = 0o. The nature of incident
radiation are (a)unpolarized (b) polarized with a PA of 0o, and (c) polarized with
a PA of 20o.
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(a) (b)

(c)

Figure 4.6: The plots show the confidence contours for the configuration θ = 45o,
φ = 0o. The nature of incident radiation are (a)unpolarized (b) polarized with a
PA of 0o, and (c) polarized with a PA of 20o.

(a) (b)

Figure 4.7: The plots show the confidence contours obtained for θ = 45o, φ =
45o. The nature of incident radiation are (a)unpolarized and (b) polarized with
a PA of 45o.
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(a) (b)

(c)

Figure 4.8: The plots show the confidence contours obtained for θ = 60o, φ = 0o.
The nature of incident radiation are (a) unpolarized (b) polarized with a PA of
0o, and (c) polarized with a PA of 20o.
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 4.9: The plots show the comparison of experimental (black) and simulation
of experimental set up (red) results for the configurations (a) θ = 30o, φ = 0o,
PA = 0o (b) θ = 30o, φ = 0o, PA = 20o (c) θ = 45o, φ = 0o, PA = 0o (d) θ = 45o,
φ = 0o, PA = 20o (e) θ = 45o, φ = 45o, PA = 45o (f) θ = 60o, φ = 0o, PA = 0o,
and (g) θ = 60o, φ = 0o, PA = 20o. It could be seen the simulations performed
matches well within the error bars for each of the experimental cases.
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Table 4.2: The PF and PA values corresponding to the ∆χ2
min obtained for

off-axis experiments (PAexpt & PFexpt) and corresponding simulations of experi-
mental set up (PAsim & PFsim).

θ φ Incident PA PAexpt PFexpt PAsim PFsim

(o) (o) (o) (o) (%) (o) (%)

30 0 0 0+3
−8 52+7

−8 0+6
−3 40+7

−8

30 0 20 15+5
−5 75+10

−8 10+5
−5 78+10

−11

45 0 0 0+1
−5 63+5

−5 0+5
−6 65+6

−7

45 0 20 20+3
−5 80+6

−5 10+2
−8 79+10

−12

45 45 45 45+5
−2 74+4

−4 40+10
−10 60+6

−6

60 0 0 0+4
−6 74+4

−5 5+2
−5 74+4

−3

60 0 20 15+4
−5 93+3

−3 15+5
−5 84+5

−3

of 5o is expected to occur in the incident θ, φ and PA. Figures 5.5 and 5.6 show

the confidence contours for θ = 30o and θ = 45o respectively both at φ = 0o for

incident (a) unpolarized radiation and for polarized cases with (b) PA 0o, and (c)

20o. Figure 5.7 corresponds to incident position of θ = 45o and φ = 45o for (a)

unpolarized and (b) polarized radiation for PA 45o. Figure 5.8 shows the contours

for θ = 60o φ = 0o for (a) unpolarized radiation and polarized cases with (b) PA

0o and (c) 20o.

It could be seen from Table 5.2 that PF obtained from experiments are vary-

ing with different configurations. In order to validate this, simulations of the

experimental set up are performed using Geant4 (section 4.4.2) for each of the

experimental configurations (θ, φ, and PA). Figure 5.9 shows the 8 bin background

subtracted raw azimuthal histogram obtained for each experimental configuration

(solid black lines) over plotted with the modulation obtained from corresponding

simulations of the experimental set up (dotted red lines). It could be seen from

figure 5.9 that the results from simulations match with the experimental results

well within the error bars. Similar to experiments, the 3636 ∆χ2 values are cal-
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Figure 4.10: Minimum detectable polarization obtained for incident angles θ
= 0o – 90o for two different cases of Compton events: 3000 (violet) and 10,000
(blue). In both cases, for all five PAs, the corresponding MDP values lie within
the violet and blue bands.

culated for each simulated configuration by using corresponding PF - PA grid

points. The results of each simulated configuration are listed in Table 5.2 and is

found to be matching well with the experimental results. This verifies that the

change in PF is not due to any experimental artifact, but could possibly because

of varying geometry of the scattered photons reaching the detector in each case.

It could also be seen that at larger angles, unpolarized radiation starts mimicking

the polarized radiation. This is inherently expected as the detector is sensitive

only to the component of polarization in the plane of the detector. The other

component is determined by orthogonality condition. At higher incident angles,
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the component in the detector plane is less. Owing to experimental constraints

the polarization capability for θ > 60o could not be investigated. To get a quanti-

tative limit on this, a set of simulations are performed using a single CZT module

illuminated by 100% polarized and unpolarized beams, both over an energy range

100 – 400 keV with a power-law index of -1.0. The simulations are carried out

for incidence angles φ = 0o and θ ranging 0o to 90o for every 10o each for 10

million incident photons. The simulations are performed for PA values = 0o, 30o,

45o, 60o, and 90o. The total number of Compton events detected in all the cases

is of the order of 104. To have a realistic scenario, two cases are considered for

each simulation point, by randomly selecting 3000 and 10,000 Compton events

(Ncomp). For each polar angle, PA, and Ncomp case, a grid of χ2 values are cal-

culated between the 101 polarized modulations and unpolarized radiation. The

minimum PF corresponding to which the detected modulation is not unpolarized

at a 99% confidence interval is the minimum detectable polarization (MDP). The

MDP values are calculated for each θ and PA, corresponding to 3000 and 10,000

Compton events and are plotted in figure 5.10. For all five PAs, MDP values

corresponding to 3000 Compton events lie within the violet band, and those cor-

responding 10,000 Compton events lie within the blue band. From figure 5.10 it is

evident that, MDP increases significantly with θ above 60o. However for θ < 60o,

CZT detectors are well suited for polarization measurements. An ideal situation

is to use multiple CZT detectors over a spherical or hemispherical arrangement

(as in the proposed Indian mission Daksha, to detect GRB polarization) and us-

ing the data from respective detector(s) so that for a given GRB the relative θ

lies between 0o – 60o.
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4.6 Summary

The prompt emission polarization measurements have been carried out for a num-

ber of bright GRBs detected with AstroSat-CZTI. Since GRBs occur in random

direction, and the polarization analysis involves significant use of Geant4 simula-

tions, it is essential to have experimental verification of the off-axis polarization

measurement capability of the pixelated CZT detectors as well as validation of

the Geant4 simulations. In this context, we have carried out experiments to esti-

mate the polarization of the partially polarized X-rays generated using laboratory

radioactive source kept at different off-axis positions. We also carried out Geant4

simulations of the actual experimental setup, including the generation of the par-

tially polarized beam by ∼ 90o scattering of X-ray photons. The experimentally

measured azimuthal histograms match reasonably well within the error bars with

the simulated histograms, suggesting that the CZTI can measure polarization of

the off-axis sources and that the Geant4 simulations reliably reproduce expected

results. We estimated the polarization fraction and polarization angle using a

different technique of goodness of fit. We also verified that this technique does

reproduce the polarization results for GRBs reported in C19 and S19 and find

that this method can be used for lower signal-to-noise ratio measurements as well.

Our experiments show that pixelated CZT detectors can be used for measuring

prompt emission polarization measurements for incident direction θ < 60o from

the normal. The same detectors are being considered for a proposed mission

called Daksha, which is dedicated to GRB and EM-counterparts of the gravita-

tional wave sources. Daksha will have a significantly larger effective area than

AstroSat-CZTI, and our results indicate highly promising prospects of polariza-

tion measurements of a large number of GRBs with such a dedicated mission.
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NICSPol: A Near Infrared

polarimeter for the 1.2 m

telescope at Mount Abu Infrared

Observatory

In chapter, (2) polarization results of Crab in the hard X-ray regime with re-

spect to phase values are discussed. Few reports of Crab polarization that exist

so far are mentioned in section 2.1. Interestingly, it could be seen that there is

no report of polarization of Crab in the infrared regime. Except for one far IR

polarization measurement by Klaas et al 1999 [104] using ISOPHOT there are no

detailed studies of IR polarization of the Crab pulsar and nebula. This provided

motivation for the work reported in this chapter.

The Mount Abu InfraRed Observatory (MIRO), operated by Physical Re-

search Laboratory since 1994, is located at the Gurushikhar peak (∼1700 m) of

Aravali ranges. Currently MIRO houses a 1.2 m telescope and a 50 cm telescope

87
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with a number of optical and infrared back end instruments to perform imaging

photometry, spectroscopy and polarimetry. With an advantage of having a 1.2 m

Cassegrain telescope at MIRO, we explored a possibility to develop an infrared

polarimeter. Near Infrared Camera and Spectrograph (NICS) is one of the back

end instruments for the 1.2 m telescope [70]. NICS is capable of doing both pho-

tometry and spectroscopy covering a wide range of 0.8 to 2.5 µm (Y, J, H, Ks)

and has been serving as a work horse for the past several years to study diverse

objects like AGN, galaxies, supernovae, novae and compact objects etc. We de-

veloped an imaging polarimeter NICSPol which consists of a rotating wire grid

polarizer which is mounted between the telescope optics and NICS. The polari-

metric observations are carried out by rotating the polarizer using a motorized

mechanism to determine the Stokes parameters, which are then converted into

the polarization fraction and polarization angle. A set of polarized and unpolar-

ized standards were observed using NICSPol over J, H and Ks bands covering 0.8

to 2.5 µm. The observations of polarized standards using NICSPol show that,

NICSPol can constrain polarization within ∼1% for sources brighter than ∼16

magnitude in JHKs bands. NICSPol is a general purpose instrument which could

be used to study variety of astrophysical sources such as AGNs, Pulsars, XRBs,

Supernovae, star forming regions etc. With a few NIR polarimeters available

world-wide so far, NICSPol would be the first imaging NIR polarimeter in India.

We performed imaging polarimetry of Crab over J,H and Ks bands over mul-

tiple observation nights. We report the polarization map obtained over all three

bands, while the interpretation of the results is a part of the future work. Here

the NICSPol instrument design and its calibration results for IR polarimetric

standards are discussed. Scientific prospects of NIR polarimetry are briefed in
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Section 5.1 and NICSPol instrument specifications are given in Section 5.3. Sec-

tions 5.5 and 5.6 describe the observations and the data reduction. The results

are discussed in Section 5.7, followed by the summary in Section 5.8.

5.1 Scientific Prospects of NIR Polarimetry

Polarization of light in infrared could be majorly due to scattering (e.g. polariza-

tion in comets, planets, asteroids etc are due to scattering by dust grains), and/or

non thermal radiation (thermal radiation is unpolarized) (e.g. synchrotron ra-

diation from AGN, XRBs). Extinction is when radiation from the source gets

scattered and absorbed by the dust clouds they pass through. This decreases

with increase in wavelength, and hence the sources which could not be studied

in optical could be explored in infrared. Since scattering causes polarization,

infrared polarization of such systems is the best possible way to study the dust

and its properties. The following subsections briefs about various astrophysical

systems and the problems which could be resolved using NIR polarimetry.

5.1.1 Pulsar Wind Nebulae

Pulsar Wind Nebulae are a type of supernova remnants also known as plerions.

Plerions are powered majorly by the ultra relativistic particles from the pulsar

and the radiation hence produced is the Pulsar Wind Nebula (PWN). Famous

PWNe like Crab Nebula, 3C 58, W 44 and G21.5-0.9 etc could be studied in

detail using NICSPol. The Crab pulsar and its nebula is one of the well studied

sources among PWNe over all the ranges of the EM spectrum. Though Crab

has been extensively studied over the past several decades there is no report

on the NIR polarization of the Crab pulsar and the Nebula. In NIR both the
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thermal and synchrotron nebula and its features (wisps and knots) are bright.

Hence the polarization at different parts and features of the synchrotron nebula

could be studied. Along with the existing radio, optical and X-ray reports, NIR

polarization of Crab Nebula can address energy dependence in polarization.

5.1.2 Stars and Star Forming Regions

Stars are formed from gas and dust, and throughout their evolutionary stages

interact with their surroundings through circumstellar disks [105]. The proto

starlight, hidden behind the dust gets extincted, hence the longer we go in wave-

lengths the deeper we are able to probe in the obscured area. With the help of IR

wavelength and polarimetry as the technique the physical and chemical proper-

ties of the dust grains causing polarization could be studied. Nature of dust disk

which are around young proto stars, their geometry, composition and physical

properties could be revealed by the scattered polarized light.

5.1.3 Galactic Studies

Milky Way is broadly divided into a disk, bulge and halo. Star formation process

dominates in the disk region leading to enrichment of the interstellar medium

with sub-micron sized dust grains. The dust causes obscuration of the plane in

the optical wavelength and is also responsible for the partial plane polarization

of the star light. The galactic plane in IR reveals the stars hidden in and beyond

the dust lanes. Using IR polarimetry the properties of the dust grains and the

orientation of the magnetic field could be addressed and hence map the structure

of dust in the line of sight [106]. This emphasizes on the need of IR polarimetry

to study the dust and stellar polarization of the galactic plane region.
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5.1.4 Extra Galactic Sources

Active Galactic Nuclei are galaxies with a super massive black hole surrounded by

an accretion disk, dusty torus and jets. Even by using bigger telescopes spatially

resolving this structure is impossible. Polarimetry in IR can reveal obscured AGN

and also differentiate self luminous structures from those which are illuminated.

NIR polarimetry can probe the dust near the torus. Apart from the disk and

torus, the nature of jets, their emission mechanism and the role of magnetic field

could be addressed using NIR polarimetry since that is the range of the electro-

magnetic spectrum where the synchrotron emission starts in the region where the

jet is collimated and accelerated to relativistic speeds [107].

5.2 Instrumental Techniques

The Infrared regime of the EM spectrum helps in unveiling many embedded

systems which could not be seen otherwise at optical wavelengths. The first

measurement of IR polarization dates back to 1975 [108] and since then there

have been several ground and space based instruments covering different regions

from ∼0.8 µm in near IR to a few tens of µm in the far IR studying wide range of

astronomical sources. Few well known near Infrared polarimeters are: SIRPOL

at the 1.4 m IRSF [109], Mimir at the 1.8 m Perkins telescope [110], NICMOS

at the 2.4 m HST [111], MMTPOL at the 6.5 m MMT Observatory [112], SOFI

at the 3.58 m NTT telescope, La Silla Observatory [113], POLICAN at the 2.1

m telescope of the Guillermo Haro Astrophysical Observatory (OAGH) located

in Cananea, Sonora, Mexico [114], TRISPEC as a visitor instrument at several

facilities including UKIRT, UH, OAO, Subaru telescope [115], SPHERE at the
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8.2 m VLT [116], HONIR at the 1.5-m Kanata telescope [117] etc. As mentioned

earlier measurement of IR polarization require special optical components. The

efficiency of the measurement method is one of the deciding factors in preferring a

particular scheme. The following subsections briefly discuss a few of the popular

techniques used in IR polarization measurement.

5.2.1 Wollaston prism with rotating half wave plate

In working with polarizers, one of the polarization state of the incident EM wave

is either reflected or absorbed, so as to pass only one polarized state and hence

reduces the efficiency by 50 percent. With the employment of Wollaston prisms,

both the orthogonal polarization states i.e. the E-ray and O-ray are split and

passed in different directions, building up on the total efficiency. The prism

is fabricated by cementing calcite prism pairs, providing an extinction ratio of

100,000:1 [118]. As the polarization analysis requires the images to be taken at

four position angles of the polarizer, while the use of wollaston will reduce this

work by half, as two orthogonal angles could be captured together.

5.2.2 Wedged Double Wollaston (WeDoWo)

WeDoWo is a combination of two wollaston prisms and two wedges [119]. It

helps in the simultaneous measurement of the polarization flux at four angles i.e.

0◦, 45◦, 90◦ and 135◦. This provides more efficient observations as a single shot

polarimetric measurement gives us all the three Stokes parameter elements.

5.2.3 Rotating Wire Grid Polarizer (WGP)

A WGP works on the principle of dichroism, and functions as an absorptive

polarizer. The electromagnetic wave coming from the source is in mixed state
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of polarization, and only a selective direction is allowed to pass through the

polarizer, while the rest is absorbed. A WGP consists of equally spaced grid of

metallic wires placed in the plane of EM wave. As the EM wave is incident on

the grid, the waves with polarization parallel to the wires are reflected back and

the waves with polarization perpendicular to the wire grid is allowed to transmit.

Thus, the selective direction in the case of WGP is perpendicular to the wire grids,

with the resulting polarization to be linear. The choice of a WGP for a particular

wavelength is dependant on the spacing and widths of the wires in the WGP

[120]. The extinction ratio of polarizers is a measure of the ability to attenuate

light in direction perpendicular to transmission axis of polarizer [121]. This is an

important parameter which decides the efficiency of the polarizers. This ratio for

WGP in infrared has a value of 1000:1. Compared to other polarization optical

components, WGP can be made in larger sizes. Thus, the WGP work as effective

polarizers with large field of view (FOV), are fairly compact, and have good

stability [120]. Hence, they are used extensively in polarization measurements.

5.3 NICSPol Instrument description

NICSPol consists of a 25.0 x 25.0 mm WGP (WGP) commercially available from

Thorlabs, which covers a wavelength range of 250 nm to 4 µm. The layout of

the NICSPol instrument is shown in Figure 5.1. Figure 5.2 shows the instrument

mounted on the Cassegrain plate of the MIRO telescope. The WGP mounting

details are also shown in this figure. NICS is capable of doing both photometry

and spectroscopy by the use of mirror and grating. The specifications of NICS are

given in Table 5.1. NICS consists of a filter wheel with Y, J, H, K, Ks filters. The

detector in NICS is Teledyne H1RG detector with 1024 x 1024 arrays which is

cooled by using liquid Nitrogen and covers a FOV of 8 x 8 sq arc min [70]. At the
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top of NICS, the part which is attached to the instrument ring of the telescope

is a 20 cm x 20 cm square box which contains a beam splitter. This essentially

sends a fraction of the light from the source to a guiding ccd which helps in

telescope tracking. The use of a warm WGP is necessitated by the requirement

that the polarization module could be inserted in (or removed from) the light

path without fully dismounting the entire instrument. The only drawback in this

scheme (warm WGP) is the increased thermal background in the K band which

restricts us to use only the Ks filter in the longer wavelength side.

Table 5.1: Specifications of NICSPol

Parameter Specifications

Dimensions of WGP WP25L-UB - 25.0 x 25.0 mm

Wavelength range 250 nm to 4 µm

(useful range for NICS : 0.8 to 2.5 µm

Available NIR bands Y (0.97 - 1.07 µm),

J (1.17 - 1.33 µm),
H (1.49 - 1.78 µm),
K (2.03 - 2.37 µm),
Ks(1.99 - 2.31 µm)

Detector Teledyne H1RG detector

with 1024 x 1024 arrays

Field of view NICS - 8 x 8 sq arc min

(imaging mode)
NICSPol - 3.9 arc min dia
(polarimetric imaging mode)

Pixel scale 0.5 arc sec per pixel

NICS optics and detector Maintained at ∼ 77 K

(Cooled by LN2)

WGP module at ambient temperature

Limiting magnitudes ∼ 16.8 in JHKs

Typically with 30 - 40s per frame
and a net exposure of 30 min

An Optec Pyxis LE Camera Field Rotator was found suitable to mount the
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Figure 5.1: NICSPOL instrument with the WGP placed before the Cryostat
window of NICS. From the ray diagram, its evident that the WGP position and
size obscures part of the rays to reach the detector. The full FOV as covered
by NICS, is thus reduced in NICSPOL (vignetting as seen by the extreme field
rays not passing through the WGP to reach the detector). The different field
projections on the detector plane are shown by rays of different colors.

Figure 5.2: (a) NICS mounted on the f/13 telescope at MIRO along with the
polarizer unit. (b) NICSPol unit with the 25 x 25 cm WGP (c) The second WGP
mounted in NICSPol to polarize the incoming light to achieve 100% polarized
radiation.

polarizer. The field rotator has a barrel which is rotated by a stepper motor

with a step size of 1o rotation. A delrin module was made to hold the polarizer

firmly and the module was mounted in the barrel of the field rotator. A side of

the beam splitter holder box was replaced by the module as in Figure 5.2 at a

proper position so that the polarizer is exactly along the line through which the

light from the secondary reaches the NICS optics. The polarimetry and imag-

ing/spectroscopic modes are easily interchangeable. Since the size of the WGP
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Figure 5.3: Field vignetting caused by the introduction of the WGP. It is seen
that the vignetting starts beyond the dotted line (at 1.95 arcmin).

is such that it blocks some of the incoming beam, there is strong vignetting (see

Figure 5.3) beyond half-field of 1.95 arcmin. This limits the useful FOV to 3.9

arc min (dia).

The faintest stars seen using NICS in J, H, Ks bands, using our 1.2 m telescope

reach magnitudes of ∼17 with individual exposures of 30 to 40 sec per frame and

a net exposure of 30 minutes. However, the introduction of the WGP will result

in brighter detection limits, due to the ∼85% transmission of the WGP in NIR

[121] making the NICSPol limiting magnitude ∼16.8. However in polarimetric

mode we expect that these magnitudes might be achieved only under very stable

skies.

5.4 Analysis Technique

The most preferentially used method in optical or IR to obtain PF and PA is

the Stokes method. When a polarized beam passes through an analyzer which is

rotating at discrete steps, the output beam gets modulated and follows a Cos2θ
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distribution. A mathematical fit (equation 5.4) to the observed intensities pro-

vides the PF and PA. But getting intensities of a source at multiple steps over

0o to 180o is quite time consuming and in the case of the infrared domain the

assumption that the sky has not changed over the observing period may not hold.

The advantage of Stokes method is that, it requires intensities only at 3 (or 4)

different orientations and effectively provides the PA and PF using any 3 (or all

4) of the I0, I45, I90, I135 (intensities obtained by rotating the analyzer in steps

of 45o) measurements. Given by GG Stokes in 1852 [122] and introduced in as-

tronomy by S Chandrasekhar in 1947, Stokes parameters I, Q, U, V describe the

polarization state of a system in terms of intensities [123]. I (equation 5.1) repre-

sents the total intensity, Q (equation 5.2) and U (equation 5.3) represent linear

polarization and V represents circular polarization. The Stokes parameters are

calculated from the observations of flux measured at different orientations of the

polarizer. The following equations give the relation between intensity and Stokes

parameters [124].

I =
1

2
(I0 + I45 + I90 + I135) (5.1)

Q = I0 − I90 (5.2)

U = I45 − I135 (5.3)

Alternatively, Stokes parameters could be obtained by by fitting equation 5.4,

Ij =
1

2
[I0 ±Qcos2θj ± Usin2θj] (5.4)

The PF and PA are obtained from the Stokes parameters using equations 5.5 and

5.6.

PF =

√
Q2 + U2

I
(5.5)
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PA =
1

2
tan−1U

Q
(5.6)

5.5 Observations

This section describes the list of observations made to verify the instrument per-

formance using lab and sky polarimetric standards. The instrument had to be

checked with polarized and unpolarized standards for efficiency and instrumental

polarization respectively. NICSPol was calibrated using both polarized and un-

polarized stellar standards. A second WGP of same dimensions was also used to

achieve 100 % polarized light. This WGP was mounted stationary in NICSPol

in a way that light from the source would first pass through it, get polarized

and pass through the rotating WGP resulting in a 100 % polarized light. For cal-

ibration with stellar sources both isolated stars and crowded fields were observed.

Table 5.2 shows the complete log of all the observations made for the calibra-

tion of NICSPol. A major issue faced was the small number of stellar polarimetric

standards in NIR. The few available standards are polarized to a maximum of 3

- 4% in J band. 6 UKIRT polarimetric standards : HD 283809, HD 204827, HD

29333, HD 283725, HD 283855 and HD 283701 and four unpolarized standards

: HD 202573, HD 212311, HD 103095 and HD 65583 (to check for instrumental

polarization) [125],[126] were selected based on their availability at MIRO winter

sky. The polarized standards were chosen such that they possess a degree of po-

larization of about 2 - 4 % and these were followed up over multiple nights from

September to November 2017 and December 2018 to January 2019. A critical

part of NIR observations is the removal of sky contribution, which is bright in in-

frared. For a particular source, for each filter the polarimetric images were taken
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Table 5.2: Log of all Observations using NICSPol

Source Observed Filter Posi- Frames Orient- Exposure

Nights -tions -ations /frame

HD 283809a 10 J 5 2 to 10 4 1 s

7 H 5 2 to 5 4 1 s
8 Ks 5 2 4 1 s

HD 204827a 5 J 5 3 4 801 ms

4 H 5 3 4 801 ms

HD 29333a 5 J 4 2 4 1 s

2 H 4 2 4 1 s
1 Ks 4 2 4 1 s

HD 283725a 2 J 5 3 4 1 s

HD 283855a 2 J 5 3 4 1 s

HD 283701a 1 J 5 3 4 1 s

HD 56591b 1 J 3 3 11 2 s

HD 26212b 1 J 3 3 4 2 s

1 H 3 3 4 2 s
1 Ks 3 3 4 2 s
1 K 3 3 4 2 s
1 Y 3 3 4 2 s

NGC 2548b 1 J 5 5 4 20 s

M3b 1 J 3 5 4 30 s

HD 202573c 2 J 5 2 4 1 s

2 H 5 2 4 1 s
2 Ks 5 2 4 1 s
2 K 5 3 4 1 s

HD 212311c 7 J 5 2 4 3 s

5 H 5 2 4 3 s
3 Ks 5 2 4 3 s

HD 103095c 3 J 4 to 8 5 4 801 ms

HD 65583c 1 J 7 5 4 801 ms

RA 07 - 08 hd 1 J 5 3 4 10 s

a - Polarized standards, b - Sources with WGP to check for 100 % polarization,
c - Unpolarized standards, d - Photometric standard star field.

by dithering the source in minimum 5 positions and the sky frame was made from

these multiple dithered frames of the source itself. In case of extended sources

sky frames were taken separately by taking the source out of the field of detector
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for the same exposure as the source, assuming the sky to be constant over this

dithering period. The source images were taken for 3 filters x 5 dithering posi-

tions (with 3 frames per position) x 4 orientations of the WGP. The exposure

time varied from 801 ms in case of bright point sources (minimum achievable by

NICS) to 20 s each for faint sources. Also to check how closely the results from

4 orientations would match with the result from data with multiple points fitted

using equation 5.4, HD 56591 was observed with 2 WGPs (i.e. polarizing the

light from the source), for 0 o to 150 o with 15 o angular step size.

5.6 Data Reduction and Analysis

As explained in Section 5.5 the Stokes method is followed to analyze the polari-

metric data. The analysis was carried out using standard IRAF (Image Reduc-

tion and Analysis Facility) procedures along with a few IDL scripts to ease the

analysis. The initial steps to analyze the polarized images in IR are the same

as standard IR photometry. For a given source and a given band, the images

had been taken by rotating the polarizer in four orientations, 0o, 45o, 90o, 135o

and multiple frames are taken for each dithering position. And as mentioned

earlier the IR sky is bright hence sky subtraction is a critical step in the anal-

ysis. Sky frames were constructed by median combining source frames taken at

different dithering positions. This sky image obtained was subtracted from all

the raw source images to get the sky subtracted frames. To improve the S/N

ratio multiple frames of all the positions should be added up. Since the position

of the source would be different in each frame, it was shifted to a common point

with respect to a particular star and the shifted images were combined to give

a final image for each orientation. The next step is to get the intensities of the

source at the 4 orientations. Similar to photometry the magnitude of the source
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should be extracted and then converted into intensity. For this the IRAF phot

procedure was used to do aperture photometry, where a range of apertures were

defined for the source and using the curve of growth plot a suitable aperture size

was considered for further analysis. The above procedures were repeated for all 4

orientations of observations hence giving 4 intensities I0, I45, I90, I135. The Stokes

parameters were calculated from these intensities and the degree of polarization

and the polarization angle are obtained from the Stokes parameters 5.4). The ad-

ditional advantage of following Stokes method is that since normalization is done

with Intensity (I) any systematic error in the parameters are cancelled out. In

the case of extended sources a standard IRAF procedure, linpol, would directly

give pixel by pixel information of PF, PA, I, Q, U.

5.7 Results

5.7.1 100 % Polarized Light

By mounting a second stationary WGP the incoming light from a source is po-

larized, using this the polarimetric efficiency of NICSPol was tested by observing

HD 56591, HD 26212, NGC 2548 and M3. The obtained PF and PA are tabu-

lated in Tables 5.3 and 5.4. The modulation curves for HD 56591 and HD 26212

are plotted in Figure 5.4. The reason behind the PF crossing 100% within the

error bar is that, the intensity of the source at 135o and above is very less which

increases the uncertainty in the photometric measurement. The fitted PA of both

the sources are found to be consistent over all the bands and the error in PA is

found to be only ∼ 0.1 - 0.2o. Figure 5.5 shows the NGC 2548 field marked with

polarization vectors of all the sources whose details are tabulated in Table 5.4. It

could be seen that the results are consistent over the entire FOV of the NICSPol
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module over the detector.

Table 5.3: Observed PF, PA for 100 % polarized standard stars.

Source Band Observed PF (%) Obs PA (o)

HD 56591 J 100.75±0.52 -38.36±0.09

HD 26212 J 100.15±0.94 -38.45±0.24

H 100.16±0.66 -38.37±0.18
Ks 100.5±0.95 -38.21±0.24
K 100.74±0.96 -38.20±0.20
Y 100.58±1.22 -38.23±0.3

Table 5.4: Observed PF and PA for 100 % polarized light for the source NGC
2548.

Source Obs PF (%) Obs PA (o)

Star 1 100.45±0.62 15.24±0.16

Star 2 99.96±0.8 15.29±0.18

Star 3 100.66±1.67 15.43±0.39

Star 4 100.22±0.87 15.4±0.22

Star 5 99.66±0.36 15.49±0.10

Star 6 100.53±1.4 15.97±0.33

Star 7 100.44±0.8 15.53±0.21

Star 8 101.16±2.76 15.62±0.63

Star 9 99.57±0.27 15.44±0.07

Star 10 96.87±0.61 15.41±0.18

Star 11 96.12±1.37 14.21±0.35

Star 12 101.57±2.48 15.24±0.57

Star 13 100.9±1.15 15.49±0.29

Star 14 100.82±1.41 15.59±0.34

Star 15 99.04±3.63 14.88±0.83

Star 16 96.02±2.95 20.69±0.76

Star 17 98.00±2.85 18.57±0.73

Star 18 100.92±2.48 15.04±0.57
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Figure 5.4: Modulation curves for 100 % polarized light for sources (a) HD 56591
in J band and (b)-(f) HD 26212 in Y, J, H, K, Ks bands with fitted PF and PA
quoted inside.

5.7.2 Unpolarized Stars

Four unpolarized standards - HD 202573, HD 212311, HD 103095 and HD 65583

were observed using NICSPol and the obtained PF are tabulated in Table 5.5.
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Figure 5.5: 100% polarized light using second WGP from NGC 2548, marked
with polarization vectors using the PF and PA obtained.

HD 103095 and HD 65583 was also observed by dithering the source at multiple

positions (8 positions). Figure 5.6 shows the PF and PA obtained over various

positions in the FOV for both HD 103095 and HD 65583. The PFs at all the

positions were lesser than 1%. and also the PAs over these positions were found to

be random. Figure 5.7 shows the modulation of unpolarized standard HD 103095.

Figure 5.8 shows the PF of one unpolarized standard HD 212311 observed over

several nights which is found to be around 1%. From unpolarized standards it is

seen that the uncertainty is around ∼1%.

5.7.3 Polarized Standard Stars

IR polarized standards are less in number and the degree of polarization is gen-

erally quite low compared to optical wavelengths. Six polarized standards - HD

283809, HD 204827, HD 29333, HD 283725, HD 283855 and HD 283701, were

observed and a few of these were followed up during several observing nights.

The obtained PF and PA along with standard reported values are tabulated in
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Table 5.5: Observed PF for Unpolarized standard stars.

Source Band Observed PF (%) Ref

HD 202573 J 1.2±0.24 [126]

K 0.21±0.23

HD 212311 J 0.65±0.68 [127]

H 0.52±0.49
Ks 1.37±0.81

HD 103095 J 0.39±0.23 [126]

HD 65583 J 0.07±0.52 [126]

Figure 5.6: Unpolarized standards (a) HD 103095 and (b) HD 65583 over different
positions in the FOV marked with polarization vectors using the PF and PA
obtained.

Figure 5.7: Modulation curves fitted over 4 phase angles for (a) polarized stan-
dard HD 283809 and (b) unpolarized standard HD 103095.
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Figure 5.8: Observed PF for an unpolarized source HD 212311 over J, H, Ks
bands at different nights.

Table 5.6. The references of reported PF, PA of chosen standards are given in

Ref column. The instrumental polarization angle obtained by fitting Equation

5.4 has to be converted into the standard polarization angle with reference to

the local North in the equatorial coordinate system. Over a given observation

night the difference between the instrumental PA and Standard PA is expected

to be same for different sources and by implementing this correction factor Ob-

served PA is obtained. Figure 5.9 shows the difference between the instrument

and standard PA for all the sources over all observation nights. It could be seen

that the observed values match with the standard values well within the error

bar for sources HD 283809, HD 204827, HD 29333 and HD 283725. Figure 5.10

shows the PF and PA values obtained for HD 283809 with the standard values

quoted inside for J, H and Ks bands and modulation curve of one observation is

given in Figure 5.7. The observed PF and PA for HD 283809 and HD 29333 were

found to be consistent when focused over different positions of the detector FOV.

For sources HD 283855 and HD 283701 although the Observed PF match the
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Standard PF, the Observed PAs are different from the reported values. It should

be noted that at least for HD 283701, different PA values of 42o±5o (Whittet et

al. 1992 [125]) to 33o±1.3o (Whittet et al. 2001 [128]) are reported in literature.

This indicates the possibility that the PA change could be real, which can only

be confirmed by further observations that we plan to continue. Figure 5.11 shows

the obtained PF and PA plotted with respect to the reported values of PF PA.

MIMIR instrument reported the PF and PA of standard stars with small error

bars [110]. The reason for our relatively large errors in comparison with MIMIR

is, in MIMIR’s case the observations are taken for 32 half wave plate position

angles, i.e. for every 11.25o. Also MIMIR is at 1.8 m Perkins telescope hence

has large number of photons available therefore less photon noise. These result

in higher precision in the measurements. For e.g. in one of our 100% polarization

observations (5.7.1), one set of observations were made for every 15o position

angle covering 0o - 165o (Figure 5.4). From these 11 position angles of the WGP

PF = 100.75%±0.52%, PA = -38.36o± 0.09o are obtained. Whereas when only

4 position angles from these with a step size of 45o was used the values obtained

are PF = 100.8%±0.9%, PA = -38.49o±0.2o. The increase in errors due to the

smaller number of position angles is evident in the case of 100% polarized light

and this would affect the sources with low polarization. Hence in the case of

NICSPol it is preferable to go for more position angles while observing sources

with low PF, while 4 positions angles would be sufficient to study highly polarized

sources.
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Table 5.6: Standard PF, PA and Observed PF, PA for Polarized standard stars.

Source Band Std PF Obs PF Std PA Obs PA Ref

(%) (%) (o) (o)

HD 283809 J 3.81±0.07 3.19±0.69 57±1 49.52±6.2 [125]

H 2.59±0.07 2.12±0.33 58±1 56.29±4.4 [125]
Ks 1.71±0.11 1.53±0.49 55±1 59.04±9.18 [125]

HD 204827 J 2.83±0.07 2.12±0.49 61.1±0.8 63.85±6.55 [129]

H 1.71 ±0.33 60.45±5.47

HD 29333 J 2.88±0.03 2.47±0.49 69±1 69.2±5.67 [125]

H 1.81±0.04 1.81±0.49 68±1 70.57±7.73 [125]
Ks 1.19±0.08 1.14±0.49 73±1 66.46±12.3 [125]

HD 283725 J 2.5±0.3 2.49±0.33 66±1 62.44±5.61 [125]

HD 283855 J 2.58±0.03 2.27±0.33 46±1 172.16±14.4 [125]

HD 283701 J 1.68±0.12 1.65±0.33 33±1.3 7.16±11.31 [128]

Figure 5.9: Difference between Standard PA and instrumental PA over different
observation nights.

5.7.4 Polarization Measurement of a Photometric Stan-

dard Field

Landolt, A. U. in 1992 [130] listed photometric standards around the celestial

equator whose V band magnitudes range between ∼ 11 - 16. RU 149 a blue star,
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Figure 5.10: Observed (a) PF and (b) PA for a polarized source HD 283809 over
J, H, Ks bands at different nights with standard values quoted inside.

Figure 5.11: (a) Observed PF Vs Standard PF and (b) Observed PA Vs Standard
PA values for all polarized standards (color coded) at different nights. Different
symbols are used for J, H and Ks bands as labelled inside.

and other surrounding stars (RU 149 A - G) in the field which are in RA 07

- 08 h was observed using NICSPol. Figure 5.12 shows the field observed and

by comparing with the standard 2mass image, the magnitudes of the stars in J

band were obtained which are marked in the figure. To estimate the limiting

magnitude which could be achieved using NICSPol, polarization analysis of all

the stars in the field was carried out. The exposure time per frame was 10 s (5

positions, 3 frames each, 4 angles) which resulted in a net exposure of 10 min

for the complete observation. It could be seen that with this net exposure it is
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possible to measure polarization for stars as faint as ∼15 mag in J. Hence with

a higher exposure it is possible to reach up to ∼16.5 (fainter stars seen in the

field) using NICSPol. This matches very well with the number quoted earlier in

Section 5.3 (∼16.8). Since the observed field is closer to the Galactic plane the

stars in the field can not be concluded as unpolarized.

Figure 5.12: Stars in the photometric standard field RU 149 marked with their
respective magnitudes in J band.

5.7.5 Preliminary results of NIR polarization of Crab

NICSPol is used to perform imaging polarimetry of the Crab pulsar and nebula.

In case of extended sources like Crab, it is not possible to obtain the sky frames

from dithered source observations. In order to perform sky subtraction, indepen-

dent observations of a region closer to the source for the same exposure as the

source is necessary. Crab nebula and the sky background region are observed over

J band for 6 dithered positions with an exposure time of 20 s per frame (5 frames

per position). The source and background observations are performed for four

position angles of WGP (0◦, 45◦, and 90◦, and 135◦). Figure 5.13 shows the false

color composite (FCC) of Crab observed at 0◦, 45◦, and 90◦ WGP positions along

with the image (photometry) of Crab observed in J, H, and K bands. The image

clearly represents that the nebula is strongly polarized in the infrared regime.
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A detailed interpretation of the results of Crab NIR polarimetry obtained using

NICSPol is a part of the future work.

Figure 5.13: From the left: The FCC image (H - red, J - green, K - blue) of Crab
using NICS and the FCC image obtained using NICSPol in J band (0◦ - red, 45◦

- green, 90◦ - blue)

5.8 Summary

This chapter described the design and test results of NICSPol, an NIR polarimeter

add-on for NICS instrument covering wavelength range of 0.8 - 2.5 µm for the

1.2 m telescope at MIRO. NICSPol is the first imaging polarimeter in India and

covers a FOV of 3.9 arc min dia and has a pixel scale of 0.5 arc sec per pixel. The

polarization analysis is performed using IRAF and IDL following the standard

Stokes methodology to obtain the degree of polarization and the polarization

angle. Observations of NIR polarimetric standards as well as unpolarized stars

using NICSPol show that the polarization degree and angle can be accurately

determined within 1% and a few degrees, respectively. This shows that NICSPol

is suitable to carry out NIR polarization of sources with magnitudes brighter

than ∼16 over J, H, Ks bands and polarization greater than ∼1%. As discussed

in section 5.7.4, for highly polarized sources, observations with large step angles
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would be sufficient, however for sources with low polarization, more steps should

be used to fill the modulation curve and achieve higher accuracy. NICSPol is a

general purpose instrument at MIRO and can be used for observations of both

point and extended sources. NICSPol could be simultaneously with the optical

polarimeter available at the 50 cm telescope at Mt Abu to study wide variety

of galactic and extra galactic sources and hence many more scientific results are

expected in near future.



Chapter 6

Conclusions

The thesis summarizes the results of polarimetry in hard X-ray and near infrared

regimes. The first part of the dissertation describes the hard X-ray polariza-

tion of Crab using AstroSat CZTI which drives the motivation for the thesis in

two branches: 1) Exploring hard X-ray polarimetry of other transient sources

(Gamma-ray bursts) using CZTI, 2) Exploring Crab polarization in infrared

regime with the advantage of accessibility to the Mt Abu Infrared Observatory,

6.1 Summary of Results

Chapter 1 briefly introduces the astrophysical targets for which polarization stud-

ies are performed in the thesis. It also discusses the basics of X-ray polarimetry

and its types followed by a brief description of CZTI as a hard X-ray polarimeter.

Chapter 2 describes the results of phase averaged and phase resolved polariza-

tion of the Crab pulsar and nebula using CZTI data observed for a net exposure

of ∼1800 ks. Polarization analysis is performed over different energy ranges by

following dynamic binning within 100 – 380 keV. The change in polarization cor-

responding to the two pulses, bridge, and off-pulse regions with respect to energy

113
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of incoming photon are reported for the first time. The results discussed in this

chapter clearly imply the need to probe further in theoretical development in

order to explain the change in polarization signatures both with respect to phase

and energy of incoming photons.

CZTI, on its first day of operation (October 06, 2015) detected a Gamma-

ray burst GRB151006A and over a year 47 GRBs were detected by CZTI. This

advantage of CZTI being a GRB detector along with its polarization capability

provides an opportunity to measure polarization of GRBs above 100 keV. Chapter

3 describes the polarization analysis of 11 bright GRBs detected by CZTI between

October 2015 – October 2016. From the results it could be observed that most of

the GRBs are highly polarized indicating the emission mechanism behind prompt

emission to be either synchrotron in an ordered magnetic field or Compton drag.

However, in order to constrain the degeneracy in the geometry and emission

mechanism polarization measurements of a large number of GRBs are required.

CZTI is expected to provide polarization measurements of ∼10 GRBs per year

and could substantially help in improving the current understanding of prompt

emission.

CZTI emerged to be a prolific GRB polarimeter post launch of AstroSat.

In order to enhance the credibility of polarization results of CZTI for off-axis

sources like GRBs, a set of controlled experiments and simulations are performed

which are discussed in detail in chapter 4. For various off-axis configurations

the polarization results obtained from experiments are found to be matching

quite well with the Geant4 simulations. Through a set of independent Geant4

simulations, the MDP for incident polar angles 0◦ – 90◦ each for polarization

angles 0◦ – 90◦ corresponding to two cases of number of Compton events (3000

and 10000) are evaluated. As a result of this study it could be interpreted that



6.2. Future Outlook 115

CZT detectors are suitable to measure polarization of GRBs for which the incident

direction θ < 60o from the normal.

The successful measurement of Crab polarization in hard X-rays provides

motivation to study the polarization of Crab in other wavelengths. Interestingly,

polarization of Crab in the infrared regime is not reported so far. Since there are

no IR polarimeters in India we developed NICSPol, a near IR imaging polarimeter

as an add-on to an existing back end instrument NICS at the MIRO. Chapter 5

discusses NICSPol instrument and the calibration results of NICSPol by observing

a set of polarized and unpolarized standards over multiple observation nights.

NICSPol covers a wavelength range of 0.8 - 2.5 µm and is suitable to measure

polarization of sources with magnitudes brighter than ∼16. We used NICSPol

to perform NIR polarization of Crab and the results imply strong polarization

signatures of nebula that needs further investigation.

6.2 Future Outlook

The work presented in this thesis embarks scope for a few interesting scientific

studies which can be followed up in future.

6.3 Phase resolved polarization of Crab in opti-

cal, NIR, hard X-rays

We carried out phase resolved polarization of Crab over 100 – 380 keV using

CZTI and phase averaged polarization of Crab pulsar and nebula together over

0.8 - 2.5 µm using NICSPol. The current read out time of NICS is not feasi-

ble to perform phase resolved polarimetry. However, NICS could be customized
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to observe a smaller FOV with a fast read out time. In addition to this, a

Near-Infrared Imager, Spectrometer & Polarimeter (NISP), one of the back end

instruments for the upcoming 2.5 m telescope at MIRO, is currently under de-

velopment. The advent of these facilities in IR along with CZTI could provide

a unique opportunity to have a multiwavelength measurement of phase resolved

Crab polarization. Also, the polarization of the nebula in infrared regime is ex-

pected to provide many interesting insights. For example, in the current results

of Crab polarization using NICSPol it could be seen that few bright filaments in

thermal part of nebula posses low polarization while the regions that have low in-

tensity have high polarization fraction. With the current measurements of phase

resolved polarization in optical and hard X-rays, measurement of phase resolved

polarization in infrared could lead to further developments in theoretical models

based on multiwavelength polarization.

6.4 Polarization of five years GRB sample using

CZTI

We have already reported the polarization of 11 GRBs from its first year sam-

ple. CZTI has detected 306 GRBs between October 2015 – June 2020. From

this large five year sample of GRBs, polarization of ∼60 GRBs is expected to be

measured. A statistical study of such large number of GRBs with polarization

measurement could help in constraining existing conflicts in the prompt emis-

sion mechanism. Further, we have achieved few improvements in the polarization

analysis technique: better noise clean algorithm, gain correction to spectroscop-

ically bad pixels, using Compton events detected in next neighbor pixels. These

could enhance the number of Compton events detected and there by improving
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the signal to noise. Since each GRB is unique, probing individual bright GRBs to

perform time resolved and energy independent polarization analysis could provide

more understanding about the radiation process and nature of magnetic field in

the jet.
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