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ABSTRACT

Title of Dissertation: PROBING THE STRUCTURE AND MORPHOLOGY OF
X-RAY AND GAMMA-RAY BINARIES USING A MULTI-WAVELENGTH,
MULTI-MISSION APPROACH

Joel Barry Coley, Doctor of Philosophy, 2015

Dissertation directed by: Dr. Robin Corbet
UMBC CRESST

This thesis focuses on High-Mass X-ray Binaries (HMXBs) #m&lr gamma-ray
precursors, consisting of a compact object and an opticabemion. Matter lost from
the companion is accreted by the compact-object where thatgtional potential energy
is converted into X-ray radiation. The predominant higlemgyy emissions in gamma-ray
binaries are in the MeV to TeV bandpasses. Often, they arbwttd to relativistic jets in
microquasars or shocks from winds of the donor star and pptsaered by rapid rotation
of the neutron star.

| use multi-wavelength observations WRXTE, MAXI, Swift, SuzakuFermiand
ATCA to provide detailed temporal and spectral information ovess X-ray binaries
and one gamma-ray binary, namely 1FGL J1018.6-5856.

My survey of the eclipsing HMXBs IGR J16393-4643, IGR J164532, IGR
J16479-4514, IGR J18027-2016 and XTE J1855-026 demoestitaat the physical pa-
rameters of both stellar components can be constrained.GR J16393-4643, spec-
tral types of BO V or BO-5 Il are found to be consistent witle teclipse duration and

Roche-lobe size, but the previously proposed spectralstypeGR J16418- 4532 and



IGR J16479-4514 were not. Also found to be consistent wighdtlipse half-angle and
Roche-lobe size were the mass donor spectral types of IGBRJ183016 and XTE J1855-
026.

4U 1210-64 was postulated to be a HMXB powered by the Be mésimarLong-
term observations show distinct high and low states and#06:70.0005 day modulation.
A sharp dip interpreted to be an eclipse is found in the folliggut curves. The eclipse
half-angle is not consistent with the previously proposaecsral type B5 V, pointing to
possible spectral types of BO V or BO-5 llI.

The gamma-ray binary 1FGL J1018.6-5856, discovered by #mmiF_arge Area
Telescope, consists of an O6 V((f)) star and suspected lyappinning pulsar. | ex-
ploit the ~6.5 yr gamma-ray data to search for long-term changes inrbygepties of the
16.531-0.006 day orbital modulation. The best-fit spectral modelststs of a feature-
less absorbed power law, evidence that 1FGL J1018.6-585@am-accreting system. |
find the radio amplitude modulation to decline with incregsirequency, indicating the

presence of free-free absorption.
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Chapter 1

INTRODUCTION

1.1 Overview

People throughout the centuries have looked into the nightied wondered what
they saw. Apart from the moon, the night sky to the unaidedi®geminated by various
star types, which captures the imaginations of children|tadand as well as the amateur
astronomer, and are expressed in words from nursery rhymesdtry. Ancient civi-
lizations named constellations based on numerous patteahsesembled things seen in
nature. These included but were not limited to bears (UrsppiMiand Minor) whose tails
form the Big Dipper and Little Dipper, respectively; dogxklas Canis Major, which
hosts the brightest star to the unaided eye, Sirius; ang (i Taurus constellation), a
prominent constellation in the winter sky. One of historgldest documents, the Bible,
also speaks of the stars and in the book of Isaia653 B.C.) it was recorded that the
stars were all created and given a name by God. In the age tdrakpn, sailors used
the stars as navigation beacons in order to determine tit@inde and longitude as their
ships traversed the vast seas of our Earth. Not only have wedgato the sky and were

mystified by the nature of stars but throughout the ages, we hso wondered about



the lifetimes of stars and if they have birthdates and dedésdlike us. This was articu-
lated shortly after the turn of the second Millenium, whea @hinese noted the sudden
appearance of a star in Taurus (Carroll & Ostlie, 2006). Ihéarout not to be a random
event in the evolutionary history of the star, but a violexpplesion where a supergiant
star expels much of its mass as a supernova. Today, only ta@tthe progenitor star re-
mains as a rapidly rotating neutron star surrounded by atlieloulsar wind nebula and
a supernova remnant that modern astronomers refer to as éheNe&bula (Reifenstein et
al., 1969).

The main topic of this thesis is the study of binary systemenehigh-energy
emission in the X-ray and gamma-ray bandpasses is obseiMeel.remainder of this
chapter is structured in the following order: the comporeauit X-ray and gamma-ray
binary systems are introduced in Sections 1.2 and 1.3 andwblation of binary sys-
tems is presented in Section 1.4. Sections 1.5 and 1.6 fattisegphysical mechanisms
responsible for the X-ray emission, Section 1.7 presemp#ticle acceleration mecha-
nisms in gamma-ray binaries, and Sections 1.8 and 1.9 #edte temporal and spectral

evolution of these systems. The organization of the thessiilined in Section 1.10.

1.2 Stars and Spectral Types

The birth of a star takes place in a region of gas and dust, wtntlapses under
its own gravity to the point where the process of nucleardngian begin. The energy
released in its core, which is dense and hot enough where lgifuse into He nuclei,

provides the necessary pressure to halt further gravitatioollapse and places the star



in hydrostatic equilibrium (Gor&dez-Gaan, 2015). Due to nuclear fusion of hydrogren,
the stage where the outward thermal pressure is in balartbelva gravitational force is
called the main-sequence. It can last for millions to oills of years depending on the
stellar mass. For example, the lifetime of massive starfiénnbain-sequence phase is
significantly shorter than those that are less massive dietiarger temperatures, initial
luminosities and energy generation in their cores (CarroDslie, 2006).

Stars have different colors to the unaided eye on an everfistapgazing. This
is a direct consequence that stellar spectra can be apprtednby black-body radiation,
which can be expressed in terms of the relationship betweertalor of a star and its
temperature (Carroll & Ostlie, 2006). The color of a star, e¥his referred to as its wave-
length peak emission, is inversely proportional by its temapure and can be quantified

using Wien'’s Displacement Law (see Equation 1.1).

(1.1) —_ 2.898;an

This assumes that the star emits as a perfect blackbody anefdie its corresponding
temperature is a description of the energy output (Carroll €li®, 2006; Karttunen et
al., 2007). Peaking in the blue and violet regions of thebléspart of the electromag-
netic spectrum, the temperatures of stars with masse$—28)/, are between 15,000—
35,000 K, which is much greater than that of stars with massagparable to the Sun.
Less massive stars such as the Sun and cool red-dwarfs oth#érehand have tempera-
tures of~5500 K and~3000 K, respectively. These properties are sorted by thedtar

Spectral Classification where massive blue stars are lalzde@d and B, respectively;

cooler white and yellow stars are referred to as A, F and G;dificcooler stars are K



and M, which peak in the orange and red. In recent decadeenasters found objects
referred to as brown dwarfs adding the types L and T to the &tdr@pectral Classifica-
tion. These objects lack the necessary temperatures incitves to ignite nuclear fusion
and the surface temperatures in many of these objeet3% K (Kirkpatrick, 2005).

The physical property that drives the evolution of a star ad past the main-
sequence is its mass. The energy in main-sequence O andsBsstgnerated via the
carbon-nitrogen-oxygen (CNO) cycle, which is the dominaeans of nuclear fusion in
stars where the temperature of the core exceeds107K (Schuler et al., 2009). When
the hydrogen in the core is exhausted, the energy generatithre core and hence the
thermal pressure that kept the star in hydrostatic equiifbrduring the main-sequence
ceases. This results in a slow collapse of the stellar coexevHe nuclear fusion can be-
gin. At this point, helium nuclei fuse into carbon nuclei piypng a new mechanism that
halts further gravitational collapse and once again plélcesstar into hydrostatic equi-
librium. Different nuclear reactions occur at ever fasteies and in the case where the
star has a sufficient mass can eventually lead to the formafié-e. Due to its negative
binding energy, nuclear fusion is unable to exothermalbgpess beyond Fe and instead
results in a supernova. Depending on the mass of the corepthpact object left behind
is either a neutron star or black hole. These will be detaieSection 1.3.

The gravitational potential at the surface of stars, serfg@vity, is used to form
another classification scheme referred to as the Yerkesi@p&tassification (Karttunen
et al., 2007). In this scheme defining the stellar luminosigss, supergiants have the
lowest surface gravity and are designated with la, lab oBliant stars and main-sequence

stars form the Il and V luminosity classes, respectively.
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1.3 Compact Objects

White dwarfs, neutron stars and stellar mass black holesdadliextively referred to
as compact objects and represent the endpoint in the emoduti history of normal stats
These are the remnants of stars that once radiated in theabatid/or ultraviolet part of
the electromagnetic spectrum and are a direct result oftgtaonal collapse. Apart from
black holes that collapse into a region smaller than the &chehild radius where not
even light can escape the immense gravitational poterdesd eéquation 1.2), compact
objects are degenerate stars that are in hydrostatic bduii between gravity and the
degeneracy pressure due to fermions, particles with h&iger spins such as electrons

and neutrons.

(1.2) Ts

Degeneracy pressure is a direct consequence of the Palusmxcprinciple from quan-
tum mechanics, which states that no two fermions can simedtasly occupy the same
guantum state (Griffiths, 1995). While the end of the life oftar $ike the Sun will be
relatively quiet as the core becomes a white dwarf approteipahe size of the Earth,
stars with masses in excess-08)/, explode as Type Il supernovae (Woosley & Janka,
2005). The stellar core becomes the only remaining intattqdghe star as the major-
ity of its mass is expelled in a supernova, forming superrrevanants such as the Crab
Nebula. Depending on the mass of the remaining core, whaiftissl either a neutron
star supported by neutron degeneracy pressure or a blaek N@hile black holes and

white dwarfs are fascinating objects in their own right, thajority of the binary systems

IHere, | refer to stars where nuclear fusion occurs.



discussed in this thesis are known or suspected to host Yuksars. These are neutron
stars powered by matter accretion from a donor star.

The study of compact objects commenced in the early 20thugemiith the dis-
covery and subsequent study of white dwarfs (Adams, 1914zbjgung, 1915). While
the nature of white dwarf stars at first appeared eldsivese stars were found to be sup-
ported by the hydrostatic equilibrium between electronethegacy pressure and gravity
(Fowler, 1926, Dirac, 1926). Correctly asserting electrahfigh densities to be rela-
tivistic, Chandrasekhar (1931) calculated the maximumlstatass of a degenerate gas
of relativistic electrons to be 1.4 M. This is now referred to as the Chandrasekhar limit
for white dwarfs.

With the discovery of the neutron in 1932 (Chadwick, 1932gatiists postulated
the existence of more massive compact objects composedegfamdrate gas of neutrons
(Baade & Zwicky, 1934). These objects referred to as neudtars are compact objects
that are supported by the hydrostatic equilibrium betweemtnon degeneracy pressure
and gravity. The first calculations of their internal stiwetwere reported in Oppenheimer
& Volkoff (1939), where mass limit calculations similar tog white dwarf Chandrasekhar
limit were made. While theorists calculated the internalcinre and supernovae as the
formation site of neutron stars, the first pulsar was not ntladm®nally discovered until
1968 (Hewish et al., 1968).

Today, nearly 2000 neutron stars are known and can be egb&ated in space

or part of a binary stellar system (Manchester et al., 200%)e subclasses of isolated

2E.g. The first white dwarf was initially found to be an A-typarswith low luminosity; Adams (1914).



neutron stars include radio pulsgrSoft Gamma-ray Repeaters (SGRs), and Anomalous
X-ray Pulsars. Due to their rapid rotation and extreme m#grieelds, which are on
the order of 16»-10"> G (Manchester et al., 2005; Haensel et al., 2007), radicapsils
are powered by the rotational kinetic energy of the neuttan @acini, 1967). This is
observed in a broad spectrum that covers nearly all wavdieran the electromagnetic
spectrum. It should be noted that the pulsed emission obdenvAXP and SGRs is on
the order of 1¢' erg s (Kouveliotou et al., 1998), which is too luminous to entjreke
powered by the spin-down energy of the pulsar (Manchestdr,&2005). AXP and SGRs
are also characterized by a long rotation period and rapid épwn rate. This implies
that the magnetic field is in excess of'4G (Manchester et al., 2005). The resulting X-
ray emission is attributed to magnetic field relaxation.Ha tase that the magnetic and
rotational axes are misaligned, this radiation sweepsgatba line-of-sight and can be
observed as radio pulsations. It should be noted that solearpypowered by the neutron
star rotational kinetic energy were discovered in the X-aag gamma-ray bandpasses,
and might not show radio pulsations (e.g. Geminga, SNR N1ib&&#pern & Holt, 1992;
Marshall et al., 1998). This electromagnetic radiatiorguces a torque, which effectively
causes the neutron star to lose rotational kinetic energytowne and can be quantified by

the neutron star characteristic age(Manchester et al., 2005; Gaensler & Slane, 2006).

3These are to be distinguished from accretion-powered musgen in X-ray binaries.
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This is dependent on both the spin period and derivativeespin period of the neutron

star (see equation 1.3).

P, ulse
(1.3) 7, = —Puse
2P)pulse

As a whole, neutron stars are exotic objects where matteavashin ways that
are impossible to replicate in the laboratory setting arelstudied to test the laws of
fundamental physics in the presence of extreme thermat@nwvients as well as gravita-
tional and electromagnetic potentials. The mass and radinsutron stars are typically
~1.4M,* and 10-15 km, resulting in a density on the order o 0cm 3 (Lattimer &
Prakash, 2004). This is approximately an order of magnitadger than that of atomic
nuclei. Since matter in a neutron star is crushed to supckeaudensities, its Equation
of State (see Equation 1.1), the relationship between mas$saalius, is unknown and
there are currently over 100 models to predict its behawtaqon et al., 2011; Lattimer,
2012). This is dependent on the number of bosons, which deordtibute to neutron
degeneracy pressure, and the number of bosons is direcipypgronal to the maximum
mass of the neutron star. In the case of a large fraction afmfrmed in the interior of
a neutron star, neutron star masses can approach masses 8p/4g (i.e. near the limit
originally predicted by Oppenheimer & Volkoff, 1939).

At present, the internal structure of a neutron star is poardderstood and can
only be described using theories such as, but by no mean®dinw, General Relativ-
ity, Quantum Chromodynamics, super-fluidity. Based on aesg\presented by Haensel

et al. (2007), neutron stars could consist of a thin atmasptecrust and a core. The

4The Chandrasekhar limit for white dwarfs.



atmosphere consists of a thin plasma, only a few millimetack, which emits thermal
radiation. This has been exploited to probe propertiesehtutron star such as its grav-
itational and electromagnetic potentials, effective teragure, and chemical composition
(Zavlin & Pavlov, 2002). Studying the thermal radiation &gt from the atmosphere
also can reveal properties such as the mass and radius odbnetdrs, which can be stud-
ied to disentangle the poorly constrained neutron star muaf State. The crust of the
neutron star is separated into two layers, where the outriager is a solid envelope
about 200-500 m thick primarily consisting ¥fe (Haensel et al., 2007). In the outer
crust, electron degeneracy pressure is dominant whereehsitg is~4x10'' g cn3.
However, at the bottom of the outer crust these electrongngadinverses-decay with
protons to form a free neutron liquid (e.g. Lattimer & Praka®004; Lattimer, 2012, and
references therein). The inner crust is postulated te bekm thick and thought to be com-
posed of free neutrons, neutron-rich nuclei and electréissdensity exceeds those that
can be studied in terrestrial laboratories and the matteidgoossibly be in a super-fluid
state (Haensel et al., 2007). The core is also separatedmndaiter core and inner core.
Consisting of a degenerate neutron plasma with protonstrefecand possibly muons,
the density in the outer core can approach twice that of hatwyic nuclei (Haensel et
al., 2007). Densities in the inner core are on the order of gmtade larger than heavy
atomic nuclei. While the structure of the inner core is fardoay a tested theoretical de-
scription, it is possible that the inner core could be conspasf quark matter (Haensel et

al., 2007).
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FiG. 1.1. Typical curves for hadronic and strange quark matjgagons of state in Mass-
Radius space. The regions that are excluded due to genkxtalitg, finite pressure and
causality are indicated (Lattimer, 2012).

1.4 Evolution of Binary Stars

Many stars in the observable Universe reside in binary systel'hese are defined
as two stars orbiting their common center of mass. It is culyeestimated that anywhere
from one-third of stars in the Milky Way to 70 of stars are binary stars (Lada, 2006; Li &
Han, 2008). The evolution of these stellar systems is degr@ruh the orbital separation
and the gravitational interaction between the stellar coments. In wide-binaries the
components evolve separately. In close-binaries theresmsadl orbital separation where
the components gravitationally influence the outer atmesphleading to interactions
between the components in the form of tidal forces and mas®tan. As a whole, the
study of binary stellar systems is important to the field af@shysics where the masses

of the components can be accurately calculated resultingdimect methods to probe
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their radii and density. Eclipsing binaries in particulae anportant because the radii of
the components, the orbital inclination angle and massesceaurately be determined,
which further reduces the uncertainties.

The interaction between the components in a binary systensigaificantly com-
plicate the evolutionary history of these paired stars. sTikiattributed to the Roche-
potential (see Figure 1.2), which is described as the sagéipn between the gravita-
tional potentials of the stars and that due to the centriftayae between the two stars.
These forces cancel out at thagrangianpoints of equilibrium,L,—Ls, whereL, is the
region where the equipotential lines touch between the tews §Paczfiski, 1971). The
critical gravitational equipotential line that surrounaistar is referred to as the Roche-
lobe. This is important to the mass transfer process refdoes Roche-lobe overflow
where material al; of one star in a binary system with an outward angular monmentu
can be captured by the gravitational potential of the otkee (Figure 1.2). One way to
classify binary stars is dependent on whether one or both 8lietheir respective Roche
lobes (Paczyski, 1971). A contact binary is when both stars fill theimprestive Roche
lobes, a semi-detached system is when only one of the sthaits fiRoche lobe and a
detached binary is when neither star fills its respectiveiigdobe.

The binary nature of the system in many cases is disruptedh whe of the com-
ponents explodes as a supernova, as was found in Brandt &a@ltmigski (1995). They
note that it is possible that the less massive star can eoffitee main-sequence prior to
the more massive star, which is a consequence of Roche-l@faov. This is called the
Algol paradox, named after the famous Algol binary, and it daectly influence the life-
time of the binary components. In a bound system that cansist neutron star and mass

11



FiG. 1.2. The Roche potential on the orbital plane showing tbatlon of the
Lagrangian points for a mass ratjo= 1 (Figure 2, de Val-Borro et al., 2009).
donor, the energy released during the supernova stronfggtafthe orbital parameters of

the system such as the eccentricity and a natal kick vel@Bitgndt & Podsiadlowski,

1995).

1.5 X-ray Binaries

At the point in the evolutionary history of close binary sfsis when the primary
component — initially the most massive — becomes a compgatiolmeutron star or black
hole), very powerful emissions in the X-ray bandpass caniodthese systems called X-
ray binaries (XRBs) were first discovered in 1962 by Giaca&tmil. (1962) and are among
the brightest sources in the X-ray extrasolar sky. This is uthe extreme gravitational
field of the compact object, which accretes matter from themanion star — called a mass
donor — in a number of different processes. The accretecematian X-ray binary that

hosts a neutron star has a free-fall velocity that appraasi@e?7 c. This then impacts the
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solid surface of the neutron star where its potential enstgsed in the gravitational field
is converted into thermal energy and where the temperatureegls 10K (Shklovskii,
1967; Makishima, 2010). Using the canonical neutron stasswefined by the white
dwarf Chandrasekhar limit and a radius of 10 km, it can be eg#@dhthat a mass loss rate
of ~10¥ M, yr~! can power an X-ray source of ¥6-10*" erg s* (Seward & Charles,
1995).

Depending on the mass of the donor star, XRBs are dividedwudaroups: High-
Mass X-ray Binaries (HMXBs) and Low-Mass X-ray Binaries (XHs, see Figure 1.3).
The donor star in LMXBs is a late-type star typicallyVL, or less. In such systems,
the primary mechanism for mass transfer is almost alway$&dabe overflow. Symbi-
otic X-ray binaries form a second class of LMXBs, which caisiof just eight known
members (see Kuranov & Postnov, 2015, for review). Thessisbaf neutron stars that
accrete from the winds of M-type giant stars, where the eustar rotation periods were
found to be the longest so fae.g. 3A 1954+319, Corbet et al., 2008). High-mass X-ray
binaries (HMXBs), on the other hand, host massive OB copatés where mass loss
occurs via Roche-lobe overflow or direct accretion of thdastevind (e.g. Bondi-Hoyle
accretion; Bondi & Hoyle, 1944). As of 2011, there wer800 Galactic X-ray binaries

in which nearly 38; of the total are HMXBs (Chaty, 2011).

1.5.1 Accretion Geometry

X-ray binaries have a significant impact on high-energycsimy. They offer the

opportunity to investigate the coupled evolutionary higtbetween the mass donor and

5The longest spin period in a neutron star is 5.3 hr.
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FiG. 1.3. Classification of X-ray binaries (Reig, 2011).

compact object at a key phase in their lifetime. Interactisuch as tidal effects and mass
accretion drive changes in the stellar components that eandnitored over time. While
tidal effects in short period systems lead to the orbitadudarization of the components,
the consequences of mass transfer can be studied by therdeliagion observed in these
systems. Eclipsing XRBs provide opportunities for us tostmain the mass and radius of
the donor star. The mass of the compact object and therdferadutron star Equation
of State can be constrained, when measurements from a fimiser analysis and radial
velocity measurements are available.

A fundamental astrophysical property in accreting souvcesn the forces of grav-

itation and that due to radiation pressure are at equilibisiknown as the Eddington

14



luminosity (see Equation 1.4; Frank et al., 1992; Seward &rfesal1995; Becker et al.,
2012).

drGMmpe
oT

(1.4) Leaa =

The radiative pressure is a consequence of the scatteriglgctfomagnetic radiation off
matter, where photons interact with the electrons via Trmnscattering (e.g. Frank et
al., 1992). The gravitational force primarily interactsthvprotons, which are-1836
times more massive than electrons. It should be mentioreddhthis relation to hold,
the accretion process is assumed to be spherically synmiBecker et al., 2012). Due
to the extreme ionized nature of the accreted material aghlyhimagnetized nature of
neutron stars, where the Eddington luminosity is found toi€*® erg s!, the above
mentioned regime only naively describes the accretiongs®dn X-ray binaries. The
extreme magnetic field must be taken into account (see $eti). The Alfvén radius
is defined as the distance from the center of the neutronstahére the kinetic energy
density of accreted material is equal to the energy dengined in the magnetic field
(Becker et al., 2012). At distances closer to the neutranstabout~ R, the dominant
force on the accreted material is the magnetic force, whootefs it to follow the trajectory
of the magnetic field lines (Arons & Lea, 1980; Becker et @12). This forms accretion
columns above the magnetic poles (see Figure 1.4). While nimagding mechanisms
have been proposed, the most efficient mechanism that cotheeinflowing material
with the magnetic field is the Kelvin-Helmholtz instabilighrons & Lea, 1980; White
et al., 1983). The exact geometry of these columns is poartletstood, but theorists

postulated that it could take the form of either a filled cgién, a hollow cylinder, several
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layers or multiple cylinders (see e.g. Meszaros, 1984). Adtespots that form when the

accreted material impacts the solid surface of the neutasmsay be on the order of 1 km

(Becker & Wolff, 2005).
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FIG. 1.4. Diagrams of the fan (left) and pencil (beam) geomet@sulting from material
accreting onto the magnetic polar cap of a neutron stard@uwérr et al., 2007).

Inside the accretion columns and resulting hot spots, thdifred Eddington lu-
minosity may be reduced up to a factoro200 (Becker & Wolff, 2005; Becker et al.,
2012). This is a direct consequence of both scaling down tligigton luminosity to the
ratio of the surface area of the neutron star to that of theetion column, and modify-
ing the Thomson scattering cross-section to that for pleopamallel to the magnetic field

(Basko & Sunyaev, 1976; Arons et al., 1987; Becker et al.220it is postulated that this
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modified Eddington luminosity is not a hard limit, as opposethat seen in a spherically
symmetric regime, and can be exceeded locally. Dependingetuminosity regime, a
possible shock front can form in the accretion column thatmavent X-ray photons that
propagate parallel to the magnetic field from escaping (Be&Wolff, 2005; Sctonherr
et al.,, 2007). These X-ray photons may instead escape frenw#tls of the accretion
column and are called fan beam radiation (see Figure 1.4)urAinosities lower than
the critical luminosity, which is on the order ef10**-10*" erg s!, the X-ray radiation
is postulated to be emitted from the top of the accretionmooland is called pencil beam
radiation (Nelson et al., 1993; Becker et al., 2012). A mm&tof pencil and fan beam

radiation is seen near the critical luminosity (see Figude $clonherr et al., 2007).

1.5.2 Classifications of High Mass X-ray Binaries

The physical characteristics of an X-ray binary depend enéture of the stellar
remnant and the configuration of the components of the syst&imce the mid-1970s,
HMXBs have been split into two individual classes: Be X-ragdnies (BeXBs) and
supergiant X-ray binaries (SGXBs). The donor star in a BeXR rapidly rotating non-
supergiant B-type star, where accretion mostly occurs whercompact object passes
through the circumstellar decretion disc around the B $ta&GXBs, the compact object
is in a short (<1-40 day) orbit around an OB-supergiant where the accretiechanism
is either via the powerful stellar wind and/or Roche-loberdow. While the eccentricity
in most SGXBs with short orbital periods is near zero, somXB&host compact objects
in highly eccentric orbits (e.g. GX 301-2, Islam & Paul, 2D14h wind-accretors, the X-

ray luminosity is on the order of $0-10°° erg s'!. However, a much higher luminosity is
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found in systems where the donor fills its Roche lob&0* erg s'! (Kaper et al., 2004).

| first discuss the mass transfer process in wind-fed systarhere the compact
object accretes material from the strong radiatively drigad highly supersonic wind of
the OB-supergiant (e.g. Bondi-Hoyle-Littleton proces&ndi & Hoyle, 1944). In their
review, Castor et al. (1975) predict that OB stars lose apprately 10°° M, a year due
to radiation driven winds. The mass expelled from the OB g#ans momentum due to
the absorption and scattering of surrounding photons ietiveonment near the OB star,
forming a highly energetic wind with a terminal velocity tian approach up to 2000 km
s~! (Reig, 2011). X-ray emission in classical SGXBs is typigalersistent where the
total luminosity of the system is on the order off1010°° erg s™*. | note that short-term
periodic variations due to wind inhomogeneities have bdweved (Chaty, 2011). The
neutron star rotation period in wind-fed SGXBs is typicadtipg, on the order of hundreds
to thousands of seconds. One particular SGXB, 2S 0114+6%s laoneutron star with a
spin period~10* s (Farrell et al., 2008).

| also discuss the accretion process in disk-fed systemeremhe Roche lobe of
the donor star is overfilled (e.g. Cen X-3, SMC X-1, LMC X-4; BeR011). Due to
the large angular momentum, the accreted material formscareon disc around the
compact object transfering significant mass and momentunis résults in much higher
X-ray luminosity,~10 erg s'!, which can approach the Eddington luminosity of some
compact objects (Kaper et al., 2004). Wind accretion mag aftect the dynamics of
many SGXBs where mass transfer takes place via Roche-loddrlaw (e.g. Cen X-3;
Day & Stevens, 1993).

Another accretion process is transitional Roche-lobe fax@r which is seen in
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SGXBs where the donor star nearly fills the Roche lobe (e.g.nGyXK-1, IGR J16479-
4514; Hanke et al., 2009; Sidoli et al., 2013, and referetio@=in). In this regime, tidal
interactions at the inner Lagrangian point substantiatiguses the stellar wind into a
weak accretion stream (Blondin & Owen, 1997; Sidoli et a]12). The mass accreted
onto the compact object is a superposition of the spheriaadi\and the focused wind,
resulting in a significant increase in both the accretior eatd X-ray variability (Sidoli
etal., 2012).

Finally, | discuss the mass transfer mechanism that is se®BaXxBs, which is com-
monly referred to as the Be mechanism. BeXBs are transiates)s where the compact
object is in a wide, typically eccentric, orbif’(;, =10 days) around a rapidly rotating
non-supergiant B-type star or Be-star (see Section 1.2)théir reviews, Negueruela
(1998) and Chaty (2011) found the narrow band of allowed saktypes in BeXBs con-
trasts with that seen in isolated Be stars, where the spé&ge of isolated Be stars can
extend to B9e (see Figure 1.5). This is possibly attribubettié natal “kick” velocity and
angular momentum loss during the formation of the compajgablivhere low mass stars
are ejected from the binary system. The primary star rotaes the breakup speed where
the rotational kinetic energy is large enough to form a aimstellar “decretion” disc (see
Figures 1.6 and 1.7). The decretion disc, composed of a Eaeity, high-density stel-
lar wind, can be studied in multiple wavelengths—each giarifferent part of the story.
Optical and near-infrared spectra show thatémission lines and a continuum character-
ized by free-free or free-bound emission describe the glayproperties of the “decretion
disc” (Chaty, 2011). While H lines are the most dominant emission lines seen in Be-

stars, He and Fe emission lines can be observed as well (B&id). The width of the
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Ha line is correlated with the size of the disc, which is showrfdon and disappear
with time. The time-scale for the development and dissgmatf a circumstellar disc is

typically on the order of 3—7 years (Reig et al., 2010).
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FiG. 1.5. This figure compares the spectral distribution betwige stars in isolation (top)
and Be stars in Be/X-ray binary systems (bottom). It can lesvsithat Be stars in X-ray
binary systems follow a different trend compared to sinslkars isolated from any nearby
neighbors (Negueruela, 1998).

1.5.3 New classes of SGXBs discovered \WTErnational Gamma-Ray As-

trophysics Laboratory (INTEGRAL)

Prior to the launch ofNTErnational Gamma-Ray Astrophysics Laboratory (INTE-
GRAL) in 2002, SGXBs were identified as a rather rare subgroup of BSIXIn fact,

only five out of 130 HMXBs were classified as SGXBs in the cga&ported in Liu et al.
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FIG. 1.6. The disc geometry viewed pole-on of a Be star (Wateat €1987)

(2000). In this catalog;-50 were reported as BeXBs. This was due to an observational
bias where the emission in SGXBs is persistent compared ¥BBgewhich are usually
transient (Reig, 2011). Classical SGXBs are typically esit systems where detection
requires an improvement of the sensitivity of X-ray detestcompared to BeXBs where
detection is additionally related to their transient natur

INTEGRAL, sensitive to X-rays in the 17-100 keV band (Bird et al., 20p0o-
vides an excellent way to study highly absorbed SGXBs. Tdnisgivity to higher energy
X-rays allowsINTEGRAL to peer through the absorption, resulting in the detection o
new X-ray sources. In their review, Bird et al. (2010) repdrt total of 723 sources de-
tected byINTEGRAL where 185 sources are XRBs. Out of the new population of XRBs,
two new subclasses of SGXBs were discovered: obscuredspatsiSGXBs wherévy
is on the order of 1 atoms cm? and Supergiant Fast X-ray Transients (SFXTs), char-
acterized by fast and transient outbursts. For more infatonasee Kuulkers (2005) and

Chaty (2013) for reviews.
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FIG. 1.7. The disc geometry viewed pole-on of a Be star (Wateat €1987)
1.6 Temporal Evolution of X-ray Binaries

The variability of X-ray binaries is seen on different tinsages, giving different
pieces of a larger picture. In the case that the compact blgex highly magnetized
neutron star, X-ray pulsations can be seen at the neutronosédion period. Variability
can also be seen at the orbital and superorbital periods of Meray binaries due to a
variety of different binary processes. Additionally, leterm variability allows the study
of changes in the physical and geometric properties of HM#EB&Ng timescales. | dis-

cuss the physical mechanisms responsible for the vatyakiien at different timescales

below.
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1.6.1 Neutron Star Rotation Period

Many HMXBs host a highly magnetized neutron star where matihn is often
seen at the rotation period. This is a consequence due toifiadignment of the rotation
and magnetic field axes of the neutron star, which resultereadic variation of X-ray
flux for a given line of sight. The shape of the pulse profilejchihis the light curve folded
on the neutron star rotation period, is directly affectedtiy accretion geometry (see
Section 1.5.1 for description). Therefore, the study ospyprofiles and their evolution
can be exploited to probe the amount of angular momentumishatcreted onto the
surface of the neutron star and converted into spin-up amddgvn torques (see e.g.
Furst, 2011, and references therein).

In the simplest geometry when the luminosity is far belowahgcal value, which
is described by the pencil-beam emission when only one ntagpele is visible, the
pulse profile appears to be quasi-sinusoidal with one-pealofbital phase (Nelson et
al., 1993; Becker et al., 2012). The fraction of the pulsedsion in comparison to the
total flux determines the flux of the trough. More common, hesveis a pulse profile
that consists of two peaks where the X-ray emission from tteedion columns over
both poles can be studied (White et al., 1983). A proper thmailereatment involves
the consideration of gravitational light bending, halogl asymmetries in the magnetic
field (Kraus et al., 1995, 2003). Since the study of pulse le®fand their evolution is
beyond the scope of this thesis, | refer the reader to Kraak €995, 2003) for a proper
treatment.

Finally, 1 note that no pulsation period is found in some HMXBat are highly
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likely to host neutron stars. The physical mechanisms andgéries that have been pro-
posed to describe the absence of a pulsation period inchedoliowing: co-alignment

of the magnetic and spin axes of the neutron star (e.g. Ba#aghal., 2010), the accre-
tion beam points in our direction and the presence of a weakneti field. These are

discussed in Section 4.5.3 in application to my study of 4WQt&a4.

1.6.2 Orbital Period

HMXBs typically show modulations on the orbital period oéthinary. Variability
on orbital periods is attributed to a large variety of binarpperties including eclipses
and eccentric orbits.

Of the hundreds of X-ray binaries found so far (Chaty, 201130the orbital incli-
nation is sufficiently large for the mass donor to occult tbempact object along our line
of sight in only a handful of systems. This phenomenon resnliX-ray eclipses, where
several physical and geometric properties of the systenbearonstrained. These prop-
erties include the mass and radius of the donor star, the afdse compact object, and
the accretion mechanism itself. The study of these pragggerti made possible through
the exploitation of the eclipse duration, which is dependenthe radius of the mass
donor, inclination angle of the system and the orbital safjiam of the components (see
Figure 1.8). Additionally, eclipse measurements can aésexploited as timing markers
to determine the orbital period changes of HMXBs where ¢$feach as tidal interactions
and rapid mass transfer can be studied (e.g. van der Klis &BoeBidaud, 1984; Levine
et al., 2000). In their recent survey on ten eclipsing HMXBalanga et al. (2015) note

that such measurements can also be used to probe the apstdai m eccentric systems
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such as Vela X-1 and 4U 1538-522.

A z-axis
to observer

intersection of line of sight o
with companlon surface

\,

_ / |
n’/, \

S

LA
neutron star . companion

- Yaxis %
- | x-axis

FiG. 1.8. This is a depiction of the eclipse geometry where theroa star is at the origin
and donor star is some distance, R, away. The eclipse dardépends on the orbital
separation between the compact object and mass donorsrafdibe donor, inclination
of the orbit (Chakrabarty, 1996).

| also discuss orbital modulation due to eccentric orbitsiclvis an effect primarily
seen in BeXBs. In a BeXB, the primary mode of mass transfesfexred to as “Type I”
outbursts when the compact object passes through the @tellar decretion disc of the
mass donor during periastron. While BeXBs spend the majoffityme in low X-ray
luminosity states, the X-ray luminosity during periastision the order of 18-10*" erg

s ! (Reig, 2011; Chaty, 2011).

1.6.3 Corbet Diagram

The interaction between the rotating neutron star and tbeeted matter can be ex-
pressed in terms of the Corbet diagram (see Figure 1.9), wihislrates the relationship
between the orbital period and neutron star spin periodd\WkBs (Corbet, 1984, 1986).

The different types of accretion mechanisms populate mdifferegions on the Corbet di-
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agram where correlations or anti-correlations betweerotbéal period and neutron star
rotation period are seen. Disk-fed SGXBs, the neutron si@tion period is on the or-
der of~1-10 s, which shows an anti-correlation with the orbitaigertypically ~1-3d
(Corbet, 1986). This can be attributed to the large intrimgigular momentum present
in the accretion disk, which must be conserved when the tettraatter impacts the sur-
face of the neutron star. Angular momentum is transferratecspin rate of the neutron
star. There are currently three confirmed SGXBs that pexrsilst accrete via Roche-lobe
overflow. No correlation or anti-correlation is seen in tleéationship between the spin
period and orbital period in wind-fed SGXBs. This could beibtited to an insufficient
amount of angular momentum is presented in the stellar vBeckBs show a correlation
between the neutron star rotation period and orbital pesidthe binary (Corbet, 1984).
Since the amount of accreted matter depends on orbitalghehis could be attributed to

the spin-equilibrium of the neutron star (Corbet, 1986).
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FiG. 1.9. The B./P,, diagram (Corbet’s diagram) comparing the orbital period of
HMXB with their classification (Corbet, 1986).
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1.6.4 Superorbital periodic and aperiodic variability

Modulation on timescales longer than the orbital periocirsin X-ray binaries of
a variety of subtypes. First revealed in the 1970s, supgabnariability was first found
in systems where the donor star overfills the Roche lobe egX-1, Petterson, 1977).
The timescale for such long-term variations is on the ordiégrs of days to several years
in the case of BeXBs, where changes in physical and geonimtrécy properties can be
probed over long timescales (Rajoelimanana et al., 2011 & Krimm, 2013). The
stability of superorbital periods has been found to rangmfsteady in the cases of LMC
X-4 and Her X-1, to evolving in a systematic way (e.g. SMC Xclarkson et al., 2003;
Trowbridge et al., 2007; Kotze & Charles, 2012) to chaotic @snsin the LMXB Cyg
X-2 (Boyd & Smale, 2004). While the physical mechanisms rasgse for long-term
variability are poorly understood, the origin could be kakto accretion disc properties
in the case of Roche-lobe overflow systems, changed iand/or changes in the donor
star. | discuss superorbital variability and the possib&Ehanisms in the context of each
subtype of HMXB below.

Since superorbital variability was first found in Rochedalverflow systems, | first
discuss its origin in disk-fed SGXBs. As discussed in Secli®.2, the accreted material
forms an accretion disc around the compact object due t@e kyecific angular momen-
tum. The radiation from the central source non-uniformlyrilinates the accretion disc,
which in turn can induce twists and warps that obscure thepaatobject on timescales
comparable to observed superorbital periods (Pringle619gilvie & Dubus, 2001). In

the case that the accretion disc is optically thick, an unelstribution of forces induces
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a torque that can change the angular momentum of the disdv(©gi Dubus, 2001).
In addition to disc precession, the precession of the neudtar itself can also lead to
superorbital periods (e.g. Her X-1; Postnov et al., 2013).

| also consider the origin of superorbital variability in BBs. Changes in the
decretion disc, particularly its formation and dissipatias well as the one-arm oscillation
are mechanisms that could explain superorbital activigigret al., 2010; Rajoelimanana
etal., 2011). These properties have been explored at bpizseelengths (Rajoelimanana
et al.,, 2011). In their study of the Small Magellanic Cloud (SMRajoelimanana et
al. (2011) found an apparent correlation between the draitd superorbital periods in
BeXBs as well as variations in the amplitude of the modutatih ~1667 d superorbital
period was also found in the gamma-ray binary LS 1483, which hosts a BO Ve donor
star (Li et al., 2014).

| finally discuss highly coherent superorbital variabilityhich was also found in
at least five wind-fed SGXBs (Farrell et al., 2008; Corbet &rim, 2013; Drave et al.,
2013b). Compared to superorbital variability seen in Rooe- overflow systems and
BeXBs, the mechanism responsible for the long timescaleutatidn in wind-fed SGXBs
has so far proven elusive. Corbet & Krimm (2013) show a moriotoorrelation between
the orbital and superorbital periods of these binaries. @/ilperorbital variability was
seen in at least five SGXBs, the long-term variability is naguitous (Corbet & Krimm,
2013). Stable accretion disks are also expected to be ainseirid-fed SGXBs because

of the low angular momentum of material accreted by the wirdmanism.
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1.7 Spectral Properties of X-ray Binaries

1.7.1 Emission Mechanisms in High Mass X-ray Binaries

The typical continuum spectra for HMXBs that host neutr@arstan be described
by a power law with photon indeK that is modified by a high-energy cutoff at energies
10-20keV (White et al., 1983). X-ray photons that are emittebe soft energy bandpass
(up to 3keV) have an origin that can be traced to blackbodyatah (Hickox et al.,
2004), bremsstrahlung and/or cyclotron radiation (Beé&k#volff, 2005).

| first describe blackbody radiation that originates in meaistar hot spots, thermal
mounds of accreted material that form at the surface of tiuroe star. These hot spots,
from which blackbody radiation is emitted (Hickox et al. 020, have a surface area that
is dependent on the X-ray luminosity, the spin period of thetron star, and the distance
between the Alfén radius and the equator of the magnetic field (White et al. 3198
Bartlett et al., 2013). At luminosities exceeding*16rg s, the surface area of the hot
spot is inversely proportional to the square root of the ¥{taminosity. Conversely, the
hot spot surface area increases with increasing luminedign Lx is less than 18 erg
s~1. This can be expressed as proportional{d/”. At energies~1keV (Hickox et al.,
2004), part of the X-ray photons emitted by the thermal mopirgbagate in a trajectory
that is parallel to the magnetic field lines and contributéhi “pencil beam” geometry
described in Section 1.5.1. | note that blackbody radiatim also originate at the inner
radius of the accretion disc in systems primarily powered®bghe-lobe overflow. In this
case, the blackbody emission could be a consequence oftfeeessing of hard X-rays

(Hickox et al., 2004).
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| also describe bremsstrahlung radiation that originatebé accretion column it-
self, which is strongly ionized. Free-free emission or bsstrahlun§ radiation is the
consequence of a charge accelerating in the Coulomb fieldadhencharge (Rybicki &
Lightman, 1986). Since the bremsstrahlung produced bydhision of like charge par-
ticles in the dipole approximation is zero, it is customargonsider particles of opposite
charge such as electron-ion pairs. In the context of NS-HIgXBray photons produced
via bremsstrahlung originate through the interaction leetwthe electrons and ions in the
plasma (White et al., 1983; Becker & Wolff, 2005; Becker et 2012).

Another source of soft X-ray photons that originate in theraton column is cy-
clotron radiation, which is electromagnetic radiation ed from the interaction between
a charged particle and a magnetic field. Since the Lorentzfdue to the magnetic field
is perpendicular to both the motion of the charged particlé the magnetic field itself,
the particle is accelerated resulting in dipole emissioyb{Bki & Lightman, 1986). In
the context of NS-HMXBs, quantum electrodynamics is nesngs3® describe the motion
of charged particles (Arayad&hez & Harding, 2000).

The above mechanisms describe different sources of X-ragséon that produce
X-ray photons with energies below 3 keV (Becker & Wolff, 20@®07). Hard X-ray
photons are produced when these seed photons are upstaddrgher energies via

inverse Compton scattering that leads to further broadewiitige spectrum.

1.7.2 The Continuum Spectrum in High Mass X-ray Binaries

The broadening in the continuum spectrum described in &edti7.1 can be at-

6Bremsstrahlung is German for braking radiation.
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tributed to “bulk” and “thermal” Comptonization, which areund to be dominant in dif-
ferent regimes. “Bulk” Comptonization is significant whemdiic energy is converted to
the photons by scatterings across the shock (Becker & \\&iifd;7). Here the continuum
can be fit using a power law with a soft photon index and no leigergy cutoff. However,
second order Fermi-acceleration, which manifests itsefthermal” Comptonization, is
important in bright sources where the temperature of thestion column exceeds 1&
(Becker & Wolff, 2007). The resulting spectrum is descrilbgca flat photon index and a
high energy cutoff (Becker & Wolff, 2007).

The components of the observed X-ray spectra seen in NS-HMXBlude
Comptonized blackbody radiation, Comptonized cyclotronssion and Comptonized
bremsstrahlung. Among these processes, Comptonized kirahigag is the dominant
emission mechanism (Becker & Wolff, 2007). In BeXBs, the foimoindex and high-
energy cutoff are found to range from 0.6—1.4 and 10-30 kespectively (Haberl et al.,
2008; Lutovinov et al., 2005; Reig, 2011). The spectral tantm in SGXBs can be de-
scribed as a power law with a hard spectral index and highggrautoff in the range of

10-20keV (White et al., 1983).

1.7.3 Spectral Modifications

In many XRBs, a spectral model consisting of only continuarameters described
above gives a naive and often poor interpretation of whabgeoved. X-ray photons in-
teract with material both between the emitter and obseméitlaat intrinsic to the source
itself via absorption and scattering. This results in s@chodifications such as pho-

toelectric absorption and fluorescence due to materialrthegt be properly taken into
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account to achieve a description of XRBs. Prior to the lauwfciNTEGRAL, many ob-
scured SGXBs and SFXTs eluded detection due to their latgasic column densities,
which are on the order of #0atoms cm? (see Section 1.5.3). Additional spectral modi-
fications arise due to the interaction between Comptonizeayhotons and the extreme
magnetic field in the accretion column.

Photoelectric absorption, where X-ray photons are abshgeatoms, is one of the
most important physical mechanisms that result in modifioatto the above continuum
spectrum. The energy from the photon is transferred to actrele, which results in
excitation or ionization. This is dependent on the crossiee®f the photon, which
describes the probability that it is absorbed by an atom. #ixsteapproximation, the cross
section of the photon follows an inverse-cube law with respe its energy (Pradhan
& Nahar, 2011), indicating that material is more transpaterhigher-energy photons.
However, it should be noted that absorption edges such aé.iHeeV Fe kv edge can
result due to the ionization of electrons from lower shells.

Emission lines due to fluorescer@dso allow the study of material intrinsic to X-
ray binaries. A vacancy in an inner atomic shell results waerelectron in the K shell
absorbs a photon and the atom is subsequently ionizedtirgsim an unstable state. The
unstable ion decays when an electron from a higher statel(@gM shells) fills the gap,
which results in the emission of a photon. Similar to phatotric absorption described
above, the properties of the accreted material itself caprblked using fluorescence. In
Sections 3.4.4.1 and 3.5.5.1, | present and discuss therme®f Fe kK, Fe XXV Ka

and Fe XXVI Ka in 4U 1210-64. In this work, | describe that the Fe XX\Wwkand

"The Fe kx and Fe K3 emission lines at 6.4 keV and 7.1 keV are important to X-ragoamy.
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Fe XXVI Ka lines, which originate far from the compact object, couldatibuted to
photoionization.

Comptonized cyclotron radiation also modifies the obsen@dicuum spectrum
described in Section 1.7.2. In this context, the magnetid fidluences the interaction
cross section of the electrons, which results in a quambizatf their kinetic energy per-
pendicular to the magnetic field (Rybicki & Lightman, 1986afa-&chez & Harding,
2000). This quantization influences the cyclotron radratdere it is emitted when elec-
trons undergo transitions from one level to another sintdaransitions found in atomic
and ionic species. These transitions are seen in absoikelyclotron Resonant Scat-
tering Resonant Features and were found in several XRBsleetwl10 keV and 100 keV
(e.g. Her X-1; 4U 1907+09; Vela X-1, Staubert et al., 2014jtkda& Paul, 2013; Wang,

2014).

1.8 Gamma-ray Binaries

Gamma-ray binaries are high-energy binaries where mosteofadiative emission
is seen in the MeV-TeV energy range. Gamma-ray emission guhated on the orbital
phase and might represent an early stage in the evolutidifetrgne of an HMXB (Meurs
& van den Heuvel, 1989; Dubus, 2006). Emitting photons onadttier of GeV to TeV,
gamma-ray binaries are observed to be far less common thaay Xinaries. The rel-
ative paucity of known gamma-ray binaries is largely atitéadl to the short lifetime of
a gamma-ray binary and the fact that most of the emissionssmbkd in the GeV/TeV

bandpasses, which is less accessible for study than optiearay emission. Since both
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accreting neutron stars and black holes peak in the X-raygb#ire electromagnetic spec-
trum, thermal mechanisms cannot be responsible for theseonisf high energy gamma

rays (Carroll & Ostlie, 2006).

1.8.1 Particle Acceleration Mechanisms in Gamma-ray Binaes

Gamma-ray binaries can form when the wind from a young pulsacts rela-
tivistic particles in the surrounding environment (Takslaet al., 2009). Non-thermal
relativistic particles in the shocked pulsar wind of theasincompanion aquire a large
stable input of energy by the pulsar’s spin-down torque éFalshi et al., 2009). Inverse
Compton scattering between the relativistic particles &edoulsar wind on stellar pho-
tons produces emission in the GeV as well as the TeV regiomeofjamma ray spectrum,
creating a gamma ray binary (Takahashi et al., 2009).

An alternative particle acceleration mechanism that tesul the production of
gamma-rays is seen in microquasars (Dubus et al., 2010)distance of approximately
7 kpc, the microquasar Cygnus X-3 is likely to consist of alatehass black hole and a
Wolf-Rayet companion with an orbital period of 4.8 hoursl(lét al., 2011). Since the
inclination of the orbit has to be firmly characterized, thestnature of the compact object
is uncertain (Zdziarski et al., 2012). The optical radidioegty semi-amplitude reveals
that the compact object could be a black hole with an appratermass of 20/, in the
case of low orbital inclinations. Large orbital inclinatis, on the other hand, imply that
the compact object is a neutron star with a mass near the Glseidrar limit (Zdziarski
et al., 2012). This is further complicated due to scattepraresses in the wind of the

WR star (Dubus et al., 2010). The mass loss rate in a Wolf-Rstgetis on the order of
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10~° M, a year; in contrast to the Sun, which loses 1Q\/., a year (Dubus et al., 2010).

The wind velocity is on the order of 1000 km's(Dubus et al., 2010).

1.8.2 Variability in Gamma-ray Binaries

Similar to XRBs, gamma-ray binaries show variability on aiety of different
timescales. Radio pulsations at 47.8 ms were found in PSB®63 (Aharonian et al.,
2005; Johnston et al., 1994), which is powered by the pulsad mechanism. Geo-
metrical effects where the epoch of maximum flux occurs wihencompact object is at
superior conjunction and the orbital phase dependenceeaf@bd photon density respon-
sible for inverse Compton emission in an eccentric orbit afferént mechanisms that
could lead to orbital modulation in a gamma-ray binary. Ehedl be further discussed
in Section 4.5.1.

Gamma-ray binaries powered by the pulsar-wind mechanissmnan-accreting
sources and are typically described in the X-ray regime bgvagp law where the photon
index is generally softer than that observed in accretiowgred sources (e.g. LS 5039,
Takahashi et al., 2009), which transitions to a power lawifrextiby a high-energy cutoff
or broken power law in the gamma-ray bandpass. The brealeigainma-ray spectrum
could be a consequence of the cooling times of synchrotrdnrarerse-Compton emis-
sion, which are both inversely proportional to the Loreratetor.

| first describe synchrotron radiation that can originatbath microquasars as well
as gamma-ray binaries powered by the pulsar wind mechanis® synchrotron power
emitted by a single electron is dependent on the Thomsors e@gion, velocity of the

electrons, Lorentz boost factor and energy density storéda magnetic field (Equation
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6.7b, Rybicki & Lightman, 1986). In the context of microqaes synchrotron emission
arises in the relativistic jets, which is typically obseaihia the radio bandpass. However,
synchrotron emission has been studied in detail in the Xbaydpass in pulsar-wind
candidates (LS 1+61303, LS 5039, 1FGL J1018.6-5856; Esposito et al., 2007 ; Hadkiai
et al., 2009; An et al., 2015). This could be attributed to ithteraction between the
electrons and the magnetic field of the compact object, stsgdgo be a rotationally
powered pulsars.

As described in Section 1.7.2 in the context of high-massyhinaries, inverse
Compton scattering is a significant production mechanisrhéngamma-ray regime. In
the Thomson scattering regime, the power emitted via ie/€@mpton scattering is simi-
lar to that of synchrotron radiation where the photon eneligysity replaces the magnetic
field density (Equation 7.17, Rybicki & Lightman, 1986). Gaa-ray emission could re-
sult when UV photons collide with charged particles in thedhdue to the pulsar wind
and stellar wind inverse Compton scatter to GeV and TeV gamayp&nergies (Mirabel,
2012). If this is the case, the maximum gamma-ray emissiandvoe expected to occur
at superior conjunction, where the compact object is on #neside of the companion
(Mirabel, 2012). It is possible that the seed density is ntetéd on the orbital period in
eccentric systems, which could lead to spectral and terhpar@tions that can be mon-
itored. In the TeV regime, it is thought that the same poparhadf electrons that emit in
the X-ray bandpass via synchrotron emission contributéaéoptopulation that interacts
via inverse Compton emission. While some sort of correlatiifuix or power-law index
might be expected in this case, it should be noted that KMgsina effects can modify

the photon index in the TeV energies. | discuss this in caeth 1FGL J1018.6-5856
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in Section 4.5.3.

1.9 Thesis Organization

This thesis describes the use of long-term monitoring alitg pointed obser-
vations of HMXBs and their gamma-ray precursors and shows éach provides key
insights in the temporal and spectral properties of thestegys.

Chapter 2 reports on long-ter®wift BAT observations of the eclipsing wind-fed
SGXBs IGR J16393-4643, IGR J16418-4532, IGR J16479-4%3R,J118027-2016 and
XTE J1855-026 for which | am the primary author (Coley et a012). In this study,
| constrained the physical parameters of the mass donanerkthe orbital periods and
improved on the time of mid-eclipse for each XRB in this saenyding eclipse measure-
ments. The spectral types that satisfy these constraim@RnJ16393-4643 could be rec-
ognized in spectral types BO V, and BO-5 IIl. In IGR J16418&24and IGR J16479-4514
the previously proposed mass donors were found to overélIRbche lobe; however,
spectral types O7.5 | and earlier satisfy the constrainth@feclipse half-angle and the
Roche lobe. The mass donor spectral types in the “doubdeflibinaries IGR J18027-
2016 and XTE J1855-026 were found to be consistent with thipsechalf-angle and
Roche-lobe size. The neutron star masses are also coestiaithese systems.

Chapter 3 presents a detailed temporal and spectral anafyhis HMXB 4U 1210-
64 usingSuzakiytheISS Monitor of All-sky X-ray Image (MAXI), theSwift Burst Alert
Telescope (BAT) and thRossi X-ray Timing ExploreProportional Counter Array (PCA)

and All Sky Monitor (ASM) for which | am the primary author (Gl et al., 2014).
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It should be noted that the extraction of the PCA data wasethiwut by Koji Mukai
(UMBC/CRESST). 4U 1210-64 is an HMXB that has been postulaidzktpowered by
the Be mechanism and the mass donor was previously propogedi B5SV. Using long-
term ASM and MAXI observations, distinct high and low statesre found, which are
suggestive of a variable accretion rate. While | considees@ il possibilities to explain
the variability seen in the state transitions, no mechamsnsidered in my analysis ap-
peared to be consistent with 4U 1210-64. The ASM and MAXI ddda reveal an orbital
period of 6.710%0.0005d as well as a sharp dip in the folded light curve, whiels
interpreted as an eclipse. To determine the nature of the dw®or, the predicted eclipse
half-angle was calculated as a function of inclination anfgh several stellar spectral
types. The eclipse half-angle was found to be inconsistéhtavmass donor of spectral
type B5 V; however, stars with spectral types BO V or B0O-5 hé @ossible. Emission
lines at2.62, 6.41, 6.7 and 6.97 keV were all clearly detertéhe Suzakuspectra, which
were interpreted as S XVI Fe Ko, Fe XXV Ka and Fe XXVI Ko, respectively. While
the spectral features strongly contrast with those typicaen in BHCs and CVs, no sign
of pulsations or cyclotron features that would prove the paot object is a neutron star
were found.

Chapter 4 focuses on my preliminary analysis on the gammairagry 1FGL
J1018.6-5856 usingermi Large Area Telescope (LAT)Swift X-ray Telescope (XRT)
and the Australia Telescope Compact Array (ATCA). It shouldhbted that the primary
extraction of theATCA radio data was conducted by Philip Edwards and Jamie Stevens
(CSIRO Astronomy and Space Science). 1FGL J1018.6-5856rsh€amma-ray binary
discovered byFermiLAT, consists of a O6 V((f)) star and suspected rapidly spigmul-
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sar, which is possibly powered by the interaction betweenétativistic pulsar wind and
the stellar wind of the companion. A microquasar scenarier&tthe compact object is
a black hole cannot be ruled out. No long-term flux variapmitas found in theFermi
gamma-ray light curve. Quasi-sinusoidal behavior was foumthe Fermi LAT folded
light curve where | define phase zero as the epoch of maximuwm Aunother peak was
also found at binary orbital phase).3 in theSwift X-ray Telescope (XRT) andustralia
Telescope Compact Array (ATCADIlded light curves. It should be noted that the only
maximum in the radio data is the peak at orbital phafe3.

Chapter 5 presents a discussion of the results and outlieesoticlusions of each
section, respectively. The direction for future reseascadditionally outlined in Chapter
5. The instrumentation and methods used in this study asepted in the Appendices A

and B.
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Chapter 2

PROBING THE MASSES AND RADII OF DONOR

STARS IN ECLIPSING X-RAY BINARIES WITH THE

SWIFT BURST ALERT TELESCOPE

2.1 Overview

Physical parameters of both the mass donor and compact abjede constrained
in X-ray binaries with well-defined eclipses, as my surveywid-fed supergiant X-ray
binaries (SGXBs) IGR J16393-4643, IGR J16418-4532, IGR 3361514, IGR J18027-
2016 and XTE J1855-026 reveals. Using the orbital period lkegler’s third law, |
express the eclipse half-angle in terms of radius, indlmaangle and the sum of the
masses. Pulse-timing and radial velocity curves can givesesof both the donor and
compact object as in the case of the “double-lined” binai@R J18027-2016 and XTE
J1855-026. The eclipse half angles arg31.7707, 3242, 34+2 and 33.6-0.7 degrees
for IGR J16393-4643, IGR J16418-4532, IGR J16479-4514,J68027-2016 and XTE
1855-026, respectively. In wind-fed systems, the conditi@t the primary not exceeding

the Roche-lobe size provides an upper limit on system passdn IGR J16393-4643,
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spectral types of BO V or B0O-5 Il are found to be consistenthwhe eclipse duration
and Roche lobe, but the previously proposed donor stars fhJ86418-4532 and IGR
J16479-4514 were found to be inconsistent with the Roche-tize. Stars with spectral
types O7.5 | and earlier are possible. For IGR J18027-20165ntass and radius of the
donor star lie between 18.6-19\4, and 17.4-19.%. | constrain the neutron star mass
between 1.37-1.48/. | find the mass and radius of the donor star in XTE J1855-026 to
lie between 19.6-20.2/;, and 21.5-23.®&.. The neutron star mass was constrained to
1.77-1.82V1,. Eclipse profiles are asymmetric in IGR J18027-2016 and XI&53-026,

which | attribute to accretion wakes.

2.2 Introduction

High-Mass X-ray Binaries (HMXBs) are relatively young s#sts, which consist
of a compact object (neutron star or black hole) and an dgdg-OB star orbiting the
common center of mass. First discovered in the 1970s, HMX8sglit into two individ-
ual classes—Be X-ray binaries (BeXBs) and supergiant Xoragries (SGXBs). BeXBs
are transient systems where the compact object is in a wypeally eccentric, orbit
(P=10days) around a rapidly rotating non-supergiant B-type sthe primary mode of
mass transfer occurs when the compact object passes thifeeigircumstellar decretion
disc of the mass donor. In SGXBs, the compact object is in & $hd—42 day) orbit
around an OB-supergiant where the accretion mechanisnhisraiia the powerful stel-
lar wind and/or Roche-lobe overflow. While the eccentricitymost SGXBs with short

orbital periods is near zero, some SGXBs host compact abiedtighly eccentric orbits
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(e.g. GX 301-2 Islam & Paul, 2014). In wind-accretors, theay-luminosity is on the
order of 13°-10*® erg s''. However, a much higher luminosity is found in systems where
the donor fills its Roche lobe,10*® erg st (Kaper et al., 2004).

Many HMXBs host a neutron star where modulation is often saeits rotation
period. The mass of the neutron star can be constrainedipsax X-ray pulsars, which
can lead to an improved understanding of the neutron staatiequof State (Mason et al.,
2011, and references therein). Currently, the neutron séasrhas been constrained in 10
XRBs where the lower limit for each object corresponds toeedg orbital inclinations
and the upper limit is calculated when the donor star just fi# Roche lobe. While
over 100 Equations of State have been proposed (Kaper @086), only one model is
physically correct (Mason et al., 2010, 2011).

The mass ratio between the neutron star and donor star istegha ratio between
the semi-amplitude of the radial velocities of the donor,si&,, and the neutron star,
Kx. Throughout the paper, | use a definition of mass rati@s the ratio of the compact
object mass to that of the donor star mass (Joss & Rappa@&4,).1The orbital period
of the binary, P, and Kx can be calculated using pulse-timing analysis (Val Baker et
al., 2005, and references therein), which is analogous tsareng the Doppler shift of
spectral lines in the optical and/or near-infrared (Jossafpaport, 1984). The projected
semi-major axis can be determined from the semi-amplitddbeoradial velocity of the
neutron star. The semi-amplitude of the radial velocityhe@fdonor star can be determined
using optical and/or near-infrared spectroscopic infdrama

Eclipse measurements can also be exploited as timing nzatkedetermine the
binary orbital evolution of HMXBs. A significant orbital pied derivative, P,,,, was
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previously found in several eclipsing HMXBs (e.g 4U 1700¢3BMC X-1; Cen X-3;
LMC X-4 and OAO 1657-415, Rubin et al., 1996; Raichur & PaW1@; Falanga et
al., 2015) and can be used to investigate the orbital ewsluiver long periods of time.
While several contending theories to explain the orbitabgdtave been investigated, the
most probable explanations involve tidal interaction aaygiad mass transfer between the
components of the binary systems (Falanga et al., 2015 edecences therein).

The Swift Burst Alert Telescope (BAT), sensitive to X-rays in the 158keV band
(Barthelmy et al., 2005), provides an excellent way to stouidly absorbed SGXBs. The
large absorption found in these systems is problemationfstruments such as thossi
X-ray Timing Explorer (RXTE)AIll Sky Monitor (ASM), which operated in the 1.5—
12 keV band (Levine et al., 2011). The sensitivity to higheergy X-rays allowsSwift-
BAT to peer through this absorption (Corbet & Krimm, 2013, aefitrences therein).

| present here constraints on the mass and radius of the daoin eclipsing
XRBs. The probability of an eclipse in a supergiant XRB withabital period less than
20d can be expressed in terms of the orbital period, massafdhor star, and radius of
the donor star (Equation 1; Ray & Chakrabarty, 2002). The abdity of an eclipse in
long-period XRBs is low. Using a literature search, | detieied HXMB systems where
BAT observations can significantly improve the propertiethe stellar components and
orbital evolution of the systems using eclipsing propetti€ive eclipsing XRBs were
identified: IGR J16393-4643, IGR J16418-4532, IGR J1649944 IGR J18027-2016
and XTE J1855-026, which are all highly obscured SGXBs. knwhile the masses
of both the donor and compact object had previously beent@ned in IGR J18027-

2016, the error on the eclipse half-angle was large dt @&l et al., 2005). The error

43



estimates concerning the radius and mass of the donor staigarificantly improved in
this analysis.

This chapter is structured in the following orde8wift BAT observations and the
description of the eclipse model are presented in Sectidn Qection 2.3 focuses on
individual sources that are known to be eclipsing. Sectighgesents a discussion of
the results and the conclusions are outlined in Section 2.Bot stated otherwise, the

uncertainties and limits presented in this chapter areealditonfidence level.

2.3 Data Analysis and Modelling

2.3.1 Swift BAT

The BAT on board theSwift spacecraft is a hard X-ray telescope operating in
the 15-150keV energy band (Barthelmy et al., 2005). For nmdfegmation, see Ap-
pendix A.4.2.1.

| analyzed BAT data obtained during the time period MJD 53468745 (2005
February 15-2014 March 29). Light curves were retrievethgishe extraction of the
BAT transient monitor data available on the NASA GSFC HEASARebsité (Krimm
et al., 2013), which includes orbital and daily-averageghtlicurves. | used the orbital
light curves in the 15-50 keV energy band in my analysis, Wwinave typical exposures
of ~6 min (see Section 2.4). The short exposures, which are sbatdess than typical
Swift pointing times €20 min), can arise due to the observing plarseiift itself where

BAT is primarily tasked to observe gamma-ray bursts (Krintralg 2013).

http://neasarc.gsfc.nasa.gov/docs/swift/results¢ients/
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The light curves were further screened to exclude bad qupatitnts. | only con-
sidered data where the data quality flag (“DAFAAG”) was set to 0. Data flagged
as “good” are sometimes suspect, where a small number ofpdatés with very low
fluxes and implausibly small uncertainties were found (Co&b&rimm, 2013). These
points are likely the result of extremely short exposureesnand were removed from
the light curves. | corrected the photon arrival times to soéar system barycenter. |
used the scripts made available on the Ohio State Astronoaipagé In this paper, the
barycenter-corrected times are referred to as Barycentelifiéd Julian Date (BMJD).

| initially derived the orbital period for each XRB in this s@le using Discrete
Fourier Transforms (DFTs) of the light curves to search ferigdicities in the data. |
weighted the contribution of each data point to the powecspm by its uncertainty, us-
ing the “semi-weighting” technique (Corbet et al., 2007a;i&0& Krimm, 2013), where
the error bars on each data point and the excess variatilibhedight curve are taken into
account (see Appendix B.1.1 for additional information)3erived uncertainties on the

orbital periods using the expression given in Horne & Badisii1986).

2.3.2 Eclipse Modeling

| initially modeled the eclipses using a symmetric “step aachp” function (see
Table 2.1) where the intensities are assumed to remain anisefore ingress, during
eclipse and after egress and follow a linear trend duringirigeess and egress transi-
tions, which reveal the stellar wind structure of the massad@see Section 2.5.3). The

count rates before ingress, during eclipse and after egresseach considered to be free

2http://astroutils.astronomy.ohio-state.edu/time/.
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parameters and were fit as follows;,, was fit from binary phase =-0.2 to the start
of ingress,C.. was fit during eclipse and’., was fit from the end of egress to phase
¢ =0.2 (see Equation 2.1). While | find the eclipse profiles of I@R3DP3-4643, IGR
J16418-4532 and IGR J16479-4514 to be symmetric withirrgrte profiles show some
asymmetry in the cases of IGR J18027-2016 and XTE J185540&8@e that a symmet-
ric “step and ramp” function could lead to systematic eramd | therefore fit the eclipse
profiles using an asymmetric “step and ramp” function (seeafign 2.1 and Table 2.2).
The parameters in this model are as follows: the phasesspmmeling to the start of
ingress and start of egress,,, and¢.,, the duration of ingress\¢,,, the duration of
egress,A¢.,, the pre-ingress count raté;,,, the post-egress count rat€,,, and the
count rate during eclipsé€;..;. The eclipse duration and mid-eclipse phase are calculated

using Equations 2.2 and 2.3, respectively.

Cing7 —0.2 S Cb S ¢ing

(%img)((b - (bing) + Cinga ¢ing S (b S (bing + AQﬁing

(21) C= C(ecla ¢ing + A¢ing < QZS < ¢egr
(“2291) (6 — foge) + Cects Gegr < & < e + Dby
. Ceg7 ¢egr + ACbeg S ¢ S 02
(22) A¢ecl = ¢egr - <¢ing + A¢ing)
1
(23) ¢mid - §(¢egr + (¢ing + A(bing))
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The eclipse duration, time of mid-eclipse, and eclipse-baljle @, = A¢qx180)
from fitting the BAT folded light curves for each source arpaded in Tables 2.1- 2.3.
For each source, linitially used an ephemeris based on neyrdetation of the orbital pe-
riod from the DFT and time of mid-eclipse. Using an ‘obsermadus calculatedD — C'
analysis (see Figures 2.1-2.3), | refined the orbital pereotti improved on the time of
mid-eclipse for each XRB in the sample. | note that no ec$ase visible in the unfolded
light curves and it is necessary to observe multiple cycfdslded light curves in order
for eclipses to be seen. | divide the light curves into fiveagme intervals £670 days),
with the exception of IGR J16393-4643 (see Section 2.4ri) calculate the mid-eclipse
epoch for each interval (see Table 2.4) In the cases of IGR2IA2016 and XTE J1855-
026, | combine the derived mid-eclipse times with those righin the literature (Falanga
et al., 2015, and references therein). | note that while etiisse times were previously
derived for both IGR J16393-4643 and IGR J16479-4514 (sbkeTa5), these were not
used since no error estimate was reported (Islam et al.,;Zd%zo et al., 2009). | then
fit the mid-eclipse times using the orbital change functieee(Equation 2.4) whereis
the number of binary orbits given to the nearest integgy, is the orbital period in days,
P, is the period derivative dfy, and the error on the linear term is the orbital period
error. In all five cases, | improve the error estimate on tHatal period by nearly an
order of magnitude (see Section 2.4). | do not find a signifiéap, for any source (see

Tables 2.1- 2.3).

1 .
(24) Tn = TO + 7/Lporb + §n2porbporb

X-ray binaries that are eclipsing have an eclipse duratianis only dependent on

the radius of the mass donor, inclination angle of the systachthe orbital separation
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Model Parameter [IGR16393-4643 IGR J16418-4532 |IGR J16479-4514 |IGR J18028-20XTE J1855-026

Ding -0.079705%% -0.107-0.002 -0.114705 -0.150°) 505 -0.131°0505
A¢ 0.04070003 0.0197)052 0.0297000% 0.05370003 0.038£0.002
ce 1.27+0.04 1.18-0.05 1.05-0.06 1.59-0.06 2.64-0.06
Degr 0.04870003 0.0887 052 0.0927000% 0.09870002 0.094+£0.002
Coct® 0.714-0.06 0.08-0.05 0.03-0.05 0.17:0.04 -0.04-0.05
Adec 0.0970 55 0.175£0.003 0.1775 00, 0.196")007 0.187£0.003
P, 4.23794£0.00007 3.7388@0.00002 3.319650.00006 4.569990.00005 6.074180.00004
Pe, -5+4 0.7+1.0 32 242 0.5+1.0
T, 55074.9900  55087.714-0.006 55081.571)9%  55083.790%2  55079.055) 59
S5 16'3 31.5+0.6 31.979 35+1 33.670¢
X2 (dof) 1.13(77) 0.84(77) 1.03(77) 0.93(77) 1.23(77)

Table 2.1. Eclipse Model Parameters, Assuming a Symmettipge Profile
@ Units are 10° counts cm? s,

® Refined orbital periods using @ — C analysis. Units are days.

¢ The orbital period derivative at the 90confidence interval found using @ — C analysis. Units are 10 d

d-t.

4 Units are Barycentered Modified Julian Day (BMJD). Phased&fsed as eclipse center.

¢ Units are degrees.
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Model Parameter IGR J16393-4643 IGR J16418-4532 IGR J168198-4 IGR J18027-2016 XTE J1855-026

Ping -0.092°50%8 -0.108+0.002 -0.118-0.003 -0.16@:-0.005 -0.136-0.002
Ading 0.06+0.01 0.026:-0.003 0.024-0.008 0.08-0.01 0.042-0.003
Apeg 0.039+0.006 0.0145003 0.0267005% 0.01870%% 0.038£0.003
Cing® 1.28+0.06 1.0700% 1.014-0.08 1.43-0.08 2.44r0.08
Ceg® 1.26+0.06 1.22:0.07 1.04:0.08 1.67:0.08 279009
Degr 0.04970:0%¢ 0.089+0.002 0.086-0.003 0.112-0.002 0.0925-50%
Coct® 0.69+0.06 0.08-0.05 0.05-0.05 0.14-0.05 -0.05-0.05
Adecl 0.09700; 0.176:0.004 0.186-0.009 0.19:0.01 0.186:0.004
Pt 4.23810-0.00007 3.738810.00002 3.319610.00004 4.569880.00006 6.074130.00004
re, -6+4 0.2:0.8 32 -3+4 0.5+1.9
T 55074.99-0.03  55087.72100%7  55081.520.02  55083.880.03  55079.0%0.01
ec 15%3 31.7°0% 32+2 343 33.6+0.7
X2 (dof) 1.18(80) 0.97(80) 1.08(80) 1.01(80) 1.03(80)

Table 2.2. Eclipse Model Parameters, Assuming an AsymmEtiipse Profile

@ Units are 10° counts cm? s,

b Refined orbital periods using @ — C analysis. Units are days.

¢ The orbital period derivative at the 90confidence interval found using & — C analysis. Units are 10d
d-t.

4 Units are Barycentered Modified Julian Day (BMJD). Phased&fsed as eclipse center.

¢ Units are degrees.



Model Parameter IGR J18027-201%6 IGR J18027-2016% XTE J1855-026¢ XTE J1855-026¢

Ping -0.147° 3002 -0.167° 0007 -0.1317005 -0.136+0.002
Ading 0.0537093 0.082+0.009 0.038-0.002 0.046-0.003
Apeg 0.053") 005 0.027)-504 0.038£0.002 0.037%0.003
Cing® 1.59+0.05 1.25-0.08 2.64-0.06 2.45-0.08
Ceg® 1.59+0.05 1.68:0.08 2.64:0.06 2.790 08

Pegr 0.099+0.003 0.102-0.002 0.094-0.002 0.09250%3
Coct® 0.174+0.04 0.14:0.04 -0.04-0.05 -0.03-0.05
Al 0.1937500 0.19+0.01 0.187-0.003 0.18%0.004

Pl 4.56982-0.00003  4.569980.00003  6.074120.00003 6.074140.00003

rI. 0.8+0.9 0.2+1.1 -0.10.5 0.0:0.5

T 55083.78-0.01 55083.820.01  55079.0560.009  55079.0%0.01

CH 35+1 34+2 33.6700 33.740.7
X2 (dof) 1.20(77) 0.93(80) 1.02(77) 1.05(80)

Table 2.3. Eclipse Model Parameters With Historic Values

@ Includes the mid-eclipse times derived in Hill et al. (200%in et al.
(2009b) and Falanga et al. (2015).

® Includes the mid-eclipse times derived in Corbet & Mukai (2pand
Falanga et al. (2015).

¢ Assuming a Symmetric Eclipse Profile.

4 Assuming an Asymmetric Eclipse Profile.

¢ Units are 103 counts cm? s71.

/ Refined orbital periods using @ — C' analysis. Units are days.

9 The orbital period derivative at the 90confidence interval found using
anO — C analysis. Units are 10 d d*.

" Units are BMJD. Phase 0 is defined as eclipse center.

¢ Units are degrees.

of the components provided that the orbit is circukar 0). Using the observed orbital
period and Kepler's third law, the duration can be writtetarms of the sum of the donor
star and compact object masses, which stipulates that lipsebtalf-angleP., can now

be expressed in terms of the radius, inclination and madsas components. In one set
of calculations, | assume a 1M, compact object which may be appropriate for an ac-

creting neutron star (Chandrasekhar, 1931). The regiowatldy the measured eclipse

half-angle for each binary in Mass-Radius space is showreatiéh 2.4. The inclination
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FIG. 2.1. The observed minus calculatéd{ C') eclipse time residuals for IGR J16393-
4643 (top), IGR J16418-4532 (second panel), IGR J16479-4®iddle), IGR J18027-
2016 (fourth panel) and XTE J1855-026 (bottom) fit using a myatric step-and-ramp
function. | subtract the best linear polynomial fit for eacluise and correct the orbital
periods accordingly. For IGR J16393-4643 (top) | only usefttst four points to obtain
a good fit (see Section 2.4.1).

is constrained between edge-on orbits (left boundary ofithik shaded region) and close
to face-on orbits (the right boundary of the light shadedael | can attach additional
constraints assuming that the mass donor underfills thedlloble (right boundary of the
dark shaded region), which is dependent on the mass ratlieaytstem and the orbital
separation. To calculate the eclipse half-angle and thén&®babe radius, | used Equa-
tion 7 in Joss & Rappaport (1984), also used by Rubin et aPg},%nd Equation 2 in
Eggleton (1983), respectively. Further constraints orpdn@meters of the donor star are
imposed with pulse-timing techniques (dashed red linesgares 2.15 and 2.18). For the

systems where pulse-timing results were not availableditiahally calculated the min-

imum inclination angle of the system,;,, that is consistent with the measured eclipse

51



) IGR J16393-4643
¢
0.0 : 3

-0.1f N

0.02 IGR J16418i4532_
> 0.0 |
S N B S
L|J 0.1+ IGR 16479-4514 |
@] e N
0 0.0 ¢ . .
g -0.1r N
.g 0.05F IGR J18027-2016 |
x | N +

0.0 ¢ ’ !

-0.05- T + i
0.05F XTE J1855-026 ]|
0.0 +—+¢ ¢ ; +
-0.05: N
-400 -200 0 200 400
Cycle

FIG. 2.2. The observed minus calculatéd € C') eclipse time residuals for IGR J16393-
4643 (top), IGR J16418-4532 (second panel), IGR J16479-4®iddle), IGR J18027-
2016 (fourth panel) and XTE J1855-026 (bottom) fit using amasetric step-and-ramp
function. | subtract the best linear polynomial fit for eacluise and correct the orbital
periods accordingly. For IGR J16393-4643 (top) | only usefttst four points to obtain
a good fit (see Section 2.4.1).

half-angle (see Table 2.1).

When the semi-amplitude of the radial velocities of both thimpact object and the
mass donor are known (e.g. IGR J18027-2016, XTE J1855-@&6)nass ratio between
the compact object and mass donor can be calculated (Equatidoss & Rappaport,
1984). This means that in addition to the radius and masseotitimor star, the mass
of the compact object can be constrained. The mass of ther dtarocan be written in
terms of the semi-amplitude of the radial velocity of the pat object, orbital period,
Newton’s gravitational constant, inclination angle of fystem and the mass ratio (Joss &

Rappaport, 1984). Likewise, the compact object mass carnitemin terms of the semi-

amplitude of the radial velocity of the donor star, orbitaripd, Newton’s gravitational
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FiG. 2.3. DerivedD — C eclipse time residuals for IGR J16393-4643 (top), IGR JB641
4532 (second panel), IGR J16479-4514 (middle), IGR J1&W& (fourth panel) and

XTE J1855-026 (bottom) fit combined with those in the litarat(blue points). | subtract
the best linear polynomial fit for each source and correcotibéal periods accordingly.

For IGR J16393-4643 (top) | only use the first four points téagia good fit (see Sec-
tion 2.4.1).

constant, inclination angle of the system and the mass(&t&s & Rappaport, 1984). To
calculate the masses of both the donor star and the compgect,obused Equations 2
and 3 in Ash et al. (1999), also used by Rappaport & Joss (1983)

For consistency, | compare my derived constraints on thesaesaand radii of the
donor stars with those expected for the previously propepedtral types. For the sys-
tems where pulse-timing results were not available, | dateuhe predicted eclipse half-
angles as a function of inclination angle using the mass adtids for the derived spectral
types (see Section 2.4). Generally | used results from QairQistlie (2006) for main-

sequence, giant and supergiant luminosity classes. Thesemesented by the red, green

and blue dashed lines in mass-radius space for each syserSéstion 2.4). For O-type
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supergiants, | also use Tables 3 and 6 in Martins et al. (2@0&mpare the results (see
blue dotted lines in Figures 2.6, 2.9 and 2.12). The conggdor B-type supergiants are
additionally compared with Tables 3 and 6 in Lefever et &0 for B-type supergiants

(blue crosses in Figures 2.15 and 2.18).

2.4 Five Eclipsing HMXBs

2.4.1 IGR J16393-4643 (=AX J16390.4-4642)

IGR J16393-4643 is an HMXB first discovered and listed as AB39D.4-4642
in the ASCA Faint Source Catalog (Sugizaki et al., 2001) and was lateyctkd with
INTEGRAL (Bodaghee et al., 2006). The average flux in the 20—40 keV hasdound
to be 5.1x10 ! erg cn? s7!, and intensity variations were found to exceed a factor of
20 (Bodaghee et al., 2006). In the 2—10 keV energy band, tabaanbed flux was found
to be 9.2 10 't erg cnT? s7! (Bodaghee et al., 2006). A proposed mass donor 2MASS
J16390535-4242137 was found in tXéIM-Newton error circle, which is thought to
be an OB supergiant (Bodaghee et al., 2006). However, asgreasition of the X-ray
source obtained witltChandrashows this candidate to be positionally inconsistent with
the proposed counterpart (Bodaghee et al., 2012). Usingtazer Galactic Legacy
Infrared Mid-Plane Survey (GLIMPSE), Bodaghee et al. (9qdBposed that the coun-
terpart must be a distant reddened B-type main-sequence sta

UsingINTEGRAL andXMM-Newton, Bodaghee et al. (2006) found a 912M@1 s
modulation, which was interpreted as the neutron stariostgteriod. Islam et al. (2015)

recently refined this to 908.29.01 s usingSuzaku A ~3.7 day orbital period was sug-
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gested using a pulse timing analysis, although orbitalogisriof ~50.2 and~8.1 days
were not completely ruled out (Thompson et al., 2006). Whaleous possible orbital so-
lutions and accretion mechanisms have been proposedalqbiiods of 4.236&0.0007
and 4.23710.0007 days were clearly found from data fr@wift-BAT andRXTE PCA,
respectively (Corbet et al., 2010). This was refined to 4.2386003d (Corbet &
Krimm, 2013), also using BAT data. Islam et al. (2015) relyederived an orbital pe-
riod of ~366150 s (4.24 d) with BAT, which is also consistent with tesuit from Corbet
& Krimm (2013). The position in Corbet’s diagram shows thaRIG16393-4643 is an
SGXB (Corbet & Krimm, 2013). Corbet & Krimm (2013) identifiedetipresence of a

possible superorbital period ef15 days; although with low significance.
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FIG. 2.4. Swift-BAT light curve of IGR J16393-4643 in the 15-50 keV band &xdabn the
orbital period (top) using 20 bins. TO is defined at BMJD 550%4corresponding to mid-
eclipse. A detailed folded light curve with 80 bins (bottoimfit with both a symmetric
“step and ramp” function (green) and asymmetric “step amgprafunction (red), which
model the eclipse. The ingress and egress start times atddulising symmetric “step
and ramp” function were shifted to align with those calcethtvith the asymmetric “step
and ramp” function.

Rate (Count cnf s7Y)

The BAT light curves folded on the orbital period revealedarp dip, which was
interpreted as an eclipse (Corbet & Krimm, 2013; Islam e248l15). WithSwift BAT, Is-

lam et al. (2015) constrained the eclipse half angle te b, corresponding to a duration
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of ~0.75d (~65.1ks). Using the relationship between eclipse duratiwhstellar radius,
along with the definition of the Roche lobe from Bowers & Derg(1984), Islam et al.
(2015) calculated the allowed range of orbital inclinaaf the system. Assuming a star
with spectral type O9 | (Bodaghee et al., 2012), the orbitalination was constrained
to 39-57 (Islam et al., 2015). A main-sequence B-type star yieldstalrinclinations
between 60—77(Bodaghee et al., 2012; Islam et al., 2015).

| derive a 4.23780.0004 d orbital period for IGR J16393-4643 using a DFT, Wwhic
is consistent with the results from Corbet & Krimm (2013). tdsanO — C analysis (see
Section 2.3.2), this is further refined to 4.238IM00007 d. | note that a sharp contrast
in the step-and-ramp model during the time between MJD 5686G845. Particularly, the
eclipse duration is much shorter than that calculated adiprior to MJD 56079. As a
result, | only use data between MJD 53416-56078 inimyC analysis (see Figures 2.1—
2.3). Using the quadratic orbital change function (see Egn&.4), | find the orbital
period derivative to be-5+4x10-7 d d~!, which is consistent with zero. The duration of
the observed eclipse was calculated to b&E (0.367) )% d), yielding an eclipse half-
angle of 15%° (see Table 2.1). | find these to be consistent with the resartt fslam et al.
(2015). The source flux does not reach 0 countsZghin the folded light curves during
eclipse (see Figure 2.4). | interpret this dip as an eclipseesthe feature is persistent
over many years of data. The rapid ingress and egress requiascuration by clearly
defined boundaries that are suggestive of an object sucleasahs donor in the system
(e.g. Coley et al., 2014, Section 3.4.2). | discuss the natlitke non-zero flux during
eclipse in Section 2.5.2.

| calculate the predicted eclipse half-an@de as a function of inclination angle
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of the system (see Figure 2.5). The calculation assumesteonestar mass of 1.4/,
and the primary stellar masses and radii given in Table 2.6aldulate the minimum
inclination angle of the systen,,;,, that is consistent with the measured eclipse half-
angle (see Table 2.6). | find that stars with spectral type¥,B80-5 IIl and BO | satisfy
the constraint imposed by the eclipse half-angle (see Table | note that while a BS

Il star satisfies the constraint imposed by the minimum @altithe eclipse half-angle

under the assumption that the neutron star isM.4 this spectral type does not satisfy

the eclipse half-angle for a more massive neutron star.
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FIG. 2.5. The black curves show the predicted eclipse half anfgléR J16393-4643 as a
function of inclination angle for stars with the indicatgukstral types. The red and black
dashed lines indicate the eclipse half angle and estimated & measured bgwift
BAT. | assume a neutron star mass of 14 (top) and of mass 1.8/, (bottom) and
typical masses and radii for the assumed companion spégpel(see Table 2.6). The
blue vertical dashed lines indicate the lower limit of thelimation angle. Inclinations to
the left of these correspond to stars that overfill the Roobe .|

Since the X-ray luminosity is lower than what would be expédor Roche-lobe
overflow (Kaper et al., 2004), | can attach an additional trait# assuming that the
mass donor underfills the Roche-lobe radius (see Figure 2.69te that while the de-
rived masses and radii for the spectral type BO | from CarrolD&tlie (2006) satisfies

the eclipse half-angle, the assumed radius would be lalger the Roche-lobe radius
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FIG. 2.6. Log-log plot of stellar mass as a function of stellaliua for IGR J16393-4643.
The dark shaded region indicates the allowed spectral tifssatisfy the constraints
imposed by both the eclipse duration and Roche-lobe size.ligiht shaded region only
indicates spectral types that satisfy the observed edlipsion. Stellar masses and radii
are reported in Table 2.6. The red, green and blue linesatglinterpolations for main-
sequence, giant and supergiant luminosity classes, rigggc The dashed, dotted and
dash-dotted lines indicate stellar masses and radii difreen Carroll & Ostlie (2006),
Martins et al. (2005) and Allen (2000), respectively.

(Eggleton, 1983). Therefore, an BO | spectral type must lotuebed (see Table 2.6).

2.4.2 1GR J16418-4532

IGR J16418-4532 is a candidate Supergiant Fast X-ray Teah65FXT) first dis-
covered with thd NTEGRAL satellite by Tomsick et al. (2004) at a flux 0k30~!! erg
cm~2 s7!in the 20-40keV band. The near-infrared spectral enerdyilligion of the
most probable Two Micron All Sky Survey (2MASS) counterpaes measured with the
3.5m New Technology Telescope (NTT) at La Silla ObservatBghoui et al. (2008)
found a spectral type of O8.5 I. Coleiro et al. (2013) proposegpectral type of BNO.5
la based on features in the near-infrared spectrum such (@s-Bt) and the emission
and absorption of neutral helium. UsingVIM-Newton, Walter et al. (2006) found a
1246+100 s modulation, which was interpreted as a neutron statiootperiod. This was

later refined to 12126 s (Sidoli et al., 2012), also usingVIM-Newton. Recently, Drave
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et al. (2013a) further refined the rotation period to 12694 s with XMM-Newton. A
~3.73d orbital period was found using data from t8eift BAT and theRXTE ASM
instruments, wherd’,,;, was reported as 3.753.004d and 3.73800.0004 d, respec-
tively (Corbet et al., 2006). Using an extended ASM datasetjre et al. (2011) found
a 3.73886:-0.00028 d period, which is consistent with the earlier refsam Corbet et al.
(2006). Corbet & Krimm (2013) further refined this to 3.7388600014 d using BAT. A
~14.7 d modulation was found using BAT amiTEGRAL, which was interpreted as a
superorbital period (Corbet & Krimm, 2013; Drave et al., 2613

The ASM and BAT light curves folded on the orbital period reks a sharp dip
with near zero mean flux, which was interpreted as a totapsel(Corbet et al., 2006).
Subsequent observations of the eclipse incluSedt X-ray Telescope (XRT) antNTE-
GRAL (Romano et al., 2012; Drave et al., 2013a). Wsthift BAT, Romano et al. (2012)
constrained the eclipse half-angle to be 60705 of the orbital period, corresponding to
a duration of 0.6:0.2d (5516 ks). The duration of the eclipse was found to-l@75d
in the archival data set frofiNTEGRAL/IBIS, covering the time period MJD 52650—
55469 (Drave et al., 2013a). While the estimate in Drave g28l13a) is significantly
larger than the constraints from Romano et al. (2012), aldivnét of ~0.583 d was found
in a combined study withNTEGRAL/1BIS and XMM-Newton (Drave et al., 2013a).

| derive a 3.738630.00015 d orbital period for IGR J16418-4532 using the funda
mental peak in the power spectrum, while the first harmoredog 3.738820.00011d.
Using anO — C' analysis (see Figures 2.1-2.3), | refine this to 3.738800002 d. Using
the quadratic orbital change function (see Equation 2.#ydl the orbital period deriva-

tive to be 0.721.0x10""d d~!, which is consistent with zero. Folding the light curve
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FiG. 2.7. Swift-BAT light curve of IGR J16418-4532 in the 15-50 keV band &zdn
the orbital period (top) using 20 bins. TO is defined at BMJD®A721, corresponding
to mid-eclipse. A detailed folded light curve with 80 bin®{tom) is fit with both a sym-
metric “step and ramp” function (green) and asymmetricgstad ramp” function (red),
which model the eclipse. The ingress and egress start tialealated using symmetric
“step and ramp” function were shifted to align with thoseccddted with the asymmetric
“step and ramp” function.
on the refined orbital period (see Figure 2.7), | calculat diration of the observed
eclipse to be 5F1ks (0.66-0.01d). This yields an eclipse half-angle of 317 (see
Table 2.2). | note that | find the eclipse half-angle to be 305 assuming a symmetric
step-and-ramp function. | find the eclipse properties todresistent with the results from
Romano et al. (2012) and Drave et al. (2013a). Under the gasamthat the mass and
radius of the proposed mass donor are 31&4and 21.41R., (Martins et al., 2005), the
duration of the observed eclipse is consistent with the gged mass donor, where | find
the orbital inclination to be 60—63or an 08.5 | spectral type (see Figures 2.8 and 2.9).
Since the X-ray luminosity is lower than what would be expédior Roche-lobe
overflow (Kaper et al., 2004), | can attach an additional traig assuming that the mass
donor underfills the Roche-lobe radius (see Figure 2.9). té tleat while the derived

masses and radii for the spectral types from Martins et 80%2 satisfy the eclipse half-

angle, the assumed radius would be larger than the Rocleerdalius (Eggleton, 1983).
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FiG. 2.8. The black curves show the predicted eclipse half asfgl6R J16418-4532 as a
function of inclination angle for stars with the indicatquestral types. The red and black
dashed lines indicate the eclipse half angle and estimated & measured bgwift
BAT. | assume a neutron star mass of 144 (top) and of mass 1.8/ (bottom) and
typical masses and radii for the assumed companion spéygp@l(see Table 2.7). The
blue vertical dashed lines indicate the lower limit of thelimation angle. Inclinations to
the left of these correspond to stars that overfill the Roobe.l

Therefore, an 08.5 | spectral type must be excluded.

2.4.3 IGR J16479-4514

IGR J16479-4514 is an intermediate SFXT, which has beerogeapto host either
an 08.5 1 (Chaty et al., 2008; Rahoui et al., 2008) or a O9.5N&spoli et al., 2008) mass
donor. First discovered by thH&iITEGRAL satellite in 2003 August (Molkov et al., 2003),
the fluxes in the 18—-25keV and 25-50 keV energy bands weralftmbe~12 mCrab
and~8 mCrab, respectively. The flux was later shown to increase flagtar of ~2 on
2003 August 10 (Molkov et al., 2003). UsiByvift BAT data, Jain et al. (2009a) found the
presence of a 3.3190.001 day modulation, which was interpreted as the orbealogl.

A 3.3193+0.0005 day modulation was independently found by Romanb €G09) also
using BAT. Corbet & Krimm (2013) found the orbital period to B€8199:0.00054d,

which is consistent with the results from Jain et al. (200€a Romano et al. (2009).
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FIG. 2.9. Log-log plot of stellar mass as a function of stellaliua for IGR J16418-4532.
The dark shaded region indicates the allowed spectral tifssatisfy the constraints
imposed by both the eclipse duration and Roche-lobe size.ligiht shaded region only
indicates spectral types that satisfy the observed edlipsion. Stellar masses and radii
are reported in Table 2.7. The dashed, dotted and dashddiotts indicate stellar masses
and radii derived from Carroll & Ostlie (2006), Martins et €005) and Allen (2000),
respectively.

The presence of a 11.880.002 d superorbital period was found by Corbet & Krimm
(2013) using BAT. Drave et al. (2013b) reported a 11801002 d superorbital period
usingINTEGRAL, confirming the result. No pulse period has been identified.

The BAT light curves folded on the orbital period revealedarp dip, which was
interpreted as an eclipse with a proposed duratior-52 ks (Jain et al., 2009a). This
confirmed an earlieXMM-Newton observation where a decay from a higher to lower
flux state was interpreted as the ingress of an eclipse (Beizalo, 2009). A 2015uzaku
observation covered 80 percent of the orbital cycle of IGR J16479-4514, wherepgem
ral and spectral properties were analyzed during eclipslecait-of-eclipse (Sidoli et al.,
2013). Since the ingress of the eclipse was not covered ilStlmkuobservation, the
exact duration of the eclipse could only be constrained tl48 ks, 0.53-1.66 d, (Sidoli

etal., 2013).

Using a DFT, | derive the orbital period of IGR J16479-4518¢8.31998-0.00014 d.
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FiG. 2.10. Swift-BAT light curve of IGR J16479-4514 in the 15-50 keV band &ldn
the orbital period (top) using 20 bins. TO is defined at BMJD&B57, corresponding
to mid-eclipse. A detailed folded folded light curve with 8ihs (bottom) is fit with
both a symmetric “step and ramp” function (green) and asytnméstep and ramp”
function (red), which models the eclipse. The ingress andssgstart times calculated
using symmetric “step and ramp” function were shifted t@mlwith those calculated
with the asymmetric “step and ramp” function. This figure wgslated from (Coley et
al., 2015).

| refine this to 3.319610.00004 d using a® — C analysis (see Figures 2.1-2.3) and fold
the light curve on the refined orbital period to calculate ¢leépse half-angle (see Fig-
ure 2.10). Using the quadratic orbital change function Esgeation 2.4), | find the orbital
period derivative to be 82x10-"d d~!, which is consistent with zero. | calculate the
duration of the observed eclipse to bet52ks (0.60:0.03d), which is consistent with
results from Jain et al. (2009a). This yields an eclipse-hatfle of 31.99%° (see Ta-
ble 2.1). Using values from Martins et al. (2005) for the nessand radii of the proposed
spectral type of the mass donor, the duration of the obseseloke is consistent with the
proposed mass donor (see Figures 2.11), where | find theabmidination to be 54-58
or 47-52% for a 08.5 | or 09.5 lab spectral type, respectively (seed&8). While the
previously preposed spectral types satisfy the eclipdeamgjle, | note that the radius of

the proposed spectral type is larger than the Roche lobddteyg 1983). Therefore, the

previously proposed O8.5 | or 09.5 lab spectral types muskbkided (see Figure 2.12).
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Sidoli et al. (2013) proposed a mass donor with ma85 )/, and radius~20 R, which

could satisfy the constraints imposed by the Roche-lobeisad
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FIG. 2.11. The black curves show the predicted eclipse halfeaofjlGR J16479-4514
as a function of inclination angle for stars with the indexhspectral types. The red and
black dashed lines indicate the eclipse half angle and astinerror as measured by
Swift BAT. | assume a neutron star mass of 144 (top) and of mass 1.8/, (bottom)
and typical masses and radii for the assumed companiorrapgpe (see Table 2.8). The
blue vertical dashed lines indicate the lower limit of thelimation angle. Inclinations to
the left of these correspond to stars that overfill the Roobe.|

2.4.4 IGR J18027-2016 (=SAX J1802.7-2017)

IGR J18027-2016 (=SAX J1802.7-2017) is an SGXB, which hasnlpgoposed to
host either a B1 Ib (Torrén et al., 2010) or BO-B1 | (Mason et al., 2011) mass donor.
First detected witlBeppoSAXin 2001 September (Augello et al., 2003), the average flux
in the 0.1-10keV energy band was found to bexd@ 6! ergs cnt? s~!. Pulse-timing
analysis suggestedad.6 day orbital period (Augello et al., 2003), which was ta&dined
to 4.5696:0.0009 days usingNTEGRAL (Hill et al., 2005). Combining the mid-eclipse
times derived in Augello et al. (2003) and Hill et al. (2005})twlater observations with
Swift BAT andINTEGRAL in anO — C' analysis, the orbital period was further refined to

4.5693t0.0004 d (Jain et al., 2009b). Fitting a quadratic model éoddrived mid-eclipse
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FiG. 2.12. Log-log plot of stellar masses as a function of steddius for IGR J16479-
4514. The light shaded region indicates the allowed spetytpoas that satisfy the ob-
served eclipse. The dark shaded region indicates the spggies where both the eclipse
duration and Roche-lobe radius constraints are satisfislaBmasses and radii are re-
ported in Table 2.8. The dashed, dotted and dash-dotted iimtBcate stellar masses
and radii derived from Carroll & Ostlie (2006), Martins et €005) and Allen (2000),
respectively.

times, a period derivative of (3491.2)x10~" d d~! was found (Jain et al., 2009b). Using
INTEGRAL, Falanga et al. (2015) recently refined the orbital periadigariod derivative
t0 4.5697-0.0001d and (243.6)x10-"dd"!, respectively. Augello et al. (2003) found
the presence of a139.6 s modulation usinBeppoSAX which they interpeted as the
neutron star rotation period. Hill et al. (2005) found thésewperiod usingKMM-Newton
to be 139.610.04 s, which is consistent with an earlier result from Algetl al. (2003).
However, no evidence for superorbital modulation was fo{@arbet & Krimm, 2013).
Augello et al. (2003) derived the epoch of the NS superiorjwtion to occur
during the first 50 ks of an observation where IGR J18027-2046 undetected. Since
the epoch of superior conjuction corresponds to a time wtierenid-eclipse is expected
to occur, Augello et al. (2003) suggested the presence ofsilgle eclipse with a half-
duration of 0.47-0.10 days. Hill et al. (2005) and Jain et al. (2009b) latefficored this

result where the eclispe half-angle was found to be 808 radians (34:24.6°) and

65



£ 0.0010
0.0003
0.000d

o
o
o
o

Rate (Coun cit s‘l)
oo

o9

o Q

=3~

c a8
TFT T 17T

| T |

N
n
N
=}

1.0
Phase

0.0027 | |1

+ Tf
Z zzlmmlﬁ + ﬂ+ + +ﬂ+ ##\ﬂ#

-0.001=
-0.2 0.2

Phase

Rate (Count cif s7%)

FiG. 2.13. Swift-BAT light curve of IGR J18027-2016 in the 15-50keV band &zid
on the orbital period (top) using 20 bins. TO is defined at B\33ID83.82-0.01, corre-
sponding to mid-eclipse. A detailed folded light curve waib bins (bottom) is fit with
both a symmetric “step and ramp” function (green) and asymaistep and ramp” func-
tion (red), which model the eclipse. The ingress and egressténes calculated using
symmetric “step and ramp” function were shifted to alignhwtihose calculated with the
asymmetric “step and ramp” function.

~0.604 radians~34.6°), respectively. Falanga et al. (2015) recently refined tlipse
half-angle to 312° usingINTEGRAL.

Pulse-timing and radial velocity curves have helped plawestraints on the phys-
ical properties on both the donor star as well as the compajetcb Using a pulse-
timing analysis withBeppoSAX and XMM-Newton, the projected semi-major axis of
the neutron star was found to be-68It-s (Hill et al., 2005). Assuming a 1M, neu-
tron star, Hill et al. (2005) constrained the mass and radiuthe mass donor star to
18.8-29.3V/, and 14.7-23.&, respectively. Usingswift BAT and INTEGRAL, Jain
et al. (2009b) further constrained the radius of the dorartst 16.4-24. R .. The mass
donor was observed between 2010 May 26 and 2010 SeptembelB335B842-55447)
with the European Southern Observatory Very Large Telesd&s0O VLT, Mason et al.,

2011). The semi-amplitude of the radial velocity of the mdssor, K, was found to

be 23.8:3.1km s! (Mason et al., 2011). Since the projected semi-major axithef
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neutron star can be expressed in terms of a radial veloaity-aenplitude,Kx, the ratio
between the masses of the compact object and the mass donloe calculated accord-
ing to Equation 2 in Ash et al. (1999). Mason et al. (2011) fbthre mass ratio, q, to be
0.07+0.01. Using the mass ratio and the eclipse half-angle medsaHill et al. (2005),
the mass and radius of the donor star were refined to valuesebert18.6-0.8 /., and
16.8+1.5R, at edge-on inclinations to 2H2.4 M, and 19.80.7 R, where the donor
star fills the Roche lobe (Mason et al., 2011). The mass of dhgpact object was con-
strained to be between 1:36.21 and 1.580.27M, in the two limits. The large error
on the estimate of the eclipse half-angle from Hill et al.Q2Pcontributes significantly
to the uncertainties on these measurements. Using a siaméysis wWithiINTEGRAL,

Falanga et al. (2015) constrained the mass of the neutrotosta6+0.3 M ,,.
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FiG. 2.14. The black curves show the predicted eclipse halfeaofIGR J18027-2016
as a function of inclination angle for stars with the indezhspectral types. The red and
black dashed lines indicate the eclipse half angle and astnerror as measured by
Swift BAT.

| derive a 4.570220.00013d orbital period for IGR J18027-2016 using a DFT,
which is consistent with the results from Hill et al. (2006)ing anO — C analysis (see

Figures 2.1-2.3), | refine this to 4.56908.00003 d. Using the quadratic orbital change
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FiG. 2.15. Log-log plots of stellar masses as a function of atefidii for IGR J18027-
2016. The shaded region indicates the allowed spectraktypesatisfy the observed
eclipse duration and pulse-timing constraints. Stellassea and radii are reported in
Table 2.9. Stars and crosses indicate the spectral typesdang to Carroll & Ostlie
(2006) and Lefever et al. (2007), respectively.

function (see Equation 2.4), | find the orbital period detiix@to be 0.2:1.1x 10" d d™!,
which is consistent with zero. Folding the light curve on teéned orbital period (see
Figure 2.13), | measure the duration of the observed ectipbe 74t4 ks (0.85:0.05 d).

| find the eclipse half-angle to be 3£2° (see Table 2.1). Since the X-ray luminosity of
IGR J18027-2016 is modest, | again attach the constraintitbalonor star underfills the
Roche lobe (see Figures 2.14 and 2.15). This constrains&iss and radius of the donor
star as well as the mass of the neutron star (see Figure 2J$b)g the eclipse half-angle
and the expression for the mass donor when the mass ratiovek(Eq.4; Mason et al.,
2011), | calculate the donor star mass and radius as well as ofahe compact object.
| find the mass and radius of the donor star to be 48.6 M/, and 17.4-0.9R. and
19.4+0.9M, and 19.8)% R, in the two limits (see Table 2.9). In the allowed limits, |
constrain the mass of the neutron star to betweentl03I@ )/, and 1.43-0.20M, (see
Table 2.9). While my results are in agreement with calcutetim Mason et al. (2011),

| note that the error estimate is only marginally improvedng analysis. The driving
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factor on the error estimate of the neutron star mass is teertainty of~13% on the

semi-amplitude of the radial velocity of the donor star gsoréed in Mason et al. (2011).

2.4.5 XTE J1855-026

XTE J1855-026 is an SGXB discovered duri®RXTE scans along the Galac-
tic plane (Corbet et al., 1999). Through 11 scanning obsenstof the Scutum arm,
the 2-10keV flux of XTE J1855-026 varied from an upper limitff counts s' to
136+15 counts s! (Corbet et al., 1999). Using theXTE Proportional Counter Array
(PCA), Corbet et al. (1999) found a 36%Q.4 s modulation, which was interpreted as
the neutron star rotation period. Corbet & Mukai (2002) latdined the pulse period to
360.7410.002 s with the PCA. An analysis using tRXTE All-sky Monitor (ASM) re-
vealed the presence of a 6.0222.0009 d modulation, which is interpreted as the orbital
period (Corbet & Mukai, 2002). Using an— C' analysis Wit NTEGRAL, Falanga et al.
(2015) recently refined this to 6.07418.00008 d. No significant orbital period deriva-
tive was found using the quadratic orbital change functiéalgnga et al., 2015). This
places XTE J1855-026 in the wind-fed supergiant region ef@lorbet diagram (Corbet,
1986). Corbet & Mukai (2002) constrained the eccentricitiKdE J1855-026 to €0.04
using pulse-timing analysis. The projected semi-majos akihe neutron star was found
to be 82.8-0.8 It-s for a circular orbit and 80:51.4 It-s for the eccentric solution (Corbet
& Mukai, 2002). Using optical and near-infrared spectrggcobtained with the William
Herschel Telescope (WHT), Negueruela et al. (2008) foundnags donor to be a super-
giant with spectral type BO laep.

The light curves folded on the orbital period reveal a shap @hich was inter-
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preted as an eclipse with a total phase duration of 0.1982(0Qorbet & Mukai, 2002).
The phase duration corresponded to an eclipse half-angte@6<47°. The eclipse dura-
tion was found to be 983 ks (1.08-0.03 d) in the archivalNTEGRAL data set (Falanga
etal., 2015), corresponding to an eclipse half-angle af B2 This measurement is some-
what lower than the result from Corbet & Mukai (2002).

Optical radial velocity curves recently obtained with tls@aac Newton Telescope
(INT), the Liverpool Telescope (LThnd theWHT help place additional constraints on
the components of the system (Gatez-Gahn, 2015). The semi-amplitude of the ra-
dial velocity of the donor star was found to be 2682 km s'!. Expressing the pro-
jected semi-major axis of the neutron star as a radial vigleami-amplitude, Goridez-
Galan (2015) found the ratio between the masses of the compooétite system to be
0.09+0.03 and notes that a large eccentricity~d¥.4—0.5 was found in the optical orbital
solutions. This strongly contrasts with the X-ray orbitalugion reported in Corbet &
Mukai (2002), suggesting that caution must be taken injmé¢ing the optical orbital so-
lutions. Gonalez-Gahn (2015) refined the spectral type of the mass donor to a BId0.2
supergiant and found the mass and radius of the donor star18®’ M., and 273 R,
respectively.

| derive a 6.074110.00014 d orbital period for XTE J1855-026 using the funda-
mental peak in the power spectrum. Using@n- C' analysis (see Figures 2.1-2.3), |
refine this to 6.0741:80.00004 d and fold the light curve on the refined orbital perio
to calculate the eclipse half-angle (see Figures 2.16 add).2] calculate the duration
of the observed eclipse to be 98 ks (1.13:0.02d), yielding an eclipse half-angle of

33.6+0.7 degrees (see Table 2.10). This indicates that the deaekpse duration is
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FIG. 2.16. Swift-BAT light curve of XTE J1855-026 in the 15-50 keV band fold=u
the orbital period (top) using 20 bins. TO is defined as MJD/A60685, corresponding
to mid-eclipse. A detailed folded folded light curve with 8hs (bottom) is fit with
both a symmetric “step and ramp” function (green) and asymméstep and ramp”
function (red), which models the eclipse. The ingress andssgstart times calculated
using symmetric “step and ramp” function were shifted t@mlvith those calculated
with the asymmetric “step and ramp” function.

somewhat less than the result from Corbet & Mukai (2002) ancbissistent with the
measurement in Falanga et al. (2015). Using the quadrdtitabchange function (see
Equation 2.4), | find the orbital period derivative to be-8M5x10-"d d-!, which is
consistent with zero.

Since the upper limits of the stellar mass and radius aretned by the orbital
inclination where the Roche lobe is just filled, | again dttaonstraints on the mass and
radius of the donor star as well as the mass of the compacttoldjénd the inclination
where the donor star fills the Roche lobe to be 76.Fhe stellar mass and radius of
the donor star are found to be 126.1M/, and 21.50.5R; and 20.2-1.2)/ and
23.0£0.5R, in the two limits (see Table 2.18). | find the mass of the neustar to be
between 1.7F#0.55M, and 1.82-0.57 M, (see Table 2.18), where the driving factor on

the large error estimate is the uncertainty~d&1% on the radial velocity semi-amplitude

of the donor star as reported in Gé@hez-Gahn (2015).
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FIG. 2.18. Log-log plots of stellar masses as a function of ateHddii for XTE J1855-
026. The shaded region indicates the allowed spectral tgmeisfy the observed eclipse
duration, pulse-timing and optical radial velocity coastits. Stellar masses and radii are
reported in Table 2.10. Stars and crosses indicate therapggies according to Carroll
& Ostlie (2006) and Lefever et al. (2007), respectively.

2.5 Discussion

| discuss my findings for IGR J16393-4643, IGR J16418-45GR 016479-4514,
IGR J18027-2016 and XTE J1855-055. The radii for the preslipproposed spectral
types in IGR J16418-4532 and IGR J16479-4514 would sigmifigcaverfill the Roche
lobe, which suggests an earlier spectral type. Below, Iufisan detail the nature of
the mass donors in each system, mechanisms that could ieslé residual emission

observed in IGR J16393-4643 and comment on the nature ottipse profiles.
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2.5.1 Whatis the nature of the mass donors in each system?

2.5.1.1 IGR J16393-4643 My results show that stars with spectral type BO V
and BO-5 11l satisfy the constraints imposed by the eclipgé&ngle as well as the Roche
lobe (see Section 2.4.1). While some supergiant stars sualBasl satisfy the eclipse
half-angle, the required radius would be larger than thehRdobe. | calculated the
Roche-lobe radius for stars of spectral type BO | to be 18,5 This is clearly smaller
than the radii reported in Carroll & Ostlie (2006) and Alle®(®), which are 2%, and
30R., respectively (see Table 2.6). Since the radius for thipesed supergiant is too
large to satisfy the constraint imposed by the Roche lobeggsst that if the donor star
is a supergiant then it must be a slightly earlier spectadty

IGR J16393-4643 was observed in the near-infrared on 2098JJD 53195.3)
using the 3.5m New Technology Telescope (NTT) at La Sillaedizory (Chaty et al.,
2008). While Chaty et al. (2008) conclude that the spectrad typthe donor star is
BIV-V based on the spectral features and spectral energgliison (SED), | note that
Nespoli et al. (2008) proposed the donor star to be a K or Mrglignat using the same
SED. Furthermore, observations with tb&andraobservatory show that the previously
proposed counterpart is positionally inconsistent with Xaray source (Bodaghee et al.,
2012). Using the GLIMPSE survey, Bodaghee et al. (2012)gseg that the counterpart

must be a distant reddened B-type star.

2.5.1.2 IGR J16418-4532 My results show that while the derived masses and
radii for the previously proposed spectral types satisfy delipse half-angle (see Ta-

ble 2.7), the radius would be larger than the Roche-lobe(&ggleton, 1983). An O8 |
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star has a mass of 24, according to Carroll & Ostlie (2006) and Allen (2000). | find
the maximum radius for a 28/, star to satisfy the constraint imposed by the Roche lobe
to be 18.2R.. This is clearly smaller than the radii reported in Carroll &te (2006)
and Allen (2000), which are 22, and 20R, respectively (see Table 2.7). Since the
radius for each proposed spectral type is too large to gdhsfconstraint imposed by the
Roche lobe, it is my contention that the donor must be anezattiectral type.

| find that spectral classes O7.5 | and earlier satisfy thesttamt imposed by the
Roche-lobe radius (see Table 2.11). The ratio between thesaf the donor star and that
of the Roche lobej, is found to exceed 0.9, which is consistent with other HM Xt
host supergiants (Joss & Rappaport, 1984). TransitionahBdobe accretion has been
proposed in IGR J16418-4532 where a fraction of the massfears due to a focused
wind (Sidoli et al., 2012). A focused wind or accretion stregquires a mass donor that
nearly fills the Roche lobe. If this is the case, variationghi& mass accretion rate that
would be attributable to a focused wind or accretion streayuald/be expected (Blondin
& Owen, 1997). This mechanism would lead to large variapifitthe X-ray intensity and
could be observed in folded-light curves as well as hardimgsssity diagrams. Large
intensity swings on the order 6¥100 were observed in botBwift and XMM-Newton
observations of IGR J16418-4532 (Sidoli et al., 2012; Detval., 2013b).

Near-infrared spectral features previously led to a spéclassification of either
a late O-type supergiant (Chaty et al., 2008) or BNO.5 la (Colet al., 2013). | note
the presumed radius of both spectral types overfills the Rdmlhe, which shows that the
proposed spectral classifications are incorrect. The sgddgpe of the mass donor places
an additional constraint on the source distance. Under seamption that the K-band
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FiG. 2.19. The black curves show the predicted eclipse halfeaagla function of incli-
nation angle for stars with the candidate spectral typesGét J16418-4532. The red
and black dashed lines indicate the eclipse half angle andaed error as measured by
Swift BAT. | assume a neutron star mass of 144 (top) and of mass 1.8/, (bottom) and
typical masses and radii for the assumed companion spégpealsee Table 2.12). The
blue vertical dashed lines indicate the lower limit of thelimation angle. Inclinations to
the left of these correspond to stars that overfill the Roobe.l
magnitude {ux) and extinction in the V-band4y) are magnitudes 11.48 and 14.5 for an
08.5 | classification, Rahoui et al. (2008) found the distamicthe source to be 13 kpc.
Converting Ay to Ak using Table 3 in Rieke & Lebofsky (1985), | confirm the calcu-
lations for the distance of IGR J16418-4532 in Rahoui et2008) using the distance
modulus. The distance of IGR J16418-4532 assuming theratargoned spectral types
are reported in Table 2.11 using the valuesikty obtained from Wegner (2006) and Mar-
tins & Plez (2006). | also use the radius to distance ratimftbe near-infrared spectral
energy distribution (SED) measurements reported in Rabbal. (2008) together with
my eclipse measurements to estimate the distance of IGRL814832. | find the dis-
tance to be between 11.9-12.6 kpc, which is slightly smétii@n that reported in Rahoui
et al. (2008) for an O8 | star.

IGR J16418-4532 is a heavily absorbed SFXT where the obdeYye measured

to be between 3:92x10°2 atoms cm? and 7A2x 10?2 atoms cm? (Romano et al.,
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2012), exceeds the values reported by the Leiden/ArgdBima survey (Kalberla et
al., 2005) and in the review by Dickey & Lockman (1990), white 1.5%10°* and
1.88x 10?2 atoms cm?, respectively. Since the measurd@ was found to be in excess
of the Galactic H I, determining the interstellar fractioh &y is problematic and the
value in Rahoui et al. (2008) for the extinction cannot befsat without the presence of
systematic error.

| compare the observed value of the- K color of 2.3¢ with the intrinsic(J — K),
for the proposed mass donors (see Table 2.11). Calculatenditference between the
observed/ — K and the intrinsidJ — K)o, | find the reddening valueg(J — K') for
each proposed spectral type for the mass donor (see Taldle Pchlculate the reddening
in the B — V band,E(B — V), using Equation 1 in Gver & Oumlzel (2009) and the
extinction in the V-band (Rahoui et al., 2008). Convertinig3 — V') to E(J — K') using
Table 3 in Rieke & Lebofsky (1985), | find'(J — K) to be 2.45. While this is slightly
lower than what would be expected for late O supergiant spleyipes (see Table 2.11),
the presence of systematic error described above prevemisaat calculation.

These results show that stars with spectral type O7.5 | arigesatisfy the con-
straints imposed by both the duration of the eclipse and tiehRlobe (see Figure 2.19).
Since the measuredly is largely in excess of interstellar values measured by &ddlet
al. (2005) and Dickey & Lockman (1990), determining whatftran of Ny is interstellar
in origin is problematic. | find measurements such as thexdest to be consistent with
the distances determined by Rahoui et al. (2008). Giverethesasurements, spectral

types near O7.5 | are reasonable. By constraining this tyséag | solved the first part

Shttp://www.iasfbo.inaf.ithasetti/IGR/sources/16418.html
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of a three part problem. The remaining pieces include ptitsgg measurements which

can be done in the X-ray and radial velocity measurementsaméar-infrared.

2.5.1.3 IGR J16479-4514 My results show that while the expected masses and
radii for the previously proposed spectral types for IGR4A%B 4514 satisfy the eclipse
half-angle (see Table 2.8), the implied radius would bedatgan the Roche-lobe radius
(Eggleton, 1983). This is similar to the situation obserretGR J16418-4532, which |
describe in Section 2.5.1.2. | calculate the Roche-lobaisafbr stars of spectral types
08.5 1 and 09.5 lab to be 194, and 18.1R, respectively (see Table 2.8). Since the
radius for each proposed spectral type is too large to gatti&f constraint imposed by
the Roche lobe (see Table 2.8), | suggest that the donor reusslightly earlier spectral
type.

| find that spectral classes O7 | and earlier satisfy the Raéabe constraint (see
Table 2.12). The ratio between the radius of the donor stdrtlat of the Roche lobe,
3, is found to exceed 0.9, which is consistent with other HMXBagt host supergiants
(Joss & Rappaport, 1984). Transitional Roche-lobe overfiaw been proposed in IGR
J16479-4514 (Sidoli et al., 2013), which requires a masedtrat nearly fills the Roche
lobe. Sidoli et al. (2013) found phase-locked flares in tbhbservation of IGR J16479-
4514. Sidoli et al. (2013) attributes the physical mechanissponsible for these flares
which are spaced 0.2 in phase as large-scale structures irial.

Using near-infrared spectral features, Chaty et al. (2008)ipusly determined the
spectral classification of the donor star to be a late O-typegiant (Chaty et al., 2008).

The donor spectral type places an additional constrainherdistance of IGR J16479-
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FiG. 2.20. The black curves show the predicted eclipse halfeaagla function of incli-
nation angle for stars with the candidate spectral typesGét J16479-4514. The red
and black dashed lines indicate the eclipse half angle andaed error as measured by
Swift BAT. | assume a neutron star mass of 144 (top) and of mass 1.8/, (bottom) and
typical masses and radii for the assumed companion spégpealsee Table 2.12). The
blue vertical dashed lines indicate the lower limit of thelimation angle. Inclinations to
the left of these correspond to stars that overfill the Roobe.l
4514. The K-band magnitudenf) and the extinction in the V-bandi{,) are found to
be 9.79 and 18.5 (Rahoui et al., 2008). Additionally, fhe' D, ratio was found to be
1x10°1 (Chaty et al., 2008). Using this information, the minimumtaice of IGR
J16479-4514 was found to bet.9 kpc (Chaty et al., 2008). Convertinfy, to Ak using
Table 3 in Rieke & Lebofsky (1985), | findlk to be 2.07 and confirm the calculation
for the distance of IGR J16479-4514 using the distance nusdulhe distances of IGR
J16479-4514 assuming the aforementioned spectral typesported in Table 2.12 using
the values forMy obtained from Wegner (2006) and Martins & Plez (2006). | findtt
the distance of stars with spectral type O7 | and earlier tbdieveen 4.4—4.6 kpc, which
are resonably consistent with the measurements in Rahali (@008).

IGR J16479-4514 is a heavily absorbed SFXT whereNhewas measured to be

9.5+0.3x 10?2 atoms cm? (Sidoli et al., 2013). This is an order of magnitude larger

than the Galactic H | values reported by the Leiden/ArgexiBonn survey (Kalberla et
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al., 2005) and in the review by Dickey & Lockman (1990), whiate 1.8% 10*> and
2.14x 10?2 atoms cm?, respectively. Since the measur®¢ for both sources was found
to be in excess of the Galactic H I, determining the intelatétaction of Ny is difficult.
Therefore, | cannot verify the value for the extinction infRai et al. (2008) without the
presence of systematic error.

| calculate the reddening valuéq.J — K') for each proposed spectral type for the
mass donor (see Table 2.12) using the observed value df th& color of 3.27 and the
intrinsic (J— K), for the proposed mass donors (see Table 2.12). To checkifigistency
with late O supergiant stars, | compare this with the redugim the B — V' band using
Equation 1 in Giver & Oumlzel (2009) and the extinction in the V-bamtl{) (Rahoui et
al., 2008). Converting’(B — V) to E(J — K) using Table 3 in Rieke & Lebofsky (1985),
| find the reddening in thé’(J — K') band to be 3.12. While this is slightly lower than
what would be expected for late O supergiant spectral tyjhespresence of systematic
errors, described above prevents an exact calculation.

Stars with spectral type O7 | and earlier satisfy the ecligggetion and Roche-
lobe constraints (see Figure 2.20). Determining the ité#es fraction of Vy is difficult
since the measureliy; is greatly in excess of interstellar values. | find the distanf
the proposed counterparts to be consistent with thoserdeted by Rahoui et al. (2008).
Since no pulsation period has been identified, the next siepnstrain the donor star

would be radial velocity measurements in the near-infrared

*http://www.iasfbo.inaf.ithasetti/IGR/sources/16479.html
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2.5.1.4 IGR J18027-2016 My results show that the mass and radius of the
donor star in IGR J18027-2016 can be constrained to be batw8e+0.9)/ ., and
17.4+0.9R and 19.4-0.9 M, and 19.50% R, for edge-on orbits and inclinations where
the Roche lobe is completely filled, respectively. | find thelination where the Roche
lobe is filled to be 73.3 which is consistent with the earlier results from Masonlet a
(2011). Since the semi-amplitude of the radial velocitiebaih the donor star and com-
pact object are known, | also find that the mass of the neutaorcan be constrained. |
calculate the mass of the neutron star to be betweentD3BM,, and 1.43-0.20M,
for the lower and upper limits (see Section 2.4.4).

Since the radius of the donor star is constrained, | also siimate the distance,
optical and near infrared magnitudes of IGR J18027-2016ndJSED measurements,
Chaty et al. (2008) calculated the radius to distance ratioet@+1x10-!!, where the
uncertainties are at the %0confidence interval. At the 90 confidence interval, | find
the eclipse half-angle to be 8% and the radius of the donor star to be constrained to
between 172 R, and 191 R, in the two limits described in Section 2.4.4. Combining
my results for the radius of the donor star with the radiusisteshce ratio (Table 6; Chaty
et al., 2008), | find that the distance of IGR J18027-2016 @odnstrained to H2 kpc
and 122 kpc in the two limits. Using the distance modulus (e.g. Ndéisgt al., 2008),
the absolute magnitude of IGR J18027-2016 can be calculd@teslapparent magnitude
in the R-band,R, and the extinction in the V-bandiy, were found to be 16.9 and 8.5
(Masetti et al., 2008). | find the absolute magnitude in thieeRe, M/ to be~-5 at both
constraints, which is what would be expected for a B-typeesggipnt (Martins & Plez,
2006; Wegner, 2006).
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My results are consistent with the previously proposed B{Tthrejon et al., 2010)
or BO-B1 | (Mason et al., 2011) spectral types in IGR J180QI& | constrain the
mass and radius of the donor star to be between 18.6419.4nd 17.4-19.%. | also
constrain the mass of the neutron star to be 1.18-4/63which marginally improves on

the results in Mason et al. (2011), which was found to be L1641 .,.

2.5.1.5 XTE J1855-026 | find that the mass and radius of the donor star in XTE
J1855-026 are constrained between 348 M, and 21.50.5R, at edge-on orbits to
20.2£1.2 M., and 23.@:0.5 R, where the Roche lobe is just filled. The inclination where
the Roche lobe is filled is found to be 76.4l find the derived masses and radii to be
consistent with those reported in Carroll & Ostlie (2006) #iieén (2000) for stars with
spectral type BO I. Since the semi-amplitude of the radibdaiges for both the donor star
and compact object are known, | find that the mass of the negtary can be constrained
to be between 1.#70.55M, and 1.82:0.57 M, (see Section 2.4.5). | note that the large
error estimates in the mass of the neutron star are likelyetattributed to substantial
uncertainties in the estimate s, as reported in Goridez-Gahn (2015). This is likely
to be attributed to emission line contamination and/or glearn the stellar wind.

Based on optical and near-infrared spectra together wehatialysis reported in
Verrecchia et al. (2002), the spectral type of the donorste previously determined to
be a BO laep (Negueruela et al., 2008). Based on the ratioeoédfuivalent widths of
Si IV to Si lll which is a diagnostic for supergiant spectrgpés (Walborn, 1971), the
mass donor was recently refined to a BNO.2 la by GdéezGaan (2015). Using SED

measurements, Coleiro & Chaty (2013) calculated the radidslestance to be 26 .8,
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and 10.8-1.0 kpc, which places XTE J1855-026 in the Scutum arm regi@embining
the properties of the newly derived spectral type with thretatice modulus, Goalez-
Galan (2015) recently calculated the nominal distance of X T85%1026 to be 10] kpc.
Based on these results, the radius to distance ratio caridagatad to be 5.6:0.5x 10711
Combining my results for the radius of the donor star with takglated radius to dis-
tance ratio, | find the distance of XTE J1855-026 can be caims&d to 8.6-0.8 kpc and
9.2+0.9 kpc in the two limits.

Corbet et al. (1999) measured tNg in XTE J1855-026 to be 14:70.6x 10°? atoms
cm~2, which exceeds the values reported by the Leiden/Argefiomn survey (Kalberla
et al., 2005) and in the review by Dickey & Lockman (1990). 18wt XRT observation,
the Ny; was found to be 440.5x 10?2 atoms cm? (Romano et al., 2008). These are sig-
nifcantly larger than the measurements for the interstélla which are 6.62 10?! atoms
cm~2 (Kalberla et al., 2005) and 7.38.0°' atoms cm? (Dickey & Lockman, 1990).
Since the measuredly was found to be in excess of the Galactic H I, the conversien be
tween the interstellalVy and the extinctiomy is problematic and the value of 5:8.9

in Coleiro & Chaty (2013) cannot be verified without the pregeatsystematic error.

2.5.2 What is the nature of the non-zero eclipse flux in IGR J1893-46437

The source flux during eclipse in IGR J16393-4643 does nahréaounts st in
the folded light curves (see Figure 2.4). | find the ratio egwthe flux during eclipse to
the flux outside eclipse to be 56%. This is significantly larger than what is observed in
the other XRBs in this study (see Table 2.1).

| first discuss the possible scenario where we observe aapadlipse in IGR
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J16393-4643. In my model for the eclipse (see Section 2.8.23sume the compact
object to be a point source (Joss & Rappaport, 1984). Whikitha valid assumption
since the radius of the compact object is much smaller thandhthe donor star, this
approximation does not consider the extended X-ray enmisgggion. In this case, the
constraints on the mass and radius of the donor star musinekeccount the size of
the extended emission region. Since a significant residuli$l observed, it is likely a
partial eclipse is observed.

| also consider the possibility that the residual emissibseoved in IGR J16393-
4643 is attributed to a dust-scattering halo similar to wisabbserved in some other
HMXBs (Cen X-3; Vela X-1; OAO 1657-415, Day & Tennant, 1991; 8\et al., 1994;
Audley et al., 2006). While residual emisison has been aitieith to dust-scattering in
some other HMXBs, the residual emission found in IGR J168883 in the BAT folded
light curves (15-50 keV) is seen at much higher levels (sédeT21). A dust-scattering
halo is predominantly a soft X-ray phenomenon. While a sigaitft fraction of the out-
of-eclipse flux may be in a dust-scattering halo (Predehl &ritt, 1995), | expect a
smaller fraction to be in the energies resolved by BAT. Tfars it can be concluded that
a dust-scattering halo cannot be the sole mechanism rebjfts the residual emission
seen in the folded light curves.

Finally, I discuss the possibility that Compton scattering aprocessing in a re-
gion of dense gas could account for the residual flux in eeligddaghee et al. (2006)
found that a Compton emissioadnpt t within Xspec) model with an electron tempera-
ture of 4.4-0.3 keV and optical depth of91 provides a good fit to the average spectrum

of IGR J16393-4643. Additionally, Fedand Fe K3 lines were found at 6.4 keV and
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7.1keV, respectively, where the ratio of the iron intersitis seen to be consistent with
photoionization (Bodaghee et al., 2006; Kaastra & Mewe 318dam et al., 2015). The
equivalent widths (EQW) in thXMM-Newton observation were found to be 630 eV
and an upper limit of 120 eV, for the FecKand Fe K3 lines respectively (Bodaghee et
al., 2006). In a recenfuzakuobservation, the EQW of the Feakand Fe K5 lines were
found to be 46 eV and an upper limit of 30 eV (Islam et al., 2015). While the heec
nism responsible for the Fedand Fe K3 emission is likely to be fluorescence of cold
matter, the equivalent widths point to a likely origin in éhspical distribution of dense
gas (Bodaghee et al., 2006). Therefore, Compton scattenidgeprocessing might be
the sole contributor to the residual emission observedarBAT folded light curves.

It is likely that a combination of the mechanisms describledve account for the
residual emission found in the folded light curves of IGRIAB-4643 (see Section 2.4.1).
Since the count rate during eclipse is significantly largpantwhat is observed in most
other eclipsing HMXBs, it is likely that only a small fracticomes from a dust-scattering

halo.

2.5.3 What mechanism is responsible for asymmetries in theckpse profile?

The eclipse profiles show the presence of asymmetries (d#esTa.2 and 2.3) as
previously noted by Falanga et al. (2015) in the cases of IGB0J7-2016 and XTE
J1855-026 and Jain et al. (2009a) in the case of IGR J164Y9-4bhese asymmetries
seen in the ingress and egress durations are suggestive pfedbence of complex struc-
tures in the wind such as accretion or photoionization wakes

| first discuss the possible case that the asymmetry in thpsecprofiles can be
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attributed to accretion wakes. In an HMXB driven entirelydgpherical wind, material
is only accreted in a cylindrical region where the kinetieryy is less than the gravita-
tional potential energy of the compact object. The radiuthefaccretion cylinder is the
Bondi-Hoyle accretion radius (Equation 1, Feldmeier et 8996). Perturbed material
forms an “accretion wake” that typically trails the orbit thfe neutron star and results
in large intrinsic column densities (Blondin et al., 199®ior to eclipse, the progres-
sively increasingNy partially obscures the X-ray emission resulting in longegress
durations compared to the duration of egress. Since thetxmemwake is located beyond
the compact object during egress, no apparent increase imtitinsic Ny is observed.
The ingresses observed are somewhat larger than egresd) wshtonsistent with the
presence of an accretion wake (Blondin et al., 1990). Thetc@ie prior to ingress is
also somewhat smaller than that observed after egressdprg\additional evidence for
accretion wakes. Hardness ratios or measuremenfgyofolded on the orbital period
could be implemented to confirm the possibility of accretiakes.

| also consider the possibility that photoionization wakesld explain the asym-
metric eclipse profiles. The eclipse profiles of IGR J18001&and XTE J1855-026 are
compared to those seen in eclipsing systems where asyrordetrsity enhancements are
observed on large spatial dimensions (e.g. Vela X-1; Feleing al., 1996). In systems
where the X-ray luminosity is significantly high, a switck-of the radiative driving force
could lead to a reduced wind velocity and enhanced wind tde(ildmeier et al., 1996).
This enhanced X-ray scattering region trails the neutranand results in ingress dura-
tions that are significantly larger than those observed edssg(Feldmeier et al., 1996).
The eclipse profiles of IGR J18027-2016 and XTE J1855-0Zérdifom those expected
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from a photoionization wake—the ingress duration in Vela Xmas seen to ba¢ =0.11
(Feldmeier et al., 1996).

| additionally discuss how energy dependence in the asynorestlipse profiles
can arise. The highVy, on the order of 1& atoms cm?, implies the presence of a
strong circumstellar wind (Kuulkers, 2005), and the X-rdsarption due to this will
lead to sharper ingress and egress transitions comparbdtteden at lower energies. In
a Suzakuobservation of IGR J16479-4514 that covers part of the seligidoli et al.
(2013) found the egress transition to be broader in softggeer In their review, Falanga
et al. (2015) found asymmetries to be slightly enhancedw¢i@nergies compared to
higher energies. While investigating the energy dependent® eclipse transitions is
beyond the scope of the present paper, this study in obs&@@XBs will be difficult
due to a reduced count rate at low energies that results fnerfatge intrinsic absorption
present in these systems (Falanga et al., 2015).

Finally, | consider the possibility that the asymmetricigst profiles could be at-
tributed to a small to modest eccentricity. Since objecth welatively short orbital pe-
riods were considered, the eccentricity of the systems eaexipected to be near zero
(Zahn, 1977; Maccarone et al., 2014). The eccentricity iR WA8027-2016 and XTE
J1855-026 were both noted to be small to modest, whevas found to be less than 0.2
and 0.04, respectively (Augello et al., 2003; Corbet & Mul&i02). In the cases of IGR
J16393-4643, IGR J16418-4532 and IGR J16479-4514 wherelse-pming or radial-
velocity methods are available to determine an orbitaltsmhy | constrain the maximum
allowed eccentricity to that where the radius of the donar sbmpletely fills the Roche

lobe at periastron (Goossens et al., 2013, and refereneesrih These were all found to
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be near zero (see Figure 2.21). Since the eccentricitieBaral to be small to modest,
the asymmetries are not expected to result in sizeable asymesin the eclipse profile.
Additionally, apsidal advance will be apparent in the cds® tin eccentric orbit could
lead to asymmetries in the eclipse profile. While apsidal adeavould be difficult to
detect in the~9 yr of Swift data, it is unlikely for asymmetries to be solely attributed
small to modest eccentricities. Furthermore, accuratesareaents of apsidal advance

will depend on multiple pulse-timing measurements of trestems, which are not yet
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FiG. 2.21. A sample plot of the Roche-lotp)héseradius of the donosstalGR J16393-4643
(top), IGR J16418-4532 (middle) and IGR J16479-4514 (lmo)tes. orbital phase for
eccentricities ranging from 0.0 to 0.1 in steps of 0.02. Thazontal red line represents
the radius of the donor star under the assumption that therdean O9 | for IGR J16393-
4643 and O7 | for both IGR J16418-4532 and IGR J16479-4532t{iMcet al., 2005).

2.6 Conclusion

Eclipsing X-ray binaries provide an opportunity to constréne physical parame-
ters of the donor star as well as the compact object. To daterthe eclipse half-angle in
this survey, | modeled the eclipses using both symmetricaamydimetric step-and-ramp
functions. The luminosity of each system is less than exgueftr Roche-lobe overflow
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(Kaper et al., 2004), which means the constraint that thesmasor underfills the Roche
lobe can be attached. Since IGR J18027-2016 and XTE J185%#@Zhe only “double-
lined binaries” in this sample, | calculate the parametérhe other systems assuming
the neutron stars to be at the white-dwarf Chandrasekhat; linfi)/..,. | also calculated
the parameters of the other systems assuming a more massitremstar—1.9/.

My results show that stars with spectral type B Il satisfytboonstraints imposed
by the eclipse duration and Roche lobe for IGR J16393-4643uhing the estimates for
the mass and radius of a B5 Il star reported in Carroll & Og2i@06), | find the mass and
radius of the donor star to exceed/Z, and 6.3R.. B | stars were found to overfill the
Roche lobe. The source emission in IGR J16393-4643 doegach 10 counts's in the
folded light curves, where the fraction between the flux ilpse to that outside eclipse
was found to be 545% (see Tables 2.1- 2.3). Compton scattering and reprocessing i
dense region of gas could possibly account for the X-ray sionisregion not obscured by
the donor star.

My results show that the previously proposed O8.5 | and BNOSpectral types for
the mass donor in IGR J16418-4532 must be excluded. While gpctral types satisfy
the eclipse half-angle, the Roche lobe is significantly fiNed. Stars with spectral type
O7.5 | or earlier are consistent with both the eclipse halfla and the Roche lobe. In
this case, | find the mass and radius of the donor star to exd@é@.1/., and 20.7%R,
assuming the estimates for the mass and radius of an O7 i5réptated in Martins et al.
(2005). | find the minimum inclination angle of the system &8¥. The distance mea-
surements of IGR J16418-4532 are consistent with the pusiyiadetermined distance

(see Table 2.11); however, determining the interstellaction of Ny was found to be
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problematic. The ingress and egress durations in the fdigeticurves were found to be
asymmetric where the ingress duration is longer than thessgduration. This is likely

attributed to the presence of an accretion wake or from asedstream as noted in Sidoli
et al. (2012) and Drave et al. (2013b).

The previously proposed 0O8.5 la and 09.5 lab spectral lessons of the mass
donor in IGR J16479-4514 must be excluded because the Robkeid significantly
overfilled. However, | found that stars with spectral type Kéhd earlier satisfy both
constraints imposed by the eclipse duration and Roche lagguming the estimates for
the mass and radius of an O7 | star reported in Martins et @05, the mass and radius
of the donor star are found to exceed 38M4 and 20.4%:, respectively. | find the
minimum inclination angle of the system to be°’63'he distance measurements remain
unchanged from earlier measurements (see Table 2.12)Meovike interstellar fraction
of Ny remains undetermined. | find the ingress and egress dusatidobe symmetric
within the error bars. The ratio between the radius of theodstar and Roche lobe was
found to exceed 0.9, which shows the possibility of transil Roche-lobe overflow.

The mass and radius of the donor star in IGR J18027-2016 werstrained to
18.6+0.9M,, and 17.4-0.9R,, and 19.4-0.9M, and 19.80% R, in the two limits. |
find the inclination angle where the donor star just fills thecRe lobe size to be 73.3
also find the distance measurements of IGR J18027-2016 t@-b2Kpc and 122 kpc
in the allowed limits. In the allowed limits, | constraindtetmass of the neutron star to
between 1.370.19M, and 1.43-0.20M . The folded light curve shows complicated
and asymmetric ingress and egress durations, which cangi@iexd by the presence of
accretion wakes.
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My results show the mass and radius of the donor star in XTEES26 to be
constrained to 19:61.10/, and 21.5-0.5R;, at edge-on orbits to 20:21.2)/, and
23.0+0.5 R where the Roche lobe size is just filled. | find the inclinataorgle where
the donor star just fills the Roche lobe size to be 76.4 deghedike allowed limits, | find
the distance of XTE J1855-026 can be constrained t&¢8.8 kpc and 9.20.9 kpc. | find
the mass of the neutron star to be constrained betwees-0.38)/, and 1.82-0.57 M.
Complicated and asymmetric ingress and egress duratiores seen in the folded light
curve, which suggests the presence of complex structutesiwind.

To further constrain the physical parameters of the doreorastd the compact ob-
ject in all these systems, additional observations areiredju Constraining the mass of
the neutron star will help constrain the Equation-of-St&i@ce the pulse period has been
accurately measured, for IGR J16393-4643 and IGR J16438-#te study would benefit
from both pulse-timing analysis as well as radial-velocityves in the near-infrared. A
radial-velocity curve in the optical or near-infrared wdydrovide additional constraints

for IGR J16479-4514 where a pulse-period has yet to be ifieshti
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Source Orbital  Mid-eclipse tinfe Mid-eclipse timé
Cycle (N) (MJD) (MJD)
IGR J16393-4643  -313 5374846.03  53748.440.03
IGR J16393-4643  -155 544181501 54418.140:03
IGR J16393-4643 1 55079.220; 55079.22 50
IGR J16393-4643 158 55744 5572 55744.540:02
IGR J16393-4643 315 c ¢
IGR J16418-4532  -359 5374550.01  53745.4915 03
IGR J16418-4532  -179 54418.4810%  54418.468-0.009
IGR J16418-4532 0 55087.ZD.01  55087.72:0.01
IGR J16418-4532 179 55756.98% 55756.967-0.009
IGR J16418-4532 357 56422470.02  56422.47)03
IGR J16479-4514  -402 53747192 53747.21002
IGR J16479-4514  -200 54417 £8.02 54417.61)03
IGR J16479-4514 0 550814705 55081.48 003
IGR J16479-4514 200 5574533  55745.28-:0.04
IGR J16479-4514 401 564126005 56412.59 03
IGR J18027-2016  -292 53749435 53749.4070:
IGR J18027-2016  -143 54430:80.02 54430.3400)
IGR J18027-2016 0 55083.7903 55083.85 05
IGR J18027-2016 146 5575180.03  55751.0600%
IGR J18027-2016 292 56418152 56418.20¢ 03
XTE J1855-026 -219 53748.80.01  53748.840.01
XTE J1855-026 -109 54416.99.02  54416.920.02
XTE J1855-026 0 55079.69.01  55079.09)03
XTE J1855-026 110 55747.2M.01  55747.230.02
XTE J1855-026 219 56409.3M.02  56409.330.02

Table 2.4. Mid-eclipse Time Measurements Eor C' Analysis

@ Obtained using the symmetric step-and-ramp function.

b Obtained using the asymmetric step-and-ramp function.

¢ A bad fit for IGR J16393-4643 was obtained in the mid-eclipse tbe-
tween MJD 56079-56745.
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Source Orbital  Mid-eclipse time Satellite Reference
Cycle (N) (MJD) (MJD)
IGR J16393-4643 -391 53417.955 Swift Islam et al. (2015)
IGR J16479-4514 -161 54547.05418 Swift Bozzo et al. (2009)
IGR J18027-2016 -638 521682P.12 BeppoSAX  Augello et al. (2003)
IGR J18027-2016 -638 52168.26.04 BeppoSAX Hill et al. (2005)
IGR J18027-2016 -471 52931:830.04 INTEGRAL Hill et al. (2005)
IGR J18027-2016 -399 53260:80.07 INTEGRAL Jain et al. (2009b)
IGR J18027-2016 -286 537768R.07 Swift Jain et al. (2009b)
IGR J18027-2016 -267 5386310.14 INTEGRAL Falanga et al. (2015)
IGR J18027-2016 -127 54503:88.07 Swift Jain et al. (2009b)
XTE J1855-026 -590 51495.29).02 RXTE Corbet & Mukai (2002)
XTE J1855-026 -391 52704.60.05 INTEGRAL Falanga et al. (2015)
XTE J1855-026 -176 54009.90.05 INTEGRAL Falanga et al. (2015)
XTE J1855-026 -31 54890.68).05 INTEGRAL Falanga et al. (2015)

Table 2.5. Historic Mid-eclipse Time Measurements For IGROR7-2016

and XTE J1855-026

Historical mid-eclipse times for IGR J16479-4514, IGR JAB®016 and
XTE J1855-026 found usinBXTE, Swift BAT andINTEGRAL.

Spectral Type M /M, q*

R/Ry Ry/R"  imino"

BO 111
BS5 1l
BOV

BO1

20 0.070
7 0.200
17.5 0.080
25 0.056

13 18.5 68
6.3 11.7 79
8.4 17.5 79
25! 20.4 41

Table 2.6. Physical Parameters for Previously Proposed \basors for
IGR J16393-4643
“ The mass ratiog, is defined as\/, /M. where ), is the compact object
and M. is the donor star.
® The definition for the Roche lobé;,, as given in Eggleton (1983), assum-
ing Mys is 1.4M,.
¢ The minimum inclination angle of the system that is consisteth the
measured eclipse half-angle.
4 A BO | classification significantly overfills the Roche lobedaare there-
fore, it is excluded from my analysis.
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Spectral Type M/M, ¢¢ R/Ry RyL/Ro®  imino©
08.51 31.54 0.044 21.4r 20.7¥ 61-63

08.51 33.90 0.041 2220 2135 60-62
091 29.63 0.047 21.76 20.17 58-60
091 31.95 0.044 22.60 20.82 57-59

Table 2.7. Physical Parameters for Previously Proposed \Dasors for
IGR J16418-4532

® The mass ratiog, is defined as\/, /M. where)/, is the compact object
and M. is the donor star.

> The definition for the Roche lob&;,, as given in Eggleton (1983), assum-
ing Mys is 1.4M,.

¢ The minimum inclination angle of the system that is consisteith the
measured eclipse half-angle.

4 A BO | classification significantly overfills the Roche lobedaare there-
fore, it is excluded from my analysis.

Spectral Type M/M. ¢* R/Rs Rp/Ro’ imino®
08.51 31.54 0.044 21.4r 19.13 55-58
08.51 33.90 0.041 22.20 19.73 54-56
09.51 27.83 0.050 22.1r 18.14 48-51
09.51 30.41 0.046 23.1r 18.84 47-49

Table 2.8. Physical Parameters for Previously Proposed N\basors for
IGR J16479-4514

® The mass ratiog, is defined as\/, /M. where M, is the compact object
and M. is the donor star.

® The definition for the Roche lob&;,, as given in Eggleton (1983), assum-
ing Mys is 1.4M,.

¢ The minimum inclination angle of the system that is consistth the
measured eclipse half-angle.

4 A BO | classification significantly overfills the Roche lobedaare there-
fore, it is excluded from my analysis.
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Parameter Value

P2 4.56993:0.00003d
Pouise” 139.61-0.04s
ay sini® 68+1 It-s
K. 23.8£3.1kms!
Tnid BMJD 55083.82-0.01
FMY 16+1 M,
q° 0.07+0.01
O. 34+2°

Maonor  18.6+0.9-19.400.9M,
Raonor 17.4:0.9-19.5%8 R,

a 31.4-33.2R,
Mys ~ 1.37+0.19-1.43-0.20M,
i 73.3-90

Table 2.9. System Parameters for IGR J18027-2016

® The orbital period is refined using & — C' analysis.

® The pulse period, projected semi-major axis and mass fumetie given
in Hill et al. (2005).

¢ The semi-amplitude of the radial velocity of the mass domok mass ratio
are given in Mason et al. (2011).
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Parameter Value

P 6.07413:£0.00004d
P 360.741-0.002 s
Pouse” 1.5+3.6s5'x10°8
ay sini® 82.8+0.81It-s
K,° 26.8+8.2km s
Tinid MJD 55079.040.01
FM)P 16.5:0.5M,,
¢ 0.09+0.03
O, 33.6:0.7
Maonor 19.6+1.1-20.2-1.2 M,
Raonor 21.5:0.5-23.0t0.5,,
a 38.9-39.2R,
Mys 1.7H40.55M.—-1.82t0.57M
) 76.4-90

Table 2.10. System Parameters for XTE J1855-026

® The orbital period is refined using & — C analysis.

® The pulse period, derivative of the pulse period, projestmi-major axis
and mass function are given in Corbet & Mukai (2002).

¢ The semi-amplitude of the radial velocity of the mass domak mass ratio
are given in Gonalez-Gahn (2015).
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Spectral Type M/M, ¢ R/Ro Ru/Ro® Ru/R My (J—K)* E(J—-K)* " doqot® dodot”
(kpc)  (kpc)
06 la 44,10 0.032 19.95 23.85 0.84 -6.38 -0.21 2.60 77-81 119 11.9
06.5 la 41.20 0.034 20.22 23.18 0.87 -6.38 -0.21 2.60 73-76  12.0 12.1
O7 la 38.44 0.036 20.49 22.52 0.91 -6.38 -0.21 2.60 70-73 12.0 12.3
O7.5la 36.00 0.039 20.79 21.90 0.95 -6.38 -0.21 2.60 6769 12.0 12.4
O8 la 33.72 0.042 21.10 21.31 0.99 -6.38 -0.21 2.60 64-66 11.9 12.6

Table 2.11. Possible Parameters of Candidate Donor StalGfd16418-4532
“ The value for(J — K), was calculated using/ — H), and (H — K), published in Martins & Plez (2006).
E(J — K) is found by subtracting./ — K), from the observed — K

® The range of inclination angles of the system consisterit thié measured eclipse half-angle.

¢ The distance the object is from the Sun using the distancailnsd

4 The distance the object is from the Sun using the radius tamtig ratio derived from spectral energy distribu-

tion. The radius to distance ratio is found to be 32D !! (Chaty et al., 2008).
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Spectral Type M/Ms ¢ R/Rs RiL/Ro® Ru/R My (J—K)® E(J—K)* io® doaot® dodot”
(kpc)  (kpc)

06 la 44.10 0.032 19.95 22.03 0.91 -6.38 -0.21 3.48 69-75 4.44 4.50
06.5 la 41.20 0.034 20.22 21.42 0.94 -6.38 -0.21 3.48 66—-71 4.46 4.56
O7 la 38.44 0.036 20.49 20.80 0.99 -6.38 -0.21 3.48 63-68 4.46 4.62
O7.5la 36.00 0.039 20.79 20.23 1.03 -6.38 -0.21 3.48 6064 4.48 4.69
08 la 33.72 0.042 21.10 19.68 1.07 -6.36 -0.21 3.48 58-61 4.44 4.81

Table 2.12. Possible Parameters of Candidate Donor StalGRd16479-4514

“ The value for(J — K), was calculated using/ — H), and (H — K), published in Martins & Plez (2006).
E(J — K) is found by subtracting./ — K), from the observed — K

® The range of inclination angles of the system consisterit thié measured eclipse half-angle.

¢ The distance the object is from the Sun using the distancailnsd

4 The distance the object is from the Sun using the radius tamtig ratio derived from spectral energy distribu-

tion. The radius to distance ratio is found to be1D~!° (Chaty et al., 2008).



Chapter 3

PROBING THE MYSTERIES OF THE X-RAY BINARY

4U 1210-64 WITH ASM, PCA, MAXI, BAT AND

SUZAKU

3.1 Overview

4U 1210-64 has been postulated to be a High-Mass X-ray Bipamwered by the
Be mechanism. X-ray observations wilnzakythel/SS Monitor of All-sky X-ray Image
(MAX]I) and the Rossi X-ray Timing ExploreProportional Counter Array (PCA) and All
Sky Monitor (ASM) provide detailed temporal and spectrdbrmation on this poorly
understood source. Long-term ASM and MAXI observationsastistinct high and low
states and the presence of a 6.7£010005 day modulation, interpreted as the orbital
period. Folded light curves reveal a sharp dip, interpre@iedn eclipse. To determine the
nature of the mass donor, the predicted eclipse half-angteoaiculated as a function of
inclination angle for several stellar spectral types. Ttlgse half-angle is not consistent
with a mass donor of spectral type B5 V; however, stars withcspl types BO V or

BO-5 IIl are possible. The best-fit spectral model consi$ta power law with index
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I'=1.85"52 and a high-energy cutoff at 5¢9.2 keV modified by an absorber that fully
covers the source as well as partially covering absorptiemission lines from S XVI
Ka, Fe Ka, Fe XXV Ka and Fe XXVI Ko were observed in th&uzakuspectra. Out-
of-eclipse, the Fe K line flux was strongly correlated with unabsorbed continuflur,
indicating that the Fe | emission is the result of fluoreseenfccold dense material near
the compact object. The Fe | feature is not detected duritigses further supporting an

origin close to the compact object.

3.2 Introduction

4U 1210-64 is an unusual X-ray Binary (XRB) first detected iy Whuru satellite
in 1978 (Forman et al., 1978). Forman et al. (1978) found4hhl210-64 appears to be
a variable source with a mean flux of &20-!! erg cnT2 s ! in the 2-6 keV band. Sub-
sequent detections of 4U 1210-64 include Hirstein(Elvis et al., 1992) andEXOSAT
(Reynolds et al., 1999) slew surveys at fluxes<1®@ ! erg cnt? s~ ! and~7x10" 'Y erg
cm~2 s ! in the 0.16-3.5keV and 1-8 keV bands, respectively; the Jfield cameras
(WFC) on boardBeppoSAX(Verrecchia et al., 2007JNTEGRAL/IBIS (Ubertini et al.,
2003) and the Burst Alert Telescope (BAT) on board $vaft observatory (Tueller et al.,
2010; Cusumano et al., 2010) at fluxes 28D °erg cnt? s !, 1.1x10 't erg cni2
st and~2x10"erg cnt? s7! in the 2-10keV, 20-100keV and 14-195keV bands,
respectively.

A soft X-ray counterpart at coordinates (J2000) RAX12°14°7, Dec=-64°5231"

with a position uncertainty of4” was revealed (Revnivtsev et al., 2007) in observations
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conducted with the X-ray telescope (XRT, Burrows et al.,3)0fh boardSwift. Revnivt-
sev et al. (2007) modeled the X-ray spectrum of 4U 1210-64gusicontinuum consisting
of a power law with hard photon index and an emission featufe7ekeV with an equiv-
alent width (EQW) of~400 eV. These observations resulted in a classification of 4U
1210-64 as an intermediate polar cataclysmic variable (@vnitsev et al., 2007).

Observations using th8wift/XRT in late 2006 and early 2008 confirmed the pres-
ence of an emission feature at 6.7 keV, thought to be Fe XXVs@taet al., 2010). The
emission feature, observed to be prominent when the sosiatantermediate flux levels,
was not seen when the source entered periods of low or higi{Masetti et al., 2010).
At intermediate flux levels, the EQW of the emission line whseyved to be-1.6 keV.
This very large EQW is suggestive of a blend of Fe lines. Whierivtsev et al. (2007)
suggested that the spectral properties indicate that 40-621is a CV, Masetti et al.
(2010) proposed that the stellar remnant in the system isiarestar based on the very
large EQW and variability of the emission feature. Underaksumption of a power law
continuum and a distance ef2.8 kpc (Masetti et al., 2009), the high state X-ray lumi-
nosity of 4U 1210-64 was found to be k20* erg s ! in the 2-10keV band (Masetti
et al., 2010). This exceeds the typical luminosities olesgtim CVs by a factor of-1—
2 orders of magnitude (Barlow et al., 2006; Revnivtsev et2008; Brunschweiger et
al., 2009). A blackbody soft excess with a temperature-@f5 keV was found in 4U
1210-64, which implies that the accretor is more compact thavhite dwarf (Masetti et
al., 2010). Masetti et al. (2010) concluded that the pres@fithe soft excess provides
compelling evidence against a CV interpretation of the sgste

The optical counterpart of 4U 1210-64 was observed on MJ2945using the
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1.5m Cerro Tololo Interamerican Observatory (CTIO) in Chilea@étti et al., 2009).

Based on its optical spectrum, Masetti et al. (2009) progpdbkat the spectral class of
the mass donor is B5 V. The features observed in the optiegtspn consist of Balmer
series lines in absorption and emission of neutral heliunglg ionized helium and a

blend of doubly ionized nitrogen and carbon. The EQW of thelide was observed to
be approximately 2.8 (Masetti et al., 2009). This is less than half the expectdédeva
for a B5 V star, which suggests that emission features argepte While an early-type
mass donor suggests that 4U 1210-64 is a High-Mass X-rayyitiee presence of a B5
V main-sequence star in an HMXB would be unprecedented (&legla, 1998). The

majority of Be X-ray binaries (BeXBs) host primaries withegpral properties that range
from late O to early B type stars. This will be discussed iritar detail in Section 4.

A 6.7 day orbital period was discovered using data fromRuwssi X-ray Timing
ExplorerAll-Sky Monitor (ASM, Corbet & Mukai, 2008). In addition, Coeb & Mukai
(2008) report three main states of the system along with dssipility of an eclipse. |
investigate these results in more detail in Section 3.1guadditional data from ASM, the
Monitor of All-Sky X-ray Image (MAXI) on board thénternational Space Station (ISS)
and Burst Alert Telescope (BAT) on board tBevift spacecratft.

This chapter is structured in the following ordeSuzaky MAXI, PCA, and ASM
observations are presented in Section 3.2, Section 3.%éscan the results of the X-
ray campaign, and Section 3.4 presents a discussion of shéige The conclusions are
outlined in Section 3.5. As in Chapter 2, the uncertaintie$lanits presented are at the

1o confidence level.
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3.3 Observations and Data Analysis

The observations outlined below consist of data collectethd a two daySuzaku
observation of 4U 1210-64 (2010 Dec. 23-25), pointed oladems using theRXTE
Proportional Counter Array (PCA) as well as long-term obseove of the system using

the following all-sky monitors: MAXI, ASM, and BAT.

3.3.1 RXTE

3.3.1.1 ASM The ASM on board RXTE (Levine et al., 1996) consisted of
three coded-aperture Scanning Shadow Cameras (SSCs)ivectas@nergies in the 1.5—
12 keV band. For more information, see Appendix A.3.1.1.

ASM observed 4U 1210-64 from MJD 50087 to 55924. The lightvearwere
retrieved from the ASMRXTE databasemanaged by MIT, which includes “dwell-by-
dwell” light curves and daily averaged light curves. Thehtigurves are divided into
three energy bands: 1.5-3keV, 3-5keV and 5-12 keV. Oventtieenergy range (1.5—
12 keV), the Crab produces approximately 75.5 counts(Remillard & Levine, 1997;
Levine et al., 1996). “Blank field” observations of regiondagh Galactic latitudes indi-
cate that a systematic uncertainty-08.1 counts s' must be taken into account (Remil-
lard & Levine, 1997; Levine et al., 1996). | used the “dwejHwell” light curves in this

analysis (see Section 3.4.1).

3.3.1.2 PCA Consisting of five proportional counter units (PCUs), the PCA

was sensitive to X-rays in the energy band 2—-60keV. For mofermation, see Ap-

http://xte.mit.edu/ASMc.html
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pendix A.3.1.2.

4U 1210-64 was observed 65 times between MJD 54804.0-3a842lividual ob-
servations typically lasted for 2—4 ks but were as short 4«4 and as long as 45.6 ks.
Dataset IDs were 93455-01 (23 observations) and 94409-Dbl{dervations). The ma-
jority of the observations were performed during a singlacgeraft orbit with no inter-
ruptions; longer ones spanned multiple orbits, with intptions due to Earth occulta-
tions and/or SAA passages. Of the 5 PCUs, only PCU2 was usettarily for these
observations, so only data taken with PCU2 were analyzed.Cfak produces-2000—
2400 countss' in the PCU2 top layér

Each detected event was recorded in different ways by thieoand experiment
data system (EDS). The analysis was done by Koji Mukai, wiadyaed Standard2 mode
data, producing 129-channel spectra every 16 secondspéatral analysis and for low-
frequency timing analysis. He generated the “faint” modaikground, since the source
mostly stayed below 40 counts'sPCU!. For high-frequency timing analysis, light
curves in 10 ms bins were generated using the GoodXenon evedé data, without
background subtraction. Spectral data including backgplosubtraction were reduced

and analyzed using the standard screening criteria (Ja¢tadg 2006).

3.3.2 MAXI

The MAXI instrument is an X-ray slit camera sensitive to eies 0.5-30 keV

(Matsuoka et al., 2010). MAXI consists of two types of slitrezras, the Gas Slit Camera

2http://www.sternwarte.uni-erlangen.de/wilms/rxte/
3http://heasarc.nasa.gov/docs/xte/recipes/pcababiest
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(GSC) and the Solid-state Slit Camera (SSC), which observe {tagy Xariability of over
1000 sources over every ISS orbit of approximately 92 mmkéatsuoka et al., 2010).
Of the two cameras, | make use of the GSC data that are roytimetle available by the
MAXI team. The GSC is sensitive to the energy bandpass of Re8@0For additional
information, see Appendix A.4.1.

| analyzed MAXI data obtained between MJD 55061.5-56394ight curves of
energies 2-4 keV, 4-10 keV and 10-20 keV were retrieved flugrdata available in the
MAXI RIKEN databasé. The 2-4keV and 4-10keV light curves were subsequently

co-added for comparison with the light curves produced leyABM.

3.3.3 Swift

The BAT on board theSwift spacecraft is a hard X-ray telescope operating in the
15-150keV energy band (Barthelmy et al., 2005). For addltianformation, see Ap-
pendix A.4.2.1.

| analyzed BAT data obtained during the time period MJD 558B&141. Light
curves were retrieved using the extraction of the BAT dapared in Krimm et al. (2013).
These are available on the NASA GSFC HEASARC websitdich includes orbital and
daily-averaged light curves. | used the orbital light cerwethe 15-50 keV energy band

in this analysis (see Section 3.4.1.3).

4http://maxi.riken.jp/top/
Shttp://heasarc.gsfc.nasa.gov/docs/swift/resulistients/
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3.3.4 Suzaku

The Suzakuobservation of 4U 1210-64 took place in 2010 December 23R
55553.16-55555.15) with an exposure time~d80 ks (ObsID 405045010). Data, col-
lected using the X-ray Imaging Spectrometer (XIS) and Hany) Detector (HXD) in-

struments, were reduced and analyzed using standardaatedescribed below.

3.3.4.1 XIS data The SuzakuXIS suite consists of four X-ray imaging tele-
scopes each fitted with a CCD, sensitive to X-rays ranging fr@d»1D keV (Koyama et
al., 2007; Mitsuda et al., 2007). For additional informatisee Appendix A.3.2.1.

4U 1210-64 was observed in full window mode with a data readdBs. Data
collected using the XIS were reduced and screened usingEAebft v.6.13 package and
calibration files dated 2013 September 08 (XIS) and 2011 30nXRT) implementing
the procedures defined in ti&uzakuABC Guide. The data were reprocessed with the
FTOOL aepi pel i ne using the standard criteria to apply the newest calibrasind
default screening criteria. The XIS exposures in the83and 5<5 event modes were
combined usingKSELECT. Circular regions of radius’8 centered on the source and
offset from the source were selected to distinguish betvpd@tons originating from the
source and those originating from the background. The bgihtes were binned at 16 s.

Response matrices were generated usingkihgr nf gen andxi ssi mar f gen
FTOOL packages. Pileup was taken into consideration in ¢iggon files, where the
central pixels were shown to be affected. As a result, theriparts of the point spread
function (PSF) were removed using two overlapping rectéarghaped regions to reduce

pile-up to <1% using the FTOOLseat t cor 2 andpi | eest. Aeatt cor 2 creates
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an improved attitude file, which is then applied to the evdat ffhe FTOOLpi | eest
was then used on the improved event file, which provides alr@stjmate of the degree
of pile-up.

Data in the spectral file produced BYSELECT were further processed using the
FTOOL GRPPHA. GRPPHA is designed to define the binning, quality flags and systemati
errors of the spectra and used the bad quality flag to furthmireate bad data from the
PHA file. Bins were grouped to ensure a mininum of 20 countsghen the XIS spectra.
The spectrum was analyzed usik§PEC v12. 7. 1d. To avoid poorly calibrated Si
and Au features, only the energy ranges 0.5-1.7 keV and 2ke¥ were considered

(Nowak et al., 2011). | will discuss the spectral analysid agsults in Section 3.4.

3.3.4.2 HXD data The HXD is a non-imaging X-ray spectrometer consisting
of 64 silicon PIN diodes as well as the Gadolinium silicatgstal (GSO) instruments
(Mitsuda et al., 2007). My analysis only considers dataesmdéd by the PIN diodes be-
cause 4U 1210-64 is not bright enough for GSO analysis. Thigraaon files used in the
analysis of the HXD data were dated 2010 December 6. Forpleisific observation, 4U
1210-64 is not easily detectable at energies exceedB@keV. As a result, the analyzed
part of the spectrum is between 15-30 keV. For more inforonagee Appendix A.3.2.2.

The HXD-PIN spectral data were extracted and reduced ubm@deaned” event
files in thehxd/ event _cl directory and théaxdpi nxbpi FTOOL package, respec-
tively. The FTOOLhxdpi nsbpi automatically runs the tasks outlined as follows. Good

Time Intervals were calculated using the Non X-ray Backgab(NXB)®? data overlap-

bftp://legacy.gsfc.nasa.gov/suzaku/data/backgrounaib_ver2.Qtuned/
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ping in time with the GTI of the observation. The source andB\sfectra are extracted
usinghxdpi nxbpi . The rate in the NXB event file is scaled by a factor of 10 to ac-
count for Poisson errors. As a result, the exposure timeedi#rived background spectra
and light curves must be increased by a factor of 10. Sincé&\X® spectrum does not
include the Cosmic X-ray Background (CXB), a simulated CXB spse was produced
using the parameters determined by Boldt (1987). The tdfdldackground spectrum

is the sum of the NXB and simulated CXB spectra, which were dddgether using
addspec. The net count rates for the NXB and CXB spectra are 0.2386006 and
0.0153:0.0001 counts s, respectively. The source spectrum is dead time corregted b

~4-5%.

3.4 Results

3.4.1 Long Term Temporal Analysis

Using data acquired from the ASM, MAXI, and BAT instrumeritproduced light
curves of 4U 1210-64 to investigate long-term variabilifyttee source (see Figure 3.1).
Data produced by ASM, MAXI and BAT span periods ©f.6 years,~3.3 years, and

~5years respectively.

3.4.1.1 ASM Temporal Analysis Three distinct states of the system, two active
phases and a quiescent phase, are seen in the ASM light ses/€igure 3.1, bottom). To
parameterize the states observed in the system, the ligrg was fit using an asymmetric
“step-and-ramp” function (see Figure 3.1, bottom). Theapaeters in this model are as

follows: the times corresponding to the start of the traosibetween the first active state
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FiG. 3.1. Long term light curves of 4U 1210-64 produced by BAT e t15-150 keV
band (top), MAXI in the 2-10 keV band (middle) and ASM in th&412 keV band (bot-
tom) show a two year time overlap between ASM and MAXI and ayfea time overlap
between ASM and BAT. The ASM, MAXI and BAT light curves use Zlyd70 day and
70 day time bins, respectively. The times of the PCA &uwtakuobservations are indi-
cated by the green shaded region and blue dashed line, tesheclhe ASM light curve
(bottom) is fit with an asymmetric “step and ramp” functioedssolid red line), which
models the long-term behavior of the system.

to the quiescent statd;, the start of the transition between the quiescent stateland
second active staté}, the transition time between state 1 and statA?,, the transition
time between state 2 and state/3];, the count rates during both active stat€g,;, and
Cact2, and the count rate during the quiescent statg;... The model parameters are

reported in Table 3.1. The duration of the quiescent phasefeeand to be 2508); days

(6.195-52 yr) using the following equation:

(31) Ajjquies = T2 - (Tl + ATI)
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Model Parameter ASM

Ty (MJD) 50703}’
AT, (days) 1353
T,+AT; (MJID) 508385,
Chaet1 (Counts s')  0.63+£0.02

Cact2 (Counts st)  0.457007
T, (MJD) 53444 1}
AT, (days) 1093¢
To+AT, (MJID) 5345212
Ciuies (Counts s')  0.136+0.009
AT, ies (days) 25065¢
2 (dof) 1.19 (222)

Table 3.1. Best-fit parameters for the states observed in2410-64.

A power spectrum was used to search for periodicities in taadpdata (Scargle,
1982; Corbet & Mukai, 2008). Power spectra, produced usisgMAXI and ASM light
curves at a time resolution of one dwell (90 s), show the presef a 6.71010.0005 day
peak (see Figure 3.2, bottom). The false-alarm probalif®P; Scargle, 1982) in the
ASM light curve is~107°. | interpret this peak as the orbital period of the system.

For this paper, | use an ephemeris based on the orbital pelbserved in the power
spectrum (see Figure 3.3, bottom) and time of mid-ecligze6.7101-0.0005 days and
T0=MJD 54001.8-0.2. To parameterize the orbital modulation of the systém;dwell-

by-dwell” ASM lightcurves were folded using the orbital ped.

3.4.1.2 MAXI Temporal Analysis | confirmed the orbital period using MAXI.
| folded the MAXI light curve on the orbital period using thpreemeris described above
(see Figure 3.3, middle), showing that the binned foldekitlgyrve strongly agrees with
that produced by ASM. Compared to the ASM power spectrum, retatéstical noise is
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FiG. 3.2. Power spectra produced by BAT (top), MAXI (middle) a8iM (bottom) with
the 99.9% and 99.99% confidence intervals shown. The BAT (top), MAXI (middle) and
ASM (bottom) data are in the 15-50 keV, 2—20 keV and 1.5-12 kaeNds, respectively.
The~70 day precession period of the ISS is also seen in the MAXlgn@pectrum.
apparent in the power spectrum produced using MAXI data Fsgere 3.2, middle). A

“blind search” for the period of the system yields a FAP<df0©.

3.4.1.3 BAT Temporal Analysis The modulation interpreted as the 6.7 day or-
bital period was not detected in the power spectrum prodingethe BAT instrument
(see Figure 3.2, top). Comparisons between the BAT powettspe@and ASM power
spectrum indicate that BAT does not have the sensitivityetiect the 6.7 day modulation
at the level seen in ASM and MAXI respectively (see Figure 8p). The modulation
depth is defined as{ount yax —Count ) /MeanCount.

| folded the BAT light curve on the orbital period using thehemeris defined by

the ASM (see Section 3.1.1 and Figure 3.3, top), showingttr@binned folded light
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FIG. 3.3. BAT (top), MAXI (middle) and ASM (bottom) lightcurvdslded on the orbital
period using 20 bins (BAT) and 80 bins (ASM and MAXI). The seddegion indicates
the orbital phases of the system for the duration ofSbgakuobservation. The sharp dip
in flux between phases~-0.04 andy~0.03 is interpreted as an eclipse. The solid red
line is the sinusoidal fit to the folded light curves using gphemeris defined in Section
3.1.1.

curve is consistent with that produced by ASM and MAXI with@spible indication of

an eclipse centered at=0.

3.4.2 Eclipse Profile

The folded light curves show the presence of a sharp dip ltvweebital phases
¢~-0.04 andy~0.03, which is suggestive of an eclipse. Similar to what isnfib in
IGR J16393-4643 (see Section 2.4.1), the source emissidd it210-64 does not reach
Ocounts s'. | interpret this dip as an eclipse since the feature is pEnst over many
years of data. The feature is seen at the same orbital ph&sates 1 and 3 (see Table 3.1),

which are separated by6 years. The rapid ingress and egress requires obscuration b
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clearly defined boundaries that are suggestive of an objyett as the mass donor in the
system.

As described in Section 2.3.2, the eclipse was modeled asstegp and ramp func-
tion (see Figure 3.4). Since the eclipse profile was foundetgsyimmetric within the er-
rors, | chose the model to be a symmetric step and ramp funciibe symmetric nature
of the model ensures that the duration of ingress and egtessas well as the count rate
before ingress and after egress,are equal. The eclipse model parameters are reported
in Table 3.2. The eclipse duration and mid-eclipse are tated using Equations 2.2
and 2.3.

Since the Suzaku observation begins at MJD 55553.1, | exphestime of mid-
eclipse,T,,iq, at an epoch closest to the Suzaku observation (see TahleTe eclipse
duration, time of mid-eclipse, and eclipse half-anghes(., x 180°) from fitting the ASM
and MAXI folded light curves are reported in Table 3.2. The 6f both the ASM and
MAXI data, which use 150 and 88 bins respectively, indicatg the mid-eclipse times
and eclipse durations are in agreement at theldvel. For the best-fit step-and-ramp
model, | chose to express the ingress and egress start tindesamsition duration to
the weighted average of the ASM and MAXI values (see Tablg 3/2hile all model
parameters were free for the ASM and MAXI fits, the phasesesponding to the start
of ingress as well as egress and the transition duratioreiB&T fit, which uses 96 bins,

were frozen to the weighted average of the ASM and MAXI values

3.4.3 Short Term Temporal Analysis
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a symmetric “step and ramp” function, which models the ediplrhe BAT (top), MAXI
(middle) and ASM (bottom) data are in the 15-50 keV, 2—20 ka¥f &.5-12 keV bands,
respectively. The orbital phase coverage in the ASM and MfaXded light curves were
restricted to where the count rate outside of eclipse coelddproximated to a constant.

3.4.3.1 Suzaku The two-daySuzakuobservation in 2010 Dec. took place dur-
ing the phase of transition from the minimum to the maximurnthef6.7 day modulation
(see Figure 3.3). | binned th8uzakulight curves to a resolution of 16 s to investigate
short-term variability in the system, shown in the lightwiproduced by the sum of the
XIS-0 and XIS-3 light curves (see Figure 3.5).

The two-daySuzakuobservation revealed large variations in flux indicativesigk
nificant variability beyond the orbital modulation. The nutation depth between the
peak in the light curve and the mean count rate is on the ofdet@%.

| divided the light curve into two energy bands where the baftd is defined be-

tween energies 0.5-4 keV, characterized by the countGafg, and the hard band is
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Model Parameter ASM MAXI Combined BAT

(1.5-12keV) (2-20keV) (15-50 keV)

Ping -0.04770 003 -0.044+0.002 -0.045-0.002

A¢ 0.0149 005 0.013:0.002 0.014700,

C 0.54+0.07 1.97+0.03 5.5+0.4

Dogr 0.033+0.005 0.03%0.002 0.03%0.002

Ceal 0.347003° 1.114+0.07 1.0+1.4
Adea 0.066) 0% 0.062+0.004 0.062-0.003

T¢. 55553.099-0.004 55553.0980.002 55553.0980.002

o/ 11.93 11.179 11.2+0.6

x> (dof) 0.92(146) 1.21(84) 0.93(96)

Table 3.2.

* The ¢ing, A, deer Parameters in the BAT fit are frozen to the weighted

average of the ASM and MAXI values.

b Units are countss.

¢ Units are 102 counts cn? s 1,

4 Units are 10° counts cm? s~

¢ Units are MJD.

F Units are degrees.
between 4-10keV, characterized by the count @tg,. Using the definition in Equa-
tion 3.2, | produced a hardness ratio (see Figure 3.5, bgttonmed to a resolution of
~1000s, where a soft spectrum is indicated by negative vandsa hard spectrum is
indicated by positive. The hardness ratio was also plotggdnat the count rate in the
full energy band of 0.5-10 keV to search for a correlatiowleein the hardness ratio and
source intensity (see Figure 3.6). Throughout this chaptese the weighted Pearson
correlation coefficient, r (e.g Bevington & Robinson, 2003)nly take the data observed
out-of-eclipse into account since the phenomenology femiht from the data observed

during eclipse (see Table 3.3). Out-of-eclipse, | found sitp@ correlation between the

hardness ratio and source intensity (r=0.69167°), which will be interpreted in Sec-
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Fic. 3.5. The weighted average of ti&zakuXISO and XIS3 light curves using bin
sizes of 16 (top). The top axis indicates the orbital phdsbeosystem. The shaded
region indicates the mid-eclipse and egress end timesla&dcuby the “step-and-ramp”
function. The hardness ratio (bottom), which uses bin 224900 s, is defined asX..q-
Ciott)(CharatCsott), Where the soft and hard energy bands are 0.5-4 keV and €V 0 k
respectively.

tion 3.5.4.

(32) HR = (Ohard - Osoft)/<chard + Osoft)

3.4.3.2 PCA To present an overview of the RXTE observations, the average
background-subtracted count rate of 4U 1210-64 was cdeulilduring each spacecraft
orbit and plotted against time in Figure 3.7. The PCA lightvegrwere divided into three
energy bands defined between between energies 2.5-6 keWkéV¥land 10-20 keV,
which are characterized by count rat€sg, C, and Cj, respectively. Using the defini-

tion in Equation 3.2, | produced hardness ratios binned tesalution of~0.2d (see
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N

Figure 3.7, middle and bottom). To search for correlatioesMeen the hardness ratios
in each energy band, | produced a color-color diagram (sger&i8) between the two
hardness ratios to examine the correlation between therroAgscorrelation was found
in the color-color diagram (r=0.79,510°°.)

| performed a Fourier transform of all background-subedd®XTE PCA Stan-
dard2 mode data together, up to a frequency of 100 cyclesgye(Stargle, 1982). The
power spectrum is dominated by low frequency (see Figurg 3€d” noise, and the or-
bital period was not detected in this data set. This is likedgause of a patchy orbital
phase coverage.

Note that Scargle’s method is strictly correct only in jualythe FAP of the highest
peak mixed in with otherwise frequency-independent, “@hitnoise (Scargle, 1982).
This is clearly not the case here. To improve the search fqima geriod, | analyzed

the relationship between power and frequency in log-logefa estimate and remove
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FiG. 3.7. Long-term light curve of 4U1210-64 during the RXTE PCaxpaign (top). |
calculated the average and standard deviation of the PCU# cate for each spacecraft
orbit. Also indicated (shaded regions) are the eclipsenmte due to the companion.
Hardness ratios of the PCA light curves (middle and bottorsingibin sizes of 0.2d.,
where the energy bands fér,, C; andC; are 2.5-6 keV, 6—-10keV and 10-20 keV, re-
spectively.

the amount of low-frequency red noise present in the powectspm (Vaughan, 2005).
A quadratic fit was found to give a reasonable approximatihe continuum noise
level. | subtracted the quadratic fit from the logarithm aof ffrower spectrum along with
a constant value of 0.25068 to account for the bias due tg*hkstribution of the power
spectrum (Vaughan, 2005). The only statistically signifidaature in the power spectrum
is an artifact caused by a group of peaks around 15 cycles@enédar the spacecraft
orbital period (see Figure 3.9).

| created light curves binned to 10 ms for each GoodXenontawenle file, cov-

ering no more than a single spacecraft orbit. The estimateelequency red noise was
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FiG. 3.8. PCA color-color diagram comparing soft color vs. haotbc as defined in
Figure 3.7. The red line indicates the best linear fit to thegsmutside the eclipse. The
blue points indicate the data collected during eclipse.

removed using the procedures in Vaughan (2005), similaritatus described above. A
function that is quadratic for frequencies belevi0-2 Hz and constant above this was
found to give a reasonable approximation to the continuuisenievel found in the log-
log plot between power and frequency. The highest peak imeb@lting power spectra
(see Figure 3.10) was often found at the lowest frequer®q1 mHz), presumably re-
sulting from both source and background variability 00 s time scales. In 5 cases,
additional higher frequency>10 Hz), apparently significant (FAP less than%)lpeaks
were also found. However, these turned out to be relatedeadaiw frequency peak:
the removal of the low frequency sinusoid also removed thpessks. | conclude that
these were artifacts, created by some (unknown) combmafithe sampling pattern, the
precise characteristics of the low frequency variabilégd possibly also the numerical

limitations of the particular implementation of Scarglalgorithm that | used (Scargle,

1982). Other than these, the strongest high frequency peadk$AP between% and
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Fic. 3.9. Scargle’s power spectrum of the PCA data up to a frequehd00 cycles
per day with the estimated continuum noise component rechtep). The uncorrected
power spectrum (bottom) is dominated by strong low freqyerasiability. The orbital
period (see Sections 3.4.1.1 and 3.4.1.2) is indicated éybbhe dashed line. The red
short dashed line is the power corresponding%HAP, and the long dashed line %1
FAP.

0.1% (note that the number of trials for each Fourier transformaien into account, but

not the fact that | analyzed 84 independent light curves),rame of these candidate fre-
guencies repeated in multiple observations. | concludd tid not detect the spin period

of the compact object in 4U 1210-64. Scaling from the amgégiof the highest peaks, it
can be estimated that a sinusoidal modulation with an angaibf 8% of the mean flux

would have been detectable at 98.9ignificance.

3.4.4 Spectral Analysis

The X-ray spectral data from tleuzakuand PCA observations of 4U 1210-64 were
analyzed using the packa&PEC v12. 8. 0. | made use of th&XSPEC convolution

modelcf | ux to calculate the fluxes and associated errors of 4U 1210-64.
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FiG. 3.10. Typical PCA power spectra for Obs ID 99009-01-01-dp)tObs ID 99009-
01-01-22 (second from top), Obs ID 99009-01-23-00 (thindghpand Obs ID 99009-01-
03-02 (bottom). The frequency range is from 5®~*-50 Hz. The long dashed line is
the power corresponding t&/dFAP, and the short dashed line the®.EAP. The highest
peak in the Obs ID 99009-01-01-22 power spectrum is founcktbdiween the 99 and
99.9% confidence intervals (second from top).

3.4.4.1 Suzaku Spectral Analysis To fit the Suzakuspectra, | used several
models: a power law, thermal bremsstrahlung, a power lawifieddwith a high energy
cutoff (see Figure 3.11), and emission due to collisionalljized diffuse gasAPEC in
XSPEC, Foster et al., 2012). All models were modified by a partialtyering absorber
in addition to an absorber that fully covers the source usigBalucinska-Church &
McCammon (1992) cross sections and Wilms et al. (2000) amossa

The model that provides a good fit to the data is a power law fisadby a high-

energy cutoff (reported in Table 3.3). | find that the neutrgtirogen column densi-

ties for fully covered and partially covering absorptiore @/;=0.70+:0.01x10*? and
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Ny=6.7t0%x 10?2 atoms cm? respectively with a partial covering fraction of 0:86.03.
The measured values of the fully covered absorber are cahlgato the Galactic H |
values reported by the Leiden/Argentine/Bonn survey (Kdébet al., 2005) and in the
review by Dickey & Lockman (1990), which are 8.2460*' and 9.3% 10*! atoms cm?,
respectively. Therefore, | assume that the fully coveresbdter is interstellar in origin
unless otherwise noted (see Section 3.5.4 for treatmentlipse). A good fit does not
require an additional blackbody to the power law componewen though such a soft
excess was seen in tlS TEGRAL data by Masetti et al. (2010). Furthermore, | do not
detect any cyclotron lines in the Suzaku spectra.

Emission features in the FedKregion were detected at 6.4keV, 6.7 keV and
6.97 keV; which were modeled using a Gaussian centered opeéle of the lines (see
Figure 3.12). These features are interpreted as &el€ XXV Ka and Fe XXVI Ka re-
spectively (see Figure 3.12). In addition, an emissionwas observed at 2.6 keV, which
is interpreted as S XVI K (see Figure 3.12).

| investigated temporal dependence of the spectral pasmeatomparing the pa-
rameters during eclipse to those out-of-eclipse. The datcbpse region was subdivided
into several 10ks intervals to further investigate the terapvariability of the spectral
parameters. Since 4U 1210-64 is not easily detectable iri¥i@-PIN for much of the
observation, | only considered the XIS spectra for the agialgf time dependent changes
in spectral parameters. A good fit to the spectra does noireeguhigh-energy cutoff
although it is needed for the time-averaged out-of-eclgsectrum for which | analyzed
the well-exposed HXD-PIN spectrum along with the XIS datshdse to model the spec-

tra using a power law with a high-energy cutoff frozen at takies of the time-averaged
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FiG. 3.11. One of the best fit models for 4U 1210-64 where X30XIS1 and HXD/PIN
are indicated by the black, red and green data/models, ctgply. This consists of a
continuum comprised of a power law with a high energy cutoff ur emission lines
composed of S XVI kK, Fe Ko, Fe XXV Ka and Fe XXVI Ka. The continuum is
absorbed by partial covering absorption and fully coveabgorption.
spectra (see Table 3.4). The Fe I line was not detected dedlgse (see Table 3.3). |
therefore derived an upper limit for the strength of the line

In order to place constraints on the origin of the Fe khes, | compared the flux
of the Fe ku lines with the unabsorbed continuum flux in the 7.1-9.0 kendb@ee Fig-
ure 3.13). The flux of the Fe I line is found to decrease by afauft~15 during eclipse
(see Table 3.4). Additionally, | found that the flux of Fe XX¥YidaFe XXVI decreases by
a factor of approximately 3 during the eclipse phase (se&eTald). Within measurement
errors, the flux of the Fe K lines observed out-of-eclipse was found to follow the flux of
the continuum. The correlation coefficients, r, are as Wedlor=0.82, r=0.81 and r=0.87
for the Fe I, Fe XXV and Fe XXVI lines, respectively. Using aérithmic parameter
space, | measured the slope of the Felke flux observed out-of-eclipse versus contin-

uum flux—m=1.@-0.1, m=0.6:0.1 and m=0.70.1 for the Fe I, Fe XXV and Fe XXVI

lines, respectively.

122



Normalized
Counts s™ keV™

. g%ﬂuh Wi ym MA T TR ¥ MM é
72 m ' \UW\\WWWW{WWW f

2.4 2.6

Energy (kev)

bt g WWW“W“ e

Normalized
Counts s™ keV™
o
&

ﬁmuu“mﬂlmm 3o ik bt MM‘N‘ ! A SRRy
LA T WHIMIY

5.0 55 6.0 6.5 7.0 75
Energy (keV)

FIiG. 3.12. The XIS-8-3 spectrum of 4U 1210-64 in the 2.3-3.5keV (top) and 5.0—
7.8keV bands (third panel) to illustrate the S XVI and Fe &mission lines along with
the best fit model. The normalization of the lines was set tothée model. Residuals are
plotted in the second from top and bottom panels.
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To constrain the state of the plasma, | calculated the flua bettween the Fe XXV
and Fe XXVI emission features. | defined the flux ratio as the @uithe Fe XXV line
divided by the flux of the Fe XXVI line. No change was found ie fitux ratio between
the Fe XXV and Fe XXVI emission features and the continuum ituthe 7.1-9.0 keV
band (see Table 3.4).

In contrast to the Fe K lines, the S XVI kx line was not consistently detected
throughout the duration of thBuzakuobservation (see Table 3.4). During the time inter-
vals specified in Table 3.4, | calculated an upper limit of #H@@W and flux of the S XVI
line at the 90t confidence interval. | also searched for correlations betwée contin-
uum spectral parameters (the power law with the high eneatgficmodified with fully
covered and partial covering absorption) with respect €04H1—9.0 keV continuum flux
(see Table 3.4). No clear correlation between the paranatees and flux was found.

In addition, | found that a bremsstrahlung model with a terapee of 7.2-0.2 keV
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FiG. 3.13. Flux of the Fe I (top), Fe XXV (middle) and Fe XXVI (both) lines vs. the
unabsorbed continuum flux in the 7.1-9.0 keV band in loganithunits. An upper limit
at the 904 confidence interval is shown for the Fe | line during eclipBlee red and blue
lines indicate the best fit for constant and power law modedpectively. The correlation
coefficients, r, are as follows: r=0.82, r=0.81 and r=0.87tfe Fe |, Fe XXV and Fe
XXVI lines, respectively. Using a logarithmic parametersp, | measured the slope of
the Fe ku line flux versus continuum flux—-m=10.1, m=0.6:0.1 and m=0.#0.1 for
the Fe I, Fe XXV and Fe XXVI lines, respectively. The blue geimdicate the data
collected during eclipse.

also fits theSuzakudata reasonably well. However, this model is found to previdsat-
isfactory fits to the PCA spectra whexé was found to exceed 2 (see Section 3.4.4.2).
Therefore, the power law with the high energy cutoff modehis preferred description

of 4U 1210-64.

3.4.4.2 PCA Spectral Analysis | analyzed the PCA spectral data of 4U 1210-

64 from MJD 54804-54842, using the models described in @e&i4.4.1. The best-fit
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model is a power law with a high energy cutoff (see Figure 3tdd and middle). Due to
the lack of low energy response (see Section A.3.1.2), teerpbon that is observed in
the Suzakuspectra cannot be accurately measured using the PCA (saerSeéet4.1).
Therefore, | frozeVy to the out-of-eclipse value determined wiBluzaku

The power law index]’, and cutoff energies found with the PCA are consistent
with those determined with thBuzakuanalysis. However, | note that the folding energy
obtained with the PCA differs somewhat from that obtainedh\8itzzaku | also note that
the folding energy was found to be variable among differenetsegments of PCA data.

Due to the~10 times lower spectral resolution of the PCA compared \8itlizaku
(see Sections A.3.1.2 and 3.3.4.1, respectively), | detkahly a broad emission feature
between energies 6.4—-6.7 keV in the Fe Kegion, which was modeled using a single

Gaussian (see Figure 3.14, bottom). Furthermore, the S XWidature was not detected

in the PCA spectra, which is expected due to the low sensitdfithe PCA at 2.62 keV.
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FiGg. 3.14. A typical PCA spectrum (MJD 54804) and best fit modeb ffanel). This
consists of a continuum comprised of a power law with a higargy cutoff and a broad
Fe Ka emission line. Residuals of the best fit model are plottedhénriddle panel. To
illustrate the Fe K emission lines along with the best fit model, the normalaratf the
line was set to 0. Residuals are plotted in the bottom panel.
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The temporal dependence of the spectral parameters wastigated (see Ta-
ble 3.5). | searched for correlations between the continapectral parameters (folding
energy, the high energy cutoff and the power law index) wépect to the 2.5-20 keV
continuum flux (see Figure 3.15). While no clear correlatietween the folding energy
and flux was found, the high-energy cutoff and power-law indee anti-correlated in
respect to the continuum flux. The correlation coefficientsue: -0.69 and -0.81 for the

high energy cutoff and power law index, respectively.
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FiG. 3.15. Power Law Index (top), Folding Energy (middle) andtHEnergy Cutoff

Energy (bottom) for the PCA spectra vs. the continuum flux ie 255—-20 keV band
in logarithmic units. The red lines indicate the best fit foe power law model. The
correlation coefficients (r) are: -0.72 and -0.80 for thehhemergy cutoff and power law
index, respectively. The blue points indicate the dataectdld during eclipse.
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3.5 Discussion

In this analysis of 4U 1210-64, | found the presence of arpeelilong and short-
term variability, and an Fe &K emission complex. Below, | discuss constraints on the mass
donor based on the eclipse half-angle, the nature of the aochgbject, the variability
found in the system, and the mechanism responsible for th€dFemission seen in 4U
1210-64.

Similar to what was found in IGR J16393-4643 (see Sectior2®.the source emis-
sion does not reach 0 countstsn the folded light curves (see Section 3.4.2). Residual
emission was also found in tig&zakuand PCA observations (see Tables 3.3-3.5). While
residual emisison has been attributed to a dust-scatteailogn some other HMXBs (Cen
X-3; Vela X-1; OAO 1657-415, Day & Tennant, 1991; Woo et aB94; Audley et al.,
2006), the residual emission found in 4U 1210-64 is seen ahnmigher levels com-
pared to the out-of-eclipse emission, and is found in bothX¥1&2—-20keV) and PCA
(2.5-20keV). A dust-scattering halo is predominantly & 36fay phenomenon: given
the interstellerNy (see Table 3.3) | infer perhaps 10%2®f the out-of-eclipse flux at
1 keV may be in a dust-scattering halo (Predehl & Schmitt,5)9But a much smaller
fraction in the MAXI and the PCA bands. Since the Fe XXV and FeVXXnes are
detected in eclipse, indicating the presence of an extenelgidn of ionized gas, it is
plausible that Compton scattering and reprocessing caruatéor the residual flux in

eclipse (Watanabe et al., 2006).
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3.5.1 Constraints on the Mass-Donor

My analysis of the ASM, MAXI and BAT folded light curves reusdhe presence

of a sharp dip, which is suggestive of an eclipse (see Se8thR).

3.5.1.1 Eclipse Half-Angle Constraints As discussed in Section 2.3.2, X-ray
Binaries that are eclipsing have an eclipse duration thééendent on the radius of the
mass donor, inclination angle of the system and the sum ofidiner star and compact
object masses. In these calculations, | first assume &/3.dompact object, which may
be appropriate for an accreting neutron star (ChandrasgkBad). The region allowed
by the measured eclipse half-angle for 4U 1210-64 in the NResdius plot is shown in
Figure 3.16 (shaded region). An intriguing result is that tturation of the observed
eclipse is inconsistent with the proposed B5 V spectral f{gee Figure 3.17). A B5
V star has a mass of 5/, according to Carroll & Ostlie (2006) and Allen (2000).
For a donor star of 5.9/, to satisfy the eclipse half-angle constraint, | calculatesl
radius must exceed 5.37,. This is clearly larger than the radii reported in Carroll &
Ostlie (2006) and Allen (2000), which are 42 and 3.9R., respectively (see Table 3.6).
Therefore, the radius of a B5 V star is too small to satisfydhserved eclipse duration
(see Figure 3.16).

The eclipse half-angle was calculated as a function ofnation angle for other
B-type stars—BO V, B5 111, BO Ill, B5 | and BO | (see Figure 3)1The eclipse half-angle
was found to be consistent with a main-sequence star ofrspetass BO V only at high
inclination angles (see Table 3.6). | also consider inteliate and late spectral types in

this analysis (see Figures 3.16 and 3.17). These will beigsgd in Section 3.5.1.3.
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| also calculated the eclipse half-angle as a function ofrtbination angle for these
stars under the assumption of more massive compact objEbtsresults are presented
in Figures 3.16 and 3.17 for the scenario of a L9 neutron star, which is one of the
highest known masses for neutron stars in XRBs (Lattimet220My results remained
the same for more substantial mass donors. However, thiésesquire slightly higher
inclination angles for intermediate and late spectral $yfsee Figure 3.16).

The spectral type of the mass donor places an additionatreamson the distance
of 4U 1210-64. Under the assumption that the R-band magmifuei) and extinction
in the V-band @Ay are magnitudes 13.9 and 3.3 for a B5 V classification (Masttl.,
2009), the distance and average X-ray luminosity of the@®are found to be-2.8 kpc
and 1.79:0.02 x10% erg s !, respectively (see Table 3.6). | calculated the extinciion
the V-band @y,) using Equation 1 in Gver & Oumlizel (2009) and the measured neutral
hydrogen column densities for the fully covered absorbee (Bable 3.4) Ay was found
to be 3.2:0.1 for the power law with high energy cutoff model.

The distance and average X-ray luminosity of 4U 1210-64ragsy the aforemen-
tioned spectral types are reported in Table 3.6 using theegalor My, and Ar obtained
from Carroll & Ostlie (2006). A BO V star places the system atatimated distance of
~9.5kpc away from the Sun, indicating that 4U 1210-64 couldoated in the Carina
arm (approximately 10 kpc). A supergiant classificatiorcpia4U 1210-64 at a galacto-
centric distance exceeding?26 kpc, which is outside the Galaxy. Therefore, the possibil
ity of a supergiant must be excluded. Since Masetti et aD926 previous classification
must also be excluded due to the observed eclipse duratiampossible that the mass

donor could be an early B-type giant or an early F-type giseé(Section 3.5.1.3). Main-
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sequence stars with the exception of very early types angdhigh inclination angles are

also excluded.

25

Allowed
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15F

Log (M9
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FIG. 3.16. Log-log plot of stellar masses as a function of ste#ldii. The shaded region,
derived using Equation E.4 in Chakrabarty (1996) for all gdesnclination angles, in-
dicates the allowed spectral types that satisfy the eclgbserved in the BAT, MAXI,
and ASM folded light curves provided that the compact obgdt4 M, (see Figures 3.3
and 3.4, respectively). The black dotted lines show thenatbspectral types that satisfy
the eclipse for a compact object of 119, (see Section 3.5.1). Stellar masses and radii
are given in Table 3.6.

3.5.1.2 Does the Proposed Mass Donor Spectral Type Agree Wwihe Optical
Spectrum Reported in Masetti et al. (2009)? The duration of the eclipse along with
the constraint that the mass donor must underfill the Rodbe ddlows for the possibility
of several different spectral types (see Sections 3.5.13a5d.3). | compared the ex-
pected optical spectra for each proposed mass donor witbptieal spectrum reported
in Masetti et al. (2009) (the top-right panel in Figure 4) tage an additional constraint
on the nature of the mass donor. Since the 4000—§Oﬂ£gion is compressed in the
broadband spectrum reported in Masetti et al. (2009), thezepossible caveats in the

identification of spectral features to correctly classifg tmass donor.

The features observed in the optical spectrum reported iseltficet al. (2009) in-
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FiG. 3.17. The black curves show predicted eclipse half angéefasction of inclination
for stars with the indicated spectral types. The red andkbtteshed lines indicate the
half angle and its estimated error as measured by ASM and MA&@ Section 3.5.1).
| assume a neutron star mass of 144 (top) and of mass 1.9/, (bottom) and typical
masses and radii for the assumed companion spectral typdébée 3.6).
clude absorbed Balmer series lines and the emission ofalengtium, singly ionized
helium and a blend of doubly ionized nitrogen and carbon. dpcal spectra of B-
type stars are expected to show the absorption of neutralrhend Hv lines (Carroll &
Ostlie, 2006, and references therein). Singly ionizedioaideatures at-390Q% become
dominant in F-type stars (Carroll & Ostlie, 2006, and refeestherein), which would
be difficult to detect in the broadband optical spectrum. Ftedlar luminosity type can
also in principle be determined using spectral lines, wiaictld lead to distinguishing a
B Ill or B V type. For B5 stars, the ratio of Si Il to Si lll as wedls the Al Il and Fe IlI
lines can be used to determine luminosity type (Gray & Coyb@lD09). Unfortunately,
the existing optical spectra are not suitable in detectiegé¢ effects.

The observed value of thB — R color of 1.5 was compared with the intrinsic

(B—R), for the proposed mass donors (see Table 3.6). Calculatirdjffeeence between

the observed — R and the intrinsi¢ B — R),, | found the reddening valuds(B — R) for

"http://www.iasfbo.inaf.ithasetti/IGR/main.html
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each proposed spectral type for the mass donor (see Tablé 8abculated the reddening
in the B — V band,E(B — V), using Equation 1 in Gver & Oumlzel (2009) and the
measured neutral hydrogen column densities for fully cedexbsorber (see Table 3.4). |
convertedE(B — V') to E(B — R) using Table 3 in Rieke & Lebofsky (1985). | found
E(B — R) to be 1.82£0.08 for the power law with high energy cutoff model, where th
reddening was found to be consistent with main-sequencegiant B-type stars but was
inconsistent with F-types. Since a B5 V classification doatssatisfy the eclipse half-
angle, the optical features might indicate that the mas®disna B-type giant. | note
the optical spectra of B-type giants would be difficult totaiguish from those of main-
sequence B-type stars because of the low-resolution ofrtbeedband optical spectrum.
F-type giants cannot be completely excluded due to systerafiects which prevent a
definite determination. For example, | assumed that the ftdvered Ny is entirely
interstellar in origin (see Section 3.4.4.1). While this he tsimplest interpretation of
the data, the possibility that the fully coveréd; is due to a combination of intrinsic
and interstellar absorbers cannot be excluded. Accordirigi$ calculation, if~40% of
the measured fully covereliy is intrisic to the source and the rest interstellar, then the
inferred (B — R) would be consistent with an F-type mass donor.

Finally, |1 considered the possibility that the apparentcsae type is affected by
heating by the radiation of the X-ray source. 1 first calceththe flux of 4U 1210-64
using bothSuzakuand the PCA. Out-of-eclipse, the flux of 4U 1210-64 was founieto
~2x1071%erg cnmr? s! for the power-law model with a high-energy cutoff model ie th
Suzakudata. The flux in the PCA is reported in Table 3.5 ranging fro2®®0.03x 100

to 8.9-0.4x10"'%erg cnT? s7'. | converted the apparent magnitude in the R band
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(Masetti et al., 2009) into an optical flux using Bessell @P7The flux in the R band
was found to be 0.08 Jy, which can be converted-®»10"erg cnt? s~'. The flux
ratio F'x/F,,; was found to be-10~*, which is much smaller than what is observed in
systems were irradiation is important (e.@x/F,,; was found to bev1®? in Her X-

1; Bradt & McClintock, 1983). | conclude that irradiation efts are negligible in 4U

1210-64.

3.5.1.3 1s4U 1210-64 an Intermediate-Mass X-ray Binary? In addition to the
possibility that the donor star is a B-type giant, the daratf the eclipse suggests that
an Intermediate-Mass classification cannot be ruled owund the eclipse half angle is
consistent with FO and GO giants at inclination angles edioge/9 and 70, respectively
(see Table 3.6). Using the values fbf, and Ar published in Carroll & Ostlie (2006)
and Masetti et al. (2009), the distance of 4U 1210-64 wasddonbe ~0.9 kpc and
~1.3 kpc for a mass donor of spectral type FO Il and GO Ill, ezspely, which places
4U 1210-64 at a luminosity of10** erg s'! (see Table 3.6). Other intermediate XRBs
that host F-type stars include Cyg X-2 and Her X-1 (e.g. Se&adtharles, 1995), which
have considerably higher luminosities on the orderdf0*” erg s''. The luminosities
calculated for the FO Ill and GO Ill spectral types still eedehat of cataclysmic variables
(see Section 4.5.3).

The possibility that the mass donor in 4U 1210-64 is an ingsliate or late-type
star hints at the presence of an accretion disk. XRBs thatm@smediate- and low-mass
stars accrete matter through Roche-lobe overflow (see Equat Eggleton, 1983). The

Roche lobe places an additional constraint on the spegtral af the mass donor in 4U
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1210-64. While a spectral type of GO Il satisfies the obsere@ipse half-angle, the
Roche lobe would be significantly overfilled (see Table 3.6).

Finally, | discuss caveats in the hypothesis that the massrds an Intermediate-
Mass star. No strong disk component was found, which is drden the X-ray spectra
of Intermediate-Mass X-ray Binaries (e.g. Seward & Chanl€85). | note that the red-
dening,E (B — R), was found to be consistent with main-sequence and giapp84dtars
but was inconsistent with F-type and G-type stars (see@e8tb.1.2). WhileF (B — R)
is apparently inconsistent with F-type stars, the posgioff systematic effects prevents
excluding F-type stars as the possible mass donor (seeo86&ch.1.2). However, | can
confidently exclude G-type stars due to the additional camrgtthat the Roche lobe is

not significantly overfilled.

3.5.2 What is the Nature of the Compact Object?

The nature of the compact object present in 4U 1210-64 resraimbiguous. An
analysis of the ASM, MAXI and PCA power spectra shows that negiion period could
be identified. A pulsation period would provide a clear iradion that the compact object
is a neutron star. The PCA power spectra, which cover the rah§60 s—38 d (see Fig-
ure 3.9) and 10 ms—14 minutes (see Figure 3.10), are dordibgiteed noise, which could
compromise the search for the pulsation period. While thefleguency noise from the
power spectra was removed (see Section 3.4.3.2), the PCArspeetrum covering the
range of 860 s-38d was still compromised due to the orbitabgeof RXTE (see Fig-
ure 3.9). Spectral results so far have also been incon€elu€iyclotron lines, which would

have proved a neutron star explanation for the compact plgee absent in th&uzaku
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spectra. Additionally, the&Suzakuand PCA data suggest the continuum can be modeled
using an absorbed cutoff power law where the high-energyftist 5.5+-0.2 keV. Since
a firm identification of the nature of the compact object in £210-64 has so far proven
elusive, | compare my findings to systems where the compaetbis known.

| first discuss the possible scenario that the compact opjegent in 4U 1210-
64 is a black hole. Observations show that the exponentiabitienergy in HMXBs
that host black holes exceeds 60 keV (Tomsick et al., 200@)ypsy contrasting with the
5.5+0.2 keV cut-off observed in th&uzakuspectra. Additionally/NTEGRAL obser-
vations reveal the presence of a soft excess in 4U 1210-64dtat al., 2010), which
is characteristic of HMXBs that host neutron stars (Hickbale 2004). The low cutoff
energy suggests that a black hole explanation of the congpgett is unlikely.

| also consider the possibility that the compact object ddad an accreting white
dwarf. The luminosities observed in cataclysmic variallegend on the magnetic nature
of the white dwarf, which affects the mode of accretion. Thaestiuminous sub-type
of CV, the intermediate polars, were found to be on the ordet@f-4x10*3 erg s!
(Brunschweiger et al., 2009). In comparison, the luminesitalculated for 4U 1210-64
exceed the above result by at least 1-2 orders of magnitegeTable 3.6). Assuming
a bremsstrahlung fit, Brunschweiger et al. (2009) found #meperaturesi(li, ems) Of
intermediate polars are on the order of 10-40 keV, whictedsffrom the value observed
in 4U 1210-64 (see Section 3.4.4.1). Since a bremsstrahhodgl was found to be an
unsatisfactory fit to the PCA data, | conclude that the CV exatdian is unlikely.

Finally, | discuss the possibility that 4U 1210-64 contaénseutron star. Several

geometries have been proposed to describe the apparemifladignal corresponding to
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the pulsation period. One possibility is a co-alignmentha& magnetic and spin axes of
the neutron star (e.g. Bodaghee et al., 2010). A secondrexda suggests that through-
out the rotation the accretion beam points along the linegiitge.g. Bodaghee et al.,
2010). The absence of a well defined pulsation period coglulla¢ explained by a weak
magnetic field. Another possibility is that the compact abja 4U 1210-64 is a slowly

rotating neutron star (e.g. 2S 0114+650, Farrell et al. 82@@d references therein).

3.5.3 What is the physical process responsible for the lowate observed in

the ASM data?

The ASM data reveal the presence of three distinct systetessaa previously noted
by Corbet & Mukai (2008). These are two active states and onestate | interpret as
guiescence (see Section 3.4.1.1). This long-term vaityalsl suggestive of a variable
accretion rate.

| first discuss the possibility that 4U 1210-64 is poweredly Be mechanism. In
BeXBs the compact object accretes material from the cir¢elhas decretion disc of a
rapidly rotating main-sequence or giant B-type star. If siggtem is a BeXB, changes
in the circumstellar disc around the Be star could also explee period of low activ-
ity. Observations indicate that bright and faint stateshhigprrespond to the formation
and dissipation of the circumstellar disc (Reig et al., 200e timescale for the devel-
opment and disappearance of a circumstellar disc is tygical the order of 3—7 years,
which is consistent with the ASM data. One notable BeXB is S’®L03.5+4545, which
consists of a neutron star in a 12.7 day orbit around a BOVie(REig et al., 2010). The

timescale for the development and disappearance of thensgtellar disc is 1-2 years,

136



possibly due to the short orbital period (Reig et al., 20hile a BeXB explanation
supports the presence of high and low states observed in$ih¢ data, the presence of
an eclipse of the compact object is inconsistent with moshfeaquence B-type stars,
where main-sequence stars later than a BO do not satisfyberwed eclipse half angle
(see Figures 3.16— 3.17). This is not surprising due to thallemradius of the mass
donors observed in most BeXBs. | note, however, that B-tyipatg would satisfy the
observed eclipse duration at high inclination angles (i@ 3.5.1). Additionally, the
Balmer lines, particularly the #line, were found to be in absorption during the optical
campaign of 4U 1210-64 (MJD 54529.3) reported in Masettl.g2809). Since this oc-
cured during a high state of the system (see Table 3.1 anib8&:4.1.1), it would be
expected for K to be in emission (Silaj et al., 2010).

| also consider the possibility that the state transitiongimate due to a mechanism
similar to what is observed in Black Hole Candidates (BHCs).Itidle states are ob-
served in BHCs, which are defined as soft/high, intermediagiehard/low (Cygnus X-1;
GX 339-4, Grinberg et al., 2013; Nowak, 2006; Dunn et al.,®0The high-energy cut-
off in BHCs exceeds 60 keV (Tomsick et al., 2009), which is inasace with my results
obtained withSuzakuand PCA. Additionally, a disk blackbody is required to modwed t
low-energy spectra of BHCs in the soft/high state (Shakuraufiy@ev, 1973; Nowak,
2006), which is not seen in theuzakuand PCA analysis of 4U 1210-64.

Finally, I discuss the possibility that the mode of accnetim4U 1210-64 is Roche-
lobe overflow, which primarily occurs in both Intermediatexd Low-Mass X-ray Bina-
ries. | compare the long-term behavior of 4U 1210-64 to teanhdn soft X-ray transients,

NS-LMXBs that host at least two different states (e.g. AglXSakurai et al., 2014). In
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soft X-ray transients, the physical mechanism that coudd l® a reduction of intensity
is changes in the accretion rafe, (Sakurai et al., 2014). The luminosity is significantly
reduced when the accretion rate is low. Since the magnelitdiehe majority of NS-
LMXBs is weak, the propeller effect becomes important whemaccretion rate)/, is
low (Sakurai et al., 2014). The long-term behavior of 4U 1-BU0differs from soft X-ray
transients. While there are extended low states (Matsuoka&,/R013; Sakurai et al.,
2014), the high states are shorter and brighter than whditssrged in 4U 1210-64 (Coti
Zelati et al., 2014).

No mechanism described above appears to be consistent Wiil240-64. While
there are uncertainties in the spectral classificationtd titat the behavior of Intermediate-
Mass X-ray Binaries is not well known. Therefore, if 4U 126884s a member of this

class, unusual variability may be possible.

3.5.4 What is the origin of the variability in the high-state?

My analysis of theSuzakuand PCA data reveals the presence of strong variability
in the light curves (see Figures 3.5 and 3.7). In $weakudata, “flares” were observed
to reach nearly 1.4 times the mean count rate (i.e. a modulatepth of 14%). The
variability is even stronger in the PCA data, where the matitredepth was found to be
330%. A reduced count rate was found in the PCA light curve betwedtlD 54830—
54833, which is outside the eclipse (see Figure 3.7). Thésoraed flux of 4U 1210-
64 was found to vary by a factor 6¥25 over the course of both thfeuzakuand PCA

observations (see Sections 3.4.4.1 and 3.4.4.2).
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The large variability in the Suzaku and PCA light curves cooddattributed to
several different physical processes, all resulting imges in the accretion rat@/. A
positive correlation between tt&zakuhardness ratio and continuum flux was found (see
Figure 3.6), which provides evidence against a strong wirds is further strengthened
by a decrease in thBuzakuhardness ratio during the egress phase of the observation.
Since the system is eclipsing, a strong wind should lead fo@ease in absorption and
thus the X-ray hardness ratio during the ingress and egtesse of the orbit (Clark et
al., 1988; Doroshenko et al., 2013; Suchy et al., 2008). Theeti MAXI and ASM
light curves (see Figure 3.18, top and bottom) provide amlthi evidence against it. The
increase in the folded MAXI hardness ratio is modest (Figlide8, top), indicating the
possible presence of a tenuous wind but not of a typical HMXiwe.g. Vela X-1; Cen
X-3, Doroshenko et al., 2013; Suchy et al., 2008). Such beha/not seen in the folded
hardness ratio produced by the ASM, which is possibly dudéoldw count rate (see
Figure 3.18, bottom). The observéd; could possibly originate in an accretion stream
(e.g. Cygnus X-1, Hanke et al., 2009, and references therein)

Magnetic and centrifugal barriers have been proposed tbiirthe accretion pro-
cess in XRBs on hourly timescales (Bozzo et al., 2008), wtieréimescale is consistent
with the variability in the light curve. This could explaihé reduced count rate in the
PCA lightcurve (see Figure 3.7, top). Another mechanism ¢batd lead to such a re-
duction is the formation and dissipation of an unstable etcan disk (e.g. Bodaghee et

al., 2011, and references therein).
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FiG. 3.18. Hardness ratios of the folded MAXI (top) and ASM (bat) light curves.
The hardness ratio is defined @g.,4-Csori/CharatCsoti, Where the soft and hard energy
bands are defined as 2—4 keV and 4-10keV and 1.5-5keV and &vlidk the MAXI
and ASM light curves, respectively. The eclipse is indiddig the shaded regions.

3.5.5 Emission Lines

The analysis of spectral data producedSiyzakureveals the presence of emission
lines at energies 2.6 keV, 6.4 keV, 6.7 keV and 6.97 keV. Irpret the emission lines as
S XVI Ka, Fe Ko, Fe XXV Ka and Fe XXVI Ku, respectively. Below | discuss the

mechanisms that are proposed to explain the emission lewsia 4U 1210-64.

3.5.5.1 Fe ky Emission A 6.4keV emission line has been shown to be present
in many XRBs (e.g. Vela X-1, 4U 1700-377, Cen X-3 and 4U 1822&hulz et al.,

2002; van der Meer et al., 2005; Naik et al., 2011; Sasana,G@l4). The origin of the
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6.4 keV emission line is due to neutral Fe or Fe in a low ioniwastate. Unless otherwise
stated, | assume that Fe | emission is responsible for thiee®.&mission line.

My analysis of the Fe | line indicates that the line flux tratks flux in the con-
tinuum in the 7.1-9.0 keV band when 4U 1210-64 is out-ofpesdiand is not detected in
eclipse (see Section 3.4.4.1). This is suggestive thateijem responsible for the Fe |
emission is close to the compact object. The accretion nmsimain 4U 1210-64 differs
from the X-ray excited wind observed in the HMXB Cen X-3 (Day &%ens, 1993), but
the Fe kn emission region is similar in both objects. For instance,Rle | emission line
in Cen X-3 was observed to be weakest during the eclipse pldssaiva et al., 1996;
Naik & Paul, 2012). Because of these similarities, | compHyel210-64 with Cen X-3
to understand the FedKemission feature.

Possible mechanisms that have been suggested to causeoiesdknce of cold
material include a plasma layer at the surface of the &ifghell and an optically thick
accretion disc (Basko, 1980; Ebisawa et al., 1996). The flibed was found to decrease
by more than an order of magnitude during eclipse, which mgarable to the change
of flux observed in the continuum. This is further indicatitwat the origin of the Fe |
emission is close to the compact object. The slope of the e Mersus the continuum
flux is near unity, which shows that the Fe | emission is in agrent with fluorescence
(Nespoli et al., 2012; Reig & Nespoli, 2013).

| also consider the mechanism responsible for the Fe XXV and)XVI emission
features. A possible correlation between the flux of bothFEeeXXV and Fe XXVI
emission features with respect to the continuum flux in tie-9.0 keV band was found,

which shows that the presence of Fe XXV and Fe XXVI increasdat@ continuum flux
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increases (see Section 3.4). | note that the slope betweeaotttinuum flux and the flux
of the lines is significantly less than 1, which can be intetgd as a possible sign that an
increasing part of the medium might be completely ionized.

To place constraints on the state of the plasma, | analyzeduk ratio between
the Fe XXV and Fe XXVI emission features and the continuum ffuthe 7.1-9.0 keV
band. No change was found in the flux ratio between the Fe X>Xd/FaXXVI emission
features and the continuum flux in the 7.1-9.0 keV band (sbkTa4), which indicates
that the Fe XXV and Fe XXVI features possibly originate in #ame region of a struc-
tured medium, where the ionization state can be indeperafdnminosity (Ebisawa et
al., 1996), which is in agreement with my result of a constlnt ratio as a function of
luminosity.

Fe XXVI and Fe XXVI are likely due to photoionization. Recomdtion followed
by electron cascade transitions is present in systems su@M& X-1 (Vrtilek et al.,
2001), Cen X-3 (Nespoli et al., 2012; Reig & Nespoli, 2013)lav&-1 (Goldstein et
al., 2004), 4U 1700-37 (Liedahl & Paerels, 1996) and 4U 182ZSasano et al., 2014).
Emission features are more prominent during eclipse simeetcemission from the com-
pact object irradiating the accretion stream is no longsiblé. The photoionization
mechanism must originate in regions of low density sincertdmge of luminosities |
inferred in 4U 1210-64 (see Table 3.6) is significantly lowlean what is observed in
systems such as Cen X-3 and SMC X~110°" erg s !, Naik & Paul, 2012; Vrtilek et al.,
2001).

The very large EQWs of the Fe XXV and Fe XXVI emission featuregclipse

(see Section 3.4) are consistent with an origin due to theogssing of photons in the

142



accretion stream. In comparison, the EQW of the Fe XXV and K&Demission features
observed in the HMXB Cen X-3 is largest during eclipse and setoddecrease as the
continuum flux increases (Naik & Paul, 2012). Naik & Paul (2p&how that the region
responsible for the Fe XXV and Fe XXVI emission observed in Eedis extended and
is comparable to the size of the mass donor in the systemhvidiely what is observed

in 4U 1210-64.

3.5.5.2 The presence of S XVI in 4U 1210-64Different ionization species of
low to mid-Z elements such as S are present in eclipsing XRBg Vela X-1, 4U 1700-
377 and LMC X-4, Schulz et al., 2002; van der Meer et al., 200&ng et al., 2010).
While near neutral fluorescent lines in addition to highlyizea species of emission
lines were observed in SGXBs such as Vela X-1 (Schulz et@D2}, theSuzakuspectra
of 4U 1210-64 reveal only the highly ionized species of S XVI.

It has been shown that photoionization and radiative recoation are responsible
for the presence of hydrogen-like species of S in absorbeBs{fraria et al., 2004). The
S XVI Ka emission features only appeared during part of $agakuobservation (see
Table 3.4). As a result, the temporal variability of the EQWIloxes of S XVI could not

be measured.

3.6 Conclusion

4U 1210-64, for which an orbital period of 6.7180.0005 days was determined, is
a unigue XRB. The companion star was previously proposeedue h spectral type of BS

V. | found that a B5 V classification does not satisfy the esdifnalf-angle, compelling
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evidence against a B5 V classification. 4U 1210-64’s spkfeedures seem to indicate
that the mass donor could be a BO V or B0O-5 Il star. A Be-typeretton mechanism,
with most BeXBs hosting primaries of spectral type late O ®(Regueruela, 1998), is
unlikely, since these systems usually have longer perindsage transients. A supergiant
classification must be excluded since the implied distangceldvput the object outside
the Galaxy. F-type giants also satisfy the constraints seddy the eclipse half-angle
and Lagrange point, L1, where Roche-lobe transfer wouldxdpe&ed to occur. To fur-
ther constrain the spectral type of the mass donor, the reédgealuesk(B — R) were
calculated for the possible spectral types. The reddenagyfaund to be consistent with
main sequence and giant B-type stars but was inconsistémtRatypes. Due to the un-
certainties in the conversion betwe&fn and £ (B — R), an F-type mass donor cannot be
completely excluded.

4U 1210-64 hosts a compact object that remains ambiguoustimen No signs of
pulsations or cyclotron features were found in this analg$i4U 1210-64, which would
prove that the compact object is a neutron star. The spgutpkrties of the continuum
strongly contrast with those typically seen in black holedidates (BHC) as well as CVs.
In particular, a disk blackbody is required to model the lavergy spectra of BHCs in
the soft/high state while CVs are typically fit with a bremaktung model. While the
nature of the compact object has proven elusive, a neutaonvith a weak magnetic field
possibly aligned with the spin axis is consistent with theklaf pulsations and cyclotron
features.

Emission lines at 2.62 keV, 6.41 keV, 6.7 keV and 6.97 keV vedlrelearly detected
in the Suzakuspectra, which can be interpreted as S X\, Ke Ka, Fe XXV Ka and
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Fe XXVI K, respectively. The flux of the FeKlines closely tracks the flux of the
unabsorbed continuum. | found a linear relationship betwbe flux of Fe | vs. the
continuum, which shows that the most probable origin of tkel kne is fluorescence
of cold and dense material close to the compact object. Agirodlose to the compact
object is further supported by the fact that Fe | is not cleddtected during eclipse. The
slopes of the relationship between the logarithm of the F&>&¥dd Fe XXVI flux versus
the logarithm continuum possibly show that an increasing @lathe medium might be
completely ionized as the flux increases.

Strong variability was found in th&uzakuand PCA observations. The out-of-
eclipse flux was found to be 1.73%¢x10"'° erg cnt2 s~!, which implies a luminosity
~10**-10% erg s*. The variability was found to be a factor of 25 in both tBezaku
and PCA observations. A positive correlation was seen in bwhSuzakuhardness-
intensity diagram and the PCA color-color diagram, whichvpdes evidence against a
strong wind. In eclipsing X-ray binaries, a strong wind sliolead to an increase in
absorption and thus the X-ray hardness ratio during theesgjand egress phases of the
orbit. Additional evidence from the folded MAXI and ASM lighurves suggests that the
observedVy could possibly originate in an accretion stream.

4U 1210-64 appears to be a NS-HMXB but conclusive evidenowanes to be
found. Additional multi-wavelength observations are rieeg to achieve a full under-

standing of the source.

145



Model Parameter

Cutoff power law

Cutoff power law

Out-of-Eclipse Eclipse
2 (dof) 1.08 (2553) 0.81 (382)
Cutoff Energy (keV) 5.50.1
Folding Energy (keV) 121
PhabsVy (x 10?2 atoms cn?) 0.70+0.01 0.94-0.08
PcfabsNy (x 10?2 atoms cni?) 6.7"075 1147
Covering Fraction 0.360.03 0.8000s
r 1.80'00: 2.9+0.2
Normalization (& 10~2) 2.9+0.2 1891
S XVI Energy (keV) 2.62-0.02 2.58-0.05
S XVI Wldth (USXVI) Olb Olb
Normalization & 102 photons cm? s~!) 0.114-0.02 0.110 58
S XVIEQW (eV) 20+3 51725
S XVI Flux (x10- B erg cnr? s71) 0.54+0.09 0.4:0.2
Fe | Energy (keV) 6.320.01 6.4
Fe | Width (O-Fel) 0.1 0.1
Normalization 102 photons cm? s™!) ~ 0.093:0.007 0.009
Fe | EQW (eV) 77} 122
Fe | Flux (x10 3 ergcnr?s!) 1.02+0.08 0.7
Fe XXV Energy (keV) 6.684-0.008 6.680.04
Fe XXV Width (UFeXXV) 0.7 0.7
Normalization (<103 photons cm? s!)  0.185+0.008 0.043-0.009
Fe XXV EQW (eV) 144+7 392"
Fe XXV Flux (x10~ 3 ergcnr? s71) 1.25+0.06 1.5:0.3
Fe XXVI Energy (keV) 6.9700 00 6.98+0.05
Fe XXVI Width (UFeXXVI) 0.7 0.7
Normalization & 10~® photons cm? s7!) 0.2197000%8 0.035+0.009
Fe XXVI EQW (eV) 1997 3193%
Fe XXVI Flux (x10 3 erg cnr? s71) 1.16+0.05 1.5:0.4
Absorbed Flux €10 erg cnm? s71) 1.024+0.003 0.108-0.004
Unabsorbed FluxX10~'%erg cnr? s71) 1.73% 08 0.16+0.01

Table 3.3.

® The energy is frozen because | could only obtain an uppet.limi
® The natural width was frozen to 0.1 keV, the resolution of X8 instru-

ments.

¢ The upper limit for the parameters (80confidence interval) associated
with the Fe | line is reported during eclipse.
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LYT

Time’ Phabs Pcfabs Cvr r EQW EQW EQW EQW Flux Finabs X2
(ks) Nu Nu SXVI Fel FeXXV FeXXVl Ratic (10'%ergcnm?s) (d.o.f)
(10?2 cm™2) (10*2 cm™?) (eV) (eV) (eV) (eV)

0-225  0.930.08 1177 0.80700%  2.9+02 5% 707 42071 364713° 1.0+0.3 0.53:0.03 0.82(382)
30-40  0.76:0.06 8t2 0.497007  1.940.1 48 11838 2317 147737 1.370% 1.0+0.1 0.92(499)
40-50  0.71)%% 441 0.33:0.05 1.6900¢ 16 557 10075 17473 1.240.3 2.140.1 0.96(1146)
50-60  0.690.03 5709  0.38:0.04 1.76:0.05 247 67'13 100"1% 17172 1.0+0.2 2.5:0.1 0.97(2030)
60-70  0.75:0.02  6.3:0.7 0.43:0.04 1.94005 188 65716 121710 1933 10402 3.0 0.92(2094)
70-80  0.76:0.03  6.6:0.9  0.410.04 1.970.06 189 50" 2052 2063 1.24+0.2 2.10.1 0.97(1572)
80-90  0.68070: 542 0.32+0.07 1.84-0.09 232 59725 158" 26373 1.2+0.3 1.3+0.1 0.96(1103)
90-100 0.72 6+1 0.3570%8  1.95M908  42f1% 12973 20337 2647%  1.0703 0.825-07 0.94(809)
100-110  0.6%0.05 12£3 0.3:0.1  1.6:0.1 26}; 1087% 207730 17473 1.1f04 1.2+0.1 0.91(631)
110-120  0.7@-0.04 9r1 0.4200¢ 1.69:0.08 157 885 110'3 16875 1.2+0.3 2.8:0.2 0.96(1022)
120-130  0.6607: 5+2 0.27:0.07 1.73:0.08 207}, 31'3; 155'3 215735 1.0+0.3 21707 0.96(1021)
130-140  0.78:0.03 91 0.37:0.07 1.8600: 3873 2673 247750 20675 1.0703 1.440.1 1.07(1036)
140-150  0.66:0.03 1 0.30t0.06 1.66-0.06 17 10178 126'%  190'2; 1.14+0.2 1.9+0.1 0.95(1616)
150-160  0.72:0.03 pasu 0.407005 1.89+0.08 16:12 78733 198752 23173 1.1703 1.4+0.1 0.98(1108)
160-170 0.68 16713 0.23'008  1.647008 61+16 16173 164732 2423 1.140.3 0.700:52 0.99(786)

Table 3.4. The best-fit parameters for the eclipse and cetlypse, which is subdivided into 10 ks time intervals.

® The cutoff and folding energies of the high energy cutoff faozen to the best fit values of the out-of-eclipse

spectrum: 5.5keV and 12.0 keV, respectively.

b Time is relative to the start of thBuzakuobservation MJD 55553.16.

¢ The ratio of the strengths of the Fe XXV line with respect te Fe XXVI line.

4 The upper limit for the EQW of the Fe | line at the®@onfidence interval is reported during eclipse.

¢ The upper limit for the EQW of the S XVI line at the ¥0confidence interval is reported at the time intervals

30-40ks, 40-50ks, and 140-150ks.

f The fully covered absorber is frozen to the value that wasaeted using the power-law model.
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Time

Phabs

Pcfabs

Cvr

Power Law Fe Ko

2

High Energy Folding Power Law EQW Finabs X5
(MJD) Ny Ny Cutoff Energy r Normalization Energy Fek (10'%ergcnr?s!) (d.o.f)
(102 cm=2) (1022cm~2) (keV) (keV) (1072) (keV) (eV)

54804 0.70 6.74" 0.3¢*  6.040.1  5.6:0.1 1.5Q:0.03 7.8:0.3 6.66 00, 228775 7.4+0.2 0.82(35)
54812 0.70 6.74 0.36"  7.4+0.2 5504 1.96-0.04 4.6:0.3 6.6500r 41430 1.71+0.04 0.49(35)
54813 0.70 6.74' 0.3¢°  6.6+0.3 7.00%  1.70+0.05 3.2:0.2 6.59°005 30630 2.01+0.06 0.71(35)
54814 0.70 6.74 0.3¢"  6.5+0.2  5.9+0.3 1.70:0.04 46703 6.66+0.09 159737 2.86+0.08 0.35(35)
54815 0.70 6.74' 0.3¢°  6.3+0.2 6.802 1.70+0.03 5.0:0.2 6.6620 5% 250733 3.087 57 0.74(35)
54816 0.70 6.74 038 59+02  6.975 1.43+0.03 4.2:0.2 6.61°00; 29757 4.6+0.1 1.00(34)
54817 0.70 6.74' 0.3¢*  6.1+0.2 6.205  1.5140.05 3.5:0.2 65600, 31875 3.3+0.1 0.51(34)
54818 0.70 6.74' 0.36 7.6°07 1075 2.01759%% 1.7792 6.486"0002 9097173 0.60705; 0.55(35)
54821 0.70 6.74 038  7.6703 4.770%  2.20£0.05 4.3-0.3 6.6690 001 50275 1.00+£0.02 0.70(35)
54822 0.94 10.73 0.80 8:40.2 8.70% 256002 13.5+0.5 6.624-0.01 440735 1.63+0.01 1.17(35)
54826 0.70 6.74 0.36*  6.5+0.1  7.4t0.2 1.63t0.02 7103 6.63"00s 160115 5.014-0.08 1.00(35)
54827 0.70 6.74' 0.3¢*  6.7+0.2 6.503 1.79+0.04 5.4:0.3 6.624-0.06 30673, 2.79°057 0.83(35)
54828 0.70 6.74 0.36"  7.3:0.2  6.9t0.4 1.86:0.04 5.3:0.3 6.63007 30513 2.41+0.05 1.07(35)
54829 0.94 10.73 0.80 8:50.4 112 2.62£0.03 18.10.9 6.4800;  485t}¢ 1.98+0.02 1.69(35)
54830 0.70 6.74 0.36" 6.6° 6.6  1.82+0.08 0.72:0.1 6.51°0 05  696+105 0.36:0.01 0.87(37)
54831 0.70 6.74" 0.36*  8.1+0.5 107 2.12+0.06 3.003 6.59+0.03 1061159 0.85+0.02 0.81(34)
54832 0.70 6.74' 03¢ 7.0403  7.707 1.96+0.05 2.90.2 6.54700; 568" 1.07+0.02 0.77(35)
54834 0.70 6.74 0.3¢"  6.6+0.2  7.5:0.2 1.55-0.03 4.10.2 6.49:0.04 26750 3.43£0.07 1.07(35)
54835 0.70 6.74 0.36" 6.770% 7.2703  1.75+0.03 4.5£0.2 6.66:0.09 1487 2.53+0.06 0.84(35)
54836 0.70 6.74 038  7.872 9.8 1.58+0.03 9.477% 6.488 0005 312" 7.5+0.2 0.79(35)
54837 0.70 6.74' 0.3¢*  6.4+0.1  6.3:0.1 1.73:0.02 5.6:0.2 6.68007 2361 3.26+0.05 0.95(35)
54839 0.70 6.74 0.36 6.6° 6.6° 1.74+0.2 0.41°0 55 6.4£0.1  570°7% 0.27+£0.02 0.94(37)
54840 0.70 6.74" 0.36" 6.6705  7.8£0.6 1.900%% 3.870 6.737093  362f% 1.59+0.05 0.55(35)
54842 0.94 10.73 0.80 79 8.0¢ 2.5+0.1 3.35% 6.940.2 52937 0.50+0.03 0.55(37)

Table 3.5. The best-fit parameters for the PCA spectra.

@ Qut-of-eclipse, the fully covered absorber and partiatlyered absorber are frozen to the best fit values of the

Suzakuout-of-eclipse spectrum (see Table 3.3)

b Time intervals when 4U 1210-64 is in eclips®y; is frozen to the best fit values of tt@uzakueclipse spectrum
(see Table 3.3)

¢ The Cutoff Energy and Folding Energy parameters at theseititeevals are frozen to the weighted average of

the out-of-eclipse spectra.

4 The Cutoff Energy and Folding Energy parameters at theseititeevals are frozen to the weighted average of

the eclipse spectra.
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Spectral Type M/M; R/Rs; RyL/R.* My (B—R)," E(B—R)" imno° dodot” dga® Lyavg

(kpc) (kpc) (x10¥ergst)

B5 V/ 5.9 4.1 13.7 -1.2 -0.21 1.71 9 ~2.8 ~7.4 ~1.6
B5 V/ 5.9 3.9 13.7 -1.2 -0.21 1.71 9 ~2.8 ~7.4 ~1.6
BOV 18 8.4 23.1 -4.0 -0.40 1.90 84 ~9.8 ~93 ~20.0
B5 111 7.0 6.3 149 -22 -0.21 1.71 85 ~41 ~7.3 ~3.4
BO Il 20 13 246 -5.1 -0.34 1.84 75 ~15 ~13 ~44.6
B51 20 41 246 -6.2 -0.10 1.60 9 ~29 ~26 ~175
BO1 25 25 272 -64 -0.36 1.86 57 ~31 ~28 ~197
Fo 11 2.0 5.0 7.7 1.5 0.45 1.05 82 ~09 ~79 ~0.2
Go Il 1.0 57 5.2 1.0 1.11 0.39 77 ~13 ~7.8 ~0.3

Table 3.6. Physical Parameters for Candidate Mass Donotd ?40-64

The values in italics are obtained from Carroll & Ostlie (2D@6d Masetti et al. (2009).

The values in both italics and bold are obtained from Alledd@) in comparison with those in Carroll & Ostlie
(2006).

® The definition for the Roche lobé;;,, as given in Eggleton (1983), assumimys is 1.4 M.

® The value for(B — R), was calculated usingB — V'), and(R — V'), published in Wegner (1994F/(B — R)
is found by subtractingB — R), from the observed? — R (see Section 3.5.1.2)

¢ The minimum inclination angle of the system that is consistdth the measured eclipse half-angle.

4 The distance the object is from the Sun.

¢ Galactocentric distance of 4U 1210-64.

f Masetti et al. (2009)’s proposed spectral type and distahtiee object.

9 A B5 V classification is inconsistent with the observed esdijalf-angle.

¢ A GO lll classification significantly overfills the Roche lohesuming a 1.4/, compact object.



Chapter 4

A MULTI-WAVELENGTH STUDY OF THE

GAMMA-RAY BINARY 1FGL J1018.6-5856

4.1 Overview

1FGL J1018.6-5856, the first gamma-ray binary discoveredhley-ermi Large
Area Telescope (LAT), consists of an O6 V((f)) star and saggzkrapidly spinning pul-
sar. While 1FGL J1018.6-5856 has been postulated to be pdvmréhe interaction
between a relativistic pulsar wind and the stellar wind & dompanion, a microquasar
scenario where the compact object is a black hole cannotlee aut. Long-term multi-
wavelength studies with the LAT, th8wift X-ray Telescope (XRT) and thAustralia
Telescope Compact Array (ATCAjrovide temporal and spectral information to investi-
gate changes in the multi-wavelength properties of the3l6:5.006 day orbital modula-
tion. The epoch of maximum flux in the gamma-ray is also seéimarX-ray bandpass. A
secondary maximum at binary orbital phas@.3 is also seen in the X-ray and radio light
curves, which could possibly be attributed to inferior aorgtion. The best-fit spectral

model of theSwift XRT data consists of a featureless power law with inflex1.3-1.7

150



modified by an absorber that fully covers the source. | findrétko amplitude modula-
tion to decline with increasing frequency, which is a polsihdication of the presence
of free-free absorption. The radio spectral index closedgks the flux density, further

supporting intrinsic free-free absorption.

4.2 Introduction

Persistent emission in the GeV and/or TeV energy bandpdssebserved in
gamma-ray binaries, which are often thought to be in an esdge in the evolutionary
history of a High-Mass X-ray Binary (HMXB; Meurs & van den Haal, 1989; Dubus,
2006). Consisting of a compact object and a high mass optizapanion, gamma-ray
binaries are characterized by GeV and/or TeV emission nadedlon their orbital period.
Additionally, radio and X-ray emission are seen in gammahiaaries. While hundreds
of HMXBs have been found (Chaty, 2011, and references thertdiare is a significant
paucity of interacting binaries that emit at gamma-ray giest This apparent rarity can
be attributed to a “short” lifetime of these sources and thast of the emission is in
the gamma-ray regime, which is less accessible for studydipéical or X-ray emission.
While five gamma-ray binaries have been identified=asmi sources, 1FGL J1018.6-
5856 stands alone as the only gamma-ray binary discoveréukelsyermi LAT.

1FGL J1018.6-5856 is a luminous gamma-ray binary that wasdiscovered by
the Fermi LAT in 2011 (Corbet et al., 2011). 1FGL J1018.6-5856 was ifdiexit by
Ackermann et al. (2012) to be one of the brighter LAT sourceth \&@ mean flux of

2.9x10°8 photons cm? s! in the 1-100GeV band. Observations in the X-ray in-
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clude theSwift XRT and XMM-Newton surveys (An et al., 2013) at fluxes between
~0.7-2.5<102erg cmr? s7! and~1.6x10"'2erg cnt? s~ ! in the 0.5-10keV band,
respectively. Recently An et al. (2015) found 1FGL J101%8866 to be at flux levels

in the 3-10keV band-0.5-1.1x102erg cn2 s7 !, ~0.3-1.% 10 2 erg cnr? s~! and
~0.6-1.1x10 2 erg cn? s~! using XMM-Newton, Swift XRT and NuSTAR, respec-
tively. Under the assumption that the spectrum of 1FGL J®®5856 is similar to that

of LS 5039, Li et al. (2011) derived the flux in the 18—40 keV thambe 0.7% 102 erg
cm 2 s7! usingINTEGRAL/IBIS (Ubertini et al., 2003). Using theligh Energy Stereo-
scopic System (H.E.S.Sthe (H. E. S. S. Collaboration et al., 2015) found the flux to be
~1x1071? photons cm? st at £>0.35 TeV (Ackermann et al., 2012).

Using theChandraX-ray observatory, 1IFGL J1018.6-5856 was detected at coor-
dinates (J2000) R.A.=$08"5562, Dec=-585646"06 (An et al., 2013). This was con-
sistent with those found usin§wift UVOT and the United States Naval Observatory
B1.0 catalog: R.A.=1018"55'60, Dec=-5856'46"2 with a position uncertainty of 0”1
(Ackermann et al., 2012). UsingTCA, 1FGL J1018.6-5856 was detected with sub-
arcsecond accuracy at coordinates R.AMB»5558, Dec=-5856'45"5 (+0.1", £0.3’
respectively).

Ackermann et al. (2012) modeled the gamma-ray spectrum GL1F.018.6-5856
using a continuum consisting of a broken power law where tieegn index” was found
to be 2.06:0.04,,;+0.08,; below 1GeV and 3.080.06,;+0.12; above 1GeV, re-
spectively. A power law with a high-energy exponential ¢ineas also found to fit the
data reasonably well, whefe=1.9+0.1;,; and £.=2.5+0.3;.,; GeV (Ackermann et al.,

2012). The XRT spectra of 1FGL J1018.6-5856 were fit with asodted power-law
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where the photon indek was found to vary betweer1.3 and~2.0 (An et al., 2013).
At energiest’>0.35TeV, 1FGL J1018.6-5856 was fit with a power-law wherepthaton
index was found to be 2.20.14,,,+£0.2, (H. E. S. S. Collaboration et al., 2015).

The optical counterpart of 1FGL J1018.6-5856 was obsersadjuhe 1.9 m South
African Astronomical Observatory and the 2.5 m telescopth@at_as Campanas Obser-
vatory (Ackermann et al., 2012). Based on its optical specirthe proposed spectral
class of the optical counterpart is O6 V((f)), which is comgide to what is found for the
gamma-ray binary LS 5039 (McSwain et al., 2004). The featoteserved in the opti-
cal spectrum consist of absorption lines of hydrogen, mételium and singly ionized
helium (Ackermann et al., 2012). The singly ionized heliunelis observed in absorp-
tion, which is indicative of a main-sequence spectral tyjdditionally, an emission line
of doubly ionized nitrogen was found along with an absenca sihgly ionized helium
emission line. The presence of doubly ionized nitrogen imssion along with the ab-
sence of an emission line of singly ionized helium is suggesif an ((f)) classification.
The line ratio between singly ionized helium to neutral ligliimplies a spectral class of
O6. The reddening in th8 — V band,E (B — V'), was estimated to be 0.9 and 1.6 using
features at 4430 and 5780 respectively.

This chapter is structured in the following ordérermi LAT, Swift XRT andATCA
observations are presented in Section 4.2; Section 4.3&scon the results on the obser-
vation campaign and Section 4.4 presents a discussion oésléis. The conclusions are
outlined in Section 4.5. If not stated otherwise, the urasties and limits presented in

this chapter are at theslconfidence level.
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4.3 Observations and Data Analysis

The observations outlined below consist of data collectathd long-term obser-

vations using~ermi LAT, Swift XRT andATCA.

4.3.1 FermiLAT

The Large Area Telescope (LAT) on board thermi Gamma-ray Space Tele-
scope is an imaging pair-conversion telescope operatiegéngies from below 20 MeV
to above 300 GeV (Atwood et al., 2009). In this analysis, | data from 100 MeV to
300 GeV. For more information, see Appendix A.4.3.

| analyzed LAT data obtained between MJD 54682.7-57058008 2August 4—
2015 February 3) using the Version 9, Release 33 offaeni Science Tools the Pass
7 Reprocessed “source” class events and P7REP instrunsgange function (IRF). To
maximize the signal-to-noise, the light curves were preduasing a weighted photon
technique where the probabilities of the photons were sutiningalculated the probabil-
ity that a photon originated from the source of interest ggitsr cpr ob based on the
fluxes and spectral models of the 2FGL and 3FGL catalogs (peadix B.2).

Light curves were also produced using the maximum likelthbing method (e.g
Ackermann etal., 2012). | used the scliptke_| ¢ made available on théermiScience
Support Center webpagd binned the data inte-49.5 day intervals~<3 orbital periods).

All photon events within 10 of the source were analyzed where other sources in the

Ihttp://fermi.gsfc.nasa.gov/ssc/data/analysis/sattiva
2http://fermi.gsfc.nasa.gov/ssc/data/analysis/ugerlt.pl
3http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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region of interest were frozen to the values assigned in B@l2and 3FGL catalogs.
Using the probability based aperture photometry and mamirfikelinood fitting

methods (Ackermann et al., 2012), | produced light curvedfeGL J1018.6-5856 to

investigate possible variability of the source on long ticedes (see Figure 4.1). The data

span a period of-6.5 years.

4.3.2 Swift XRT

The Swift XRT is an autonomous Wolter | X-ray imaging telescope sessib
X-rays ranging from 0.3 to 10 keV. For more information, sqgAndix A.4.2.2.

The Swift XRT observations of 1FGL J1018.6-5856 took place from 2GiiLary
14 to 2013 March 7 (MJD 55575-56358) with different exposusnging from~0.7 ks
to ~10ks. The data collected from the observations were redaicdénalyzed using the
standard criteria defined in ti8wift XRT Data Reduction Guide These procedures are
described below.

1FGL J1018.6-5856 was observed in Photon Counting (PC; Hall. e€2004) mode
with a data readout time of 2.5 s adopting the standard grlderfg (0—12 for PC). Data
collected using the XRT were reduced and screened using Breséft v.6.16 package
and calibration files dated 2014 July 30 (Capalbi et al. 2006 data were reprocessed
with the XRTDAS standard data pipeline package pi pel i ne using the standard fil-
tering procedure to apply the newest calibration and detmuéening criteria. Following
the procedure reported in An et al. (2013), the source spectre extracted from a circu-

lar region of radius of 20centered on the source. The backgrounds were extracted from

http://swift.gsfc.nasa.gov/analysis/hatvguidevl_2.pdf
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an annular region of internal radius of"4@nd external radius 8@entered on the source.
The light curves were binned at 2.51 s.

The ancillary response files, accounting for vignettingi-le8rrection and different
extraction regions, were generated and corrected for expassing the FTOOL packages
xrtnkar f andxrt expomap, respectively. | find the count rates in the observations to
be~0.5-3.% 1072 counts s, which is significantly less than the standard count rate of
0.5 counts st where pileup becomes important (Hill et al., 2004; Burrowale 2005).
Therefore, pileup was not an issue in the observations ama juatified to extract the
source spectra from a circular region.

| note that not all individual spectra were useful for a meghil analysis, as each
spectrum was found to havel0-250 counts, which was also noted in the analysis re-
ported by An et al. (2013). These were folded using an ephemeérere phase zero
was the epoch of maximum gamma-ray flux and 10 phase bins.iD#ta spectral files
produced byXSELECT were further processed using the FTOGRPPHA. GRPPHA is
designed to define the binning, quality flags and systematicseof the spectra and used
the bad quality flag to further eliminate bad data from the FEs. Initially, | grouped
the bins to ensure a minimum of 20 counts to fit the spectragugirstatistics. However,
insufficient events were found between binary phases ®1-Bue to the small number
of counts, | used the Cash statistic for the spectral analgs@ll bins except at phase 0
(see Table 4.3). Depending on the number of counts, thestrapeere grouped to have
1-5 counts per bin.

The spectra were analyzed using the packégeEC v. 12. 8. 2k_d. | made use

of the XSPEC convolution modetf | ux to calculate the fluxes and associated errors of
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1FGL J1018.6-5856. | will discuss the spectral analysisrasdlts in Section 4.4.2.2.

4.3.3 ATCA

The Australia Telescope Compact Array (ATCA9 a radio interferometer consist-
ing of six telescopes that is a part of the Australia Teleschptional Facility (ATNF)
located near Narrabri, Australia. For more information Appendix A.4.4.

TheATCA radio observations from 2011 February 7 to 2012 FebruarnW®&D(55599—
55984) monitor the source through?3 orbital periods. These cover 7 frequency bands
from 2.1 GHz to 35.0 GHz. The light curves at 5.5 GHz and 9.0 @dm 2011 Febru-
ary 7 to 4 May 2011 (MJD 55599-55685). These curves were qusly analyzed and
reported by Ackermann et al. (2012) where a hint of orbitabionation was found. How-

ever, | reanalyzed them for consistency.

4.4 Results

4.4.1 Temporal Analysis

4.4.1.1 Fermi LAT Analysis | searched for long-term variability using the
maximum likelihood method and fit the spectra using a log Ipaleamodel, a broken
power law and a power law with a high energy cutoff where themadizations, fluxes
and spectral parameters were allowed to vary. No long-tamnvriability was seen over
the duration of thecFermi gamma-ray light curve (see Figure 4.1). No significant long-
term variability was found in the spectra, which was comrsisfor all three tested spectral

models (see Figure 4.1).
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FIG. 4.1. Long-termFermiLAT light curve produced in the 0.1-300 GeV band based on a
likelihood analysis (top) spans nearly 6 years (MJD 548836%). No major variability

is shown over the duration of the light curve. No significaatiability is seen in the
spectrum (bottom). | illustrate this by plotting theparameter of the log-parabola model.
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FiG. 4.2. Power spectrum produced from LAT aperture photomeitly the 99.9% and
99.999% confidence intervals shown. The power spectrum indicatassttie period of
the source is 16.5310.006 d. The probability of this arising by chanceJ40~® in the
LAT data. Multiple harmonics are also seen in the power spatt The peak at 1d is an
artifact.

A power spectrum was used to search for periodicities in thextare based pho-
tometry LAT light curves at a time resolution of 600s. Thisoals the presence of
a 16.531#0.006 day peak (see Figure 4.2). The false-alarm probaljfiAP; Scargle,
1982) in the LAT power spectrum §10-%. This refines the orbital period of the system,
which was previously reported to be 16:58.02 d (Ackermann et al., 2012).

Quasi-sinusoidal behavior was found in the aperture phetgnrermi LAT folded

light curve (see Figure 4.3) where | defined phase zero aspgbeheof maximum flux
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FIG. 4.3. Aperture photometry Fermi LAT light curve folded oretbrbital period. Phase
0 is defined as the epoch of maximum flux.

(MJD 55403.30.4). | confirm this behavior in the folded light curves extexd using the

maximum likelihood fitting (see Figure 4.8, top).

4.4.1.2 Swift XRT Analysis The Swift XRT observations monitor the source
for more than 47 orbital periods. | binned the light curvest@solution of 1 d to inves-
tigate the X-ray variability of the system, shown in the liglirve folded on thé&~ermi
ephemeris (see Figure 4.5).

| performed a Fourier transform of all background-subedcEwift XRT data
together, which cover the range of 0.2—-783d (see Figure 4NQ significant peaks
(FAP=>99.9%) are found in the power spectra; however, a period of 3@002d cor-
responding to the fifth harmonic of a 16.549.008 d orbital period is seen with a “blind
search” at a FAP 0£0.08. This is consistent with the 16.54@.008 d period found by
An et al. (2015) also usin§wift XRT.

The foldedSwift XRT light curve revealed quasi-sinusoidal modulation veithax-
imum at phase 0 and another maximum at phaBel, which are consistent with previous

observations reported in Ackermann et al. (2012) and An.g28113, 2015). The sec-
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FiG. 4.4. Power spectrum produced by tBwift XRT X-ray light curve with the 95.%
confidence interval indicated by the red dashed line. Th& péthe power spectrum is
at a period of 3.310.002 d and has an FAP of 923 While not statistically significant,
this is the fifth harmonic of the orbital period. The orbit&rmd and harmonics up to the
fifth harmonic are indicated by the blue dashed lines.
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FiG. 4.5. Swift XRT X-ray light curves folded on the orbital period. The lighlue data
is prior to MJD 55984 (An et al., 2013; Ackermann et al., 201Phe black data points
after MJD 55984 are unpublished. The modulation appears gulasi-sinusodial with a
maximum at phase 0 and a secondary maximum at pkasé

ondary maximum is consistent with that found in the radiodsafsee Section 4.4.1.3).

4.4.1.3 ATCA Analysis | folded the ATCA radio light curves on the orbital
period and found clear orbital modulation in the frequenands 2.1, 5.5, 9.0, 17.0 and
19.0 GHz (see Figure 4.6). The modulation amplitude is fdorecrease with increasing

frequency. The light curves at 33.0 and 35.0 GHz do not shearahodulation on the

orbital period.
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FIG. 4.6. ATCA radio light curves folded on the orbital period.€Timodulation amplitude
decreases with increasing frequency. Light curves at 3&i38&.0 GHz do not show clear
modulation on the orbital period.

4.4.2 Spectral Analysis

4.4.2.1 Fermi LAT Analysis To fit the Fermi gamma-ray spectra, | used sev-
eral models: a log parabola (see Equation 4.1) that is usdddoribe radio pulsars and

gamma-ray binaries, a broken power law and a power law witigla-anergy cutoff.

dN E

4.1 R = \—(a+Blog(E/Ey))
(4.2) 5 = Nol5)

The models that provide a good fit to the data are a log parabodkel (see Table 4.1) and

a power law with a high-energy cutoff (see Table 4.2). In thsecof the power law model
with a high-energy cutoff, | find that the scale energy carb@sufficiently constrained.
Therefore, | froze the scale energy to 1 GeV.

| investigated temporal dependence of the gamma-ray sp@etrameters, compar-
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FIG. 4.7. Fermi LAT light curve (top) based on a likelihood analysis foldedtbe orbital
period. Phase 0 is defined as the epoch of maximum flux. Thephotex and cutoff
energies are also folded on the orbital period (see middigattom panels).
ing the parameters in different orbital phases. No corn@tgtwere found between the
continuum spectral parameters with respect to the 0.1-M\ ébatinuum flux.

| divided the likelihood light curve into two energy bandsevé the soft band is
defined between energies 0.1-1 GeV, characterized by the cateC.¢, and the hard
band is between 1-300 GeV, characterized by the countate. Using the definition
in Equation 3.2, | produced a hardness ratio folded on théabqberiod (see Figure 4.8,
bottom), where a soft spectrum is indicated by negativeesaland a hard spectrum is
indicated by positive values. While no apparent correlatiarere found between the

hardness ratio and the count rate in the full energy bandHgpee 4.8, bottom), | find a

peak in the hardness ratio@t0.1.
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Phase Flux Test « I}
(107 photons cm? s~1)  Statistic

0.03 3.6:0.2 1318.33 2.290.04 0.25:0.03
0.10 2.4£0.2 1104.34 2.240.05 0.36:0.04
0.17 1.8:0.2 732.654 2.180.06 0.35:0.05
0.23 1.40.2 550.041 2.490.09 0.5%0.07
0.30 2. #0.2 620.363 2.490.07 0.310.04
0.37 2.4£0.2 526.167 2.4680.07 0.26:0.04
0.43 2.3:0.2 536.274 2.410.07 0.29:0.04
0.50 2. 40.2 588.992 2.430.08 0.24:0.05
0.57 2.4:0.2 524.201 2.480.08 0.310.05
0.63 2.5:0.2 659.285 2.370.07 0.3@:0.04
0.70 2.0:0.2 606.558 2.540.09 0.48:0.06
0.77 2.8:0.2 905.437 2.420.06 0.36:0.04
0.83 2.50.2 882.396 2.570.08 0.49:0.05
0.90 2.5:0.2 902.029 2.490.09 0.45:0.06
0.97 3.10.2 1536.42 2.410.05 0.33:0.03

Table 4.1. The best-fit parameters from a log-parabola mofdHFGL J1018.6-5856, which is subdivided into

orbital phase bins 0£0.067.
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Phase Flux Test r Cut-off Energy

(10~7 photons cm? s71)  Statistic (GeV)
0.0 3.4:0.2 1831.57 -1.420.07 1.9£0.2
0.1 2.2£0.2 1220.85 -1.20.1 1.6+0.2
0.2 2.2£0.2 843.258 -1.20.1 1.4+0.2
0.3 2.8:0.2 811.767 -1.740.09 2.#0.6
0.4 2.6t0.2 807.537 -1.740.09 2.8:0.6
0.5 2.6:0.2 796.908 -1.60.1 1.9:0.3
0.6 2.5t0.7 974.152 -1.460.09 1.9£0.3
0.7 2.8:0.2 1120.52 -1.420.09 1.40.2
0.8 2.8t0.2 1331.11 -1.20.1 1.2+0.1
0.9 3.4:0.2 1505.73 -1.480.08 1.9:0.2

Table 4.2. The best-fit parameters from a power law with legbrgy cutoff model of 1FGL J1018.6-5856,

which is subdivided into orbital phase bins©0.1.
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FIG. 4.8. Fermi LAT light curve (top) based on a likelihood analysis foldetdthe orbital
period. Phase 0 is defined as the epoch of maximum flux. Hasdaéis (bottom) as
produced by a likelihood analysis usirfgermi LAT. The hardness ratio is defined as
(Chard-Cooft )(Chara+Csort ), Where the soft and hard energy bands are 0.1-1 GeV and 1-
300 GeV, respectively.
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4.4.2.2 Swift XRT Analysis To fit the XRT spectra, | used several models that
are used to describe systems that host a neutron star: a [@awee Figure 4.9), a power
law with a high-energy cutoff(i ghecut xpower in XSPEC), and a cutoff powerlaw
(cut of f pl in XSPEC). All models were modified by an absorber that fullyars the
source using Balucinska-Church & McCammon (1992) cross@estind Wilms et al.
(2000) abundances.

The model that provides a good fit to the data is a power law fieaddby a fully
covered absorber (reported in Table 4.3). | find that themaéliydrogen column den-
sity for the fully covered absorption could not be accusatnstrained. Therefore, |
froze Ny to 1.02x 10*? atoms cn?, which was reported in th&MM-Newton data by
An et al. (2015) assuming Wilms abundances. This value oftilye covered absorber
is somewhat less than the Galactic HI values reported byhihéeiden/Argentine/Bonn
survey (Kalberla et al., 2005) and in the review by Dickey &kman (1990), which are
1.34x 10?2 and 1.4% 10*? atoms cm?, respectively. This is to be expected\{; is over-
estimated in the LAB and DL surveys. A good fit does not reqaitegh-energy cutoff,
which is typically found in accreting pulsars (Coburn et 2002; White et al., 1983).

Similar to the gamma-ray analysis reported in Section 414the temporal depen-
dence of the X-ray spectral parameters was investigatedqgeires 4.10 and 4.11). Since
no emission line features were found, which is to be expeteBGL J1018.6-5856 is
not accreting, | searched for correlations between theimomtn spectral parameters (the
power-law index) with respect to the 0.3—-10 keV continuur.fliThe power-law index
is found to be anti-correlated with respect to the contindluxwith a correlation coeffi-

cient (r) of -0.91 (see Figure 4.11). This confirms the resgiorted in An et al. (2015)
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FIG. 4.9. The combined XRT spectrum at phase 0 and best fit manelp@nel). This
consists of a continuum comprised of an absorbed power laerevNy is frozen at
1.02x10*? atoms cn1?. Residuals of the best fit model are plotted in the bottom pane

where an anti-correlation was found between the power-haex and continuum flux.

4.4.2.3 ATCA Radio Analysis The model that provides a good fit to tA&CA
radio data is a power law (see Figure 4.12). | find the speitdax to be modulated on
the orbital period (see Figure 4.13).

Similar to the Fermi LAT and Swift XRT analyses described above (see Sec-
tions 4.4.2.1 and 4.4.2.2), | investigated the temporakddpnce of the spectral param-
eters (see Table 4.4). Since the spectral index is modutaietthe 16.53310.006 day
orbital period found withFermi LAT, | searched for correlations between the power law
spectral index with respect to flux (see Figure 4.14). A groorrelation was found

between the power law spectral index and radio flux density@.89,p =0.056).

167



89T

Phase Net Courits r Flux Method 2

(1072 ergcnr2s7h) (d.o.f)
0.0 940 1.3105 2.8+0.1 x> 0.88(42)
0.1 263 1.40.1 1.5:0.1 cstat
0.2 154 1.50.2 1.8:0.2 cstat
0.3 274 1.50.1 2.10.2 cstat
0.4 171 1.40.2 1.9:0.2 cstat
0.5 208 1.50.2 1.A0.1 cstat
0.6 200 1.6:0.2 1.4:0.1 cstat
0.7-0.8 161 1.70.2 1.02009 cstat
0.9 110 1.6:0.2 1.2£0.1 cstat

Table 4.3.Swift XRT spectral parameters of 1FGL J1018.6-5856. Errors atteeato level.
@ Counts are within the extraction regions.

b Ny was frozen to that reported in An et al. (2015) using XMM-Newton data: 1.0 10?2 atoms cnv?
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FIG. 4.10. The absorption-corrected X-ray flux of 1FGL J1018356 folded on the
orbital period.
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FIG. 4.11. Power-law index for th8wift XRT spectra vs. the continuum flux in the 0.3—

10keV band. The red and blue lines indicate the best fit fostzoTt and linear models,
respectively. The correlation coefficient (r) is: -0.94.
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FIG. 4.12. Orbital phase-resolve&lTCA radio spectra covering frequencies in the 2.1—
35.0GHz band. The red lines indicate the best fit for a poaeriinodel, which is a
possible indication of free-free absorption.
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Phase o Radio Flux Density

mJy bearm!
0.05 0.29:0.06 5.4:0.1
0.15 0.4:0.1 10.5+0.3
0.25 0.58:0.08 13.5:0.3
0.35 0.510.06 12.3:0.2
0.45 0.46:0.06 9.40.1
0.55 0.4:0.1 7.5£0.4
0.65 0.10.1 3.2:0.2
0.75 0.28:0.07 3.9:0.2
0.85 0.18:0.07 2.6:0.1
0.95 0.24:0.05 2.840.08

Table 4.4. Spectral parameters of 1FGL J1018.6-5856 freATICA radio survey. Errors are at thesllevel.
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FIG. 4.13. ATCA radio light curves at 17.0 GHz (top) and 9.0 GHz (middle) émlcbn
the orbital period. These are used to compare to the powefreEguency index of the
ATCA radio data folded on the orbital period (bottom).
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FIG. 4.14. Spectral index for th&aTCA radio spectra vs. the flux density in the
17.0 GHz frequency band. The data are correlated at thedévet0.89,p =0.056.
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4.5 Discussion

4.5.1 What is the nature of the gamma-ray orbital modulatior?

The multiwavelength observations reveal the presence ofrgtex orbital modu-
lation seen in the folded light curves as previously notedbkermann et al. (2012) and
Anetal. (2013, 2015). The epoch of maximum flux in the gammaband is also seen at
X-ray energies (see Section 4.4.1.2). | additionally fin@éeomdary maximum at phases
~0.3-0.4 in the X-ray and the radio bands (see Sections 2.4 4.4.1.3).

| first discuss the possibility that the epoch of maximum floxhe gamma-ray
bandpass occurs when the compact object is at superiorrodiign. In the case where
the non-degenerate star is a massive O-type star (e.g. L$ Ki@Bishita et al., 2009),
the peak energy where photons are produced is in the ultedvaccording to Wien’s
Displacement Law. As described in Section 1.8.2, gammainaigsion could result when
UV photons collide with charged particles in the shock dutheopulsar wind and stellar
wind and inverse Compton scatter to gamma-ray energies lird012). Based on this
model, it is expected that maximum gamma-ray emission gc@usuperior conjunction,
where the compact object is on the opposite side of the coimpélirabel, 2012). The
guasi-sinusoidal peak at phas®.4 seen in the X-ray and radio could arise when the
compact object is in front of the companion star along the dhsight (An et al., 2015).

| also consider the possibility that the driving factor i thpoch of maximum flux
in the gamma-ray bandpass is due to the varying seed photsityldf the orbit in 1IFGL
J1018.6-5856 is eccentric, it is possible that the photaorsithe responsible for inverse-

Compton emission is orbital phase dependent (Abdo et al9)200this is the case, it is
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expected that the maximum gamma-ray emission will occueaaptron, where the com-
pact object is closest to the optical companion. The moutuatepth differs from what
would be expected for an eccentric orbit. From the definindmodulation depth (see
Section 3.4.1.3), | find the modulation depth to-b&5% using the likelihood light curves
and power law with high-energy cutoff model. In comparistine modulation depth of
LS 5039, which has an eccentricity 0.3, was found to be-60% (e.g. Ackermann et
al., 2012). This implies a low inclination and a small to m@de eccentricity as was

confirmed by Waisberg & Romani (2015).

4.5.2 Whatis the nature of the frequency dependent modulabin in the ATCA

data?

The ATCA radio data reveal the modulation amplitude in the foldedtligurves
to decrease with increasing frequency. There is an absdndear modulation in the
33.0 and 35.0 GHz bands (see Section 4.4.1.3). This behewidd be suggestive of
the presence of free-free absorption. Since bremsstrghtan be characterized by a
power law, | investigated the temporal dependence of thetsglendex as a function of
orbital phase. The spectral index closely tracks the radodknsity, which is consistent
with the presence of intrinsic free-free absorption. Thechmnism remains to be further
investigated. To further parameterize this, the stellardsiof both the pulsar and main-

sequence companion must be taken into account.
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4.5.3 What is the Nature of the Compact Object?

The nature of the compact object and the gamma-ray emissechamism in 1FGL
J1018.6-5856 remains ambiguous. So far, no neutron stationtperiod has been de-
tected in theFermi LAT power spectra. Likewise, no pulsation period in the X-raas
been found. A pulsation period would provide a clear indarathat the compact object
IS a neutron star. However, a possibility remains that themarct object could be pow-
ered by a neutron star’s rapid rotation. Since a firm idemtifon of the nature of the
compact object in 1FGL J1018.6-5856 has proven elusivefttiuscompare my findings
to systems where the compact object is known.

| first consider the possible scenario that the compact olgessent in 1FGL
J1018.6-5856 is a black hole and thus the system is powerdaebyicroquasar mech-
anism. A complex X-ray spectral continuum modeled by a pdesrwith an exponen-
tial high energy cutoff is expected in microquasars, whiahaccretion-powered objects
(Coburn et al., 2002; An et al., 2015). This is in sharp cont@athe lack of such features
in the Swift XRT spectra analyzed here and as recently noted by An et@l5§2 Addi-
tionally, emission lines such as the Fe Komplex are seen in microquasars (e.g. Cygnus
X-1, Cygnus X-3 Nowak et al., 2011; Hjalmarsdotter et al., 20Qvhich are absent in
the Swift analysis of 1IFGL J1018.6-5856. Another marker of an acanepiowered sys-
tem is fast variability, where properties such as red noisguasi-periodic oscillations
(QPOs) might be expected in the power spectra. So far, theese ot been seen in the
gamma-ray nor X-ray bandpasses. Finally, a disk blackbsdgquired to model the soft

X-ray spectra of BHCs in the soft/high state (Shakura & Sunya@73; Nowak, 2006).
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This also is not seen in 1FGL J1018.6-5856, suggesting hiea¢inission is unlikely to
be powered by the mechanisms seen in microquasars.

| also discuss the possibility that 1FGL J1018.6-5856 dosta neutron star and
thus is powered by the pulsar-wind mechanism. | compare thig-mavelength proper-
ties of 1FGL J1018.6-5856 to PSR B1259-63, which so far iotilg gamma-ray binary
with a confirmed neutron star (Aharonian et al., 2005; Jaymst al., 1994). The neutron
starin PSR B1259-63 is a young radio pulsar with a rotatiatodeof 47.8 ms in~3.4 yr
orbit around a Be star. Since PSR B1259-63 is likely powelgtthe shock formed due to
the winds of the companion star and pulsar itself, it is pastd that the physical mecha-
nism that could lead to emission in the GeV-TeV energiesverse-Compton scattering
of UV photons. In a multi-wavelength campaign during the£2@griastron, a power law
with a spectral index that ranges from 1457.02 to 1.94-0.02 was found in combined
Swift XRT andNuSTAR spectra. This is comparable to what is found in 1FGL J1018.6-
5856 where the photon indices ranges from 1931 to 1.7+0.2. If the same electron
population produces the X-ray and TeV emission, some sodoatelation in flux or
power-law index might be expected. This can be verified bycédérag for correlations
with the X-ray and the recently discovered TeV emission regzbin H. E. S. S. Collabo-

ration et al. (2015).

4.5.4 Comparison and Contrast with LS 5039 and LS | +61303

The emission mechanism responsible for the gamma-ray emiasd the nature
of the compact object in 1FGL J1018.6-5856 are at presenwelbunderstood. To place

1FGL J1018.6-5856 in context with similar gamma-ray biearil compare it with LS
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5039 and LS | +61303.

| first discuss these observations of 1IFGL J1018.6-5856 mpewison to the
gamma-ray binary LS | +61303, which consists of a Be-type optical companion and
probably a pulsar in &26.3 d orbit, also thought to be powered by the pulsar-windhwme
anism. In theirSwift XRT campaign, Esposito et al. (2007) found the spectralicoom
to be described by a featureless power law with photon indé&t10.05 modified by a
fully-covered absorber witivy; of 5.740.3x 10?! atoms cnm?. No spectral features that
are typically attributed to accreting systems were founsp(sito et al., 2007), which is
similar to my observations of 1FGL J1018.6-5856. Anothetilirity between LS | +61
303 and 1FGL J1018.6-5856 is radio emission that is modiilatethe orbital period.
A striking difference is the presence of a superorbital niation in LS | +6T 303, at a
period of 1664-8d (Li et al., 2014). This is seen in the radio (Gregory, 20062yd X-ray
(Li et al., 2014) and gamma-ray bandpasses (Ackermann,e2@l3). The maximum
flux in the radio modulation in LS | +61303 appears to be modulated on both the orbital
and superorbital periods in LS | +6B03 (Gregory, 2002). No such modulation is seen
in 1FGL J1018.6-5856, which is consistent with the lack ofeasBar.

| also discuss the gamma-ray binary LS 5039 and how it corspaith these ob-
servations of 1FGL J1018.6-5856. LS 5039 consists of a O§(f)\star and suspected
rapidly spinning pulsar, which is in an eccentric orbit wiehe period and eccentric-
ity were found to be 3.906030.00017 d and 0.350.04, respectively (Casares et al.,
2005). In their X-ray analysis usingSCA, XMM-Newton and ChandraKishishita et
al. (2009) found the best-fit spectral model to consist of wgrdaw where the index
varies fromI'~1.45 at apastron td'~1.60 at periastron. This is similar to my analy-
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FIG. 4.15. Long-ternFermi LAT light curve of the source LS | +61303 produced in the
0.1-300 GeV band based on a likelihood analysis (top) speau$y6 years (MJID 54961—
56869). Long term variability is shown over the duration loé fight curve. Significant
variability is also seen in the spectrum (bottom). | illasér this by plotting ther param-
eter of the log-parabola model.

sis of 1FGL J1018.6-5856 where | found the power-law indexay from 1.317007 to
1.7+0.2. While the power-law index is a minimum at the epoch of mmaxn gamma-ray
flux, the maximum power-law index is not seen at phase 0.3 evtier quasi-sinusoidal
modulation peaks in the X-ray and radio peaks, which couldtt#buted to the poor
statistics seen in th8wift X-ray campaign. No orbital modulation was found at radio

frequencies for LS 5039 (Ribet al., 1999), which is in variance with what is seen in

1FGL J1018.6-5856.

4.6 Conclusion

1FGL J1018.6-5856 is thought to be powered by the pulsadwiachanism. Mod-
ulation on the 16.53%0.006 day orbital period is clearly seen in the gamma-rayax-
and radio bandpasses where peaks are found at differemy luridtal phases. The epoch

of maximum flux in theFermi LAT light curve is also seen in the X-ray bandpass. A
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secondary maximum at binary orbital phas8.3 is also seen in th8wift XRT X-ray
andATCA radio light curves, which could possibly be attributed téemor conjunction.

| note the possibility that this secondary peak could alsgimate at apastron, when the
seed photon density responsible for inverse Compton emissit a minimum. No long
term variability in the flux nor spectral properties is seen.

The compact object in 1FGL J1018.6-5856 and thus the emiss&chanism re-
mains ambiguous in nature. No signs of gamma-ray or X-raggiidns have been found
in 1IFGL J1018.6-5856, which would firmly prove the compageabis a neutron star. No
spectral features such as high-energy cutoff nor emisgies are seen in the continuum,
which is evidence that 1IFGL J1018.6-5856 is not powered laoyeion and therefore
likely not a microquasar.

The emission in the radio as seen WARCA is modulated on the orbital period
where the maximum flux occurs around binary orbital phase €irilar to the quasi-
sinusoidal peak in th&wift XRT light curves. No flux increase at phas®.0 is seen
in the radio bandpass. | find the amplitude modulation to ek with increasing fre-
guency, which is a possible indication of the presence @-free absorption. This is
further supported by the absence of clear modulation in 818 and 35.0 GHz bands.
Since free-free absorption can be described by a power |@&aiched for changes in
the spectral index as a function of binary orbital phase. Spextral index closely tracks
the flux density, which could be consistent with the presesfcatrinsic free-free ab-
sorption. Since a detailed model that involves the windsiefdulsar and main-sequence
companion star remains to be done, | cannot definitivelybaitie this to bremsstrahlung.

1FGL J1018.6-5856 is likely to be a non-accreting gammabiagry powered by
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the pulsar wind mechanism but conclusive evidence remairizetfound. A detailed
model to describe the possibility of free-free absorptiearsin the radio and X-ray band-
passes is needed, which | plan to develop in the near futudditi@nally, | plan to probe
the nature of the gamma-ray emission by investigating thg-kerm orbital variability of

1FGL J1018.6-5856.
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Chapter 5

CONCLUSION

5.1 Overview

This thesis focuses on the study of high-energy emissioharXtray and gamma-
ray bandpasses seen in binary systems containing compgcisb Several wind-fed
eclipsing SGXBs, the HMXB 4U 1210-64 that might be poweredt®/Be mechanism,
and the gamma-ray binary 1FGL J1018.6-5856 were studidasrihiesis to answer fun-
damental questions about the properties of the stellar coemts and probe the variability
of these sources at all timescales. All X-ray binaries ingample are eclipsing sources
where the eclipse duration was exploited to constrain thesemand radii of the donor
stars. While emission in X-ray binaries is observed due tatwersion of gravitational
potential energy to radiation at extreme temperaturesngaimay emission could either
originate via the microguasar or pulsar-wind mechanismsilé&Wio evidence for the neu-
tron star rotation period was found, it is strongly suggestat the gamma-ray emission
in 1IFGL J1018.6-5856 is powered by the pulsar-wind mechmanisshould be noted that

an origin powered by relativistic jets, the microquasamnse®, cannot be ruled out.
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5.2 Results on the Systems in this Work

5.2.1 Probing the Masses and Radii of Donor Stars in Eclipsing-ray Bina-

ries

| surveyed the eclipsing XRBs IGR J16393-4643, IGR J16484IGR J16479-
4514, IGR J18027-2016 and XTE 1855-026 using the eclipsatiduarto determine the
mass and radius of the donor star. Using an ‘observed minaslated’ (O — C') analysis,
| also refined the orbital periods and improved the erromeste on the orbital period for
each XRB by up to an order of magnitude. With the exceptioiét U16393-4643 where
the eclipse half-angle was found to b4.5°, the eclipse half-angles were all found to be
~30°. Since the luminosity of each system is less than expectd@dohe-lobe overflow
(Kaper et al., 2004), | attach the constraint that the massmanderfills the Roche lobe.
IGR J18027-2016 is the only “double-lined binary” in our gde | assume the mass
for the neutron stars in the other systems to be at the whvefdChandrasekhar limit,
1.4M,.

The process of allowing inclination angles to range frome=dg orbits to those
where the Roche lobe was filled made the constraints possitdend that IGR J16393-
4643 is consistent with spectral types BO V and BO-5 Ill sitihesy satisfy the constraints
imposed by the half-angle and Roche lobe. In IGR J16418-4582IGR J16479-4514
the previously proposed mass donors were found to over8lIRbche lobe; however,
spectral types O7.5 | and earlier satisfy the constrainthefeclipse half-angle and the
Roche lobe.

The mass and radius of the donor star in IGR J18027-2016 weralfto be 18.6—
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19.4M,, and 17.4-19.%, where | constrain mass of the neutron star to be between
1.3740.19M,, and 1.430.20M,. | find the mass and radius of the donor star in XTE
J1855-026 to lie between 19.6-202, and 21.5-23.&%.. The neutron star mass was
constrained to be between 1#@.55M, and 1.82V/,,. This method in studying these
eclipses has yielded important information in understagdi key dimension of using
eclipses to constrain mass. The next logical step would Esoreng the radial velocities

of both the donor star and compact object to allow key asysighl parameters to be

determined.

5.2.2 4U 1210-64

4U 1210-64 is a poorly understood source that has been postiio be an HMXB
powered by the Be mechanism. X-ray observations with the Aéid PCA onboard
RXTE, Suzaku Swift BAT and MAXI provide detailed temporal and spectral informa
tion, probing the nature of its variability on all time scalé.ong term variability, sugges-
tive of a variable accretion rate, was seen with the ASM (sesp@n 3), which reveals the
presence of three distinct system states: two active statésne low state that | interpret
as quiescence. While | discuss different mechanisms, thex@gtanism might explain
the ~2500 day duration of the quiescent phase. Caveats are s éxplanation and
no mechanism considered in my analysis appears to be cemsigth 4U 1210-64. The
companion star was previously proposed to have a specpaldfy/B5 V (Masetti et al.,
2009), but it does not satisfy the observed eclipse halfearvghich is compelling evi-
dence against a B5 V classification. Optical and X-ray spétdatures of 4U 1210-64

point to a mass donor that could be a BO V or BO-5 Il star. Theurgaof the compact
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object remains ambiguous. No evidence for a pulsation gefdhich would provide
clear indication that the compact object is a neutron stariccbe identified in the ASM,
MAXI and PCA power spectra. Spectral results that could ret®aature have also been
inconclusive. The properties of the continuum stronglytcast with those typically seen
in BHCs as well as CVs. While the nature of the compact object hagep elusive, a
neutron star with a weak magnetic field possibly aligned hi spin axis is consistent
with the lack of pulsations and cyclotron features.

The best fit spectral model consists of a power law modified bigh-energy cut-
off. This is additionally modified by an absorber that fullgvers the source as well as
partially covering absorption. Emission lines at 2.62 kM1 keV, 6.7 keV and 6.97 keV
were all clearly detected in th@uzakuspectra, which | interpret as S XVIK Fe Ko, Fe
XXV K « and Fe XXVI Ko, respectively. | found a linear relationship between thg flu
of Fe | vs. the continuum, which shows that the most probabggroof the Fe | line is
fluorescence of cold and dense material close to the compgatto The slopes of the
relationship between the logarithm of the Fe XXV and Fe XXVkfl/ersus the logarithm
continuum flux possibly show that an increasing part of thelioma might be completely
ionized as the flux increases. A positive correlation was seboth theSuzakuhardness-
intensity diagram and the PCA color-color diagram, whichvpdes evidence against a
strong wind. Additional evidence from the folded MAXI and RSight curves suggest

that the observed/y could possible originate in an accretion stream.
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5.2.3 1FGL J1018.6-5856

1FGL J1018.6-5856, the first gamma-ray binary discoveredhleyFermi Large
Area Telescope (LAT), consists of an O6 V((f)) star and satgmkrapidly spinning pul-
sar possibly powered by the interaction between the reditvpulsar wind and stellar
wind of the companion. | refined the orbital period to 16.£81006 d using~ermj up-
dating the previously published value of 1643802 d (Ackermann et al., 2012). Using a
likelihood analysis, no long-term flux variability was semrer the duration of th&ermi
gamma-ray light curve. No significant long-term varialimas found in the spectrum,
which was modeled using a log-parabola model. Quasi-sidakbehavior was found in
the aperture photometry Fermi LAT folded light curve whegefined phase zero as the
epoch of maximum flux (MJD 55403+3.4).

| also analyzed the X-ray and radio properties of 1IFGL J1I®B856 using the
Swift X-ray Telescope (XRT) and\ustralia Telescope Compact Array (ATCANhile
the maximum flux was also seen in the XRT folded light curvethatsame phase as
the gamma-ray maximum, a secondary peak at phadd was found. In the radio,
there is a single maximum at phas®.4 (Fig. 4.6). This is consistent with previous
observations in the 5.5 and 9.0 GHz bands. The amplitude Iaolu in the radio was
found to decrease with increasing frequency (Fig. 4.6 tyighhich might be interpreted
with a free-free absorption model. The radio light curve820 and 35.0 GHz do not
show clear modulation on the orbital period.

The best fit spectral model to ti®wift XRT data consists of a power law modified

by a fully covered absorber (see Chapter 4). | find that therakbiyydrogen column
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density for the fully covered absorption could not be actlyaconstrained. Therefore, |
froze Ny to 1.02< 10?2 atoms cm?, which was reported in th¥MM-Newton data by An
et al. (2015). A good fit does not require a high-energy cuteffich is typically found
in accreting pulsars (Coburn et al., 2002; White et al., 1988k Fermi LAT data can be

best fit with a log-parabola model and a power law with a highrgy cutoff.

5.3 Gamma-Ray Binaries

Gamma-ray binaries show gamma-ray emission modulatedeoorbital phase and
might represent an early stage in the evolutionary lifetohan HMXB (Ackermann et
al., 2012), allowing the history of binary stellar systerase studied at an even earlier
phase. Superorbital variability has been found in the sou® 1+6T 303 which hosts a
Be-star (Li et al., 2014); however, it has not been found inS089 and 1FGL J1018.6-
5856, suggesting that superorbital variability in gammag-binaries is not ubiquitous.
Gamma-ray binaries are also rare, where only five are knowpldéng 1FGL J1018.6-
5856, the most recent gamma-ray binary to be discovered hefip us understand the
relative paucity of gamma-ray binaries as well as the meshanresponsible for their

emission.

5.4 Outlook

The study of the night sky has come a long way since our ansdstst gazed at the
stars. With nearly a half century of multi-wavelength olvs¢ions, we now have at our

fingertips methods to observe the temporal and spectrahéity of X-ray and gamma-
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ray binaries using both all-sky monitors and pointed obsons. The masses and radii
of the donor star, masses of neutron stars and orbital egolatan be constrained in
eclipsing XRBs, thanks to our ability to express the ecligisgation as a function of stel-
lar radius, inclination angle and the sum of the masses ity system. Thanks to
nearly 20 years worth of data that monitored long-term cleang the nature of HMXBs
and their gamma-ray predecessors, we can constrain phgsidagyeometric properties.
This clearly contributes to the understanding of matteretaan in the presence of ex-
treme physical environments for HMXBs. The observationgehaelded robust data on
astrophysical properties such as variability on orbitad aoperorbital timescales giving
us a powerful means to investigate their underlying mecmasi

While breakthrough research has unveiled the nature of tlgnate fields of neu-
tron stars, variability on all types of timescales, and ation physics in extreme environ-
ments many unanswered questions remain. To name a few easthpt were uncovered
in my thesis include the nature of the donor star in 4U 1210t64d origin of the long-
term variability in 4U 1210-64, the mechanism responsibldlie disappearance of radio
modulation at high frequencies in 1FGL J1018.6-5856 anchthdron star equation of
state. The detailed eclipse measurements presented ingth@mnd 3 could be used as
timing markers to determine the binary orbital evolutiorHMXBs. On long timescales,
Dynamic Power Spectra could be employed in multiple eneegdipasses to investigate
the evolution of long-term behavior of HMXBs and gamma-rayabies (Clarkson et al.,
2003). Pointed observations witkiuclear Spectroscopic Telescope Array (NUSTAR)
the first hard X-ray imaging telescope in orbit, could alscelsploited for further study
of many of the sources studied in this thesis. Launched o2 d0ly 13, NuSTAR con-
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sists of two co-aligned grazing incidence telescopes semsd the energy band 3—79 keV
with good energy resolution, extending the focusing sesitgibeyond the~10 keV high-
energy cutoff achieved by all previous X-ray imaging s#esl (Harrison et al., 2013). |
hope that the analysis presented in this thesis contritiatesir understanding of these

sources and their intriguing behavior.
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Appendix A

INSTRUMENTATION

A.1 Overview

Beginning with the discovery of the LMXB Scorpius X-1, the6D& ushered in
the era of X-ray astronomy. These first observations of theysky were conducted
using collimated gas counters onboard balloon and rocketcties. Over the next few
decades, different types of detectors analyzed the terh@odaspectral properties of X-
ray binaries. These observations each told a differentqdatte story, which combined
with theory allowed us to disentangle the intriguing prdjgsrof XRBs as a whole. While
all-sky monitors have the capabilities to provide publialsailable databases of long-term
observations of X-ray sources, the capabilities of modesteators such as those that
implement CCDs allow for observations that disentangle spkfetatures such as the Fe
Ka region and cyclotron resonant scattering features.

A fundamental quantity that measures the performance of -aay)§pectrometer
is the spectral energy resolution full-width at half-maxim (FWHM). The energy and
FWHM of the energy distribution inferred from the spectroeradre denoted by’ and

AFE, respectively. As referenced in Fraser (2009), the FWHM giexi$ic energy band-
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pass for non-dispersive X-ray spectrometers typicalljofes a power-law function de-

pendent on a proportionality constant and the energy (saatim A.1).

AFE K

A1) T B

This chapter is structured in the following order: the plgghat makes X-ray colli-
mators, non-dispersive spectrometers and X-ray CCD deviodsig/outlined in Section

2. Sections 3 and 4 present a discussion of the instrumentasied in this analysis.

A.2 Detector Physics

A.2.1 Proportional Counters

With a design similar to that of Geiger counters, propomilocounters have been
the workhorses of X-ray astronomy from its humble beginsitmthe present day. Pro-
portional counters have been used in a variety of differaasions and were implemented
in all-sky monitors such as thRossi X-ray Timing Explorer (RXTEASM and Monitor
of All-Sky X-ray Image (MAXI) Gas Slit Camera (GSC) as well asmged instruments
such as the Medium Energy Detector Array (MEDA) onboard theogean X-ray Ob-
servatory Satellitd&e XOSAT, the Large Area Counter (LAC) onboard the Japar@sma
observatory and the Proportional Counter Array (PCA) onbé&&d E. Of interest to this
analysis are gas proportional counters, which have providgh temporal and modest
spectral resolution observations of X-ray sources.

Gas proportional counters consist of a collimator that disoff-axis X-ray pho-

tons, a thin window that allows the entrance of X-ray phot@shamber consisting of a
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large volume of gas and an anode maintained at a specifigedléag. Seward & Charles,
1995). The window, which is typically made of a metal such esylium, is designed

to have a large area to maximize detector sensitivity anceagth to withstand the force
due to the gas pressure inside the large chamber. In thelatdbé window cannot with-
stand the pressure force, the gas leaks into the vacuum oé sl results in the failure
of the instrument.

In a gas proportional counter, X-ray photons primarily ratg with the gas
molecules or atoms via the photoelectric effect (Smith et H84). A photon’s en-
ergy must be large enough to penetrate the window and iohatoms inside the gas
chamber, which is typically composed of a noble gas suchraggoxenon. The initial
interaction between the X-ray photon and the gas resultbarrélease of the primary
photoelectron, which is followed by secondary Auger elasér that form a localized
electron-ion cloud (Fraser, 2009). If the contribution tmflescence is ignored, the num-
ber of electrons in the charge cloud is approximately propoal to the energy of the
absorbed photon and inversely proportional to the averagegyg to create a secondary

ion pair, w (see Equation A.2).

(A.2) N=—
w
Electrons that are removed from the now positively ionizad tapidly accelerate
towards the anode due to the applied electric field. Thisltesufurther collisions and

ionizations of other atoms referred to as an “avalanche’lefteons (Seward & Charles,

1995). The electron avalanche is finally collected on a eémtire, which is maintained
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at a voltage where the number of collected electrons is ptapal to the energy of
the incident X-ray photon. Gas gains, defined as the electuonber collected at the
anode per electron in the charge cloud, of410P are typical in conventional proportional
counters (Fraser, 2009). The energy and position of theyXpheton can be computed
using methods such as the charge-division technique, girayia spectral description
of the source and information concerning the X-ray emissi@mchanism (Levine et al.,
1996).

The energy resolution FWHM (see Equation A.1) of a gas pramaat counter is
dependent on the average energy to create a secondary rpthpatano factor and the
relative variance of the gas gain (Equation 2.9, Fraser9p0Uhe Fano factor, F, is a
measurement the fluctuation of a electric charge that isrddan a detector. In noble
gases such as argon and xenon, the Fano factor was found tbh@-ano 1947). For a
proportional counter where the primary component of theigg®mposed of argon, the
proportionality constant in the energy resolution FWHM48.35. For more information,
see Fraser (2009, Chapter 2).

Though significant scientific discoveries were made thrahghuse of proportional
counters, there are significant limitations to this type efied¢tor. Cosmic rays, particles
with energies significantly exceeding those that can bela@ted on Earth, can pass
through a spacecratft itself and result in an avalanche otreles that mimics the signals
expected from X-ray photons (Mason & Culhane, 1983). Thisfsrred to as “back-
ground” and in the case of a non-imaging proportional caurgguire several different
efficient background rejection techniques. First devetiogred implemented in the 1960s,

rise-time discrimination is one of the primary methods tentfy and reject background
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particles (Cooke et al., 1967). The rise-time of the pulsesipced by background par-
ticles typically are slower than those produced by keV Xstait should be noted that
the efficiency of the rise-time technique decreases as difumof X-ray energy as was
found by Harris and Mathieson (1971). At 5.9 keV the backgubrejection efficiency is
typically 97%. A second technique employs independent ‘guard’ and ‘vatahters that
operate in anti-coincidence within a common gas cell (Fr&X#09). Background events
are rejected when there is a coincident pulse on two diftegesups, which indicates that
the source of ionization is extended. A third method to reprckground is energy se-
lection, which is defined as the rejection of events wherestiexgy is outside the desired
bandpass. This is dependent on the observed spectrum aiheackground.

Detailed models that account for both cosmic rays and the ©@oXnnay Back-
ground (CXB) are another method to remove background frondésered X-ray emis-
sion. The model components are generally time dependentraustl be appropriately
parameterized for accurate modeling of the temporal andtsgeproperties of X-ray
sources (Jahoda et al., 2006). While proportional countaroperate in the high-energy
band, X-ray photons above 20 keV are not detected efficiefitlis can be circumvented

by the scintillation counter.

A.2.2 Scintillation Detectors

A close relative of the gas proportional counter is the dtation counter, which is a
solid-state detector that makes use of luminescent sdliusse nuclear particle detectors
were the primary workhorses of balloon-based astronomyhawe been used in various

types of pointed instruments including the Phoswich DeteSystem (PDS), the High
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Energy X-ray Timing Experiment (HEXTE) and the Hard X-raytBetor (HXD) onboard
the BeppopSAX RXTE and Suzakuobservatories, respectively. Of interest to this work
is the HXD instrument onboar8uzakuyparticularly the Positive Intrinsic Negative (PIN)
diodes that are sensitive to thel3—70 keV energy bandpass.

In a scintillation counter, the gas is typically replacedhagrystals of sodium io-
dide (Nal) or cesium iodide (Csl), which can absorb X-ray phetwith energies larger
than 20 keV much more efficiently than traditional gas prdpoal counters (Seward &
Charles, 1995). It should be noted that xenon-filled gas ptmp@l counters can be sen-
sitive to much higher energies. As an example, the PCA onbBXfTE was sensitive to
energies up to 60 keV (Jahoda et al., 2006). Scintillatiaméers also employ photomul-
tiplier tubes, which are sensitive detectors of light, @wir to measure the pulse height
produced by the photomultiplier and a second scintillatiregerial as an anti-coincidence
detector. The second scintillating material is specificaosen where the light pulses
have a different rise time than the primary crystal and iglusaeject background.

Similar to a gas proportional counter, X-ray photons atéaggough energies pen-
etrate a shield/reflector and predominantly interact whi WNal or Csl crystals via the
photoelectric effect. The Nal or Csl crystals, which are ln@sicent in nature, absorb the
energy from the X-ray photon and re-emit some of it as a pulsasible light propor-
tional to the energy of the incident photon (Seward & Chald€85). This pulse of light
is called a scintillation and passes through a light guidééophotocathode of a photo-
multiplier tube. Electrons emitted by the photoelectriieef are accelerated through the
photomultiplier tube by an applied electric field and areused to strike the first dynode

of the tube. After many subsequent dynode impacts whicheltedt increasingly higher
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electric potentials, the current produced by the initiahsltation is significantly ampli-
fied by the time it reaches the anode. The energy of the X-raygohcan be computed
using similar techniques to those implemented in gas ptap@l counters, providing a
spectral description of the source and information conogrthe X-ray emission mecha-
nism.

With a proportionality constant of 1.67 for the energy resioin FWHM, Nal(Tl)
scintillation detectors are severely limited as non-dispe X-ray spectrometers (Fraser,
2009). Non-imaging scintillation counters are also sigaifitly limited by background
where diffuse gamma rays, emission from radioactive nuahel cosmic rays are the
prime contributors. This can be treated by rocking the spateor in detailed models
as in the cases dflEXTE and HXD, respectively. In the latter, the sensitivity is de-
pendent on the sensitivity of the model. Background can lagsejected using a second
scintillating material where the risetime is slower thae thaterial used for detection (Se-
ward & Charles, 1995). Th8uzakuHXD, for instance, consists of a well-shape bismuth
germanate crystal (BGO), which surrounds a gadoliniuncaié crystal (GSO) used for
detection. Like gas proportional counters, non-imagingtsiation counters can also
be limited by systematics or source confusion. Operatinthanhard X-ray bandpass,
scintillators are also limited by source fluxes, which cob&lweaker than the detector

background.

A.2.3 CCD Detectors

Many scientific breakthroughs were realized with the intrcitbn of charge-

coupled devices (CCDs) to X-ray astronomy, which significaitiproved the spectral

195



energy resolution FWHM (see Equation A.1). First produce8elt Telephone Labo-
ratories in 1970 (Boyle and Smith, 1970), CCDs have been imgead in many dif-
ferent technological fields including astronomy, whereax-photons can be positionally
resolved. Significant improvements to the temporal andtspleesolution of pointed ob-
servatories such as the Solid-state Imaging Spectrontet8) onboardASCA, the X-ray
Imaging Spectrometer (XIS) onboaBiizakuand X-ray Telescope (XRT) onboa&wift
were made possible with CCDs (Koyama et al., 2007). Of inteéce#itis work are the
observations of 4U 1210-64 and 1FGL J1018.6-5856 with ti&@afild XRT instruments,
respectively. The constant of proportionality in the eryengsolution FWHM of both the
XRT and front-illuminated XIS instruments are 0.02 (see &mn A.1). These yield an
energy resolution FWHM 0£130eV at 6.0 keV (Burrows et al., 2005; Koyama et al.,
2007).

The CCDs typically used for X-ray astronomy are single chipg tonsist of a
three-phase metal-oxide-silicon (MOS) capacitor thatrafes in frame transfer mode
(Koyama et al., 2007). Incident X-ray photons interact wile silicon substrate via
photoelectric absorption. Due to their sensitivity to optiand ultraviolet light, X-ray
CCDs include optical blocking filters (OBF) that are opaque hotpns in the optical
and ultraviolet energies. The energy of the incident X-ragtpn must be large enough
to be transparent to the OBF (Koyama et al., 2007). Once hedpthe X-ray photon
is converted into an electron cloud where the number of edastis proportional to the
energy of the incident photon (Tatum, 2013). Through thdieajon of a time-dependent
electric potential, the electron cloud travels across tixelparray to the readout node

where the resulting voltage is recorded as a pulse-heigptitutde (PHA). Corrections
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in temporal and spatial variability in the conversion betwd&HA and energy are finally
stored as PHA invariant (PI).

Due to their pixilated nature, X-ray photons can be poséiynresolved through
X-ray CCDs combined with mirrors. Additionally, the effectsedto background are
significantly weaker compared to non-imaging detectorsis T$due to their smaller
detector volume. Though X-ray CCDs offer a substantial impnognt in detector sen-
sitivity compared to non-imaging instruments, there ar Ighitations to this type of
detector. Electrons can be lost to trapping sites in the CCDhesdre shifted across the
array of pixels to the readout note. This effect, called ghdransfer inefficiency (CTI),
worsens over time due to degradation while the detector rlt. Cosmic rays can
further amplify this problem, resulting in radiation danestipat increases the likelihood
of trapping sites. The&uzakuXIS, for instance, mitigates this problem by periodically
injecting a sufficient quantity of charge to fill the trappisges (Koyama et al., 2007;
Mitsuda et al., 2007; Tatum, 2013). This method is also usestimate the variations in
the CTI. Another limitation to CCD detectors is pile-up, whishan effect that is particu-
larly problematic in bright sources. Pile-up is the resdilivben two or more soft photons
hit the same or neighboring pixels during a single exposaceannot be distinguished
from a single hard photon (Davis, 2001). This effect is digant in my observations of
4U 1210-64 withSuzakuXIS and in the case dduzakucan be mitigated by excising the

central pixels of the source. This is described more in Het&hapter 3.
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A.3 Past Observatories

A.3.1 Rossi X-ray Timing Explorer (RXTE)

Built by NASA's Goddard Space Flight Center (GSFC), the Masaetts Institute
of Technology (MIT) and the University of California, San Be(UCSD), theRossi X-
ray Timing Explorer (RXTE)was launched on a Delta rocket from Cape Canaveral on
1995 December 30 (MJD 50081) and was operational until 28f@8aky 3 (MJD 55929).
Sensitive to energies in thel.5-250 keV bandpasRXTE featured unprecedented tim-
ing resolution on timescales ranging frond us to years and moderate spectral resolution
made possible by the All-Sky Monitor (ASM), the Proportibi@ounter Array (PCA)
and the High Energy X-ray Timing Experiment (HEXTE) instremts. Of interest to this

analysis are the ASM and PCA, which are briefly described helow

A.3.1.1 All-Sky Monitor (ASM) With a primary objective to monitor the
highly variable X-ray sky, th& XTE ASM operated in the energy bandpass of 1.5-12 keV
from 1996 February 22 to the end of the mission. The light esrare divided into three
energy bands: 1.5-3keV, 3-5keV and 5-12keV. ASM scannetbgippately 80% of
the sky per spacecraft orbit-Q0 minutes) with a 90 s time resolution (“dwells”; Remil-
lard & Levine, 1997; Levine et al., 1996). The FOV of the caasewas fixed on the sky
for the duration of a “dwell”. The operational duty cycle bEtASM was~40% with the
remainder lost to high-background regions of RETE orbit, spacecraft slews, and the
rotation of the instrument (Remillard & Levine, 1997). Tloag-term coverage provided

by the ASM allowed for intensive monitoring of X-ray souraastimescales much longer
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than previously possible.
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FIG. A.1. Relative orientations of the Scanning Shadow Camemafgured on the ASM
(top left). Centers of FOV of SSC 1 and SSC 2 approximatelylgmad perpendicular
to ASM rotation axis (top right). For SSC 3, the center of ti@/fFwas pointed parallel to
rotation axis. Major components of the SSC in a schematittqbp Levine et al., 1996).

The ASM consisted of three coded-aperture Scanning Shadone@a (SSCs),
each containing a position-sensitive proportional cou(@®SPC) that viewed the sky
through a slit mask (Levine et al., 1996). Of the three SSC&3%ointed parallel to
the ASM rotation axis, while SSC1 and SSC2 were both perpeladito the rotation
axis with an+12° angular difference (see Figure A.1). The slit masks werasided
into twelve 6x 2 subsections, each containind.5 open and-16 closed slit elements of
size 1 by 110 mm. The field of view (FOV) of the PSPCs was® FWHM (Levine et
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al., 1996; Remillard & Levine, 1997).

The systematic noise in the ASM light curves was estimateolsgrving the Crab
Nebula, where the uncertainty was estimated to b& hBthe mean flux. Over the entire
energy range (1.5-12keV), the Crab produced approximatelycobunts s' (Remillard
& Levine, 1997; Levine et al., 1996). “Blank field” obsenats of regions at high Galac-
tic latitudes, which were used to quantify systematic ¢fféc faint sources, indicate that
a systematic uncertainty 0£0.1 countss! must be taken into account (Levine et al.,
1996). In a typical daily exposure, the ASM could reach aaysitic and statistical limit

of 5mCrab at 3 significance (Remillard & Levine, 1997).

A.3.1.2 Proportional Counter Array (PCA) As one of two co-aligned instru-
ments onboardRXTE, the PCA consisted of five co-aligned xenon/methane larga-ar
proportional counter units (PCUs 0—4) each with a net catigciarea of~1600 cnt (Ja-
hoda et al., 2006). Designed to perform observations ohbigray sources with high
timing and moderate spectral resolution, the PCA monitdnedd-ray sky in the energy
bandpass of 2—60 keV from 1996 to the end of the mission (gpad-iA.2). While two
standard data compression modes were commonly used by PE€Besh possible timing
resolution was-1us at the expense of energy resolution. At 6.0 keV, the enegplution
FWHM in the PCA was-1keV.

Each PCA detector consisted of a mechanical collimator witHM~1°, two
Mylar windows, one of which was aluminized, a propane-filledto volume” and a
xenon-filled main counter (Jahoda et al., 2006). Three tagékenon cells were divided

in half, which was significant for screening of the data andkiggound modeling. It
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FiGg. A.2. Cross section of one PCA detector with FOV defined by tHenzator. A
Mylar window that is opaque to photons below 2.5 keV was ledatbove and below a
propane veto volume. The gas volume was filled with xenon andisted of three layers
of signal anodes and back layer of veto anodes (Jahoda 20@6).
should be noted that periodic discharges were found in PCUsl 3141996 March) and
PCU 1 (1999 March; Jahoda et al., 2006). This issue was cireatad via cycling off and
on detectors that broke down by lowering the high voltagehefdetector and changing
the spacecraft roll angle to increase solar heating of the.P@Aid-2004, the duty cycles
of the five PCUs were as follows: 1.0 (PCU 0), 0.2 (PCU 1), 1.0 (PCW3) (PCU 3)
and 0.2 (PCU 4).

As mentioned in Section A.2.1, background subtraction iregua detailed model
since the PCA was a non-imaging instrument. The componehishvncluded particles
from the local environment, radioactivity of the spaceteafd the CXB, were time de-

pendent and were parameterized according to a set of “ldapkeobservations (Jahoda

et al., 2006). Two models were used throughout the missiphright and faint sources,
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respectively; where bright was defined tob40 counts s PCU! (Jahoda et al., 2006).
In my work on 4U 1210-64, the flux was found to stay mostly bef@counts s PCU™!

(Coley et al., 2014). Therefore, the “faint” model backgrdwvas generated.

A.3.2 Suzaku

The Astro-Ell (Suzak) mission was a joint Japanese-US mission. Launched on
2005 July 10,Suzakuwas a re-flight of the failedstro-E mission, which was lost on
2000 February 10. Placed in~8570 km near-circular orbit with an inclination angle of
31° and orbital period of 96 minutes, observations were infged by the South Atlantic
Anomaly (Mitsuda et al., 2007). In the normal mode of operadi Suzakupointed in a
single direction for at least 10 k$ (4 day) with a typical observing efficiency e§43%.
The Earth further constrains observations, where mosetargere occulted fot /3 of
each orbit (Mitsuda et al., 2007), although targets neaiptiles were observed almost
continuously.

Three co-aligned instruments comprised the scientific gaylof Suzaku These
included the four X-ray imaging telescopes that made theyimaging Spectrome-
ter (X1S) suite, the collimated Hard X-ray Detector (HXD)dathe X-ray Spectrometer
(XRS). The XRS, the first orbiting X-ray microcalorimeterashbeen inoperable since

2005 August 8 when the liquid helium coolant leaked into spac

A.3.2.1 X-ray Imaging Spectrometer (XIS) The SuzakuXIS suite (see Fig-
ure A.3) consisted of four Wolter-type X-ray imaging telepes located at the focal

plane of a dedicated module of the X-Ray Telescope (XRT).Xi&ewas each fitted with
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a CCD chip covering a region 18x17/8 (Koyama et al., 2007; Mitsuda et al., 2007;
Tatum, 2013). Three of the chips were front-illuminated -S>, XIS-2, and XIS-3.
The spectral resolution was moderate where the energyutgsolFWHM in the front-
illuminated XIS instruments is-130eV at 6.0 keV. Sensitive to X-rays ranging from
0.6-10keV, the effective area of the front-illuminated XtStruments was 330 c¢hat
1.5keV (Mitsuda et al., 2007). XIS-2 failed in late 2006 doatcharge leak. The back-
illuminated XIS instrument, XIS-1, was characterized by@ager sensitivity to X-rays in
the energy band between 0.2—6 keV. Operating in full windovde) the time resolution

of the XIS was 8s.
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Fic. A.3. This is a cross section of ti#uzakuXIS, which consists of a CCD and
camera body (Koyama et al., 2007).
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Each CCD camera used a single CCD chip divided into four segmssgaents A,
B, C, and D) with an imaging area (IA) of 1024024 pixels and a shielded frame store
area (Koyama et al., 2007; Mitsuda et al., 2007). Since tked pize was a 24m square,
the resulting 1A is a 25 mm square with a total sky coverage&f TThe CCDs were
sensitive to photons in the optical and ultraviolet energpnds, which were suppresed
by optical blocking filters made of polyimide film 20 mm above tAs (Koyama et al.,
2007). Two’ Fe calibration sources, located on the side walls of the ébofithe camera,
were used for in-flight calibration.

The Non X-ray Background (NXBG) was constructed when the Xk pointed
to the nightside of Earth (Koyama et al., 2007). Since thespaft is in low-Earth orbit,
the NXBG was fairly low. In the 0.5-10keV band, the NXBG in thent-illuminated
XIS instruments was-8x 10-% counts s! pix~! (Koyama et al., 2007) and was strongly
determined by the geomagnetic cut-off rigidity (COR). Sitiee background originates
from cosmic rays, the COR was measure of the effectivenessediarth’'s geomagnetic
field in shield low orbit spacecraft. To achieve an accuratetraiction of the NXBG,
the COR distribution of the NXBG had to be the same as that irsthece observation

(Koyama et al., 2007).

A.3.2.2 Hard X-ray Detector (HXD) With a combination of silicon Positive
Intrinsic Negative (PIN) diodes and Gadolinium Silicatgstal (GSO) scintillators, the
Hard X-ray Detector (HXD) was a collimated, non-imagingtinsent that extended the
capabilities of theSuzakuobservatory to energies up to the 600 keV bandpass (Takiahash

et al., 2007). Consisting of 16 identical detector units thade up a 44 matrix, the
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HXD was designed to perform observations of X-ray sourcdk am extremely low in-
orbit background and a Gis time resolution. The HXD monitored the X-ray sky in the
~10-70 keV bandpass with the PIN diodes amtD—600 keV with the GSO scintillators.
While the field of view and effective area of the HXD was' 8384 and ~260 cn? at
energies below 100 keV, of interest to this thesis were tie dbdes, which had an ef-
fective area and energy resolution FWHM of 160°cand 3.0 keV, respectively (Mitsuda
et al., 2007; Takahashi et al., 2007). The usable energyerémgthe PIN diodes was
~15-70keV.

Each detector unit consisted of 64 PIN diodes that are 2 mek,tfine collimators
made of 5Qum thick phosphor bronze sheets, a photomultiplier, frard-electronics and
a phoswich counter made of gadolinium silicate (GSO) and bismuth geate(BGO)
crystals with different rise and decay times of the sciatitin light (Takahashi et al.,
2007). Collectively these elements made up a well countdr umiere the GSO and
BGO crystals were used for detection and shielding, resmdgt A novel improvement
for HXD is the BGO scintillator was shaped in a well, doublungas an active collimator
and providing efficient shielding for the PIN diodes (Takstheet al., 2007). Forming a
unit of four diodes per phoswich counter, the 64 PIN diodesaced in front of a GSO
crystal and absorb X-rays with energies belowO ke V.

Since the HXD was a scintillation counter, incident X-rayofns were absorbed
by scintillation crystals with different rise and decay @sof the scintillation light (Taka-
hashi et al., 2007; Kokubun et al., 2007). Not only did a sngiotomultiplier discrim-

inate between the two types of scintillators, but this patiar phoswich combination

Lacronym for PHOSphor sandWICH
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provided numerous advantages over those made of Nal/Cslasiehhigher stopping
power for~-rays (Takahashi et al., 2007). Fast signal processing walsis\aed with the
fast decay times compared to the conventional Nal/Csl phabswmits (20 ns/1000 ns at
20° C) as well as the number of long-livegrays due to charged particles was smaller
than what is seen in other scintillating materials (Takahasal., 2007; Kokubun et al.,
2007).

In contrast with other scintillation counters such asBeppoSAXPDS andRXTE
HEXTE instruments, theSuzakuHXD did not have rocking capability for on and off
source observations and instead required a detailed mmdabtract the non-X-ray back-
ground (NXB, Kokubun et al., 2007). The NXB primarily corteid of cosmic-ray parti-
cles, delayed emission and intrinsic background from ractige isotopes in the detector
itself (Kokubun et al., 2007). The cosmic X-ray backgrourmnihated in the~15—
70 keV energy bandpass where the PIN diodes were sensitiveaand be reduced with
a narrow FOV. Fine collimators inserted in the BGO well-tygwlimator were used to
circumvent the issue. In this work on 4U 1210-64, | modelesl ¢thsmic X-ray back-
ground using a simulated CXB spectrum where the parameteesdetermined by Boldt

(1987). This is described in more detail in Chapter 3.

A.4 Current Observatories

A.4.1  Monitor of All X-ray Image (MAXI)

The Monitor of All-sky X-ray Image (MAXI), launched on the &pe ShuttleEn-

deavouron 2009 July 16, is the first astronomical payload installedhe Japanese Ex-
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periment Module—Exposed Facility (JEM-EF or Kibo-EF; Maika et al., 2009, 2010).
MAXI (see Figure A.4), which became operational on 2009 Asid®j consists of two
types of slit cameras: the Gas Slit Camera (GSC) and the X-ray @@bBsard the Solid-
state Slit Camera (SSC) (Matsuoka et al., 2010). An objectivine MAXI mission

pertinent to this work is to monitor the long-term variatyilof X-ray sources, where the
X-ray variability of over 1000 sources is observed over gu&S orbit of approximately
92 minutes (Matsuoka et al., 2010). In this work, | make usthefGSC data that are

routinely made available by the MAXI team.

Grapple lixture Loop Heat Pipe & Radiator System
for robot arm (LHPRS for SSC cooling)
Payload Interface GPS 1

Unit (PIUY

antenna ;ﬁ_\
£

Visual Star
Sensor (VSC)
- Solid-state Slit
Gyro (RLG) 2 il g/ Camera (S5C;
= K-ray CCDs)
Gas Slit Camera
(GSC; X-ray gas
proportional counters)

FIG. A.4. Overview of MAXI; major subsystems are indicated (Mlatka et al., 2009).

Performing as an X-ray ASM where all-sky X-ray images arduider X-ray vari-
able catalogs, the GSC (see Figure A.4) consists of tweleedimensional position sen-
sitive gas proportional counters (PSPC) sensitive to eegiigithe 0.5-30 keV bandpass
with a detection efficiency above %0 The PSPCs in addition to slit & slat collimators,
make six camera units that have a total detection area of &@(Matsuoka et al., 2009).

With a slat collimator response of 3.k bottom-to-bottom and slit image corresponding
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to 1.5, the proportional counters are capable of detecting imtidkeray photons from
the vertical to thet4(®° slant directions. The horizontal and zenith directionssmaned
with an overall maximum FOV 16 3°, compensating when the sky is unobservable to
one FOV or the other (Matsuoka et al., 2010). Due to the mtatif the ISS, the hori-
zontal GSC is capable of observing the entire sky withouttEaccultation (Matsuoka et
al., 2009). According to the movement of th&S up to 97% of the sky can be scanned
every ISS orbit. At the & level, the GSC is capable of detecting sources 2 mCrab

for one orbit and~8 mCrab per day (Matsuoka et al., 2010). While the angular u¢isol

FWHM of MAXI is 1.5°, the localization accuracy is up t0.1° for bright sources.

A.4.2 Swift

Launched 2004 November 20, ti8wift mission is a low-Earth orbit spacecraft
primarily tasked with the study of gamma-ray burs$svift consists of three instruments:
the Burst Alert Telescope (BAT), the X-ray Telscope (XRTpahe Ultraviolet/Optical

Telescope (UVOT). In this work, | make use of the BAT and XRT.

A.4.2.1 Burst Alert Telescope (BAT) With a broad sky coverage and a large
FQV, the Swift BAT (see Figure A.5) extends the capabilities of X-ray ASM®ithe
hard-energy bandpass of 15-150 keV (Barthelmy et al., 2008&ller et al., 2010). Op-
erating since 2006 October, ttgwift BAT observes 80-98 of the sky per day with
a sensitivity of 5.3mCrab per day and a time resolution of~6#800s (Krimm et al.,
2013). The data produced by BAT have been exploited on diftetimescales, which

make up the BAT hard X-ray survey (Barthelmy et al., 2005;Eueet al., 2010) made
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accessible on the public websgitand the BAT transient monitor (Krimm et al., 2013),
which are available on the NASA websitéVhile the BAT hard X-ray survey is designed
for AGN studies combining data covering several years otolaion, the BAT transient
monitor studies the variabilty in bright hard X-ray objeatsnear real time. Of interest
to this work are the data from the BAT transient monitor, whaovers the 15-50 keV

energy band.

» Graded-Z
Shield

Optical
Bench

Module
Control Box

Power
Supply Box

Radiator
BAT Detector Array

FiG. A.5. BAT cutaway drawing showing the D-shaped coded mask(ZT array, and
the graded-Z shielding. The mask pattern is not to scalergkeht al., 2004)..

The BAT is a coded-mask imager consisting of a detector aofy82,768
4dx4x2mm CdZnTe detectors where the detecting area and field of (kW) are
5240cnt and 1.4 sr (half-coded), respectively (Barthelmy et alQ®0 Mounted in a
plane 1 m above the detector array, BAT uses a Z2./ask made of 52,0008 x 1 mm
lead tiles that do not obscure the detector array over mutiheoBAT FOV (Barthelmy et

al., 2005; Tueller et al., 2010). The partial coding frastidefined as the fraction of the

2http://swift.gsfc.nasa.gov/results/bs70mon/
3http://swift.gsfc.nasa.gov/results/transients/
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array used to make the image in a particular direction, gaa@oss the field of view. The
BAT provides an all-sky hard X-ray survey with a sensitivatfyi~1 mCrab (Tueller et al.,
2010). The Crab produces0.045 counts c? s~ over the entire energy band.

The systematic noise in the BAT light curves is estimatedgisivo methods. The
first method involves observations of 106 randomly distelou“blank” points in the
sky and is used to understand residual systematics in thet clistribution from cata-
log sources (Krimm et al., 2013). Since these “blank poiat€’ chosen to be far from
reported X-ray sources (at least 10 arcmin), it is expedtatithe count rate distribution
should follow Gaussian statistics with a mean of zero andifstance histogram width
of unity (Krimm et al., 2013). The width of the significancestugrams was found to ex-
ceed unity with a mean correction of 12Zor orbital data and 20% for daily averages
(Krimm et al., 2013). The second source of systematic eras @stimated by observing
the Crab, where residual scatter was found in the light curVéass was found to have a
standard deviation of 3.04 of the Crab trend rate and 1.82n the trend rate in the daily

light curves (Krimm et al., 2013).

A.4.2.2 X-ray Telescope (XRT) The X-ray Telescope (XRT) is one of two co-
aligned instruments onboa®ift (see Figure A.6). Designed to autonomously measure
the spectral and temporal variability of gamma-ray bur&@RBs) and their afterglows
with a dynamic range covering seven orders of magnitude wf(Burrows et al., 2005),
the XRT monitors the X-ray sky in the energy bandpass of MW¥eV. The XRT supports
four readout modes: the imaging mode, the photodiode (PDRembte windowed-timing

(WT) mode and photon counting (PC) mode. Of these the WT and P@srare still
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operable, providing a time resolution of 1.8 ms and 2.5 speetvely. At the time of
launch, the energy resolution FWHM in the XRT wa440eV at 5.9keV (Burrows et
al., 2005).

The Swift XRT consists of a grazing Wolter telescope with a focal largft3.5m
and an effective area of 110¢énat 1.5keV, a thermal baffle to prevent thermal gradi-
ents that could distort the Point Spread Function (PSF) ainighe e2v CCD-22 detector
(Gehrels et al., 2004; Burrows et al., 2005). Its primaryctural element, the Opti-
cal Bench Interface Flange (OBIF), consists of aluminum aravides support for the
foward and aft telescope tubes, mirror module, electroredeft and TAM optics and
camera (Burrows et al., 2005). The mirror module, built aatbtated for JET-X, has
12 concentric gold-coated electroformed Ni shells with @afdength 3500 mm that are
600 mm long and have diameters ranging from 191-300 mm (&eéteal., 2004; Bur-
rows et al., 2005).

Due to the requirements of a rapid response time in the stiiggrama-ray bursts,
the Swift XRT makes autonomous decisions to operate in differentowachodes de-
pending on the flux of the source (Hill et al., 2004). The XRTkewmuse of the windowed
timing mode at fluxes below 5000 mCrab, which is a high gain maegkd to achieve
a temporal resolution of 1.8 ms. This is at the expense of ingaigformation, which is
only preserved in one dimension (Burrows et al., 2005).upiis minimal at fluxes below
1000 mCrab. At fluxes below 1 mCrab, the XRT makes use of the phadanting (PC)
mode, maintaining full imaging and spectroscopic resoflufHill et al., 2004; Burrows

et al., 2005).
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FIG. A.6. XRT design. The telescope focal length is 3.5 m, andtiezall instrument
length is 4.67 m, with a diameter of 0.51 m.
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FIG. A.7. CCD-22 energy resolution above 500 eV.

A.4.3 Fermi

The Fermi Gamma-ray Space Telescope (Ferfapmerly known as thé&Gamma-
ray Large Area Space Telescope (GLASWas launched on 2008 June 11 (MJD 54628)
on a Delta Il Heavy launch vehicle. Comprising the Large Arete3cope (LAT) and
the Gamma-ray Burst Monitor (GBMJermi has a significant impact on astronomical
study particularly in the fields of gamma-ray bursts, AGNmgaa-ray binaries and the

search for dark matter. Of interest to this work on gammahiagries is the LAT, which
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is sensitive to energies in the 20 MeV-300 GeV bandpass (geesFA.8).

Extending the capabilities of all-sky monitors to the garmanaregime, the~ermi
LAT builds on the all-sky survey of the Energetic Gamma-Rap&iment Telescope
(EGRET) instrument onboard th@ompton Gamma-Ray Observatdiyhompson et al.,
1993). TheFermi LAT primarily operates in a “scanning mode” where its z-aids
pointed in the northern and southern directions everyaitierorbit (Atwood et al., 2009).
This yields a near uniform sky coverage every 3 hours with iatmource sensitivity of
3x107? photons cm? s71. The LAT FOV and effective area at normal incidence are
2.4 sr and 9500 chy respectively. The on-axis energy resolution at 100 MeVeV@nd
1-10 GeV are %-15% and 8:—9%, respectively (Atwood et al., 2009).

Since gamma-ray photons cannot be reflected or refractedhatehd interact by
pair-production, thé=ermi LAT is a pair-conversion telescope consisting of anddar-
ray of 16 modules. The conversion probability is proporéibio Z2, making tungsten an
ideal choice for the thin, high-Z foil. With its precision eerter-tracker and calorime-
ter, Fermi LAT monitors the electron-positron pair that results whiesphoton undergoes
pair-production and tracks the trajectory of the resulpagticles in the silicon strip detec-
tor (SSD, Atwood et al., 2009). The calorimeter modules ia®f 96 CsI(TI) crystals,
which have the dual purpose to measure the energy depoBiionthe electromagnetic
particle shower resulting from the e~ pair and image the shower development profile
(Atwood et al., 2009). These are read out by PIN photodiogdesg;h measure the scin-
tillation light transmitted to each end. The anti-coincide detector (ACD) is the third
LAT subsystem, which is purposed to detect and subsequespgt the charged-particle

background (Atwood et al., 2009).
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Y 1 incoming gamma ray

electron-positron pair

Fic. A.8. Schematic view of the LAT. The telescope’s dimensioas
1.8mx 1.8 mx0.72m. The power required and the mass are 650 W and 2789%gae
tively (Atwood et al., 2009)

Compared with the X-ray detectors described above, instnaitnggers and down-
linked data are initially dominated by background, whichstnibie treated with detailed
models (Atwood et al., 2009). These models are based onsax¢edonte-Carlo simula-
tions and include gamma-rays originating from the albedgasth as well as cosmic rays
and other particles that contribute to non-astrophysigalas. Data analysis is made flex-
ible with multiple Instrument Response Functions (IRFd)iol are suitable for a variety
of different data selection types. The transient clasg, sagted for transient phenomena
such as GRBs, has the largest efficiency but also the higbsigiual background. Source

class provides the best analysis available for localizedcas and diffuse gamma-ray

emission.
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A.4.4 Australia Telescope Compact Array (ATCA)

The Australia Telescope Compact Array (ATCA9 a radio interferometer that is
a part of the Australia Telescope National Facility (ATNBE&ted near Narrabri, Aus-
tralia; which is 550 km northwest of Sydney (Wilson et al. 12D Consisting of six
identical 22 m dishesATCA operates in aperture synthesis mode to produce images in
the 1.1-3.1 GHz, 4.4-6.7 GHz, 7.5-10.5 GHz, 15-25 GHz, 3G+0and 85-105 GHz
bandpasses (see Figure A.9). The Compact Array BroadbandkBa¢CABB) upgrade
improved both the sensitivity and versatility 8T CA, where the maximum bandwidth
was increased from 128 MHz to 2 GHz. Of interest to this wonkake use of data col-
lected inthe 2.1, 5.5, 9.0, 17.0, 19.0, 33.0 and 35.0 GHzms®es in the study of 1IFGL
J1018.6-5856 (see Chapter 4). The extraction and analysigsoflata was carried out
by Philip Edwards and Jamie Stevens (CSIRO Astronomy andeSpeience), | refer the

reader to Ackermann et al. (2012) for a more detailed digonssn the instrument.

FIG. A.9. Five of the six identical Cassegrain antennae that ca@theATCA (Wilson
etal., 2011).
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Appendix B

DATA ANALYSIS TECHNIQUES

December 1, 2015

B.1 Power Spectra Techniques

The Discrete Fourier Transform (DFT) is a discrete supadtjposof sines and
cosines, (see Equation B.1). The DFT is dependent on tinmepsta, and frequency,

Ww.

N
(B.1) X(w) = iyjexp(—iwtj).

j=0

The square of this quantity at (jeach frequency is a periodogedso known as a

power spectrum. Power spectra are a common tool to searghefadic variability in
light curves, which measure the variability of a source auae. The Fourier compo-
nents, a superposition of sines and cosines, are calcdtatedch point in the light curve;
which in itself is a superposition of a signal and noise. lurk&r space, the dominant
term in the power spectra usually corresponds to the frequefithe periodicity (Seward

& Charles, 1995). In the case where the error bars are nomwumnjfa useful practice
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is to weight the data points by their errors. The choice ofappropriate weights is of

importance for both the detection and significance levefsemodic variability.

B.1.1 Semi-Weighted Power Spectra

“Standard weighting” uses a weighting factoryg))faj2 where each point is weighted
according to its contribution to the overall power spectr{Boargle, 1989; Corbet et al.,
2007a,b). This method is advantageous for faint sourcesrandses when the scatter
in the overall variability is small as was demonstrated inl@or(2003). It should be
noted that when the scatter is large, it is disadvantagenusd the “standard weighting”
technique as is described in Corbet et al. (2007b). The dahtyjeould be affected
by an artificial periodic or quasi-periodic modulation armmisous signals including the
spacecraft precession period could become evident (C&0@8). These complicate the
search for periodicity. Two corrections are necessary toucnvent the problem. The
first correction requries the variability in the source totteated as an additional “error”.
The estimated variance depends on the difference betweebterved variance and the

mean square of the error bar sizes (see Equation B.2).

(B.2) V_i J— Y Z(faj)2
' 4L« (N-1) N
A second correction factor, f, involves corrections to thee ©f the individual error

bars, which could be derived from tests where fffevalue for constant count rate is

expected to be unity (Corbet et al., 2007a,b). Sources thmabeastudied for this test
include supernova remnants and galaxy clusters. In the alsarly Swift BAT, the

correction factor is set to 1.2 (Corbet et al., 2007b). Thiersned semi-weighting (see
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Equation B.3) and is analogous to the semi-weighted meaunttsex in Cochran (1937).

Y=y
(B.3) Go)?+ Vi

B.1.2 Exposure-Weighted Power-Spectra

The choice of the appropriate weights in power spectra i3 edsnplicated in the
case ofFermi LAT. The light curves in my aperture photometry analysiséhawbin size
of 600 s, which is significantly shorter than the 3 hr survegking period of the space-
craft (see Appendix A.4.3 for more information). This isthueer complicated by a small
number of photons in a time bin, which could result in vaaas in the weighting for
bins with the same exposure (Fermi LAT Collaboration et &09. To circumvent the
issue, weighting factors based on the relative exposutedtitne bins are generally cho-
sen as was demonstrated in Fermi LAT Collaboration et al. @00his is based on the
mean count rate of all bins and the number of counts expentedc¢h bin, V.4, (See
Equation B.4).

Yi—Y
B.4
(8.4) N,

pred

B.2 Probability Based Aperture Photometry

As noted in Section A.4.3, background that could be atteduib a number of
Galactic and extragalactic sources domindtesni LAT, which could possibly obscure
periodic emission on different timescales (Atwood et al0®). This also affects the
point spread function (PSF), which varies by more than twiems of magnitude be-

tween 100 MeV and 100 GeV. Background photons at low-enesgy gesult dominate
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those emitted at higher energies, which reduces the stgradise of aperture photom-
etry based on the summation of photons alone (Kerr, 2011hitnwork, a weighted
photon technique where the probabilities that a photon daome the source of interest
are summed is implemented to maximize the signal-to-naiskeadlow the use of short
time bins. | calculated the probability that a photon oraged from the source of inter-
est usinggt sr cpr ob based on the fluxes and spectral models of the 2FGL and 3FGL

catalogs (Ackermann et al., 2012).
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