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ABSTRACT

VISCOUS TIME SCALE IN ACCRETING POWERED PULSARS AND
ANOMALOUS X-RAY PULSARS

Icdem, Burgin
M.S., Department of Physics
Supervisor : Prof. Dr. Altan Baykal

June 2011, 134 pages

In this thesis we analyse X-ray data of accretion poweredriags and high mass
X-ray binaries to understand the nature of their accreti@ehmanisms by searching
for some clues of viscous time-scales of their accretioosji§they have, in their low

frequency power density spectra created from their longr-é-ray observations, or

by doing pulse timing analysis with much shorter X-ray dataétect the ects of

torque fluctuations caused by the accreting material ondlsap

The low mass and high mass X-ray binaries we analysed haa&sne their power
density spectra, which are attributed to the role of vidgasi the formation of ac-
cretion discs. Although, the time-scales correspondirthese break frequencies are
smaller than the predictions of the Standard theory of déicereliscs, the sources
give consistent results among themselves by displayingxpected correlation be-
tween their break and orbital frequencies. The correlatiowe of LMXBs implies
thicker appearing accretion discs than those assumed lipnebey. The dichotomy
of the HMXBs on this curve points out theffirent origins of accretion that these

sources may have, andfers a way to distinguish the stellar-wind fed systems from
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the Roche-lobe overflow systems.

The timing and spectral analysis of Swift J1626.6-5156 akaecorrelation between
the spin-up rate and the luminosity of the source implyirad the pulsar is accretion-
powered. This correlation together with the charactesstf the X-ray spectra en-

ables us to estimate the magnetic field and the distance sbilnree.

The AXP 1E 2259586 does not display any signs of viscous time-scale in #s lo
frequency power density spectra, and its pulse timing amalyives a much smaller
torque noise value than that expected from accretion paveuésars. In addition,
the analysis results presented in this thesis reveal magiiet glitches which dfer
than those of radio pulsars, due to the presence of the sinametic field of the
pulsar. These results eliminate the possibility that thePAX an accretion-powered

pulsar.

Keywords: Accretion, accretion discs, neutron stars, Xhimaries, accretion pow-

ered pulsars
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KUTLE AKTARIMI YAPAN ATARCALARDA VE ANORMAL X-ISINI
ATARCALARINDA V ISKOZITE ZAMANI

Icdem, Burgin
Yuksek Lisans, Fizik Bolumu
Tez Yoneticisi : Prof. Dr. Altan Baykal

Haziran 2011, 134 sayfa

Bu tezde, aktarim gucli dusuk ve yuksek kutleligan cift yildiz sistemlerinin kitle
aktarim mekanizmalarini anlamak i¢in yapilan X-isimiamalizi calismalari, eger
kaynagin diski varsa uzun zamanli gozlemlerden eldesediiic yogunlugu spek-
tralarinda viskozite zamanina ait ipuclarini ya da ¢cokad&isa gozlemlerden za-
manlama analizi yaparak aktarilan maddenin atarcaya aggyuldonme momentinin

etkilerini incelemek suretiyle, sunulmaktadir.

Tezde sunulan analizlerin sonucunda dusik ve yuksilelkX-1sini ¢ift yildiz sis-
temleri, dusuk frekanslardaki guc yogunlugu speldrinda kiriimalar gostermekte-
dirler. Bu kirilmalar disk olusumunda ¢ok dnemli bir pajan viskozitenin etkilerine
baglanabilir. Ancak Standart Kitle Aktarim diski teamis gore hesaplanan viskozite
zamanlari, analizler sonucunda bulunan kirilma frekamsakarsilik gelen zaman-
lardan daha yuksek cikmaktadir. Buna ragmen, kaynddadi aralarinda tutarli
sonuglar vermektedir; teroride dngorulen kirllma vieioperiyotlari arasindaki linear
iliski deneysel olarak da dogrulanmaktadir. Dusiitléi X-1sini ¢ift yildiz sistem-

lerdeki bu iliskiye ait dogru teoride varsayillandan d&bhan disklerin varligina isaret
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etmektedir. Yuksek kutleli X-1sin1 ¢ift yildiz sistdarinin bu iligki agsindan iki gruba
ayrilmasi, farkli kiitle aktarim mekanizmalarina sahguédarinin bir gostergesi olarak
yorumlanabilir ve bu da yildiz riizgarindan aktarim yapesteslerle Roche-lobu

taskinindan beslenen sistemleri ayirdedici bir yontéameds kullanilabilir.

Swift J1626.6-5156 isimli kaynagin zamanlama ve tayf iaiei sonucunda atar-
canin donme frekansinin artis hiziyla kaynagin padalkdrasinda bir iliski tespit
edilmigtir. Bu iliskiden yararlanarak kaynagin aktargucli bir atarca oldugu soyle-

nebilir ve atarcanin manyetik alan buyuklugu ile kaga olan uzaklik hesaplanabilir.

AXP 1E 2259586 isimli kaynagin dusik frekanslardaki giic yoliugu spektrasinda
herhangi bir kirllma gorulmemektedir. Zamanlama amadien elde edilen donme
momenti gurultist de aktarim guclu bir atarca icammin edilenden daha dusuk
cikmaktadir. Buna ek olarak tezde sunulan zamanlamazarsgnuclarina gore,
kaynak, magnetar-benzeri "glitch”ler (donme periyodaraok kisa sureler iginde
kisalmasi) gostermektedir ve bunlar radyo atarcalakinakenzerlerinden, belli 6zel-
likleriyle ayrilmaktadir. Bunun nedeni olarak kaynagwkogucli manyetik alani
gosterilebilir. Tum bu sonuglar AXP kaynaginin aktargiicli olma olasiligini or-

tadan kaldirmaktadir.

Anahtar Kelimeler: Kutle aktarimi, kitle aktarim disklenotron yildizlari, X-isini

cift yildiz sistemleri, aktarim gucli atarcalar
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CHAPTER 1

INTRODUCTION

X-ray part of the electromagnetic spectrum corresponds enargy range of 0.01-50
KeV. The "X-ray universe” is the name given to the union ofioeg from which X-
rays are detected. X-rays are produced when temperaturattémeaches millions
of degrees. Such extreme temperatures are obtained indingywiof high magnetic

fields, or extreme gravity, or explosive forces.

Most of the photons in the universe are produced by the amilisf charged particles
or sudden variations in their motion. The duty of photon®isarry away the energy
released in those events at the speed of light. In fact, pisoéoe the light, and
electromagnetic radiation at the same time. Among the edapgrticles, electrons
are the lightest and the most common; hence, they are rabpofe the creation of

most of the photons in the universe.

X-ray astronomy is quite a new field in the observationalgwiysics. The first extra-
solar X-ray detection was in 1962. The source of the X-raysewviiee object called
Sco X-1 although it was not the real target of the team. Theywearching for X-
rays coming from the Moon instead. Hence, it was the chanaadbat triggered
the X-ray astronomy. The first X-ray mission was not launctetil the beginning
of 1970s. Uhuru was followed by many others, varying with their main objees.
In 1970s, the most important satellites &NS, Copernicus, SAS-3, Ariel V, OSO
8 and NASA’s first High Energy Astrophysical ObservatdtfeAO-1 With these
missions X-ray bursts and numerous pulsars were discovaretithe first detailed
X-ray spectra was obtained. During the 1980s, the Spacdl&Rtallenger accident
affected the missions of NASA negatively, but the Europearadege, and Russian



Space Agencies continued to launch successful X-ray astrgmissions. The most
important launches are the European X-ray Observatoryliga{&XOSAT, Granat,

the Kvant moduleJenmaandGinga "In the 1990s the ROSAT survey detected more
than 100,000 X-ray objects, the ASCA mission made the firstifge measurements
of the X-ray spectra from these objects, and RXTE studienl timing properties.”
(web, 2011a) In late 1990s an order of magnitude improvenmesensitivity for
imaging was achieved by Chandra and XMM, "Both individualyd collectively,
these satellites have provided an unprecedented view oflag Universe. As the
21st century began, XMM-Newton, the Chandra X-ray Obseryaand RXTE were
the work-horses of X-ray astronomy.” (web, 2011b) Therereaw projects that will

replace their successful ancestors in the very near future.

There are several types of astrophysical objects which Xrétys: galaxy clusters,
black holes in active galactic nuclei (AGN), galactic olbgesuch as stars, supernova
remnants, and binary stars containing a white dwarf (cggadlc variable stars and
super soft X-ray sources), neutron star or black hole (Xbiagiries). There is also the
X-ray background which is produced by some X-ray sourceisdiianot be resoled.
The main physical mechanisms behind the X-ray continuunbeemsstrahlung ra-
diation, black-body radiation, synchrotron radiation,irmrerse Compton scattering
of lower-energy photons by relativistic electrons, knackeollisions of fast protons
with atomic electrons, and atomic recombination, with athwut additional electron

transitions (Morrison, 1967).

X-ray binaries are classified as a special class of binarleshaemit predominantly
in X-rays. They are the most luminous galactic X-ray sourcBseir luminosities
are in the range 10°® — 10°® erggs. An X-ray binary consists of a compact object
and a companion star orbiting about a common centre of mdsscdmpact object
can be a white dwarf (cataclysmic variables), a neutronostarblack hole, while the
companion star can be a normal star or a white dwarf. The an®abe question
"What could possibly give rise to such high X-ray luminosgtiin these binaries?”
is basically the accretion mechanism. As the compact staetes matter from the
companion star, the gravitational potential energy of thalling matter is converted

to kinetic energy eventually giving rise to radiation.



X-ray binaries can be divided into two mairfidirent classes, independent of the type
of the compact object, according to the mass of the compastan These are low-

mass X-ray binaries (LMXB) and high-mass X-ray binaries (KiB).

"Low-Mass" X-ray binaries

[e
WA ¢
\NA\\\blapf]]]]

"High-Mass" X-ray binaries

/| LAV A

ARue EEN

Figure 1.1: Galactic distribution of X-ray binaries

LMXBs The normal star in LMXBs is a low-mass, i.dM < 1M,, star, which
can only transfer matter to the compact object by Roche-toeeflow, that can be a
white dwarf, a late-type main-sequence star, an A-typeastar F-G type subgiant.
F-G type companions may be the remnant of intermediate mviss1.5-4M,,) star
which has sent most of its mass to the compact object. Heheeyptical counter-
parts of LMXBs are faint objectd (/L < 0.1). They have only a few characteristic

emission lines in their spectra and their contribution ® dptical continuum is in-
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significant. Continuous optical emission is generated temlbiglly by emission from
an accretion disc around the compact object, which is atrestihe reprocessing of
some fraction of the X-rays into optical photons. Since mas always straightfor-
ward to determine the mass of the secondary star, LMXBs maydmtified by some

other properties characteristic to them:

i. type | X-ray bursts (observation of thermonuclear endrgyinstable, explosive

burning in bursts which is released over a very short timéh@brder of seconds)
ii. a1-10 keV soft spectrum with a characteristic temperatif 5-10 keV

iii. an orbital period which is less than about 12 h (There lav#XBs which have

much longer orbital periods. This item is just to classifyuadentified object.)

The number of LMXBs discovered increases day by day with nghly sensitive
detectors. Liu et al. (2007) reports a number of 187 LMXBsiit 2007 catalogue.

HMXBs High-mass X-ray binaries were detected in the 1970s for tisé time,
together with their optical identification. The system isqamsed of a compact object
orbiting a massive OB class star. The compact object isratheutron star or a black
hole observed to be luminous in X-rays, main source beingtieestion mechanism
between the companions similar to LMXBs. HMXBs are divideiitwo subgroups:
those with a Be star (B¥-ray binary) and those with a supergiant star ($&ay
binary).

Be/X-ray systems (BeXRBs) constitute the majority of the kndvigh-mass X-ray

binaries. Compared to LMXBs, the number estimated for Gal&=XRBs is huge,

about 2000-20000 (Meurs and van den Heuvel, 1989). An impofeature of these
systems is their wide and highly eccentric orbits; henoe cttmpact object does not
spend much time near the dense circumstellar disc surrogrilie Be companion
(Coe, 2000; Negueruela, 2007). It is also interesting tloablack hole and Be star
system has been found yet (Zhang et al., 2004). BeXRBs agedfas transient X-
ray sources due to the emission of X-rays only when the newttar passes through

the low-velocity and high-density wind around the Be star.
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SG/X-ray binaries have their compact objects orbiting thempanions deep inside
the highly supersonic wind of supergiant early-type staese systems have not been
understood as well as LMXBs: their source of X-rays may bgioating from either
strong stellar wind of the supergiant or Roche-lobe overfioaretion. A property to
distinguish these two ways is the amount of X-ray luminosiigy produce: 1% —

108 ergs.s? by stellar wind accretion and 10 ergs.s* by Roche-lobe overflow.

There are also HMXBs detected in Magellanic Clouds. Recatalagues of Liu et
al. report 128 HMXBs in Magellanic Clouds (Liu et al., 2005)dal14 HMXBs in
our galaxy (Liu et al., 2006).

Two other classes of objects which are luminous in X-rayssafegamma repeaters
(SGRs) and anomalous X-ray pulsars (AXPs). They are exoticces exhibiting
mysterious behaviours. There are only 9 SGRs (7 confirmedndidates), and 12
AXPs (9 confirmed, 3 candidates) detected so far; nevesbethis is sfiicient for
them to draw great attention. Even though they are widelgiclemed to be magnetars
(isolated pulsars with very large magnetic fiel@8sz 10** G), several theories have
been proposed to account for their birth and unusual betesjieach of which have
their supporting observational confirmations. In this theeswe will be dealing with

only one AXP; hence, it is better that we focus on general gntogs of AXPs.

AXPs Anomalous X-ray pulsars were discovered in the early 1980sthve detec-
tion of the object 1E 2250586 (Fahlman and Gregory, 1981). Their X-ray luminosi-
ties are in the range of - 10°° erg.s?, which is comparable to the HMXBs. The
clustering of their periods in the narrow range of 22 s is one of their character-
istics. Spin rate of all of the AXPs are observed to decreaganie with relatively
large rates, 10° — 107%? s.s. In spite of these high magnitudes, the observed X-
ray luminosities cannot be produced solely by the rotatiem&rgy loss. Among
the some suggestions for the main energy source, strongatiadjeld of the pulsar
(Duncan and Thompson, 1992) receives wide acceptance. Ax\snot displayed
any evidence of binary companions yet. They show very smaibdong term vari-

ability. Their X-ray spectrum is generally soft, but alsad&-ray emission was
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detected from some AXPs (den Hartog et al., 2004; Revniwseal., 2004; Kuiper
et al., 2004). AXPs can emit short bursts (Kaspi et al., 2@003; Woods et al.,
2004) similar to those of the SGRs which verifies the resendal®etween these two
classes of objects. There is one other theory trying to axpiee mysteries of AXPs
(also SGRs), which is based on accretion. This is known afathrack disc model
and proposes that the pulsar accretes matter from the d#dlaisupernova remnant
and this time dependent accretion is the source of the poiveXBs (This theory is

discussed in Section 2.5 in detalil).

X-ray binaries show X-ray flux variations in a broad rangemit-scales. The power
density spectrum of a system often reveals a number of peraol quasi-periodic
phenomena that can be related to orbital motion of the bisgsiem, rotation of the
central star and some quasi-periodic phenomena. In addajmeriodic variability is
observed, giving rise to the broad band continuum companetfie power density
spectrum, extending from 10— 100 msec to the longest timescales accessible for
monitoring instruments (Gilfanov and Arefiev, 2005). Dudlte fact that the condi-
tions for creation of X-ray radiation are only provided irethicinity of the central
object, the variations in the X-ray flux give us some idea abflmeievents, such as the
alterations in the mass accretion rate, going on there. Wheeperiodic features in
the X-ray spectra are taken into account, it is seen thatdleguiency X-ray variations
also appear besides high frequency variations. For ingtaicay pulsations are usu-
ally periodic with spin period and they are due to magndiidainnelled accretion
onto the poles, flickering and quasi-periodic oscillatians caused by instabilities in
the disc, transient accretion events may be sign of altembaetween phases of high

and low accretion rates due to thermal transitions in thestion disc.

Accretion is basically the transfer of matter from one ofé¢benponents to the other in
a binary system. (There are also cases in which a heavenyydwotdetes matter from
the interstellar space but that is a quitéelient mechanism.) It is that accretion which
is responsible for the formation of a disc, which is continsiy being nourished,
around the accreting object. The question is why matter ignaasferred directly

to the object. The driving process for accretion is that tt&eting matter needs to



lose most of its angular momentum in order to combine withcéatral object, and
this loss is substantially associated with viscosity. Tdsslor rather the transport of
the excessive angular momentum is accompanied with emis$ienergy. Hence, if
the properties of these emission is analysed by obsengtiae can get information

about the accretion dynamics.

In this thesis, we analyse X-ray data of a sample of soure#sdmg high-mass X-
ray binary systems, low-mass X-ray binary systems and amalows X-ray pulsar in
order to understand accretion mechanism in these systemas&\the power spectral
density and pulse timing analysis methods to analyse thmaloais X-ray pulsar in
addition to its power density spectrum. observationRX¥TE Chapter 2 is a theoret-
ical review of accretion in general and Chapter 3 is a reviephysics of accretion
discs. In Chapter 4, the X-ray sources selected for the asisadye introduced and
their general properties are given. In Chapter 5 the arsmlysne for the viscous
time-scale of X-ray binaries are described and their resaur# discussed. Chapter 6
contains the timing and X-ray spectral analysis of SwiftZA.6-5156. Chapter 7 is
about the timing analysis of the AXP source 1E 22586. Finally, Chapter 8 is the

conclusion of all of the results given in the previous chegpte

The results of high mass X-ray sources (except the work abwift J1626.6-5156)
were published before in the Astronomy & Astrophysics jaliihicdem and Baykal,
2011). The timing and spectral analysis of the source SWR6.6-5156 was ac-
cepted to be published in the the Monthly Notices of the Régitonomical Society
(reference for the arXiv e-print: Icdem et al. (2011b)). Thdse timing analysis
of the AXP 1E 2259586 was also submitted to the Monthly Notices of the Royal

Astronomical Society (reference for the arXiv e-print: écal et al. (2011a)).



CHAPTER 2

ACCRETION

An accretion disc is a structure formed byfdse material in orbiting around a central
object. The central object can be a young star, a protostanjte dwarf, a neutron
star, or a black hole. Gravitational attraction of the caintauses the material in the

disc to spiral inward towards the central object.

The two main reasons for many binary systems to transferemattsome stage in

their evolutionary lifetimes:

1. Roche lobe overflow: Roche lobe is the name for the innetitgtaonal equipo-
tential surface surrounding both of the stars. If one of tlessin the system
fills its Roche lobe, by means of increasing of its radius ainging of the
binary orbit, mass transfer starts at the point where thetgtsonal pull of the

companion dominates.

2. Stellar wind accretion: Some of the matter ejected outias Wy one of the

stars may be captured by the other.

The first of these processes is better understood and rffaremst than the latter. In
addition, the Roche lobe overflow generates a more stabletamt process as the
stellar winds turn into accretion discs mostly if their anigs a huge violent star,
namely an O or B type star. That means the stellar wind acer&idirectly dfected

from the chaos taking place in the donating star, so subségezeates instabilities
in the disc. These instabilities occur quite frequently mgkt hard for researchers
to produce verifiable arguments. Most of the low mass X-rayabes are on the safe

side as they experience the Roche lobe overflow; howeveysisaksults of high
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mass X-ray binary systems are hard to interpret.

2.1 Disc Formation by Roche Lobe Overflow

Figure 2.1: Roche-lobe geometryR;"andR, are defined the radii of spheres having
a volume equal to the volume of the corresponding Roche”l¢bsank et al., 2002)

As mentioned above, the transferring material cannot thiraccrete on to the com-
pact star because of its high angular momentum due to itomutithe binary orbit.
Considering the Roche lobe overflow case, the matter hass® thaough the La-
grange point; (the points of zero net gravitational force belonging to $lgstem)
as shown in Figure 2.1. After leavirlg, it will tend to follow the least energy orbit
corresponding to its angular momentum, which is the Keptbit @t a radiusRg,

where it will have a circular velocity

GM; 12
irc) = 2.1
Vo(Rere) (Rdm) 2.1)
where
RCirCV¢(RCirC) = biw (2.2)
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Usingw = 27/P and Kepler's third law #%a® = GMP?, we find

Rcirc
a a

=(1+ q)(ﬁ)4 (2.3)

whereq = M,/M; is the mass ratio of the binary system. The radRyg is usually
called the circularization radius. The distarigeof the L; point from the centre of
the primary (mas#,) is given to good accuracy by a fitted formula of (Plavec and

Kratochvil, 1964):

%1 = 0.500- 0.227 logq (2.4)

Using (4) and typical parameteiR. can be found to be

Ree ~ L2P{SRo  for q=03 (2.5)

Ric = 0.6P7°R,  for q>05.

Reirc is the minimum radius that a disc can form. The disc is ifitialring atR.., and
then due to dissipative processes, which are inevitablausecof the interactions of
particles in the ring, some of the disc energy is radiatechséquently, less energetic
particles cannot stay &, and they propagate deeper through the central object.
The tendency to have the least energy for a certain angularfemtum pushes the
matter into concentric circular orbits, which will evenliydorm the accretion disc.
However, they still have the angular momentum of their ahitirbit and they need to
lose the excessive amount in order to hold on to their cuwdnit. Therefore, the
angular momentum is transported outwards which causesdttemm the outer parts
of the disc to spiral outwards. That is, the initial ring oftbea expands both inwards
and outwards to establish the disc we observe. Hence, thalaite of an accretion
disc is larger than the circularization radius. The inneliua may be as small as the
radius of the compact object if the magnetiteets allow. The outer radius, on the
other hand, cannot be larger than the Roche lobe of the cdrappect. In fact, there
are some otherfiects arising from the binary system dynamics, such as titietts

(see Section 3.6), to limit the size of the disc.

The amount of the energy lost to radiation by the particlébeédisc can be estimated
as follows: The binding energy of a gas element of meglsin the Kepler orbit just

near the surface of the accreting objecdM,AM/R.. Assuming its initial binding
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energy to be negligible, the total disc luminosity in a stesi@te is found to be

GMM 1
disc = ﬁ = ELacc (2-6)

where M is the accretion rate anld,.. is the accretion luminosity, i.e. the rate of
energy release by conversion of the excess potential engxgieat. The other half
of the available energy is radiated at a location very clogbé¢ compact object (see
Section 2.4).

2.2 Viscous Torques

Viscosity is the quantity that describes a fluid’s resiséatacflow. Fluids show resis-
tance to the objects that try to move with relative velositierough them as well as
to the motion of layers with dliering velocities within them. Viscosity (represented
by the symbol "eta”) is the ratio of the shearing stre$3/) to the velocity gradient
(Avy/Az or dv/d2) in a fluid. We usually deal with the ratio of the viscous fotoe
the inertial force, the latter characterized by the fluidsigrp. This ratio is repre-
sented by the kinematic viscosity (Greek letter i defined as = n/p wheren is
the dynamic viscosity (Pa.g),is the density (kagm®), andy is the kinematic viscosity

(m?/s).

B
% oy

/'//’_\ R—1.

Figure 2.2: Exchange of fluid bubbles between two rings wiffecent angular ve-
locities. Figure is taken from Frank et al. (2002)
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The concentric rings in an accretion disc hav@eaient velocities determined by their
radii; hence they constitute aftérential rotation. The thermal or turbulent motions
of fluid particles transport angular momentum in the radigdation and this creates
viscous stress which is called shear viscosity in this c&g. 2.2 shows the basic
picture. Two blobs in neighboring rings with similar radgdeeds but with dierent
rotational velocities. They do not come across if the distdmetween them is larger
than the mean free path of the particlds, Hence, the width of the rings should
be considered not to be bigger than Assuming the conservation of streamwise
momentum, the net angular momentum transfer can be estdmiaie apparent that
mass crosses the surfaRe=const at equal rates in both directions. As a result, the

torque generated between the rings is
dQ
—pVH/lRZW, (2.7)

whereQ is the angular velocity, and the force per unit area on therfiate between
the rings is the stress component

Org = —nR(jj—? ~ —p\Nl/lR(jj—?. (2.8)
The kinematic viscosity due to either hydrodynamic turbakeor molecular transport
in a simple shearing motion is~ AV. In the case of molecular transpottandv are
the mean free path and thermal speed of the molecules, teghecThe magnitude
of the torque between the rings is found by integrating (2\&r the interface and
multiplying by R
G(R) = 27RvpH ché—?, (2.9)

whereH is the vertical scale-height of the disc. The signd&f/dr determines the
direction of the angular momentum transfer: for radiallgr@@sing angular velocity,
inner rings lose angular momentum to outer ones, as expettedviscous dissipa-
tion rate, which turns into heat, per unit plane is found to be

Gdo/dr 1 _ _da,

D(R) =

: : . 1/2
wherepH = ¥ andQ is considered to have a Keplerian for@:= Qg = (%\") at

radiusR. Using this in (2.10) gives

D(R) = gvz%\" (2.11)
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Even though viscosity is thought to be the main reason foratigular momentum

transfer and dissipation, the Reynolds number says thesitppo

inertia VZ/R Ry,
Re= — ~— = (2.12)
viscous  AvipVs/RZ v

With typical constants, the Reynolds number for the stashdtaolecular’ viscosity
is calculated to be- 10", which indicates that viscosity at the molecular scale is
inefficient. However, large scale turbulences generated beyencritical Reynolds
number may be much mordéfective. Although the chaotic mechanism of turbulence
makes it dificult to be formulated, the turbulent viscosity can still bpressed as
Vb ~ AwrbViurb @Nd some upper limits can be placed for the length-saalg,and
turnover velocity Ve, such asty, < H andvy, < Cs. Shakura and Sunyaev (1973)
introduced the famous-prescription, which leads to the 'standard disc model’- Ac
cording to this theory, instead of using molecular visgoginematic viscosity is
formulated by

v = aCsH (2.13)

wherea < 1 (@ may vary through the disc).

Apart from the requirement that the angular momentum shbealttansformed out-
wards while mass is creeping inwards, there should be a sairenergy fed back
to the disc so that accretion can be maintained for long tifeé suggestions for a
mechanism to provide this are pure hydrodynamic instasliand thermally driven
convection. Balbus et al. (1996) showed that in Kepleriareton discs, local hy-
drodynamic turbulence is ifiective to load the required energy back into the disc,
so the Reynolds stress keeps decreasing and transporsgrisciealted at a point.
Similarly, there are some problems regarding the angulanembum transport by
convection. Even if the negative viscosity problem (i.e.nmemtum transport occurs
inwards) put forward by Ryu and Goodman (1992) can be solyagsing the Boltz-
mann equation and considering the convective eddies tosbednailarly to particles
or blobs (Kumar et al., 1995), the contribution of convettio the whole accretion

mechanism is still ambiguous.

There is one more model that can account for the magnitudetrensign issues of
the accretion correctly: Magnetohydrodynamic (MHD) tuémce (Chandrasekhar,
1960, 1961; Balbus and Hawley, 1991). There are several iwmaykich MHD tur-
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bulence develops. A small radial perturbation in the aamnetisc may initiate a rival
between magnetic tension, and the imbalance between yi@wit rotation, which
results in pure MHD turbulence. In fact, creation of MHD tuldnce due to the pres-
ence of a small vertical magnetic field or MHD fluctuationetifrom the pure MHD
turbulence in that they allow fluid-field coupling (key potntfeed energy back into
the turbulent movements) and so they are more promisingglaiexthe consistency

of the observed angular momentum transfer.

2.3 Stellar Wind Accretion

S | orbiting
“\-\x f \ compact

object

Figure 2.3: Stellar wind accretion from an early-type maquence star, figure from
Frank et al. (2002)

Stellar wind accretion isféective when an early-type (O or B type) star and a compact
object (neutron star or black hole) constitute a close pin&arly type stars eject

significant amount of particles by means of their stellardsinThe velocities of these
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particles are not less than the escape velocity of the star

2G Mg \?
G E) (2.14)

Vw(r) ~ Vesc(RE) = ( Re

Here Rge and Mg are the radius and the mass of the star,respectivelyyapis the
escape velocity at the surface. The compact object comessatirese fast particles
throughout its motion in the binary. The relative velocifytte particles ise ~ (V2 +
v2)1/2 wherev, is the velocity of the neutron star in the binary orbit. If tredocity of

a particle is insftlicient to resist to the gravitational attraction of the cootpbject,
the particle is captured by the compact star. The region ofetion is a cylinder
whose axis is along the direction of the relative wind velpaind the radius of that
region is approximated to be

Face ~ 2G M,/ V2

rel

(2.15)

Although this is not a very good approximation, it gives usciaa about thef@iciency

of wind accretion. The fraction of the stellar wind accretedio the neutron star is

M i@  GM2
—M,,  4nadv,(a) a2vi(a)
1 Mn\*(Re\?
~ —|—] |—]) . 2.1

wherea is the binary separation. Since the mass of the early typasstar greater
than the mass of the neutron star and the binary separatiwatusally larger than
the radius of the star, one can easily say that only a smaluatad the stellar wind

is accreted by the compact object. Nonetheless, this tygeattion is detectable
due to the type of emission it makels; is in X-rays to a great extend besides the
visible light of the bright early-type star. The main scopewar work is the accretion
discs and the question is 'Under what conditions can th&astelnd accretion form a
disc around the compact object?’. Similar to the Roche-tkeflow case, we define
a ’'circularization radiusR;.’ by the help of the specific angular momentum of the

captured material

1

ngccf*‘) ~ 1= (G IVlnR:irc)l/2 (2.17)
Using 2.15, we can find an approximate circularization radiow a disc

G*MBw?
v

Reirc = (2.18)
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If the wind velocity is represented by a wind lawg, = A(r)v2(Re) with A(r) ~ 1,

and with the use of Kepler’'s law

(2.19)

Rcirc — Mg(Mn + ME) (E)4
a 1614@ME \ a

The most significant factor in this equation is the wind lafr), since the ratio,
R.rc/a, is determined by the fourth power of the reciprocakefhich depends on the
physical properties of the binary system. Thus, if a disoifotm in a stellar wind
accretion, there is no certain estimate for the size of itaalgh it is expected to be

larger tharR;;,. owing to the angular momentum transfer (See Section 2.1).

2.4 Boundary Layer

Boundary layer is the region where the accreted matter Itssescessive angular mo-
mentum before falling into the compact object because thmdfian angular velocity

is greater than the surface angular velocity of the compajeich, Q. < Qk(R.). The
boundary layer extends to a radids+ b from the surface. Generallp,is assumed

to be much smaller thaR,, and using this argument the luminosity radiated from the
boundary layer can be estimated. This is not just the eneftgrence between a Ke-
pler orbit atR, and a particle with angular velocify. at the same radius, the torque
that spins up the star by acting on the surface should als@ksntinto account.
The starting point is the conservation of angular momenturnieamatter is flowing
through an annulus lying betwe@andR + AR, which has total masstRARY and

total angular momentunmRAREZR?Q. Then, the rate of change of these quantities

%(ZﬂRARZ) VR(R1)27RZ(Rt) — Vr(R+ AR 1)

x2n(R+ AR)Z(R+ AR t)

1R

)
~27AR— = (ROV) (2.20)
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Vr(R1)27RZ(RRZQ(R)

%(ZnRARZRZQ)
—VR(R+ AR 1)27(R+ AR)Z(R + AR, t)
x(R+ AR?Q(R+ AR) + @AR

oR
0 0G
~ —ZnARa—R(RZVRRZQ) + ﬁAR (2.21)
In the limit AR — 0, these two equations turn into
oz 0
Rﬁ + 6—R(RZVR) =0 (222)
0 0 1 0G
Assumingd/at = 0 and using (2.9) we get
—vIQ' = I(-VR)Q + C/(27R%), (2.24)

whereC is a constant of the integral. For boundary layer prob@man be found

using the outer limit of the boundary layRr= R, + bwhereQ’ =0

C= [—2ﬂR32(—vR)Q]R:&+b ~ ~MR2Q(R.) (2.25)

where we have assuméd< R, andQ(R. + b) ~ Qk(R.). Now, it is apparent from
(2.24) and (2.9) that the viscous torque is

G = —-MR2Q + MRXQ. (2.26)
Hence, the luminosity to be radiated by the boundary layer is
1.
Lg, = > MRA(QZ% — Q%) - G.Q,

= %MRE |Q& - Q%+ 207 - 20.0|

: 2
Gﬂ[l_ Q*] . (2.27)

2R, Qg
The boundary layer pictured above is only valid if the disteads right down to the
surface of the accreting star. However, the presence of etiagireld make this pic-
ture irrelevant by disrupting the disc flow (see Fig. 2.4).stch a case, magnetic
pressure begins to dominate as the matter comes close ttetlae surface and dis-

rupts the spherically symmetric infall at a radiyswhere the magnetic pressure first
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exceeds the ram and gas pressures of the matter. Near thehetaelocity of the
matter reach supersonic values and at these values ranuergsg, is far greater

than the gas pressure. The magnetic pressure can be ocadciramn the following

4| B?  |4n| u?
Phag=|—|o—=|—|=z—= 2.28
mad [/10]871 [/10]87#6 ( )

whereu = B,R® is the magnetic moment of the compact objegtcan be determined

expression

from the equalityPmag(rm) = V2,
v =5.1x 1M 2 "m""ud" cm (2.29)
whereusg is p in units of 10° G.cn?® andm, = M,,/M,. This can be also expressed

in terms of the luminosity of the sourck,.. = GMM/R.. If the parametrization is

made appropriate for a neutron star
rv =29 x 10°m " RL7 "ud em (2.30)

wherels; = Lae/10* erg.st. This quantity,ry is known as the Alfvén radius and

within this radius the accreted material follows the magrfeld lines.

dccretion AsS

Figure 2.4: Accretion disc in the presence of magnetic fi@lde magnetic dipole
lines roughly determine the boundary of the magnetospliégere is extracted from
Frank et al. (2002)

The expression of the Alfvén radius was determined usiegettuivalence of the

magnetic and ram pressures. However, the actual factotiseaneagnetic and viscous
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Figure 2.5: Schematic view of accretion of matter from a tlisthe polecaps, figure
from Frank et al. (2002)

torques, although the previous approach yields a goodgiredi For a more accurate
estimation, 'the condition for magnetic disruption at ogiical radiuR = Ry, is that
the torque exerted by the magnetic field on the disBgtshould be of the order
of the viscous torqu&(Ry)’ (Frank et al., 2002). The main fiiculty here is about
predicting the magnetic torque quantitatively since thgmedic field configuration
may be quite distorted from dipole-like structure. NeveltissRy, is generally found
to be of the order of the spherical Alfvén radiyg. In addition, steadiness of the
accretion is ffected from the inclination of the magnetic axis with respedhe disc
plane because the the magnetic field lines also rotate watbdmpact object. Unless
Q. < Q(Ry) is satisfied, the particles attached to the field lineRat Ry are
repelled by the 'centrifugal barrier’ @&y and spiral outwards to larg&. A new

parameter is introduced at this step called fastness péeame

and the requirement about the angular velocities reduces ¢o1.

Mentioning the magneticfiects raises the question whether the disc formation can be

interrupted by the magnetic torques. Calculations shonRjjas always less than the
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circularization radiu.. for Roche lobe accretion. Hence, the answer to the question
is "No!” in the case of Roche-lobe overflow accretion (sinoe tircularization radius
is a lower limit to the disc size). On the other hand, the atellind accretion case is

more complicated due to the complexity of the accretion ragEm.

2.5 Fallback Disc Model

Anomalous X-ray pulsars are mysterious objects that showynuausual proper-
ties such as their soft X-ray spectra, their low luminositiheir steadily increasing
periods, etc. They do not have detectable binary compamindsome of their dy-
namical features resemble those of radio pulsars. In additheir energy source
that power their X-ray emission is still an important quessti There are some the-
ories proposed to solve this problem: rotation power, megnaodel or accretion
power. Rotation power is eliminated by a very basic caloeoatFrom timing mea-
surements and using the characteristic values of AXPs atieeaf loss of rotational
energy iSE| = 4721 P/P? = 10°%° erg.s* which is order of magnitudes smaller than
their X-ray luminosities (Chatterjee et al., 2000). Theasttwo models, on the other
hand, have both their observational supporters and theynadierce competition.
Magnetar model suggests an internal energy source for AXfrdwvare modelled as
isolated, ultramagnetized neutron stars (Duncan and TeomE.992). In this case
either magnetic field decay (Thompson and Duncan, 1996)sidual thermal en-
ergy (Heyl and Hernquist, 1997) is the source of the emissitve magnetar model
is a powerful model with all the dynamical irregularitiepredicts and their observa-
tional counterparts. However, we will mainly focus on theration powered X-ray

emission since our main scope is accretion discs.

There have been severaftégrent mechanisms put forward for the accretion powered
X-ray emission model. First of these was by (Mereghetti atetles 1995) predicting
the source of the accretion to be a low mass binary compamimmapproach of Wang
(1997) considered the neutron star of an AXP as an old obgmeang from the
interstellar medium. In another model, AXPs were proposectiatives of HMXBs,
which were accreting from the debris of a disrupted binamyganion (van Paradijs

et al., 1995; Ghosh et al., 1997). One other model was sugjbgtChatterjee et al.
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(2000) (CHNOO from now on). In their model, the source of powgehe accretion
from a fossil disc which occurs from matter falling back otiie neutron star just
after its birth. Among all the accretion powered X-ray engesnodels, the last one

is widely accepted since it has been confirmed by many obisenga

The starting points of CHNOO were that there had not been ampanions detected
near the AXPs, and the steady spin-down of the AXPs indictitatithere cannot
have been an equilibrium between the pulsar and the disg. ifigroved the idea of
Ghosh et al. (1997) which suggests time-dependent acergyiexplaining "whether
a young, rapidly spinning neutron star can be spun down tmg®eP ~ 10 s on
time-scales consistent with, e.g., age estimates basessogiations with supernova
remnants” (Chatterjee et al., 2000). According to the madeCHNOO, there can
be some infliciency in the supernova explosion that will give birth to aitnen star
such that a small amount of the ejected matter falls bacleaasof spreading into
the interstellar medium. This material is naturally acetdeby the neutron star (of
course the accretion will be controlled by the Eddingtontlime. when this limit is
exceeded the accretion process will turn into ejectionynfaion of a disc around
the neutron star depends on the angular momentum of theiadasrexpected. If
the total mass of the fall-back materialN&, and mass of the material to form the
disc isMy, CHNOO’s model verifies the formation of a disc even wiMin < Mg,.
The circularization of material around the neutron staiplesys in the local dynamical
time-scale, in a similar manner to the tidal disruption efsty massive black holes
(Cannizzo et al., 1990), and then this ring of matter fornesdisc under theféect of

viscous torques as explained earlier.

The physical properties of the fallback disc depends on nfectgrs. As discussed in
Section 2.4 the inner radius of the disc is limited by the Atfradius. The estimation
of ra is complicated in fallback disc case: the rate of accretibmatter cannot
be known certainly as some of the material may be driven frieenslystem before
reaching the surface of the neutron star (Chatterjee €@00). Nevertheless, some

assumptions carry us to the correct order of magnitudeafor

A more crucial problem is thefiect of the disc on the spin of the neutron star. The

model attributes this to the location of three characterisidii with respect to each
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other: magnetospheric radil®, ~ ra, light cylinder radiusR. = ¢/Q., and the
corotation radiug. defined byQ., = Qg (R.). If Ry, > R, the disc will evolve in-
dependently without contributing to the emission and inftieg the neutron star.
In this case, the neutron star behaves as a normal radiorpiisavever, this case
evolves into some other cases where the neutron star shevehdnacteristics of an
accreting X-ray source. As pulsar spins down due to breasirige magnetic field,
R. increases. The decreasing accretion rate caRgés decrease also; hence, these
two radii approach each other. The fact tRgt> R. does not change much implies
that there is a large fierence between the spin and Keplerian frequencies, spin fre
guency being the larger, and this eventually causes traos&ngular momentum to
the disc pushing some matter out to space. In other wordspihalown of the pulsar
continues even though the accretion and X-ray emissiontigfficient. This phase
is known as theoropeller phasglllarionov and Sunyaev, 1975). The final phase is
somewhat a quasi-equilibrium state which begins wdighecomes closer tQx (R)

(a real equilibrium can never be obtained due to the steadedse of the mass ac-
cretion rate which is the result of limited amount of mat@ibe accreted). In this
‘tracking’ phase, accretion is mordtieient and the source will exhibit high X-ray

luminosity.

This model is successful explaining the period clusterihd\¥Ps. As discussed
above, the source emits strong radiation only in the laatking’ phase when the
spin and Keplerian periods are comparable, i.e. theresais@atural selectiorflect.

Another implication of the accretion model that can be seavbservational analysis
is the noisy timing instead of steady spin down because dfotfugie transfer during

the accretion (Lipunov et al., 1992).

The model of CHNOO is improved throughout time to accountlf@ high magnetic

fields of AXPs and SGRs deduced from their magnetar-liketburtn the recent

model the pulsar has a high quadrupole field of*1010" G responsible for the

bursts, and a regular dipole magnetic field 0t2:0 10** G that is acceptable by the
previous model (EksI and Alpar, 2003; Ertan and Alpar, 2@38n et al., 2006).
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2.6 Accretion Torque

Most of the pulsars (neutron stars observed to send pulse$pand to have vary-
ing spin (or pulse) periods. The change is a rfegat of the external and internal
torques exerted on the star. External torques may be duegnetia défects, accreted
matter, etc., internal torques are mostly because of thelangelocity diference be-
tween the solid crust and superfluid interior of the neuttan J he diferent features
distinguished by the pulse timing measurements are assdomith those internal
and external factors depending mostly on their time-scaltedernal €ects reveal
themselves in longer periods of time while internal torqoagse shorter-time-scale
variations (Lamb, 1989).

2.6.1 Accretion Torque in Disc-fed Pulsars

In the simplest case, a Keplerian disc exerts some torquéendutron star since
the accreted material generally does not have the sameangoimentum as the
neutron star surface (Pringle and Rees, 1972; Davidson atikéer, 1973; Lamb
et al., 1973). Hence, the starting point is the transfer efathgular momentum of the
inner disc, which id;, = VGMr;, li, being the specific angular momentum, to the

star by applying the accretion torque, if magnetic and viscgiresses are ignored
No = Mlj,. (2.32)

The angular momentum of the neutron stadds= 1Qs wherels is the moment of
inertia andQq is the angular velocity of the star. Conservation of angamlamentum
leads to the equality of the change in the angular momentuwhaad the accretion
torque:

Js = dﬂt(lsgzs) = Mlj,. (2.33)

The rotational response of the star is expressed by

. M{l, dinlg
Q= (|S ~dIn M)QS (2.34)

wherels = Js/M is the specific angular momentum of the star. It is clear that t

relation between terms inside the parenthesis determimesher the neutron star
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will spin-down or spin-up. A dimensionless parameter caddfed to express this

more clearly:
_ lin dinM _ Iin dM
and using this (2.34) becomes
. M (dinlg
0= (- ) iy (e e 2.36)

and whether the neutron star spins up or spins down depends>od or ¢/ < 1.
respectively. There is an interesting case which can be isé&as rate of change of
the rotational energy is calculated

. d(1 )\ 1\ M (dInls
Emt_dt(zlsgzs)_z(g Z)M(dInM)Emt' (2.37)

It is apparent that when/2 < ¢ < 1 the star gains rotational energy, but this range
is in the interval that the star spins down. In fact, for intediate mass neutron
stars¢ ~ 'I—” = % (”E”)Z holds and since;, > R, the dimensionless parameter is
calculated to be much larger than 1, which means that thewgpterm is usually the

dominant one.

The realistic situation was pictured by Ghosh et al. (19@I8)a(see (Ghosh and Lamb,
1979a,b): the total external torque in the case of time irddpnt, axisymmetric,

steady accretion flow is given by

N = f [—pc;zv_fJQ + anp +nw?VQ |- AdS (2.38)

S
wherew is the cylindrical radiusy, andQ are poloidal and angular velocity of the
plasma. As expected, in the parenthesis, the first term isndger contribution,
the second term is the magnetic contribution and the last iethe viscosity term.
Since theseféects dominate at fferent distances from the surface of the star, Ghosh
and Lamb (1979b) selects a surface which is the union of ghaets to evaluate the
integral as seen in Fig. 2.6:; % a cylindrical surface at radiug which separates
the boundary layer from the outer transition regionisssomposed of two sheets just
above and below the disc extending fragito infinity, and S is the union of two
hemispherical surfaces at infinity. The integral overvanishes, the integral over
S, gives the torquéN,,; applied by the magnetic field lines of the outer transition

zone, and the integral over $ the torqueN;, of the magnetic field lines of the
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inner transition zone. Fad¥, only material stress contributes (since viscous stress is
negligible in § and magnetic stress does not have perpendicular compomeiniso

surface); thus,

=
5
2

—pViIaQi (ro) - 2nrg - 2h
M(GMro)Y? = No (2.39)

whereh is the semi-thickness of the disc. On the other h&g,is dominated by the
magnetic stress since the viscous stress does not have iggngdeular component

and the material stress is negligible (matter flow is alog)g ISence

Nout = f (rB,B,/4n)dS. (2.40)
S

As a result, the total torque on the neutron staNis= Nj, + Ny and this can be
expressed as
N = n(ws)No (2.41)

wheren(ws) is the dimensionless accretion torque,

Ys
n(ws) =1+ %(1 - (Us)_l X fbout(y)(y_S/z - ws)y_31/40dy, (2-42)
1

which is determined only by the fastness parameter (Elsmétamb, 1977)
ws = Qs/Qx(ro), (2.43)

the dimensionless outer radius of the transition zgge; rs/ro, and the dimension-
less poloidal magnetic field in the outer transition zdmgy(y) = B,/ubor 2 (Ghosh
and Lamb, 1979a). (2.42) can be approximated as (Ghosh ant,12091)
1- ws/wc)

1_ws

N(ws) ~ 1.4( (2.44)

where w, is the critical value of fastness parameter at which theedicor torque
vanishes, and the fastness parameter can be expressethindait, M, Qs and M
using the approximate inner radius of the disc, whiclngisz 0.52r,, (Ghosh and
Lamb, 1979b)

ws = L2PTMI LT (M/Mg) . (2.45)

whereP is the spin period in seconds aMi- is M in units of 137 g.s™.
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Figure 2.6: Surfaces defined by Ghosh and Lamb (1979b) taaea(2.38). $is

a cylindrical surface at radiug which separates the boundary layer from the outer
transition region, $is composed of two sheets just above and below the disc extend
ing fromrq to infinity, and S is the union of two hemispherical surfaces at infinity.
The size of the boundary layér= ro — re, is around 4r.

Since the spin period, the mass accretion rate and the magjekt directly dfect the
fastness parameters, whether the star spins up or dowreisrideed by their relative
magnitudes. For instance, in the case of a given mass andeti@gmoment, if the
spin period is long enough to make < 1, the star experiences a strong spin-up
torque. AsP gets smaller towards the critical spin periBgdat whichws = w, the
spin-up torque vanishes, and wherbecomes less thaR. the star goes through a
spin-down phase. Hence, the star tends to get closB that corresponds to its

accretion rate and remain there.

In the second case, M is suficiently large to makevs small compared to unity, the
star spins up, and vice versa. The decrease of the magnittide spin-down torque
continues until the mass accretion rate reaches a minimuvhiah ws = wmay and

the values oM less than this limit cannot provide a steady matter flow.

The critical valuaw, is estimated to be 0.35-0.85, and the maximum valugna, ~
1 (Lamb, 1989).

It is apparent that the main parameter which decides if thieveill spin up or spin
down is the fastness parameter: In the case of a slowly ngtaigutron star in the

same direction with its accretion disc, the star receivestpe angular momentum
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and spins up; if they are rotating in opposite directionsdfae spins down with the
negative angular momentum. When the rotation rate of théroestar is huge, it
spins down for either direction of the accretion matter fl@@mbining the equations
271y = n(ws)Mlip, L = n%, wheren ~ 1 is the dficiency factor, and the expression
for the Alfvén radius, the following relation between ttae of change of the pulse

frequency and the luminosity can be obtained
v = T, MIN(ws) LY = fy(u, MYN(ws) (4rd?F)®/7 (2.46)

wherefy is a function depending gmand M, d is the distance to the source, aRd

is the X-ray flux on the observing instrument.

2.6.2 Accretion Torque in Wind-fed Pulsars

In the case of stellar wind accretion, the radial velocityraf captured material near
the capture radius, is expected to be very large. In addition, the magnetospheri
effects are confined to a much smaller radius thafLamb et al., 1973; Arons and
Lea, 1976; Elsner and Lamb, 1977) and so the the material §tkieimost dominant

Component to exert torque on the neutron star:
N = Ml, (2.47)

whereM is the rate of mass capture ahddenotes the specific angular momentum
of the accreting matter at radiug which is expressed by (2.17). The capture rate is
calculated from

M = 7puVor2 (2.48)

wherep,, is the wind density. Substituting the capture radius ing2With v ~ Vo,

the accretion torque is obtained as

N = 72(2GM)*pwVy Pyt

orb

(2.49)

whereP,, is the orbital period of the system. The relation betweenfitbguency
derivative and luminosity can also be derived for wind-fetsprs (Ghosh and Lamb,
1979b)

v oc RIM/Mg) M2 LL. (2.50)
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There is no magnetic term in this expression since the magplkére does not have
any dfect onM or |,. The stellar wind structure varies from source to source, an
even in the same binary system. Henc@&gdent physical properties leads to various

relation between andL:

1. whenp,, is variable buty, is constant, which is the case wheyg, > v, M only

changes witlpy, SOv « L,
2. whenp,, is constant buty is variables, o Vg2, 15 o« v;* andM o V2, sov oc L7/3,

3. when bottp,, andv, are variable bup,Vo = const r, o p2, 1, o p% andM o p4,

SOy o« L2,

Wang (1981), Anzer et al. (1987) and Ho (1988) have investdyanore compli-
cated situations when there are velocity and density gnésliéo understand torque-
reversals in wind-fed systems. In addition, some unstabtelations may arise in
the flow due to the irregular variations of stellar winds imé+scales from minutes
to years (Nagase, 1989). These can also reverse the diredtibe accretion flow
which is known as the flip-flop behaviour in wind-fed HMXBs acalise spin-up and

spin-down transitions in short time-scales.

2.7 Pulse Profiles and Energy Spectra of Accretion Powered aars

A pulse profile is the variation with time of the signal strémgom a pulsar, usually
plotted against pulse phase (also known as pulse longitwdere one complete
rotation is equal to 360of longitude. Pulse profiles vary erratically from pulse to
pulse, but the integrated pulse profile, the average of & lawgnber of pulse profiles,
is characteristic of each individual pulsar. The shape efpfofile is believed to

reflect the structure of the pulsar’s emitting region.

The structure of a pulsar’s pulse profile is determined bgdhHundamental direc-
tions: the directions of the pulsar’s rotation and magnaties, and the line of sight
of the observer (Wang and Welter, 1981; White et al., 1983)ase, 1989; Ghosh,

2007). Hence, the pulse shapes and amplitudes of pulsangeHeom source to
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source, which is alsoffected from the emission processes and the transfer of matter
through magnetized plasma. Nagase (1989) separated thisgeppofiles into five

main groups (see Fig. 2.7 for examples):

1. Single peak sinusoidal profiles which have little energpahdence (e.g. X Per,
GX 304-1)

2. Double peak sinusoidal profiles withfidirent amplitudes which have little energy
dependence (e.g. SMC X-1, GX 301-2, 4U 1538-52)

3. Asymmetric single peak profiles with some additional dea$ which have little

energy dependence (e.g. Cen X-3, G}

4. Single sinusoidal peak profiles at high and low energidschvturn into a close

double peak profile at intermediate energies (e.g. Her XJ11826-67)

5. Double peak sinusoidal profiles at high energy and compleitiple peak struc-
ture at low energy (e.g. Vela X-1, A 05336)

The basic reason why sometimes one and sometimes two peakbsarved is the
relation between the angles of the magnetic axiand the line of sight with respect
to the rotation axisg: if @ + 8 < n/2 only one magnetic pole is visible producing a
single peak; on the other handaif- 8 > 7/2 both of the poles can be seen, so the two
peaks (Wang and Welter, 1981). Generally, the two peaksargymmetric and this

is due to the dterences between the emission regions in the polar caps disah af

the magnetic axis (Parmar et al., 1989; Leahy, 1991).
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Figure 2.7: Pulse profiles of 6 accretion powered pulsarsftergnt energy bands.
Source names, pulse periods and luminosities (logarithnaref given at the top of
each panel. Figures are taken from White et al. (1983)

30



The energy spectra of accretion powered pulsars is mostiyraded by the thermal
emission together with some complicatéteets of magnetic field. The X-ray spectra
can be usually modelled by "power law with a high energy dtitsehich is expressed
by the following function (White et al., 1983; Coburn et 2002)

IR S E < Ecut
N(E) = NogE™ X (2.51)
e(Ecu—E)/Eq E > Ecut

in which the photon indeX’, and the high energy cutfovalue E.; are the charac-
teristic values that help us to understand the emissionrest" is in the range 0-1,
and bothE.,; andE; are in the range 10-20 keV.

The X-rays emitted from the pulsar lose energy due to phetbet absorption by the
medium through which they travel. The function that dessithis lost is as follows
(Nagase, 1989)

M(E) = & ®), (2.52)
The hydrogen absorption column density, (in units of 1¢? atoms.cm?), varies
according to the coordinate of the source, while the phetdgt cross-sectiotr;(E),
depends on the composition off@drent elements in the medium through the line of
sight. In fact,ny is expected to change according to the position of an aocreti
powered pulsar in its binary orbit because of the variatiothe distribution of the
accreting matter and outer atmosphere of the companioner@sns have shown
that the value ofiy; may vary up to two orders of magnitude (e.g. Vela X-1 (Haberl
and White, 1990), 4U 1906709 (Roberts et al., 2001)).

The strong magnetic fields of the pulsars also reveal theresah the X-ray spectra.
The most common and expliciffect is the cyclotron resonance scattering features
(CRSFs), which are caused by the scattering of photons onaexe by electrons
whose energy states are quantized into Landau levels byabeetic field (Meszaros,
1992), and the corresponding harmonic "cyclotron” lines ba used to estimate the

magnitude of the surface magnetic field.

A charged particle with some velocity starts to rotate atbtlne magnetic field lines
since the force due to the existence of magnetic field is gdhal to its instantaneous
direction of motion. There is a rotation frequency corregpog to this rotational mo-

tion which can be determined by the equality of the centalpa@hd magnetic forces,
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and it is called the cyclotron frequency. However, this miotis not a steady rota-
tional motion as charged particles emit radiation if theyehacceleration. Hence,
most of the radiation is expected to be as a spectral lingextiat the fundamental
cyclotron resonance frequency

eB
Weye = E (253)

wheree andm are the charge and mass of the electron. Considering thehiéd-
effect of the gravitational field of the pulsar, the relationvien the line energy and

the magnetic field is obtained as

2GM\"?
Eo=Eqe(l+2 1 =116B1y(1+2) ' = 1]_6812(1 - s—@) keV, (2.54)

whereEg = hweyc, Zis the gravitational red-shifB,, is B in units of 102 G, andrR
is the distance of the region where the line is formed fromciiretre of the neutron
star.

There is an interesting correlation between the cyclotie@ énergy and the high
energy cut-€, which is revealed by the observations (Makishima et aB91€oburn
et al., 2002), and this relation is a simple power IBy; o« EJ’ (Makishima et al.,
1999).
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CHAPTER 3

ACCRETION DISCS

The disc flow is generally confined so close to the orbital @ldrat the disc can be
assumed to be two dimensional. This thin disc approximasipnoved to be a correct

approach in many cases.

3.1 Radial Disc Structure

As mentioned above, the accretion disc is primarily a rinB.at and evolves to be a
disc in time under some viscoufects. When the mass and angular momentum con-
servation equations are solved involving a constant vis¢orque, the development

of surface density is found to be (Frank et al., 2002)

2
(X, 7) = ﬂr‘lx‘”“exp(—(1 +X)

RS

wherely,4(2) is a modified Bessel functiow,= R/R; andr = 12vtR 2. This gives the

) lya(2x/7) 3.1

Dirac delta function at = 0 and a spreading structure as time goes by, as expected.

Fig. 3.1 show&(x, 1) as a function ok for various values of.

The typical time-scale for a ring of radilsto spread is

tyisc ~ R/v (3.2)

as
VR ~ V/R (33)
tvisc ~ R/VR (3-4)
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Figure 3.1: The spread of a ring of matter with mas¢rom an initial Kepler or-
bit at R = Ry by viscous torquesX is the surface densitg = R/Ry, andr is the
dimensionless time variabte= 12vtR, , with v the constant kinematic viscosity.

tvisc IS known as the viscous or radial drift time-scale and it &s tilme needed for a

disc to form entirely ever since the primary ring.

3.2 Steady Thin Discs

The viscous time-scale is the longest time-scale of theetioor disc means that ex-
ternal variations with time-scales longer thag do not have considerabléects on
the disc, and so the disc arrives at a steady-state stryatarebe applied to the con-
servation equations). In this state, the following expmsss valid in the absence of
strong magnetic fields (Frank et al., 2002)

yE = 3—'\1 [1 - (%)M] (3.5)

and the viscous dissipation, the rate of energy loss duestmsity, becomes

D(R) = (3.6)

8rR3 R

3GMM [1_(%)1/2].
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(so the energy flux of the disc is found to be independemtgdrameter).

The disc contains no flow in the vertical direction, say tBishie z-direction. Then,
hydrostatic equilibrium, the balance between pressurgeadtation gradients which

is necessary for stability of the disc, must hold in z-diie@tt

10P 9

GM
- =" T
poz 0z (R2+22)1/2] 3.7)
For athin discz <« R, so
16P GMz
pzT TR (3.8)

Using the typical scale-height of the disc in the z-direatid, andz ~ H with P ~
pC2, wherecs is the sound speed, one can arrive at

1/2

H~ cs( R\ R (3.9)

i)

But the thin disc approximation requires< R, which leads to

Cs < (?)1/2 (3.10)

i.e. local Kepler velocity should be highly supersonic fahm disc (not necessarily

throughout the disc). On the other hand, the radial velasitietermined to be

T

3v

VR:_EQ

which is at the order of/R as expected earlier in (3.4) And involving the Shakura-

Sunyaew-parametrization

VR ~ é ~ aCs% < Cs (3.12)
At this point, the Mach numbeM
M =v,/Cs (3.13)
(3.12) and (3.9) can be written
H~ MR VR ~ aM™cs (3.14)
All these dfort is to determine the disc parameters such as densitygtetype, thick-

ness, opacity, viscosity, radial velocity of the accretingtter, etc. Collecting the
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equations obtained so far together with the pressure, whithe sum of radiation
and gas pressures, and optical deptithere remains to solve these equations with

the appropriate approximations

/H,
= CRYZ/(GM)™2,

CS = P/p’
p = £k doos
um,  3C
AoT? 3GMM L (R* )1/2
3r 87R3 R ’

T = Z.I(R(p, Tc) = T(Z, p, Tc)

M R.\"?
2= sl
Y 37r[ R ]

v = v(ZpTea,..)

(3.15)

3.3 The Structure of Steadya-discs (The 'Standard Model’)

The 8th equation (counting from top to bottom) in the set §B.implies that the
dependence of the viscosity to the disc parameters is nat. clEhis ambiguity is
removed by Shakura-Sunyaevprescription (2.13). The similar problem with the
equation 6 is solved by assuming the Rosseland mean opakithws given by
Kramer’s law

kr = 5x 10%%T;"? cmfg™ (3.16)

After the necessary calculations, the Shakura-Sunyaevsoisition turns out to be
(Frank et al., 2002)

Y = 520 M/PmRYFS g.enr?

H = 17x 10 MZP°m *°RIFE cm

p = 31x10% "OMPmPR TS g.emd,

Te = 14x10% VMM R85 K, (3.17)

— —4/50'211/5 £4/5
T = 190 SMISEYS,
v = 18x 10MaYSMIOM R4 EOS  cnfst,

Ve = 27x 10 SMIOm R4 F15 cm s,
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R

wheref = [1_(_)”] M5 = M/(10°°g.s%), Rio = R/(10"°cm) andmy = M/Mo
(with 4=0.615 is applied). Forr < 1 the disc quantities are calculated to be in

reasonable orders althoughcan in general be a function &, M, R, andz. From

(3.18), one can deduce the ratio
H/R= 1.7 x 102 YOMZ2m 2 PR £%/° (3.18)
or substituting_x = GM;M/(1PRyqmcm) = 10¥’Ls7 erg's andmy = 1.4M 4

H/R 23x% 10—2 —l/lORﬁi/ZO M 21/4OL3/20 é8 (319)

There are some cases where the thin disc approximation @bé®il. These cases
are related to the assumptions made while deriving the mousét (3.18). An ap-
parent case is the conditions when Kramer’s opacity is nld \zand this arises in
the inner regions of the disc near the neutron star or thekbilate. Here electron
scattering is the dominant opacity and the radiation maybeoblackbody. If this
case is combined with an increase in the ratio of radiatioget® pressure such that
it becomes larger than 1, and a huge accretion ratel.@f> 1, then the thin disc
approximation breaks down. In other words, radiation presias such anfect to
make the innermost regions of the disc quasi-sphericalrmegome critical accre-
tion rate. The disc is also expected to be 'thick’ for disc pematures larger than the

blackbody temperature.

3.4 Time Dependence

In Section 3.2 we investigate the disc in the steady stateveder, an accretion disc is
open to external interventions and so it is necessary to wotke probable reactions
of the disc to these experiences. By this way, it is easieetargormation about the
role of viscosity in accretion disc dynamics. The disc s may modify on some

typical time-scales. The one known to be the longest is theowis time-scale

R R
tvisc ~ ~ (3 . 20)
v VR

which is a measure of thefélision time of matter through the disc under tifteet of

the viscous torques. The shortest characteristic timke-&the dynamical time-scale
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observed to be the duration that inhomogeneities genesate specific variations in
the disc light

ty ~ V—F: ~Qt (3.21)
Deviations from hydrostatic equilibrium in the z-directi@are smoothed out on a
time-scale

t, = H/Cs (3.22)
and from (3.14), ~ R/Mcs = R/v, ~ t;. There is also the thermal time-scale which
is the time-scale to readjust the thermal equilibrium:

_heat content per unit disc area R R
~ dissipation rate per unit disc area

tin
(3.23)
where (3.6) is used fdD(R). Furthermoreq-parametrization allows direct compari-

son between these time-scales

R 1RRV,
tyisc ~ — ~ —— —— ~ & M, 3.24
visc " 2 H Vo Cs a M ¢ ( )

Hence, assuming < 1,t, ~ t, < tn < tiise. Numerical calculations fow-disc

solutions reveal (Frank et al., 2002)

ty ~ t, ~ aty ~ 100m; °R3%s,
tvise ~ 3% 10 M ml/* R s, (3.26)

It is apparent that while the dynamical and thermal timdescare of the order of

minutes, the viscous time-scale is of the order of days tkaee

This sharp dterence in the time-scales enables us to distingui§brdnt types of

instability. For example, in the case of thermal instaieiif the vertical structure
responds very fast and maintains the hydrostatic equilibriThe surface density, on
the other hand, reacts in the viscous time-scale, and sace/ould be very slow the

surface density can be assumed to be constant in such a case.

In order to consider the changes in the disc structure thagdraon the viscous time-
scale, both thermal and hydrostatic equilibrium can bertagde undisturbed. Math-
ematically, the equations in the set (3.16) except thaid 7" (counting from top)
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remain unchanged. Reconstructing the equations as

JRE— 4: — [
3, T, 81/2 = (3.27)
T oM 0z 39 0
R==— — = ——{RY*— (yZRY? 2
TR =R = & RaR{ =" )} (3.28)

it appears that only (3.28) depends on time; thus, it will&sier to solve the equation
set if the other parameters are expressed in terns dfhe first four equations in
(3.16) can be combined to yield

GMEH _ kTeX 4o,

= —T.. 3.29
Re pumpH " 3 ¢ ( )
From (3.27) and the sixth equation of (3.16) one can obtain
27 GM
Td = ———Skgy—o :

and this can be put in the following form using the Kramershio(3.16) and the
a-prescription (2.13)
T2 o« aZ®HT2(GM/R3)Y2, (3.31)

This equation can be used in (3.29) afds obtained as a function &and. Then,
(2.13) turns into
v = aCH = a(KTe/ump)?H = v(R X). (3.32)

At this point, (3.28) becomes a nonlineaffdsion equation foE(R, t) and requires
numerical analysis to acquire a solution. Neverthelessesionplications of (3.28)

worth mentioning.

Considering a deviation from the steady stgéR) in the formXZ(R) = Zo(R)+AX(R),
and lettingu = vX so thatAu = (du/0%)AL, (3.28) evolves into

%(A,u) = g—‘z‘%a% [Rl/ZaiR(Rl/sz)]. (3.33)
The key factor in this equation &:/0X. The sign of it determines the stability of disc
flow: in the case of negative derivative, material would tém@ccumulate towards
denser regions, and the disc would disintegrate into rimga tme-scalé,;s. (Frank
et al., 2002). Hence&u/dX > 0 should be satisfied to maintain the steadiness of the
disc, and this leads to the conditiofi®/dx > 0 or JT(R)/d= > 0. The relation

betweenT (R) andX will reveal the conditions for stability.
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For the regions where gas pressure dominates radiatioaypeed, o« TZ/7. Since
7 ~ kroH andkg o« pTY, T4 o« TY* ™. On the other hand, from the-prescription
we havey = acH o« T, andT* « M x vE o T.X. Using all of these, the following
relation is obtained

T oc (13-20/(28-8n) (3.34)

0T (R)/0%X > 0O corresponds to the rang¢Z/< n < 13/2 which is valid in hydrogen
ionization zones, i.e. wherevér~ Ty ~ 6500 K. An accretion disc may often have
such unstable regions since the temperature should pasgththis critical value as

it is increasing.

The other case when the radiation pressure dominates tbewdisch is the case
in the central regions of discs around neutron stars and lales, combined with
a pure scattering opacityr = constant, yields the relation which is known as the

Lightman-Eardley instability (Lightman and Eardley, 1974

T oc Y4, (3.35)

The next question need to be answered in the case of viscstability is how the disc
comes into equilibrium state again. One of the initial agstioms is the maintenance
of the thermal equilibrium; however, it fails wheéiT /0X < 0. If Q" is the heating
term andQ is the cooling term, then time dependence of temperaturbeavritten

as

aT .
- xQ-Q- (3.36)

The first order dierential equations (3.28) and (3.36) are autonomous sireyedo
not contain an explicit t-dependence; hence, it is possihlevestigate the qualitative

behaviour of the system without solving it. The system carepeesented as

T = h(T,X), (3.37)

T = ek(T, ), (3.38)
where: = 9/dt’, t' = t/tn, € = twn/tiise, @andh, k are transformed right-hand sides
of (3.36) and (3.28), respectively. It is apparent that = = 0 is an equilibrium

solution of the system. In Fig. 3.2 this is presented as ttezsection of the curves

h =0,k = 0. The arrows in the figure denote the directions that theegsystvolves.
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The motion inT is always much more rapid than thagirfsincety, < tyisc); hence, the
system always proceed Mto reachh = 0 curve without any significant movement
in X, and this happens on the thermal time-scale. Then, thersysié move along

this curve to reach the fixed point at the intersection withkts: O curve.

T T 5
|
\ i E }
k=0 (= To [#+=0 ==
f | ct
hfo Ah=98"

Figure 3.2: "Phase plane in the vicinity of a fixed point, rated by a solid dot at
the intersection of the two critical curvias= 0 andk = 0: (a) stable fixed point; (b)
unstable fixed point and stable limit cycle.” Frank et al.q2p

The description of the situation above points out to two sa$ée equilibrium point
may be either on one branch which has positive slopg¢gx > 0, or on the branch
which has negative slopéT /9% < 0. In the former case, the system will eventu-
ally find the equilibrium point and stay there (see Fig. 32 (aut evolution way of
the system for the latter case forbids the disc annulus teseto a steady state as
exhibited in Fig. 3.2(b).

3.5 lIrradiation of Discs by the Central Source

The importance of radiation from an accretion disc is exydiabove, and dissipation
is not the only reason for energy emission, irradiation efdfsc by the central object
is also significant for some systems. Point-like and extdrwmtral sources should

be considered separately.
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central
source

Figure 3.3: Geometry for irradiation (Figure is from Frarikak (2002)). The direc-
tion of propagation of the radiation is along the unit ve&t@nd the normal vector is
n.

The flux of a point source crossing the surface of the disc atlusR is

F=
47 R?

(1-p)cosy, (3.39)

whereg is the dfective fraction of the incident radiation scattered frora surface
without absorption, ang is the angle between the local inward-directed disc nor-
mal and the direction of the incident radiation. Fig. 3.3wbdhe disc geometry
for irradiation, and there are the following relations beén the angles and the disc
thickness

T dH H
o= 5" 0+ ¢, tand = aR’ tang = =L (3.40)

An effective temperaturd@,; can be defined for theffect of irradiation, and using
the smallness ofiH/dR and H/R to obtain cog =~ ‘c’j—'; — % the ratio of the fec-
tive irradiation temperature to thdfective temperature of the disc from (3.6) with
oT4R) = D(R), is found to be (Frank et al., 2002)

(E)4_3 RLp ﬂ[dInH
Tesr 3GMM R |dInR

Lt is the luminosity of the central source and it is a good apipnakion to assume

] (1-B). (3.41)

that it is due to accretion, which yields; = GMM/R. In the resulting equation,

(H/R)|§R8] (1 - B) can be< 1073, so emission can be dominated by irradiation if

the disc has a large enougR. ratio, which is the case for low mass X-ray binaries
(R. ~ 10° cm and the outer disc radius:s10'° cm).
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If the compact objectis a black hole, then the central soladeradiation is the inner
region of the disc. The calculations above still hold in #ase with the addition of
an extra facto~ H/R. The dfect of irradiation is weaker in this case, but it is still

important.

However, for an extended source (central star with a largdiocal extension, like a

white dwarf, or an accretion disc corona) the analogous rafiFrank et al., 2002)

(Tex) 4 L, 1-p) (3.42)

Ter) 97 Lace

Thus, the fective temperature is raised by ordy2%.

Irradiation has severalffects on an accretion disc. It causes a large temperature
gradient along the disc which may result in bursts and ostburlt has also some
dynamical &ects like warping of the disc by self-irradiation. We mayude®n the
dynamical &ects rather than the energetiteets which are out of the scope of this

thesis.

3.5.1 Warping of Discs

A significant dfect of irradiation of an accretion disc is that it createsrgue on the

optically thick disc surface because of the resulting réaliapressure. The torque
appears when a small perturbation causes one side of theodisceive more radia-
tion than the other, and this will feed the initial asymmednd then also the torque.
In order for the disc to warp at some radius, a growing pedtiob is required. The
work of Pringle (1996) about 'Self Induced Warping of AcaoetDiscs’ reveals the

following condition for warping
L > 127%v,3v,C (3.43)

wherev; is the vertical kinematic viscosity citcient. Using (3.5) and Keplerian

velocity, this equation turns into

. R 1/2
Lzzmﬁw( “) : (3.44)
% 2R
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in which Rschw = 2GM/c? holds. Moreover, assuming the central luminosityrigi-

nates from accretion at the steady rit®n to a compact object of radifs, then

- .R
L~ Mt (3.45)

sk

and finally the following equation can be used to judge whetvaping is probable

in various cases

R R
—2822 .
R =Y

3.46
Rschw ( )

wherey = v,/v. Indeed, for stellar mass neutron star and black hole l@aawhere
M = 1M, andR, = 10° cm andR, = Rsch, respectively, the minimurR calculated
from (3.46) corresponds to reasonable orbits. With thiglteis can be concluded that
the thin disc approximation seems to be violated since wgrpicreases the vertical
extension of the disc. Nevertheless, in the local pictume thin disc structure is still
valid because the length-scale of warping is much larger tha local scale-height,
H. The possible shapes of warping, on the other hand, can heeady numerical

calculations. Fig. 3.4 shows some warped discsfétmint times.

3.6 Tides and Resonances

An accretion disc is not a generally quiet and peaceful plasehin plane structure
may be destroyed easily and it might begin warping. One ofe¢lsons for such a
behaviour is the gravitational force exerted by the seconst@ar on the outer parts
of the disc. Actually, the secondary just initiates the gimeanon; it is the viscosity,
again, that prolongs the duration by applying torque to tlaten rings in the disc.
These tidal torques show some sharp modulations througtighevhich is cut & at

a particular radius as a result. The entire event may leagytifisant variations in

the disc properties most of which can be observable, likbuwats and superhumps.

Angular momentum transfer from inner parts to the outerspaftthe disc requires
a sink to absorb the angular momentum at the outer edge. Therbe exchange
of angular momentum with the secondary star; however, theltieg torque is not
suficient. The main agent is the viscosity again. It creates @raeftational torque

on the disc by distorting the symmetry about the line of as)twhich is called the
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Figure 3.4: Time evolution of warped discs (Pringle, 199EXxternal illumination
and logarithmic scale for radii are used such that the innstmadiug = 1 is at the
origin (logr = 0) and the outermost radius corresponds torleg4. The time is
shown on the left bottom corners in units of viscous timdesca

tidal torque. The angular momentum equation for this case is
M(GMRic)"? = M(GMR)"2 + Giiges (3.47)

The LHS of this equation is the rate angular momentum fed eadibc by the sec-
ondary star, the first term on the RHS is the rate of angular embum at which the
primary star accretes, afi#izes is the tidal torque required to be provided in order to
compensate the fierence between these two. Fig. 3.5 shows the result of a mumer
cal calculation for the netffect of the tidal torque (Frank et al., 2002). Although the
binary parameters determine the radius at which the tidglcut df the disc Riges
is generally found to be

Rides & 0.9Ry, (3.48)

whereR; is the Roche lobe radius of the compact object.
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Figure 3.5: "The average azimuthal torque. The disc is fiidtdhe tidal radius where
the torque first changes sign. (Figure by Dr R. WhitehurgEyank et al., 2002)

'Resonance occurs when the frequency of radial motion ofracgain the disc is
commensurate with the angular frequency of the secondaryastseen by the par-
ticle. This condition ensures that the particle will alwagseive a ’kick’ from the
secondary at exactly the same phase of its radial motion|@eiag the cumulative
effect of repeated kicks to build up anffect the motion significantly’ (Whitehurst
and King, 1991). However, the radial and azimuthal motionthe particles in the
disc are not always in phase owing to the tidal torques. Assgithe orbital angu-

lar and apsidal precession frequencies of the particl€aaadw, respectively, and
the orbital period of the binary Q, the frequency of radial motion (epicyclic fre-
guency) of the particle is found to lf&— w. Since the particle sees the secondary star

move with the angular frequen€y — Q.,, resonance is possible when
k(Q - w) = J(Q - Qo) (3.49)
where| andk are positive integerso can be neglected since the apsidal precession is
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Figure 3.6: The solid curves are minimum (or circularizati®;. ) radius and the
maximum (or tidalRy ) radius for an accretion disc vs the mass ratie M,/M;.
The dashed lines are the two most probable resonant Ragdénd Rs,. Resonant
orbits can only exist for small mass ratios q. (Frank et £02)

much smaller tha® andQ,,,. Hence, resonances occur close to commensurabilities
of the form | : j — k between particle and binary frequencies. The eccentridign
orbit directly dfects the resonance: the growth rate of a resonance ge&shNew, it

is apparent that the strongest resonances originate at the 1 commensurabilities.

If the viscosity can perturb the disc orbits to extreme arb#sonances destroy these
orbits. Even quite aperiodic orbits are in Keplerian formilse typical radii of reso-

nant orbits near th¢ : k commensurability is
1/3
R = [GM/Q5] ", (3.50)

whereQy is the value of2 in the resonance condition (3.49). Using Kepler’s third
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law a = [G(Ml + My)/Q2 ]1/3, we obtain

orb

As shown in Fig. 3.6, mass ratgpand tidal radiusRy play an important role for the
allowable resonances in the disc. It appears that the stsbmgsonance possible in
the disc is that aj = 3 andk = 2. That is also compatible with observations and
simulations which reveal that the particles in the precgssiisc rim follow orbits

very close taPq,/3.
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CHAPTER 4

SOURCES

We selected some low mass and high mass X-ray binaries intardee any possible
effects of viscosity on the low frequency power density spectithese sources. In
addition, we studied the timing and spectral propertieshefBe transient HMXB
Swift 1626.6-5156, and the AXP source 1E 22586.

The selection criteria for the low mass and high mass X-ragtes difer from each
other, since these two groups do not resemble each otherng afdheir observa-

tional features.

The LMXBs were chosen according to the items listed beloWf§@ov and Arefiev,
2005)

(i) They are persistent, i.e. they do not show outbursts.cegtieir accretion disc

was in the same state during the observation period.

(il) Their orbital periods are known and rather lorRy,, > 10 hours. The latter is

necessary to minimize the aliasinfjext.
(i) Their average count rates excee® cnysec.

(iv) Their signal to noise ratio at the orbital frequency eéatively high,Psigna >
10Psise iN Order to avoid the unaccounted systematic errors in tixarfieasure-
ments of ASM.

GRS 1915105, GX 131, Cir X-1, Cyg X-2, GX 3492 and Sco X-1 are the
LMXBs satisfying the required conditions.

49



We constructed our sample of HMXBs after evaluating the POglat curves for 45

high mass X-ray binaries with known orbital periods (Icdand Baykal, 2011)

(i) We selected only persistent sources that are in the séme during the ob-
servation period. Twenty-five HMXRBs in our sample are Basrants that
are not persistent X-ray sources and display outburstaiseaaf the extremely
wide eccentric orbit of neutron stars around their compamioOwing to the
short outburst time span relative to the orbital period, wendt see breaks in
their PDS. Outburst phases are the cause of substantiabreel in their PDS.
Two sources Cen X-3 and Cyg X-1 have low frequency breakseir fADS.
However, these sources have significant signatures of Ibiglstates in their
light curves. These state transitions contaminate the-terg power density
spectra, so that fake breaks may appear. To see these artfiects, we car-
ried out simulations as described in Chapter 5. In additinrefer to Fig. 5.5
for the comparison between the PDS obtained from the rdal ¢igrve and the
simulated light curve. While creating the fake light curwes, took into account
the state transitions of the source. Although we produceditiht curve from
a PDS obeying a power law trend (i.e. no breaks), it is cleanfthe figure that
the simulated PDS resembles the real PDS. Hence, we estinaatde breaks
in these sources are associated with the occurrence ofldugmtensity states

rather than the viscous time of the disc.

(i) The sources with very low count rates, 1 countsec, such as LMC X-4 or
4U1538-52, have white-noise-dominated power densitytspat low frequen-

cies.

(i) In our analysis, we found that the remaining seven searhad low frequency
breaks in their PDS together with power-law indicesl.3. These are OAO
1657-415, SS 433, Vela X-1, SMC X-1, 4U 1700-377, GX 301-2, BMC X-

1. These values far indices imply the existence of accretion discs (Lyubarskii
1997). In Fig. 5.1,5.2 and Table 4.1 light curves and orlptabmeters of the
sources are presented, respectively.

The general properties of the sources we analysed in trsssthee mentioned in the
following sections.
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4.1 Low Mass X-ray Binaries

41.1 GRS 191%105

The discovery of GRS 194305 was in 1992 by the WATCH instrument of the
Granat satellite (Castro-Tirado et al., 1992). The optical comgarns a low mass
K-M Il star (Greiner et al., 2001) and the compact object ldack hole with mass
14.0 + 4.4 M, in a binary orbit of 33.5 days (Harlaftis and Greiner, 2006RS
1915+105 is a well-known microquasar since it is the first Galastiarce to display
superluminal motion (Mirabel and Rodriguez, 1994), arsb al shows strong vari-
ability in its radio flux. It was found to have an unstable ation disc which displays
X-ray variability (Greiner et al., 1996). The binary atts@ great deal of attention
by its superluminal jets that it ejects in its phase of reatadio-quiescence, which is
thought to be ’jet-dominated’ state with~a50 au scale inner radio jet (Fender et al.,
2003; Dhawan et al., 2000).

412 GX131

GX 13+1 is a persistent LMXB (Homan et al., 2004) that has rarelystbX-ray
bursts (Fleischman, 1985; Matsuba et al., 1995) which atd& that the compact
object in the system is a neutron star. Infrared spectradrvbsions reveal that sec-
ondary star is a K5 giant (Bandyopadhyay et al., 1999) witheasrof 5 M, (Allen,
1973). The first mention of an X-ray halo around the binary a<atura (1983)
which is useful to determine limits on the dust grain den§ifiathis et al., 1995)
and the dust size distribution (Witt et al., 2001). The bynsinows some periodic
variation in its X-ray flux, such as the 57-69 Hz QPO discoddrng Homan et al.
(1998). There is also a long time periodic modulation-dl4-day period which has
been a controversial issue since it was considered to beodihe fprecession of the
accretion disc; however, the discovery of the spectral tffiee secondary led to the
conclusion that the modulation is due to the orbital peraitier than a quasi-periodic
mechanism (Bandyopadhyay et al., 2002). Among the neutesrbgary systems,

iron K absorption lines was first discovered from GX+113(Ueda et al., 2001).
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413 CirX-1

Cir X-1 was discovered in 1971 (Margon et al., 1971) and iaimdus for its flares
with a period of 16.55 days. These flares were observed in megigns of the

electromagnetic spectrum: first in the X-ray band (Kalugiert al., 1976), then in
the infrared (Glass, 1978, 1994), followed by radio (Hayeiesl., 1978) and optical
bands (Moneti, 1992). The flares are ascribed to intensiee=tion near the perias-
tron passage since the binary orbit is very eccengris, 0.8 (Murdin et al., 1980;

Nicolson et al., 1980). Discovery of type-l X-ray burstsrfrahe source (Tennant
et al., 1986) was an indicative of the existence of a neutranis the binary, which

was reinforced by the detection of twin kHz QPOs in the X-rawpr density spectra
(Boutloukos et al., 2006). However, Cir X-1 exhibits somé&a&ardinary properties
such as black hole properties: jets on arcmin scale (Stewalt, 1993; Tudose et al.,
2006), radio loud luminosity (Whelan et al., 1977). The seushows also a hard
X-ray emission (laria et al., 2001; Ding et al., 2003) andnstrong X-ray variability

(Jones et al., 1974; Samimi et al., 1979; Oosterbroek €1205). On the other hand,

the companion star has not been identified in all aspects yet.

4.1.4 CygX-2

'Cygnus X-2 is one of the brightest persistent low-mass Xismaries’ (Kuulkers
et al., 1999). The compact object was determined to be aorestar after the obser-
vations of the type-I X-ray bursts (Kahn and Grindlay, 19R4ulkers et al., 1995;
Wijnands et al., 1996). The mass accretion rate from thersoy M ~ 108 g.s™%)

is considered to be near the Eddington limit (Smale, 1998)e Binary period is
~ 9.8 days (Cowley et al., 1979; Crampton and Cowley, 1980). Cy2 &so has
been found to display kHz QPOs (Wijnands et al., 1998). Thiatrans in the X-ray
flux of Cyg X-2 are on very long time-scales,78 days (Smale and Lochner, 1992;
Wijnands et al., 1996). These variations may be due to themsic changes in the
position and shape of the Z track in the colour-colour andliess-intensity graphs
(Kuulkers et al., 1996; Wijnands et al., 1996, 1997). Ndwadss, there is not any

agreement on the nature of these modulations.
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415 GX34%2

GX 349+2 (also known as Sco X-2) is also a bright X-ray source which ibeen
studied mostly in X-rays (Schulz et al., 1989; Vrtilek et, d1991; Ponman et al.,
1988). Its companion was discovered by the help of is vagieddio emission (Cooke
and Ponman, 1991). Two simultaneous quasi-periodic aticiis were detected in
the persistent flux of GX 34 at frequencies 712 and 978 Hz (Zhang et al., 1998).
GX 349+2 is very similar to Sco X-1 in many respects. For exampleiy iibital
periods are close, and both objects have been observedvdfisinmg behaviour. It
differs from the other Z-sources in some of its observationaélifes. Nevertheless,

it is not observed very much; hence, it is poorly understood.

4.1.6 Sco X-1

Scorpius X-1 is the first extrasolar X-ray source to be disced (Giacconi et al.,
1962). It consists of a neutron star accreting from a Roche-fdling companion
star. Itis the brightest X-ray source in the sky. It has bdeseoved in all energy bands
since its discovery. The orbital period of the binary wasidto be 18.9 hr (Gottlieb
et al., 1975). As the other Z-sources, Sco X-1 also exhibROQ three distinct
types of QPOs have been reported, the near 6 Hz normal-brmodkation (NBO),
the near 45 Hz horizontal-branch oscillation (HBO) with arhanic near 90 Hz, and
the kilohertz quasi-periodic oscillations (kHz QPOs) (dan Klis et al., 1996, 1997).
The secondary star of the binary was detected by the helgafdtermination of the
radial velocities of the secondary and primary (SteeghsGasares, 2002).

4.2 High Mass X-ray Binaries

421 VelaX-1

Vela X-1 is a very variable source which was detected in 195o(lil et al., 1967).
Eclipses of period~ 9 days were revealed by Ulmer et al. (1972) from periodic

intensity variations. The optical companion of the pulsaP VeJHD 77581 is a
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BO0.5 supergiant (Brucato and Kristian, 1972; Hiltner et 8972). The 283 s-X-ray
pulse period was discovered from the dataS#S-3satellite (Rappaport and Mc-
Clintock, 1975; McClintock et al., 1976). The eccentricityd orbital period were
determined by Bildsten et al. (1997) very accurate¢y:= 0.0898+ 0.0012 and

P = 8.964368+ 0.000040 d. The mass of the compact object can be estimated
by predicting the mass of the optical companion. An earlyneste for M, was in
1974 by Zuiderwijk et al. (1974) asl, > 2.5M,, which indicates together with the
lack of regular pulsations that the compact object is a bleatk. After the detection

of regular pulsations the masses of the companions werengieel directly and the

compact star was found to be a neutron star.

The 283-s X-ray pulsation period has been found to vary otirak-scales from
days to years. These variations were described by a randdkmimaulse frequency
(Deeter et al., 1989) and they are explained as due to theiditiehs in the transfer

of angular momentum by the wind accretion.

42.2 GX301-2

GX 301-2 consists of a neutron star orbiting a B2 lae star (WAHA) which is an
about 16-year old star. The system exhibits periodic X-ray pulsatiof period~ 700

s (White etal., 1976). The mass ratio of GX 301-2 is similahtt of Vela X-1, which

is ~ 21.7. It has a highly eccentric orbig ~ 0.467 (Sato et al., 1986) with orbital
period 41.5 days. The high eccentricity causes a largeti@nian the mass accretion
rate onto the neutron star over the orbit and so the X-rayrosity of the source
changes in the range {200)x 10%* erg.s?, which is detected by a periodic outburst
(Watson et al., 1982).

GX 301-2 is considered to be wind-accreting system. Usieghydrogen Balmer
lines, a terminal wind velocity of 400 km.s* was measured at a distance & 3R;

is the radius of the secondary) (Parkes et al., 1980).

The X-ray spectrum of the binary is highlyfacted from the high magnetic field
of the pulsar. Hence, it is crucial to be informed about thegnedic field structure

to understand the physics and the geometry of the accretemhamism and the X-
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ray emission (Nagel, 1981; Meszaros and Nagel, 1985a,lyafaad Harding, 1999;
Araya-Gochez and Harding, 2000).

4.2.3 4U 1700-377

4U 1700-377 was first detected by thiuru satellite in 1973 and it is defined to
be an X-ray eclipsing binary system with an orbital perio®Baf days (Jones et al.,
1973). The optical counterpart of the system is estimateti@suminous 0O6.5 laf
star HD 153919. There has not been any X-ray periodicityateteother than that of
the orbital period. In addition to this fact, the X-ray spaat of the source is reported
to be hard (Brown et al., 1996). These were interpreted asdh®act object was
a low mass black hole rather than a neutron star. The mas® afoitmpact object
of the system was estimated to be2.44M, and its X-ray spectrum resembles to
those of accreting neutron stars (Clark et al., 2002). Duldse properties it is more
common to refer to the compact companion as a neutron stdraecount for the
lack of pulsations as a result of “either a weak magnetic foeldn alignment of the

magnetic field with the spin axis” (Clark et al., 2002).

424 SMC X-1

SMC X-1 is a well-known accretion-powered high mass X-rayay (Papaloizou,
1979). The system is composed of a neutron star of mak86 M, (van der Meer
et al., 2007) having spin period of 0.71 s (Lucke et al., 19T&E accreted material is
sustained by the BOI star Sk 160 of mas&7.2 M, (Reynolds et al., 1993). Itis sig-
nificant by being the only HMXB with a supergiant companiorSimall Magellanic
Cloud (SMC) so far (Galache et al., 2008).

SMC X-1 is one of the most powerful X-ray pulsars and is theyofdray pulsar
displaying evidence of steady spin-up (Wojdowski et al9&)9with an orbital decay
of Porv/Pory ~ 3.4 x 1078 yr! (Levine et al., 1993; Wojdowski et al., 1998). It also
displays a super-orbital X-ray flux variations of on average5 days unlike the 35-
day cycle of Her X-1, length of even adjacent super-orbifales are highly variable.

This super-orbital period is assumed to be arising due t@tbeession of a warped

55



disc (Wojdowski et al., 1998; Trowbridge et al., 2007).

4.2.5 OAO 1657-415

OAO 1657-415 is another accreting pulsar which was firstadiseed with theCoper-
nicussatellite (Polidan et al., 1978). Although the pulse ped®8.22 s was de-
tected just after its discovery (White and Pravdo, 1979)vas not until 1993 that
the binary orbit and the eclipsing nature of the system weseodered (Chakrabarty
et al., 1993). It is diicult to identify an optical counterpart; however, an inéer
counterpart was found by Chakrabarty et al. (2002), whicbisidered to be a highly
reddened B supergiant. Since its discovery, the pulsar aasdfto exhibit a long-
term spin-up from 38.218 s (White and Pravdo, 1979) to 37s3@hakrabarty et al.,
2002), including some spin-down intervals (Bildsten et 897). There have been
some models to account for these spin-up and spin-downgrehthe source: for-
mation of episodic accretion discs from stellar wind adore{Baykal, 1997), spin-
down of the rapidly rotating magnetised pulsar by accrefiiom a disc triggered by

the magnetic, propeller driven outflows (Lovelace et al99)9

42.6 SS 433

SS 433 is a very famous object since it is the first microqudsaovered in our
Galaxy (Margon, 1984). Many observations have been capaeth all energy bands
for more than 30 years. It is a high-luminosity massive Xdaary system showing
signs of a precessing accretion disc of period 162.5 day eladed jets (Margon,
1984; Fabrika, 2004). Te compact object is probably a blaik hccreting mate-
rial from its late A-supergiant companion (Gies et al., 208#8lwig et al., 2004;
Cherepashchuk et al., 2003, 2005) at very high super-Etxhingte.

There are several periodicities detected related to themsyshe precessional one (

162 days), the orbital one (11 days) and the nutational oneZ8 days) (Cherepashchuk,
2002). These periodic variations have been well studiedeterthine some of the
system’s parameters such as the inclination angle andttpesjgession angle (Eiken-

berry et al., 2001; Collins and Scher, 2002). In spite of titerest in the system,
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there are still a lot of questions to be answered regardiag#ture of the compact
object and masses of the companions. With a simple searble iit¢rature, one can
easily see that there is a large variation in the mass estfnditthe companions and
their mass ratiog. It is considered to be a black hole candidate having a R tatbes-
overflow-powered accretion disc similar to the low mass Xdaaries (Begelman
et al., 2006).

42.7 LMCX-1

LMC X-1is the first persistently luminous X-ray source digeced in the Large Mag-
ellanic Cloud (Mark et al., 1969). The first estimates for tikital period and the
mass of the compact object wexe 4 days and~ 6 Mg, respectively (Hutchings
et al., 1983, 1987). These made LMC X-1 the fourth dynamitatibhole candi-
date. More accurate estimates for the orbital period weteintl 2006, by Levine
and Corbet (2006) using the X-ray dataRXTE Similarly, the optical counterpart
was determined as an (@8 giant identified as "star 32" by Cowley et al. (1978);
Cui et al. (2002). Orosz et al. (2009), in their recent arialyfound accurate values
for the masses of the companions, the inclination angletabiireriod (see Table 4.1
for the values) by constructing a dynamical model for theéeypsfrom their analysis
of the optical and near-infrared data obtained by the ANDVWCildstrument on the
1.3-mtelescope at CTIO, (which is operated by the Small anddviate Aperture Re-
search Telescope System, SMARTS, consortium) and the Magdebamori Kyocera
Echelle (MIKE) spectrograph (Bernstein et al., 2003) arel@tb-m Magellan Clay
telescope at LCO, together with X-ray dataRXTEASM.

4.2.8 SWIFT J1626.6-5156

Swift J1626.6-5156 was discovered on 2005 December 18 witiwetBurst Alert
Telescope (BAT) (Palmer et al., 2005) when it became ddikxtawing to its out-
burst. Being a transient and accretion powered neutropn tstarpulsar was deter-
mined to have a spin period ef 15 s (Palmer et al., 2005; Markwardt and Swank,

2005). The source was observed to emit two X-ray flares ghaftiér its 2005 out-
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burst, which continued for 450 s and increased the pulsed fraction increased up
to ~ 70% (Reig et al., 2008). The average count rate and the pirgetibn of the
source recovered very quickly to their pre-flare valueg #fie flares. The source was
reported to possess a weak QPO at a characteristic frequ&hdyz with a fractional

rms of 4.7% (Reig et al., 2008).

The optical companion of the pulsar, 2MASS16263652-51568GN0O-B1.0 0380-
0649488, is considered to be a Be star because of its stromgrtission (Negueruela
and Marco, 2006); however, it is usually faint in infrarechdawhich is unusual for

Be stars.

Baykal et al. (2010) studied long term monitoriRKTEPCA observations of this
new source belonging to the time interval 53724 - 54410 MJDeY obtained timing

solution of the source and found the orbital period to be 832lays. They also
constructed long term pulse frequency history of Swift BL625156 and showed
that the time-scale of the X-ray modulations varied, whith to earlier suggestions
(Reig et al., 2008; Decesar et al., 2009) of orbital periddsaut a third and half of
the orbital period of Swift J1626.6-5156.” (lcdem et al.120).

4.3 Anomalous X-ray Pulsar

4.3.1 1E 2259586

The anomalous X-ray pulsar (AXP) 1E 228586 was discovered by Fahlman and
Gregory (1981) within the supernova remnant G109.1-1.0béxMg 7 s pulsations.

It has been spinning-down for more than 10 years with an geespin-down rate

v ~ 1.0x 10 Hz.s! (Iwasawa et al., 1992). Baykal and Swank (1996) found a
marginal spin-up episode between 1991 and 1992 analysindgtfa ofROSAT

"1E 2259+586 drew attention by its outburst in June 2002 consistirmyef 80 short
SGR-like bursts (Gavriil et al., 2004). During this outhuftux level of the source
increased by a factor of more than 20 accompanied with ahglgadden change in
the spin frequency aror the spin down rate) of fractional frequency charge
4.24x 10°% (Kaspi et al., 2003; Woods et al., 2004).” (Icdem et al., 2011n 2007,
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a second glitch oﬁ—y ~ 8.5 x 107" was detected but this time without any bursts (Dib
et al., 2008).

The near- and mid-infrared observations wghitzer Space Telescop@ght point
out to the existence of a passive X-ray-heated dust discl@agt al., 2009). The
distance to the AXP (and also to the SNR G109.1-1.0) was astito be 0 + 0.8
kpc using the 21-cm H-line and CO-line spectra of the SNR G109.1-1.0j Ifegion
Sh 152, and the adjacent molecular cloud complex (Tian 2@1.0).

The 2002 glitch of the source was analysed in great detail bgd&/et al. (2004) using
the observations cKMM andRXTEsatellites. Using their results, they "concluded
that the pulsar experienced something which was not suddshamnd included two
components, one of them was on the surface and the othebdistt over a wider

region. Hence, both the superfluid interior and the magpéia® were fiected.”
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CHAPTER 5

VISCOUS TIME-SCALE in X-RAY BINARIES

5.1 RXTE Observations

We used data gathered by the All Sky Monitor (ASM) instrunadriRossi X-ray Tim-
ing Explorer(RXTE observatory, covering the period from 1996 to 2010. The ASM
instrument operates in the 2—-12 keV energy range with itgipossensitive Xenon
proportional counter, performs flux measurements for eve00 X-ray sources, and
scans 80% of the sky every 90 minutes. Each flux measuremerd Haration of

~ 90 seconds. Some gaps sometimes appear in time as long asreofehs in the
light curves of ASM sources because of navigational comstrand the appearance
of very bright transient sources. The dwell-by-dwell lightves were retrieved from
the publicRXTEASM archive at HEASARC.

We derived the power density spectra (PDS) of the sourcestie cosine transform
of the discrete autocorrelation function (see Section &r2afdetailed explanation).
We also estimated the PDS using HEASARC software 'powspéiti iyamoto

normalization (Miyamoto et al., 1992) in our data analy8ieth estimations of PDS

give consistent results.
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Figure 5.1: Long-term light curves of the low-mass X-raydrias

62



Count/sec

Vela X-1 S5433

Count/sec

15

Counts/sec

0.5

15

10

Counts/sec

t y * ‘++’+ +.§4 b 2"’ | | H |
t ;,»’0* m* “wW*»“H‘ . § H‘ | H*M |+ MMV* { * f
Y ‘»H’, H“.* : ,,‘: 0: **'v:.f“‘w ‘M ! P i *Mﬂ i N ﬂ |+~ H+ w H ﬁ WH t v A
BEEERRI AT i ! f M FE, W *w ﬂH “‘ g “
:" Co *‘” ve *M ° fw*\ | # Np* | W *+ ++ f WJ w HM HM
2000 Time (yean) 2005 2000 Time (year) 2005
N ‘ | g
\ Eft e +
* * M M w “* +|: \ * p 1 § N “:W‘W*x H “#*Mﬂﬂu ‘M‘ ﬂ t ‘
Lﬂ h b‘* N\Nﬂ* # ﬂﬁ NJ M} :MM* * w m ﬂ‘%j *:ﬁ N ) K ¢“,‘ *J+ t‘#" :w: ‘ ‘N . ft“ M‘W':* f}w +‘+*ﬁj‘:+’+niﬁ
I RO
2000 Time (yean 2005 2000 Time (yean 2005
I ‘ | ‘
i* * * **HJ . | < } | ‘MHHH | \ | H‘HH“ H H |
T IURIRRIRIE B[ WW | HHH! (it
AT AT i t I |
W W % *}} W byt W WH 3 ”w HH | |H | M | |
byt M * MM WM *m& mmw - } | } || | H }
| . { * { | * H - I h | I 1
2000 Time (yean) 2005 2000 Time(yean 2005 2010
7
f
| ,
oy ot N i
*,‘_ . »d * ',‘_ - *“* ot t
e -"ill-‘f* PN it
.’: " P }%. f’”r:‘ ;~¢H~“+ ?’M m‘}i jﬁr i'mi T&:}Jk’ ?‘H ??»« ‘r :,' &Jﬁ
\
2000 Time(yean 2005

Figure 5.2: Long-term light curves of the high-mass X-rayaies
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5.2 Generation of Power Density Spectrum

Power density spectrum is a useful tool to evaluate how tlveepof a signal or

time series is distributed with frequency; hence, it enabketo reveal repeating pat-
terns hiding in a random signal. There are several methoadstion a power density
spectrum from a signal, like the Fourier transform, Welch&sthod or the maximum
entropy method. Among these, the Fourier transform tectais|the most common

one.

Using the Fourier transform, we decompose the signal im® fsinctions. For a time
dependent functior(t), an array of diferent cosine functions with specific frequen-

ciesw; can be added together with an amplitige and phase;
1 1 .
X(t) = N Z,: aj coswijt — ¢j) = N Zj:[Aj cosw;jt + Bj sinw;t] (5.1)

where the amplitudes are calculated ustg X(tx) as

N-1

Aj= ) Xcoswit (5.2)
k=0
N-1

Bj = xksinwjt. (5.3)
k=0

These can also be written in terms of complex numbers:

N-1
a = Z X g1 (5.4)
k=0
1 N2t _
%= Z a;e ik (5.5)
j=—N/2

wherea; are complex Fourier amplitudes which are Fourier trans$oofithe signal
X¢. This notation can also be used for a discrete series of Isigrith N bins. In
this case, if the dierential time step it = T/N and the time series is composed
of number of photons detected in equally spaced time interva. X, is the data
for the k-th time bin of intervalt = (k — 1)At : kAt, wherek runs from O toN — 1,

then the frequency counterpartdg = 27j/T, wherej andk are j = —%, % -1,
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k=0,..,N-1. Hence, the discrete Fourier transform of the time sesigs/en by

S N N
a = kN = — =1 5.6
j kZ:; X i=-% 3 (5.6)
1 N2t )
% = N Z aje—ijk’ k=0,..,N-1. (5.7)
j=N/2

N-1
The total number of photons is given by the 0-th amplitudeds = } X. Thereis
k

an important theorem called Parseval’s theorem whichsthtg

N-1 1 N/2-1

2 _ — 12
D=5 ) il (5.8)
k=0 j=—N/2

This theorem is useful to define the 'power’ of the signal gpacsic frequency. For
example, Leahy normalization is defined based on the vagiahdhe count data,
since Varg) = Sy(%— X)? = S - & (T X)? = & 3 laj? - 283, as (Leahy et al,
1983)

2 .
P = N—|a,-|2 j=0,..,N/2 (5.9)
ph
N_l - - - -
whereNg, = 3, X« is the total number of counts in the time series, and we used th
k=0

fact that for real datéa;| = |a_j|. There is also another type of normalization, where
power is defined as rm#iz (Miyamoto et al., 1992). According to Miyamoto nor-
malization, the power density in theth frequency bin, which is centred at frequency
f; = j/T Hz, expressed in units of risiz equals
25121 2%?
T N (0 (DT

(5.10)

whereT = NAt is its total duration andr) = Ny,/T is the average count rate. One
advantage of the Miyamoto normalized power spectrum isiteantegral directly
gives the squared rms fractional variability provided tet expected (white) noise

level is subtracted.

There is an alternative way to obtain the power spectrum hwigcknown as the
Wiener-Khinchin theorem. According to this theorem the pospectral density of a
wide-sense-stationary random process is the Fourierftnanf the corresponding
auto-correlation function. The advantage of using the-aotoelation function is that

it enables us to work with unequally sampled data.
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We obtained the power density spectra (PDS) of the sourcabébynethod based
on the discrete auto-correlation function (Edelson andikrd988), which is the
method used by Gilfanov and Arefiev (2005) for their caldolas (we used their
FORTRAN code with some minor changes). We determined theepo#the signal

at each frequency using

2
N

2

P = —<r>2T (5.11)

N-1
AN +2 3 (N = I){A) cos
1=0

where(A)) = (XX 1S the discrete auto-correlation function. The noise lavéhe
power density spectrum equals, whertgis the error in the measurementqf

N-1

Y o}

k=0

Phoise = 2<I’>—2T. (5.12)

5.3 Power Density Spectra

The viscous time scale is the longest time-scale of an acardisc, which has the
meaning that perturbations with longer time-scales areowelated with each other,
rather their frequency counterparts appear in the powesityespectra as a 'white
noise’ structure. On the other hand, modulations with ghnanine-scales are consid-
ered to have a relation, which make it possible to model fheirer density-frequency
curves by a power lawP ~ v~ wherea ~ 1. The slope being 1 is the result of
the fact that the total X-ray flux is contributed by the whoter@tion disc at every
radius, i.e. anyy-parameter fluctuation at radiushas an &ect on the total accretion
rate, and so flux, at the frequeney 1/t,isc(r) as demonstrated by Lyubarskii (1997)
and stated by Gilfanov and Arefiev (2005).

We stated that our main aim in this study is to relate the bfeskuency of X-ray
binaries, i.e. the transition frequency from white noiseadd noise in the power
density spectrum, with the viscous time-scale. One pralotvay to interpret analysis
results is to compare the theoretical ratjg./ for, to the observational ratiGyear/ foro-
In accordance with this purpose, we generated the PDS obtigeterm ASM light
curves of our sources by the method described in 5.2. TheSedP®geometrically

binned so that the broken power law trend can be seen easig/pdint of interests
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are the break frequencies and the power law indices aftsetfrequencies; hence,
the PDS were modelled by broken power laws. The PDS with teefiieng models,
and the deduced parameters are given in Figs. 5.4 and 5.3aatel5.1, respectively.
The orbital and super-orbital periods of the sources ag@aiied on the power density
spectra by dashed lines. "Although these modulations aite giear as peaks at the
corresponding frequencies, it is not possible to deterrtieg values from the PDS
accurately since we use geometrical binning and the rasokibf the PDS are low”
(lcdem and Baykal, 2011).
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There are some periodic modulations in the X-ray flux of th&ses as clearly seen
in the power spectra with apparent peaks. These may be chysled orbital motion

of the system or the quasi-perioffieriodic modulation due to the precession of ac-
cretion disc, etc. Since these distort the normal trend ®RDS, it comes to mind
whether the existence or the position of the breaks fieet@d by these modulations.
To solve this problem, we carried out simulations using ttutal period and preces-
sion periods of each source. The procedure for the simulkaisoas follows: "We took
Fourier amplitudes from the real power spectra, and for tteses of Fourier ampli-
tudes, we used Gaussian white noise with unit variance. Wiplea the light curves
of each source as if observed by ASM such that their poweritiienare consistent
with the power lawP ~ f~13, We then convolved these time series by introducing
periodic signals for both the orbital motion and precesgienod if the source had a
periodicity. Consequently, using the simulated light @swe constructed the power
density spectrum.” (Igdem and Baykal, 2011) Eventualty,bneaks appeared due
to orbital or precession modulation of light curves. As aamaple, the simulation

results of Vela X-1 are presented in Fig.5.5.

There are also some other short-term variations, like nmtagfield efects on the
inner disc and flickering, but those are detected at highufeagies, i.e. higher than
our Nyquist frequency 1.0 x 104 Hz, so they do not 'pollute’ the low frequency

power density spectra we analyse.
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Figure 5.5: On the left side, the simulation results of CeB ¥ presented. The
top figure is the power density spectrum in power law with talbinodulation, the
middle one is the same as the former but the state transai@ken into account,
and the bottom figure is the real PDS of Cen X-3. On the riglg,dide simulation
results of Vela X-1 is presented. The top figure is the powecspm only in power
law, the middle one is the PDS in power law with orbital modiola, and the bottom
figure is the real PDS of Vela X-1. Itis clear from the figureatthinusoidal orbital
modulation does notfkect the trend of the power law, but the state transitionsecaus
an artificial break in the PDS.
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5.4 Discussion

X-ray binaries show X-ray flux variations in a broad rangemig-scales. The power
density spectrum of a system often reveals a number of peraodl quasi-periodic
phenomena that can be related to orbital motion of the bisgstem, rotation of the
central star and some quasi-periodic phenomena. In adddjmeriodic variability is
observed, giving rise to the broad band continuum compoinetiie power density
spectrum, extending from 10— 100 ms to the longest time-scales accessible for
monitoring instruments (Gilfanov and Arefiev, 2005). Dudlte fact that the condi-
tions for creation of X-ray radiation are only provided irethicinity of the central
object, the variations in the X-ray flux give us some idea alto@ events, such as
the alterations in the mass accretion rate, going on thereervthe periodic features
in the X-ray spectra are taken into account, it is seen tivafiequency X-ray vari-
ations also appear besides high frequency variations. fegjuency variations are
typical for the characteristic time-scales in the regiomafin energy release due to
large gravitational interactions and so short lifetimefobe falling into the object,
but the shorter ones correspond to the many orders of maignititthese time-scales,
so they should originate from the outer parts of the acandtmw and propagate to
the region of main energy release. The size of the accretsanigfinite and so there
is a longest time-scale for an event, such as perturbatidineoflisc, changes in the
mass transfer rate, defined for an accretion disc. This igifo®us time-scale on its
outer boundanyt,isc(Ry). If the frequency of a variation is smaller thap.(Ry)* the
corresponding X-ray flux variations are considered to beotnetated; therefore, the
corresponding power density spectrum is expected to ebdnihite noise behaviour

along these frequencies.

We stated that our main aim in this study is to relate the bfesguency, i.e. the
transition frequency from white noise to red noise in the @ogensity spectrum, with
the viscous time scale. One practical way to interpret amahesults is to examine

the ratiof,s./ forp theoretically and the ratidyea/ for, Observationally.

From (3.24) and using = v,/cs ~ Hyq/Ry we can deduce that

Hq\ 2 (GM;\ 2
tvisc"‘a_l(_d) ( l) (5.13)

Ra) \ R
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The orbital frequency of the binary system having a binapasationa is determined

from the third Kepler law
I:)orb = 27Ta3/2[G(Ml + MZ)]_l/Z’ (5-14)

and the following ratio is obtained

fusc  2na (Hd)z(Rd)—3/2

1:orb \ll+q I:\)d

We have derived the ratibl/R as (3.19) and with the typical low mass X-ray bi-

S (5.15)

nary quantities, this ratio is found to be around 0.02-0.Adcount for the irradia-
tion effects does not change this ratio significantly due to largealpdepth of the
Shakura-Sunyaev disc (Liutyi and Siuniaev, 1976). Witlupible values of two other
parametersy ~ 0.5 andRy/a ~ 0.3- 0.6, the standard disc theory predicts (Gilfanov
and Arefiev, 2005):

fvi
( S") ~ 0.005- 0.07 (5.16)
forb

for low mass X-ray binaries. The same ratio is a bit largertfi@ high mass X-ray
binaries. The probable region for the dependefyggvs. for, is displayed in Fig. 5.6

as the shaded region.

Table 5.1 indicates that the valugg./ o, are separated into two groups: range of the
first one is 0.05-0.4 and the other range is 0.8-2.6. Bothaite ar from the interval
predicted by the 'standard theory’ calculated above. Hawndvig. 5.6 below points
to an obvious correlation between break and orbital freqeesn The question is why
these observations are sdtdrent from the predictions of the 'Standard Theory’. We
try to discuss some possible explanations in the next sechg treating the LMXBs

and HMXBs diferently since they are quite dissimilar systems.

5.4.1 LMXBs

Equation (5.15) indicates that we should firstly questia@¢bmponent:(H/R)? to
find an explanation for our results while the thin disc regoient should be kept in
mind, which will require very large values af One other discussion is on the value
of Ry/a, and this should be handled taking account of the limitsHeraccretion disc

radius, which is roughly sketched in Fig. 3.6.
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Figure 5.6: The relation between the PDS break frequencytandrbital frequency
of the binary system the findings of Gilfanov and Arefiev (20€&garding short-
period LMXRBSs being included. The large shaded area towadbbttom of the plot
is the widest region possible for the dependefigevs. fon, according to ther-disc,
obtained from EQq.(5.15) in the mass ratio rang@l2< q < 2277 fora = 0.5.The
dashed lines are predictions for larger values of the disktlessH/R with @ = 0.5
and g values indicated on the plot. Most of the errorsfif. are on the order of
marker (or symbol) size.

There are also some other important proposals to explaidiffezences between the
theoretical predictions and observational facts. Amomgéehthe one using the reso-
nance phenomenon mentioned above and the one focusing effeitts of irradiation

by the central object on the accretion disc deserve carehdideration.

5.4.1.1 Disc thickness ot-parameter?

Before handlingr and H/R, we should recall the physical limits for the radius of
an accretion disc. As stated in Section 2.1 the formatiorhefdisc starts at the

circularization radiusR.c, SO an accretion disc cannot have an outer radius less than
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this value. On the other hand, the upper limit for a steadg daslius is given by

the tidal truncation radius, which is very likely close tetlargest non-intersecting
periodic orbit (Paczynski, 1977). Using the calculatioh®aczynski, Gilfanov and

Arefiev (2005) approximates the largest non-intersectib o

Ridal 01124 O.270+ 0.239
1+q (1+Q)?

(5.17)

accurate to- 3% in the range of @6 < q < 10 (applicable to LMXBs). On the other
hand, many observations show that the radii of steady diead@se to their expected

tidal truncation radii.

An average value af ~ 3.0 givesRy/a and using the appropriate~ 0.5, our results

-1/2

requireH/R > 0.1a

. Therefore, if we want to preserve thin disc approximation,
i.e. H/R ~ a few times of 0.01, we find to be 2-50; however, this contradicts
a < 1. If we keepa < 1 in the thin disc case, we need help from the r&iga and
calculate it to be< 0.03 which is again far from the observed values and also nptabl
smaller than the value &;./a determined using (2.3) and (2.4) to bd®.1. Another
interpretation is proposed by Gilfanov and Arefiev (2005 possibility that only
the inner part of the disdz/a < 0.03 , contributes to the observed variability of X-
ray binaries in X-ray spectrum. However, some of the souies X-1, GX 343-2)
exhibit considerably sharp breaks and this is a sign of varyow transition region

from (outer) very lowM perturbations to inner and larger ones.

5.4.1.2 Tidal resonances, instability?

In Section 3.6 we discussed some conditions necessarydonaece phenomenon
and stated that resonances may cause tidal instabilitetientually truncate the
disc at a certain radius. Resulting in smalgya values, resonances may appear to
be plausible to account for our results. However, we haveotongre deeply into
the situation. The most important fact we need to bear in ngridat the resonance
radius expressed by (3.51) should be in the limits predifidedisc radius. Section
3.6 mentions the argument abdrs; and Rs, resonant radii in the mass ratio range
g < 1 and concludes that onRy; is possible foig < 0.3 sinceR;; requires extremely

low mass ratios to be in betwe®;. andR;qa. 2:1 and 3:2 resonances are the two
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strongest resonances, the higher ordered ones are notfsective and indeed they
are not probably excited in the accretion discs. Coming b@aokir sources, it appears
that the mass ratio is smaller than 0.3 for only one binary5@R15-105; hence, we
cannot accept resonances alone as a part of our discussererthkless, it worth
noting that resonances may be a reason for dichotomy betiwegmand short orbital
period-binaries as indicated in the paper of Gilfanov andfigdw (2005), in which
they report the break frequencies of 6 additional low mass binaries and show that
significant dichotomy in the value df;.ax/ for, ratio between long and short period-

binaries.

The absence or weakness of resonances in the discs of owesaloes not mean
that we cannot encounter any tidal instability; resonanassstrengthen the tidal
effects. There should be some other impacts of tidal instghulgually generated by
the secondary star in close binaries, other than truncafitre disc. There are some
suggestions for the mechanism by which the tidal instghgitaffecting the viscous
time of the disc, neither of which has been proven to be cotelyl¢rue. These can

be summarized as follows:

(i) Tidal forces cause tidal waves in which mass transfeumcThe propagation
speed of these waves is much larger than the radial drifcitg/so the waves

may decrease the viscous time-scale (Gilfanov and Aref@95 2

(i) Tidal interaction heats the outer disc and increasestémperature of the disc
and coronal flow. Therefore, the viscous time scale dropsi\ddvhitehurst and
King, 1991).

(i) The tidal forces have an influence on the trajectorrethie disc, so may change
the eccentricity or cause precession. Taking these intsideration implies we

should give up the idea of Keplerian orbits and this is a ratbenplicated issue.

5.4.1.3 Back to disc thickness

Searching for an explanation for the distinction betweertiieory and observational
outcomes brings us back to the thickness of the disc, but aatiferent point of

view this time. There are two propositions by Gilfanov aneftev (2005).

77



First one is the semi-thick disc case. Calculations showaptcal depth of the disc
is highly dependent on the disc thickness, but not in a pesitiay. Gilfanov and
Arefiev (2005)'s argument is as follows. Under the assunmatiovertical hydrostatic
equilibrium and stationarity, both the mid-plane disc tengture and the density are
steep functions of the disc thickness/T,;; o« (H/R)?, p « (H/R)~3. Due to strong
dependence of the Rosseland mean opacity on the densitgmpetature, typically
askr « p*1T*35in the parameters range of interest, the optical depth oflibe
Tr = kroH is also a steeply decreasing function of the disc thickness, (H/R)™
with the power law index changing from~ 12 to~ 3 asH/R increases. Therefore,
even a moderate increase of the disc thickness would lea@duoadic decrease of its
optical depth. This is why it is called semi-thick disc. Asesult, forH/R ~ 0.1, the
accretion disc in the majority of LMXBs from our sample woudd optically thin.
This would contradict to a number of observational factssthiyofrom the optical
band, proving existence of the optically thick outer dist. MXBs. On this basis,
the possibility of the semi-thickii/R ~ 0.1 outer disc in LMXBs can be excluded
(Gilfanov and Arefiev, 2005).

The other suggestion, which is stronger, is founded on a twas@ accretion flow
with a Shakura-Sunyaev-like disc in the mid-plane surre@shdy the tenuous op-
tically thin coronal flow with the aspect ratid/R ~ 0.1 — 0.2 and temperature
T ~ 10°2T,;. This hypothesis is competent only if about the same amdumtss is
accreted through the central disc and the corona in unit i orona ~ Myise. Still,
that does not mean the disc and the corona contain equal snafss®tter. In fact,
the dependence of surface density on disc thickriess(H/R)2, deduced from the
Shakura-Sunyaev disc solution (3.18), brings out that abhfyut 10% of total mass is

located in the corona:

z‘fcorona fc ( Hcorona)_2
~ <01 5.18
z:disc 1- fc |_|disc ( )

sincefs = Mcorona/ M ~ 0.5 andHcorons/ Haise < 0.03/0.1 = 0.3 (Gilfanov and Arefiev,
2005).

The coronal flow may be initiated by many ways. The idea of agtde mecha-
nism belongs to Meyer and Meyer-Hofmeister (1994). It isidaly based on the

phenomenon of irradiation by the primary, and Compton hgadind cooling of the

78



disc-corona system, which we discussed in section 3.5. FhayXemission near the
central relativistic object increases the fraction of tamoal flow (Meyer et al., 2000;

Jimenez-Garate et al., 2002).

The existence of corona over an accretion disc can be comfibypeome other obser-
vational methods. The presence or absence of the coronais lore of sight alters
what ghe sees in the spectrum, obvious in Fig. 5.7, but that typebséiwvation is
only possible for X-ray binaries with high inclination aegl- the ADC sources and
dippers. These sources undergo partial X-ray eclipseshndnable one to detect the
corona with its physical properties like optical thickneddost of the calculations
regarding temperature, radial extent, optical depth efa¢h® corona have been in

agreement with the predictions.

Figure 5.7: Axial cross-section showing the structure ef élccretion disc and the
corona (Taken from Frank et al. (2002) P106)

5.4.2 HMXBs

The break frequencies determined for the 7 HMXBs separata thto two groups as
seen in Fig. 5.6. The break frequencies of Vela X-1, 4U 170D&hd GX 301-2 are
5-33 times higher normalized frequencies than those of tiiner ¢1MXBs. Since the
normalized break frequencies are associated with vigctisie-scales of the accre-
tion discs, higher break frequency implies tinier discaiabVela X-1, 4U 1700-377,
and GX 301-2 compared to the other sources. This distinciiamd only be due to
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differences in their accretion processes (Icdem and Baykhl,)28s mentioned ear-
lier there are two main accretion mechanisms for HMXBs owtthe nature of the
optical counterparts in these systems: Roche-lobe ovedlmivstellar wind accre-
tion. Roche lobe overflow is a more steady accretion procadsemds to formation
of persistent discs. Stellar wind accretion, on the cowtiiara very chaotic mecha-
nism and produces thin and unstable accretion discs. AmmglMXBs analysed
here, SS 433 and SMC X-1 have been determined to be Rochexeli®ow binaries,

Vela X-1, GX 301-2 and 4U 1700-377 are wind-accreting systeifhe remaining

two sources, OAO 1657-415 and LMC X-1 have not been identdge&®oche-lobe
overflow or wind-accreting systems, but they have been gbddp exhibit signs of

both of the mechanisms. Each source is handled individbgligking into account

the findings about it, so that its break frequency value canteepreted better.
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Figure 5.8: (a)Dependence of the rafip..«/ forrb ON the orbital period of the binary
system. Some of the errors iigeax/ forb are on the order of the marker (or symbol)
size. (b)Relation of the normalized outer disc radius todtetal period of the sys-
tem. The arrows represent the possible ranges of the osteratiii (Blondin, 2000).
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5421 VelaX-1

Vela X-1 is a pulsar-supergiant binary in which mass tranisferovided by the vio-
lent stellar wind of the supergiant. The frequency of thea}{{pulses observed from
the pulsar have shown rapid variations, which are indieaifspin-up and spin-down
phases for its rotation (Deeter et al., 1989) and this vditiais mainly attributed to
some torque reversals exerting on the pulsar, i.e. thetdireof the torque changes
because of the reversal of the direction of rotation of the#@naurrounding the pulsar,
which forms a temporary disc. Simulations suggest thatémgorary disc originates
as a result of the the flip-flop instability of the accretiomsk from the stellar wind
to the pulsar (Blondin and Pope, 2009). Calculations of Boyret al. (1984) points
out to 2-3-day torque reversals for Vela X-1. In fact, thisgea is not far from the vis-
cous time inferred from the break frequency determined fitsrtPDS. What torque
reversal period tells is that "the resulting disc is verytabte and cannot extend to
a large radius in the observed 2-3 days as its dispersionnndded by viscosity”
(lgdem and Baykal, 2011).

It is possible to estimate inner and outer limits for the iraflian accretion disc to
be formed in Vela X-1. Section 2.4 mentions tHEeets of high magnetic fields on
the accretion discs. Since the magnetic field of the pulseatiser high,~ 102 —
10 G, it is the most fective factor limiting the disc from inside. Using (2.30),
the Alfvén radius is calculated to beyse, ~ 3.9 x 10° cm. Prediction of outer
radii of accretion discs of wind-driven HMXBs is not straifgirward as there are
many factors to consider. Nevertheless, "the upper limia jpossible disc radius
is considered to be determined by the tidal forces Bpg =~ 0.9R_ independent
of the characteristics of the disB (is the Roche-lobe radius of the compact star)”
(lcdem and Baykal, 2011). The Roche-lobe radius is givethbyollowing analytical
expression (Eggleton, 1983)

R 0.49
a 06+09¥3In(1+qi3)

(5.19)

which implies thaR;ga =~ 6.0 x 10 cm for Vela X-1. Hence, an accretion disc that
can survive in Vela X-1 have a radius that is greater than thecA radius and smaller
than the tidal radius. This does not contradict with the detius estimateRy =~

4 x 10° cm, calculated by equating thfgea/ forn = 2.56 ratio to the the theoretical
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expression forfyisc/ forn (5.15), derived from the Shakura-Sunyaev disc model with a

thin disc approximation.

5.4.2.2 GX301-2

GX 301-2 has been observed to experience several spin-gpdss since 1984,
which may be indicative of the formation of equatorial atiore discs from tidal

streams (Koh et al., 1997). These tidal streams were foutastdor about 20 days,
i.e. twice in an orbital period. The break frequency of GX 3Dtorresponds to a
~ 11-day time-scale. Thus, "the duration of the temporaryetamn disc and the
time-scale we obtained from its break frequency are of theesarder implying that
it has a small accretion disc, as Fig.5.8-b also indicatieslefn and Baykal, 2011).

5.4.2.3 4U 1700-377

The optical companion of 4U 1700-377, HD 153919, was repaieunder-fill its
Roche-lobe by Conti (1978); hence, the accretion of malkteulsl be driven by wind
flow instead of the Roche-lobe overflow. In addition, X-raxfariations of period-
13.8 days and episodic quasi-periodic oscillations have begcted from 4U 1700-
377 (Hong and Hailey, 2004). These facts reinforce the poitibaof the formation
of a short-scale transient disc. Its break frequency vatueesponds to- 4.4-day
time-scale, and its location on Fig.5.8-b indicates thatitcretion disc may be of
similar size to those of Vela X-1 and GX 301-2.

5.4.24 SMC X-1

The location of SMC X-1 is among the low-mass X-ray binaries, Roche-lobe
overflow systems. This is expected since it is a confirmed Bdabe overflow sys-
tem. Its normalized break frequency is very small, 0.07@, iarplies that the pulsar

has a very large accretion disc.
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5.4.25 OAO 1657-415

There has not been any solid evidence to prove that OAO 1&57s4ither a Roche-
lobe overflow or a wind-accreting system. However, it hasmeserved to display
torque reversals as in the case of Vela X-1, but with muchdonigne-scales of the
order of weeks (Finger and Prince, 1997). In addition, itsa)(-flux and angular
acceleration fluctuations implies the formation of episaaicretion discs (Baykal,
1997, 2000). The normalized break frequency is 0.16 im@iéme-scale o 66
days and this value is in accordance with its torque reversa&-scale (Finger and
Prince, 1997). In fact, "that OAO 1657-415 has a unique piat¢ke Corbet diagram
in-between supergiant under-filled Roche Lobe overflow aadrBnsients suggests
that there is a longer living accretion disc relative to thpeygiant wind-fed systems”

(lcdem and Baykal, 2011).
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Figure 5.9: Spin periodRspin) VvS. orbital period Ro,) plot for accretion powered
pulsars, or the Corbet Diagram (Corbet, 198Akterisks SG'XBs that are Roche
lobe filling. Squares SG/XBs that underfill their Roche lobeCircles Be/XBs.
Pluses LMXBs. Triangles binary pulsars with unknown companion type (Bildsten
etal., 1997).
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5.4.2.6 SS433

SS 433 is a very famous black hole binary. Its break frequeletgrmined here is
consistent with the previously reported valuel0-’ Hz, of Revnivtsev et al. (2006).

It was confirmed to have a Roche-lobe-overflow-powered &ocrelisc similar to
the low mass X-ray binaries (Begelman et al., 2006). Thus nbt unusual to expect

it to behave somewhat similarly to low-mass X-ray binariegarding its accretion
disc features. Its position on the plot of the correlatiomdak frequency to orbital
frequency (see Fig.5.6) is very close both to the LMXBs an®&kMC X-1. Thus,
although their compact objectsidir, SS 433 and SMC X-1 resemble each other with

their accretion discs.

5.4.2.7 LMCX-1

LMC X-1 is a good candidate for being a black hole binary. &msunusual HMXB
because it is a wind driven system with a steady state disbe f€ason why it is
considered to be a wind accretor despite having a persidisnis that the optical
counterpart of the compact star fills only 45% of its Rocheel@®rosz et al., 2009)”
(lcdem and Baykal, 2011). As usual, LMC X-1 is expected teeha shorter viscous
time-scale than those of Roche-lobe overflow systems becaiugs smaller disc
size. However, its normalized break frequency, 0.087, ig i@v and it is located
among Roche-lobe-overflow binaries on thga forn COrrelation plot despite being
expected to be near the group of Vela X-1. The claim of Ruhteh@mith (2010) is
a plausible explanation for this unexpected fact. They bay'LMC X-1 is neither
a Roche-lobe-overflow binary nor a wind-accretor, but gitt@boundary” and their
reasoning is that the emission and spectral propertiesecfdbirce do not belong to
any specific group. Nonetheless, more detailed analysiddébe performed to reveal

some key properties of LMC X-1 and so to account for its unlisehaviour.
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CHAPTER 6

TIMING and X-RAY SPECTRAL FEATURES of SWIFT
J1626.6-5156

6.1 Observations

We analysedRXTEPCA data of SWIFT J1626-6156 in the interval from 53724
MJD to 55113 MJD with a total exposure ef 449 ks composed of 411 separate

observations with exposures betweef ks and~ 2 ks.

The number of active PCUs &XTEvary in time, and so did it during observations
covered in our analysis. "Before MJD 53964, there were 1-Bbkg observations
every 2-3 days. After MJD 53964, observations were sampiquhirs, containing
two consecutive 1-2 ks long observations separated )3 — 0.6 days. Each of
these pairs were separated from each other By 10 days” (lcdem et al., 2011b).
All available layers of the PCUs were used for the timing gsigl while for the

spectral analysis only the PCU2 layers were used.

In addition to theRXTEPCA data, a single observation of t@eandraACIS (AXAF
CCD Imaging Spectrometer, (Garmire et al., 2003)) belogtrb4897 MJID with an
exposure of 20 ks in the ACIS-S FAINT TE (times exposure) mads analysed to

strengthen the timing results.
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6.2 Timing Analysis

Light-curves for the timing analysis were extracted fror@BkeV energy interval
with a time resolution of 0.375 s froRXTEPCA GoodXenon data. We subtracted a
background model, which is obtained by the standard PCAyaisatiool pcabackest
using the public estimator models BXTEPCA data, from these light-curves. After

that, these arrival times were also corrected to the Sokesybarycentre.
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Figure 6.1: Pulse frequency evolution of SWIFT J162&8656 after correcting for
the binary orbital motion. The rightmost point correspomalghe Chandra-ACIS
observation.

Pulse timing analysis was done using the method of crogglation of the harmonic
representations of the pulses as described in Sec. 7.1. dlkespfor the time in-
terval between 53724 and 55113 MJD were obtained using thdrgtic frequency
evolution whose parameters were found by Baykal et al. (P2 Table 6.1 for the

parameters)

: 1
v =vo+ vt —to) + Ei)(t — t)%. (6.1)
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Table 6.1: Timing solution of Swift J1626.6-5156 (takemfr@aykal et al. (2010))

Parameter Value

Epoch for spin frequency (MJD)  54178.24(5)

v (Hz) 0.065161110(3)
(1012 Hz.s™) 1.31(2)
(102 Hz.s?) ~75+32
Orbital period (days) 132.89(3)
a/csini (It-s) 401(5)
Orbital epoch atr/2 (MJD) 54031.44(5)
Eccentricity 0.08(1)

w (longitude of periastron) 340(9)

"We were not able to obtain pulse frequencies using the ezos®lation technique

for the data after MJD- 54750 since the pulse profiles obtained for these data were
found to be statistically insignificant” (Icdem et al., 2@)1 The pulse frequency
evolution of SWIFT J162665156 is presented in Fig. 6.1.

The ChandraACIS observation of Swift J1626-6156 on 54897 MJD were used
to extract a 20 ks-light-curve with a time resolution of 0gl4and 8 pulse profiles
were obtained from- 2.5 ks long segments of this light-curve. Using the template
pulse profile obtained from the whole observation to crassetate with these sample
pulses, the spin period of the source is determined to 52069+ 0.00075)x 102

Hz. The template pulse profile belonging to the energy rang&&eV is presented

in Fig. 6.2.

Fig. 6.3 displays the pulse frequency derivatives of thes®between 53724 and
54750 MJD, which was acquired by linear fitting of conse@itwlse frequencies
with a time span ok 10— 140 days, as a function of the corresponding 3-20 keV

unabsorbed flux values.

6.3 Spectral Analysis

The 3-20 keV unabsorbed flux values of Swift J62&656 presented in Fig. 6.3

were determined from the X-ray spectraRXTEPCA data. The time intervals were
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Figure 6.2: 0.3-8 keV pulse profile obtained from the Cha{L¢S observation.

selected so that they correspond to the spin frequencyadseumeasurements. These
spectra were constructed with the standard FTOOLS 6.9 datgsas software, using
the Standard-2 mode data, which provides 128 channels wittet time resolution.
The auxiliary background and response matrix files were @aleated in a suitable
form. Because of the sensitivity problems of the instruming energy channels cor-
responding to energids < 3&E > 20 keV were eliminated. The remaining photons
were used to model the X-ray spectra of the source by powemi#twhigh energy
cut-of and an additional Gaussian centred at the iron line peak% @ystematic
error was added to the errors (see Wilms et al. (1999); Cobuah (2000)). Also,
the X-ray spectrum of the source in the 0.3-8 keV energy ramgbétained from the
ChandraACIS data using the standard analysis tools of CIAO Sofwrackage. In

Table 6.2, we present a collection of the spectral results.
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To fit the X-ray spectra, we used an absorbed power law modklam high energy
cut-of expressed ag®cB/Er where E¢ is the cut-¢f energy ancEr is the e-fold
energy (see White et al. (1983)). In addition to this modenlline complex was
modelled as a Gaussian peaking-a.5 keV. We could not resolve Cyclotron lines
of the source around 10— 20 keV as suggested by Coburn et al. (2006). Temporal
variations of the unabsorbed X-ray flux, power law index ayditdgen column den-
sity were presented in Figure 6.4. Average values of ¢uermergy and e-fold energy
values were found to be 15keV and~ 10keV respectively. To demonstrate long
term spectral evolution of the source, we also constructemh@ term RXTE-PCA

spectra of the source (see Table 6.2).

6.4 Discussion

Accretion powered pulsars are expected to exhibit a cdroeldbetween their spin-
up rates and X-ray fluxes as explained in Section 2.6. Thisbleas verified by
the observations of many accretion powered pulsars: EX@-283 (Parmar et al.,
1989; Wilson et al., 2002), A 05326 (Finger et al., 1996b; Bildsten et al., 1997),
2S 1417-62 (Finger et al., 1996aam et al., 2004), GRO J1744-28 (Bildsten et al.,
1997), GRO J1750-27 (Scott et al., 1997), 2S 1845-024 (Fiagal., 1999), XTE
J1543-568 (in’'t Zand et al., 2001), SAX J2103:8545 (Baykal et al., 2002, 2007)
and XMMU J054134.7-682550 (Inam et al., 2009). As a resutiusfanalysis, Swift
J1626.6-5156 can be considered as an accretion powered pulsar thibttespin-up

rate and X-ray flux correlation, which is apparent in Fig..6.3

The following equations, which are discussed in Section @¥bles us to estimate

some physical properties of the source:

N(ws) ~ 1.4(1 - ws/we)/ (1 — ws) (2.44)
ws = L.2P M1l (M/Mg) /7 (2.45)
v = fulu, MIN(ws)LY7 = (i, MYN(ws) (4rd2F )87 (2.46)

The critical fastness parameieg has been estimated as0.35 (Ghosh and Lamb,
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1979b; Wang, 1987; Ghosh, 1994; Li and Wickramasinghe, 19&&elsson, 1998;
Dai and Li, 2006).

The case for the dimensionless torqog.s)) to be unity arises when material torques
dominate. When the magnetic torques cannot be neglectdijrtiensionless torque
should be calculated using (2.44). "In Fig. 6.3, we presdstviithn = 1 and the
case for which the dimensionless torque is not unity (satied). We found that the
model including non-unity dimensionless torque gives aebdit with a reduceg?

of 1.05 compared to the fit with the unity dimensionless tergiving a reduceg?

of 6.14.” (Icdem et al., 2011b).

The source distance can be estimated using (2.46) and Rgasé: 15 kpc. This
implies a surface magnetic field 8f9x 10 G which is typical for accretion powered
pulsars (see Coburn et al. (2002)). In fact, this magnetid fialue is in accordance
with the cyclotron lines around 10—20 keV, which was previously suggested for the
source (Coburn et al., 2006). Although this distance esénsaa bit large considering
the extension of the Milky Way, galactic coordinates of tharse (E332.779925
b=-2.002751) suggest that the source is at the rim of the galaxy and tregastly

what the large distance indicates.

"From Fig. 6.2, it is shown that pulses from SWIFT J162&&56 do not cease even
after ~ 1200 days from the outburst, which indicates that the sostitleaccretes

matter without any significant accretion geometry charfipelém et al., 2011b).

The minimumny value obtained from the X-ray spectra of the source is ab0tft 1
cm? (see Table 6.2 and Fig. 6.4). If this value is compared with@&alacticny
estimates obtained from HI maps (Kalberla et al., 2005; &yand Lockman, 1990),

it can be seen that similar valuesrgf are expected from the location of the source.

Fig. 6.4 shows that power law index is anticorrelated witinXaray flux. "This indi-
cates that the spectrum becomes softer with decreasing Kusawhich is expected
and may be interpreted as a consequence of mass accregocheatges without a
need of an accretion geometry change (Meszaros et al., Hz88ing et al., 1984).”
(Icdem et al., 2011b). 2S 1417-6R4m et al., 2004) and SAX J2103-5545 (Baykall
et al., 2007) have been reported to display similar antatations. In Fig. 6.4, it is
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also apparent that Hydrogen column density is in good catrogl with the X-ray
flux. A similar relation seen in 2S 1417-62 was interpreted essult of the relation-
ship between the matter concentration around the neutaost the mass accretion
rate in BgX-ray pulsar systemdrfam et al., 2004).
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CHAPTER 7

TIMING ANALYSIS of AXP 1E 2259 +586

"The dataset used for the pulse timing of AXP 1E 22586 consists oRossi X-Ray
Timing Explorer(RXTE proportional counter array (PCA) observations of the AXP
1E 2259586 covering the time between March 2000 (MJD 51613) andlé2ct?010
(MJD 55483). The PCA operates in the energy range 2—60 keNyusn array of
five collimated xenofmethane multi-anode proportional counter units (PCUs)k Th
instrument has a totafiective area of 6500 cnt and a field of view of~ 1° FWHM
(Jahoda et al., 1996).

A total of 479 observations were included in the pulse timanglysis presented in
this thesis. The duration of observations vary from 10.60k8.2 ks, most of them
are greater than 1 ks. During the analy$&dTEPCA observations, the number of
active PCUs varied between 1 and 4. Due to timing concefrisgahvailable layers

of all PCUs were used in the analysis. ” (lcdem et al., 2011a)

7.1 Pulse Timing Analysis

For all xenon layers of the GoodXenonWithPropane or Goo@¥anode and event
mode data, the selected energy range was 2—-10 keV. Aftethiaiata obtained was
binned with 125 ms time resolution and the solar system legutye correction was
applied to the resulting light curves. "We used the standaalysis tools foRXTE
PCA data included in FTOOLS package to obtain the light ceiared to merge them
into a light curve covering all the interval mentioned ahdJécdem et al., 2011a).

The light curves were folded at frequencies given by Woodal.e2004). Then,
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using the pulse frequency, which is the fundamental frequémthe power density
spectrum, we applied a phase-folding technique in ordereterthine the precise
pulse frequency evolution: "The time series was split imieivals of approximately
same duration, and each segment was folded with a quadmteneeris with the

same frequency and frequency derivative,
V(t) =Vo+ V(t - to) - ¢(t) = ¢0(t0) + V()(t - to) + V(t - t0)2 (71)

so that we obtained a pulse profile for each time interval ctvliié made up of 20
phase bins. Then, we switched to the harmonic represemtafipulse profiles as
introduced by Boynton (1985)” (Icdem et al., 2011a)

f(4)

10
F
Fo+ ), 1 cosk(g — &),
kel K

10 Ak Bk .
Fo+ Z h coske + h sinke (7.2)
=1 k k

whereAy = Fcoskgy and By = Fisinkgy are cosine and sine amplitudes, respec-
tively, andhy is the filter factor for thek-th harmonic, which is taken to be 1 in usual
pulse-timing analysis (the reason why we incligén the equation is explained be-
low). If a template pulse profile is extracted from a longerdiinterval in the qui-
escence period of the source and is representeg{d)ythen each harmonic of each
folded pulse will have a relative phase with respect to thesplof the corresponding
harmonic of the template pulse. Hence, it is more conven@ergpresent the pulses

in the following way

10 G

99) = 1 cosk(g ). (7:3)
k=1l K
10 E

f6) = )7, coSk(g— o+ Ad) (7.4)
k=1

Then, the maximum of the cross-correlation between theeparisfiles with the tem-
plate pulse takes us to the pulse arrival timgs, in other words the value that maxi-

mizes the cross-correlation is the time of arrival:
2n
C(ag) = f H(8)a(6 + Ad)do. (7.5)
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Cross-correlation is repeated at numerous phase stepsuth @/¢le of the pulse
period. At the end of this procedure, the phase maximiziegtbss-correlation bring
the template and the sample pulse very close, but there @lystill some phase
difference between them and this problem is solved by using tlerfexpansion of
the cross-correlation for small phasésets and applying the resulting expression by

iterations (Boynton, 1985):

Z khk h smkAqSk

A = (7.6)

10 ’
Gk F

Z kzh—k— coskAdy

- hye hy

The phase dierence between the sample and master pulses is determiaethaf

step. The whole procedure is applied to all the sample puhsesder to obtain the

phase ffset series.

As indicated abovéy = 1 in usual pulse-timing analysis. If one wants to do the
analysis with filtered pulses, thém is put into action. "Pulse filtering” method was
proposed by Boynton (1985) in order to obtain minimum vaze@astimates in pulse
phase. The method is based on the idea to attenuate the mggthaomonics by
multiplying them by a filter factor so that the filtered harmoswould have a white
noise spectrum rather than the initial red noise spectruhre dptimal filter factor,
determined empirically, is the reciprocal square root & theasured shape noise
power spectrum:

1/2

he = (Pk,phot/ Pk) . (7.7)
The measured noise power spectriftg,can be calculated by the sum of squares of
the diference between both the sine and cosingfments of the sample and master
pulses over the whole pulse and by the normalization of thisgp with the total
number of sample pulses as follows

1 N
NZ (AA2, + B, (7.8)
-1

whereN; is the number of individual pulses superposed in jtiiesample pulse. Be-
fore calculating this dference the cd&cients of the master pulse are multiplied by a

scale factor in order to minimize the mean-squaftedence between the master and
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Figure 7.1: Long-term light curve and power density spectr&dXP 1E 225%586

sample pulse (Deeter et al., 1987)

AA = Ac—ah,, ABy =B —aB, (7.9)
3 (A A + BBy)
o= (7.10)
558

wherem is the number of harmonics. The normalization factor in),/2¢ phos IS the

constant power density from photon-counting (Poissondenand is determined as

5 N
Pk phot = N Z Njo?. (7.11)
=

This method gives successful results, i.e. reduces thanagiof the pulse phases

significantly, if the excess pulse-shape noise spectruedi€nough.

7.2 Discussion

We appeal to pulse timing method for AXP 1E 22586 since its long term PDS
does not give us satisfying information about the existerf@mn accretion disc sur-
rounding the pulsar, i.e. its PDS cannot be modelled by adirgbower model
(see Fig. 7.1) and so we want to estimate the torque noiseea$dhrce in order

to strengthen our prediction about the nature of the source.

The pulse profiles of the source AXP 1E 22586 were obtained by the procedure

explained in the section 7.1. The pulses are generally galwemough to carry out
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the timing analysis. A sample pulse is given in Fig. 7.2. Thage d&'set of a sample
pulse from the template pulse, which was obtained from adotigne interval in

which the source had been steady, after switching to thedv@omepresentation. A
comparison between the real pulse and synthetic pulse sgacted from the first
ten harmonics can be seen in Fig. 7.3. As they are quite simelaresentation of the
pulses with ten harmonics is convenient to determine theglf#set series from the

cross-correlation.

In figure 7.4 we present the phadéset vs time plot in three steps, obtained by using
the procedure explained above. In this figure, the top panebtained by using
the long-term spin-down trendy(t) = vo + vo(t — tp), of the pulsar. As this plot
explicitly shows there are two main instants after whichslope of the phase series
changes. Just after these instants a modified pulse fregsaoald be introduced in
order to flatten the phasefeet seriesy, — v = vg + vo(t — tg) + Avy, and so we
can determine the frequency shifts. The second panel ishithsepdfset evolution
after the appropriate correction is applied for periodrafite first frequency shift.
However, this operation is not fiicient to readjust the series following the second
frequency shift. Hence, an additional correction was mdtdr the second shift to
obtain the third panely, = v; + Av,. Hence, the plot in the third panel contains
three time intervals separated by two main frequency slaftd the phase evolution
of each interval was obtained usingtdrentyys andtgs. It should be emphasized that
the spin down rate of the source was kept fixed at the valuaddhe glitch in the
estimation of pulse arrival times throughout the analyshich isv = —9.920x 10°1°
Hz.s. An interesting thing here is that the first and the last ative revealed
two other smaller frequency shifts around 53750 and 5488D Bldce the linear
trend of the phaseffsets is deformed after these instant. In the third panel,lse a
present the best-fitting models in the 5 distinct regionsdr@aseparated by the instant
frequency shifts. The characteristics of the glitches natybe very similar; thus, we
expect diferent best-fitting functions for the phase evolutions dfterglitches. The
residuals after the fits are given in the fourth panel at thitobm The parameters
calculated from those best-fitting models are presentedaibie§ 7.1 and 7.2. The
long term spin evolution of 1E 225%86 tells us that the AXP has undergone two

big glitches and two frequency shifts in the time period naered above, i.e. its spin
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frequency has changed four times since then.
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Figure 7.2: A sample pulse. The phase interval [0,1] is edeerto [1,20]
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Figure 7.4: "Phaseftset series for AXP 1E 225%86. Panels are described from top
to bottom.Top panel Phase fisets extracted using the spin-down model of the period
before 2002-glitch.Second panelPhase fisets using the correction of the pulse
frequency after MJD 53443.13hird panel Arrival times obtained by an additional
correction after MJD 54300. The solid curve is the phaffseb evolution of the
models presented in Tables 7.1 and 7Battom panel Residuals, after subtracting
the best-fitting models given in Tables 7.1 and 7All panels Glitch epochs are
indicated with dashed vertical lines. The arrow shows tlubable interval for the
second glitch.” (Icdem et al., 2011a)
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Table 7.1: Spin Parameters for 1E 22586 Before MJD 53750

Parameter Valué Value?
Spin frequency, (Hz) 0.14328703257(21) .@4328703257(21)
Spin frequency derivative,(Hz.s') -9.920(6)x 10*®  -9.920(6)x 10°%°
Epoch (MJD) 52400 52400

Av (Hz) 525(12)x 107  6.70(114)x 1077
Avg (H2) > 8.7x 1077 8.29(78)x 1077
74 (days) 141(7) 141(1.2)

Avq (Hz) Avg + (~ 5% 1079) 1.06(8)x 10°°
74 (days) 159(6) 159(11)

Av (Hz.s1) 2.18(25)x 10716 1.268(3)x 10717
ty (MJID) 5244313(9) 5244313(10)
rms timing residual (ms) 49 84.7

Start observing epoch (MJD) 51613 52390
End observing epoch (MJD) 52900 53750

Numbers in parentheses giver luncertainties in the least significant digits

quoted.! Taken from table 4 of Woods et al. (2004)From our analysis. ”

The 2002 glitch of 1E 2258686 cannot be modelled by the standard post-glitch
relaxation models, which are composed of single or multgeonential relaxation
terms (Alpar et al., 984b). The best-fitting model is the oenetbped for two glitches

of Crab pulsar (Lyne et al., 1993; Wong et al., 2001). "In timgdel, the increase in
the slowdown rate is interpreted as the cumulative of swteegllitches; part of the
increase is provided by a step and part is in the form of an rexmpital rise” (lcdem
etal., 2011a)

v = v+ vo(t — to) + Av + Avg(1 — e 79/m0) — Ayy(1— e M) 4 A, (7.12)

where the first two terms represent the frequency evolutédark the glitchiy is the

glitch epoch,Av is the frequency jump with the glitclvy andAvy are the growth
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Table 7.2: Spin Parameters for 1E 22586 After MJD 53750

Parameter Microglitch 1 Glitch 2 Microglitch 2
Spin frequency, (Hz) 0143286381(13) 043286138(14) (43285760(14)
Spin frequency derivative, (Hz.s) -9.920(6)x 107* -9.920(6)x 10> -9.920(6)x 10°%°
Epoch (MJD) 53750 54040 54880

Av (Hz) 4.42(46)x 10°° >16x10° -2.00(15)x 10°°
Av (Hz.s%) - - 291(22)x 10716
t; (MJD) ~ 53750 ~ 54040 ~ 54880

rms timing residual (ms) 76.8 66.8 106.7
Start observing epoch (MJD) 53700 53900 54800
End observing epoch (MJD) 54040 54900 55570

Numbers in parentheses giver luncertainties in the least significant digits

guoted. ”

and decay amplitudes, respectivalyandry are the growth and decay time- scales.
respectively, and\v is the instantaneous jump in the spin down rate. The corre-
sponding phase evolution equation, which is obtained bsgrating the frequency
evolution with respect to time, is used to fit the pulse atriiaes in the period
52390-53750 MJD (the pulse frequency after the first glischdrrected using the
expressiody = Av + Avg — Avq in order to obtain a phase-connected time-of-arrival

series).

The timing parameters of the first glitch for the time coverdigm 52390 MJD to
53750 MJD are presented in Table 7.1 together with the thbééods et al. (2004)
which covers a smaller time interval after the glitch. "Owmabysis indicate tha%y—'y
has shown a variation from2.2 x 102 to —-1.278(3)x 1073, i.e. there is an order
of magnitude reduction in the fraction in~a2.5-year time. It should be noted here
that negative sign of the fractional change of derivativpuite frequencies is quite
unusual for large radio pulsar glitchesy/v > 107 andAv/v ~ 1072 — 1073 (Alpar
and Baykal, 1994, 2006).” (lcdem et al., 2011a)
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The sparse sampling of observations between 54040 and B34BD@oes not enable
us to phase connect the pulse arrival times in this 260-deggeThere are a total
of 35 pulse arrival times in that interval. Hence, if therel lieen a glitch occurred
in that interval, which appears to be the case in fact, thenmade of that missed
glitch could be estimated from cycle count ambiguity. "Aage sample rate of the
observations during this time span is Z88-7.4 days. If there is a missed cycle
count, then it implies a frequency shift af ~ 1/(7.4 x 86400)= 1.6 x 10°° which
corresponds to unobserved glitch which fraction frequestgit of % >1.1x 1073
(lcdem et al., 2011a) This lower limit is close to the larggktich that have been
reported so far, which belongs to the young pulsar PSR B28B4nd has magnitude
Av/v ~ 2.05x 107° (Yuan et al., 2010).

The small frequency shifts observed at 53750 and 54880 Mélatathe order of
microglitches detected in radio pulsars, having the raﬁ}os +1078. The frequency
shift of 53750 MJD did not cause a significant change in tha dpivn rate; on the
other hand, the ratiévi is determined to be-0.029(2) for the at 54880 MJD. It is
interesting again to have a negative fractional changearptiise frequency for an
AXP; however, this is not unusual for the microglitches idicapulsars. Chukwude
and Urama (2010) states that there is no preference of nliwtogs regarding the sign
of the fractional jumps\v/v andAv/v. The timing parameters estimated for these
small frequency shifts are given in Table 7.2. It should beeddere that this kind
of frequency shifts have been observed in other SGRs and Afesexamples are
SGR 1908-14 observed by Thompson et al. (2000) and AXP 4U @B12observed
by Gauvriil et al. (2009).

We applied pulse-filtering technique, which is describe®égtion 7.1 to our pulses
and noticed a very slight improvement in the results: in imetinterval from 52700
to 53500 MJD, in which the TOAs show a linear trend, we were &bdrop the vari-
ance from 0.789 to 0.779 after filtering the pulses. We decttat pulse-filtering is
not an éfective method for analysing our sample of pulses; hencdirttiegs we re-

port in the rest of this paper were reached without using theegfiltering technique.

In Chapter 1, it is mentioned that AXPs have not display angence of binary

companions. That is, a candidate accretion disc for AXPst mabably does not
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originate from mass transfer between two objects. Instiéadll be a fallback disc
formed by the flow of material from a supernova remnant, agwed in Section 2.5.
The low frequency power density spectrum of the AXP 1E 2Z#5 does not fit to
the broken power law model; i.e. no break frequency coulddierchined (see Fig.
5.4). However, this cannot be interpreted directly as atesehdisc around the pulsar
since the extension of the disc is probably much larger thase of discs in binary
systems, instead some additional analysis methods sheudghjiied to X-ray data
of the source. Calculation of the torque noise strengthr #fepulse timing analysis

would be a useful tool to decide whether the pulsar is acorgiowered or not.

The dfects of accreting material on the spin-down of a pulsar castlgied by ex-

amining the residuals of arrival times from a linear secsiain-down. There are
different types of noise that can influence the arrival timeseptliises (Lamb et al.,
1978), and the root mean square technique is just one of thehtan characterize
the random walk process (Cordes, 1980; Deeter, 1984; Canugowns, 1985).
Forrth-order red noise, the scaling law between the noise dtieargl the root mean

square of the residuals is given by

(2n)%(6¢%) = ST& (7.13)

observation

where(d¢?) is the normalized variance of the pulse arrival times (Dedi@84),r is
the order of the red noise of the power dens8yis the torque noise strength, and

TobservationlS the duration of the observation.

We have obtained the final phas@set series by removing second order polynomial
from the pulse arrival times; hence,= 2 in our case. Using the expression (7.13)
for the time interval between 52500 and 53750 MJD for the AXP2259+-586, the
noise strength is calculated &8s~ (2r)?(3.42x 10°3/(1250x 86400% ~ 1.07x 10°2°
ract.s3. This value is far lower than that smallest ever measuredifoaccreting
X-ray pulsar, 4U 1626-673 ~ 3.94x 102! racf.s 3., (Chakrabarty et al., 1997))
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CHAPTER 8

CONCLUSION

In his thesis, we try to find observational evidence for tla@dard theory of accretion
disc physics, by analysing the power density spectra of et sources, six of
them to be low mass X-ray binaries, seven of them to be higls Masy binaries,
and an anomalous X-ray pulsar. We got the idea for our wonk ftiwe 2005 paper
of Gilfanov & Arefiev which handles the issue of viscous tinwals of accretion
discs of low mass X-ray binaries. We extended their work bgneixing diferent
kinds of X-ray sources in order to understand the possilckefa that &ect accretion
disc mechanism in these classes. The LMXBs we examined a §ilfanov &
Arefiev’s sources and the other sources we investigated etsen according to the

reasoning explained in Chapter 4.

We detected clear breaks in the power spectra of both low gidrhass sources.
In addition, these breaks appear to be correlated with thgabfrequency of the
binaries linearly. Therefore, the most important thing wanivto learn is the rela-
tionship between the obvious breaks in the power densitgtspef these sources
with the viscous time-scale, which should give us a clue abweisize of the disc
since viscosity is the main agent to drive the angular moararibss that leads to
the formation of a disc, of the corresponding accretiond@&arting from the well
known "Standard Theory” of accretion discs by Shakura anady8ev (1973). Some
inconsistencies between this model and the observatiads les to search for some
other possible elements of the disc which may play importaletin the dynamics of

accretion discs.

The most significant propositions for the incompatibiligtween the theoretical cal-
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culations and the observational data are discussed in #8wopss sections. Among
these the coronal flow above and below the disc appears tamictar the results
of the LMXBs to a great extent. On the other hand, the factweanoticed similar
breaks in HMXB spectra should not lead us to treat them in alairfashion with

the low mass X-ray binaries. There are two main probable ar@sms for accretion
in HMXBs, which are discussed in the previous chapters iaifjetnd the nature of
these mechanisms vary from source to source due to the faicH¥XBs can be

quite dissimilar regarding their magnetic fields, ecceittes, etc.

Table 5.1 indicates that the value Gfea/ forn for LMXBs ranges in~ 0.14 — 0.37,
and that range is quite far from the interval predicted by'stendard theory’ given
by ((5.16)), but they are all located around the curve cpoading forH/R ~ 0.1,

as Fig. 5.6 shows. Gilfanov and Arefiev (2005) discuss a pmgiexplanation for
the diference between the analysis results and the standard ttegargling the ratio
foreak/ Torb Which implies> 10 shorter viscous time scales in the accretion discs: An
additional coronal flow above the standard geometrically 8hakura-Sunyaev disc
so that the total disc thickness may reach uplf® = 0.1 as Figure 5.6 implies with
average values. Fig. 5.6 demonstrates a separation of LNIXBswo groups . The
group with higherfyread/ forp ratio mostly contains the smajlsystems (i.e. compact
binaries) analysed by Gilfanov and Arefiev (2005) and thesiotroup is entirely
composed of higlgsystems which we work with in this thesis. There is an argumen
about this "dichotomy”, as they called, in tHgea/ forr between wide and compact
systems. Since, the viscous time in compact systems appbart10 times shorter
than that in the wide binaries, truncation of the disc duddal resonances comes
forth. The most probable resonance excited in the disc idiBidblad resonance in

the smallg systems (Gilfanov and Arefiev, 2005).

The graph on the right in Figure 5.8 indicates that GRS 1905 should be among
compact systems with its lovigeai/ forn ratio. In fact, it is a microquasar having a
small mass ratio, but it is a wide system with a long orbitaique Thus, its surprising
result should be related to its large orbital separatione d@tect of irradiation of
accretion disc by central source is ifistient to expand the disc to its tidal radius and
keeps it short around the circularization radius (Theesfdinere is no need to talk

about the resonances). Consequently, we get a snfglgy for, ratio than expected
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from the system parameters.

In the case of HMXBs, we also distinguished two groups regatheir break fre-
guencies. "Those with lower normalized break frequencigsch are SS 433, OAO
1657-415, SMC X-1, and LMC X-1, are more likely to have Rotbiee-overflow
accretion discs” (Icdem and Baykal, 2011). On the conjreefa X-1, GX 301-2
and 4U 1700-377 have relatively high normalized break feagies. The accretion
process for these sources is the stellar-wind accretionwdllows the formation of a
smaller disc only. From these results of HMXBs, we deducetti@f,cay/ forn ratios
for HMXBs distinguishes Roche-lobe overflow binaries frotallsr wind accretors.
Hence, "this method is especially useful for classifyingdil hole binaries according
to their accretion mechanisms, since they cannot be showheoorbet diagram
where the spin period of the compact object is compared Wwithotrbital period of

the system” (Icdem and Baykal, 2011).

Swift J1626.6-5156 show correlation between its spin-t aad luminosity similar
to that expected from accretion powered pulsars, as a i@&ststtiming and spectral
analysis presented in Chapter 6. Using this relation, tiseadce to the source is
estimated to be: 15 kpc and the magnetic field of the pulsar is calculated @g 10t
G. These values are in accordance with the previous spéeatalres, cyclotron line
and ny values, and the location of the source determined from itsdinates. In
addition, the decrease of the power law index as with theeasing flux suggests that
mass accretion rate changes without a need of a change iedneegry of accretion.
The recentChandraobservation reveals the continuation of pulsing of the seur
which is another sign of accretion of matter. All these rissabnfirm that Swift

J1626.6-5156 is an accretion-powered pulsar.

Our last X-ray source, AXP 1E 225986, does not reveal any breaks in its low
frequency power density spectrum. Since this is not verynsing to conclude that
the pulsar does not have a disc, we applied to one anotheothailsearch for any
evidences for the existence of a disc. From the pulse timiadyais, we calculated
the torque noise to be aroul~ 1.07 x 10-2° racf.s™3 which is very smaller than
that expected in the presence of accretion. That is, AXP H2-2286 does not show

any evidence of a fallback disc around the pulsar in our amglyput we need more
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to conclude that it does not possess an accretion disc.
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