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ABSTRACT

X-RAY AND OPTICAL OBSERVATIONS OF HIGH MASS X-RAY BINARIES

Beklen, Elif
Ph.D, Department of Physics
Supervisor : Prof. Dr. Altan Baykal
Co-Supervisor : Assis. Prof. Dr. S. Cagdagm

September 2010, 87 pages

In this thesis, X-ray and optical observations of accrefiowered pulsars are presented. By
using archival RXTE observations we work on the X-ray s@and pulse timing analysis
of 4U 1538-52, 4U 190¥09, SMC X-1 to have more detailed information about theiitatb
and spin parameters. For 4U 1538-52 and SMC X-1, we detedhmiaes orbital epochs. By
using long term pulse history of 4U 190@9, we were able to work spin-down trend of the
system and also calculate the change in the spin-down raiag BermiGBM observations
we can monitor bright accreting pulsar systems. We are ginguong term histories of pulse
frequency and flux of 20 continuosly monitoring systems. iAddwift/BAT observations to
GBM observations, for 4U 1626-67, we did reveal the charties belong to spin-down
trend before and spin-up behaviour after torque reversgal 582008 February. Two newly
discovered IGRJ0604£2205 and IGRJ01583%713 sources are identified as X-ray binary
systems and we found parameters of them like distance, todgsi by using both optical

photometric and spectroscopic observations.

Keywords: Accreting powered pulsars, Pulse Timing, SpwrdSpin up, X-ray binaries
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YUKSEK KUTLELI X-ISINI CIFTLI SISTMELERIN X-ISINI VE OPTIK ARALIKTAK |
GOZLEMLERI

Beklen, Elif
Doktora, Fizik Bolumu

Tez Yoneticisi : Prof. Dr. Altan Baykal
Ortak Tez Yoneticisi : Y. Doc. Dr. S. Cagdisam

Eylul 2010, 87 sayfa

Bu tezde, aktarim guclu atarcalarin gozlemleri surakltadir. RXTE arsiv gozlemleri kul-
lanilarak 4U 1538-52, 4U 19609, SMC X-1'in X-1sInI tayfsal ve atarca zamanlama
analizleri calisilip yoriingesel ve atma parametiddakkinda detayli bilgi edinilmistir. 4U
1538-52 and SMC X-1 icin yeni yoriingesel donem de@ebelunmustur. 4U 190¥09 icin
uzun zamanl atma hareketi izlenerek kaynagin yavagaweayavaslama orani ¢calisiimistir.
FermyGBM uydusunun gozlemleri kullanilarak parlak aktarinredari da gozlenilmektedir.
Su ana kadar surekli gdzlenen 20 kaynagin uzun zamianh fiekansi ve aki hareketi gdzlen
mektedir. GBM gozlemlerine SwiBAT gozlemleri de eklenerek, 4U 1626-67 icin, Subat
2008 de gorulen donme momentinin donistminicesimde gorilen yavaslama ve son-
rasinda gorilen hizlanma davranislarina dair ozelildelirlenmistir. Yeni kesfedilen iki
kaynagin, IGRJ 0607442205 ve IGRJ 015886713 X-isini ¢iftli sistemler oldugu ve uzaklik,

parlakhk degerleri gibi parametreler optik fotometritegfsal gozlemlerle tespit edilmistir.

Anahtar Kelimeler: Aktarim giclu atarcalar,Zamanlav@aslama,Hizlanma, X-1sni ¢iftleri



To my lovely family

Vi



ACKNOWLEDGMENTS

I would like to express my deep and sincere gratitude to myesugor, Prof. Dr. Altan
Baykal. His wide knowledge and his logical way of thinkingvlebeen of great value for
me. His understanding, encouraging and personal guidaaee frovided a good basis for

the present thesis.

| wish to express my warm and sincere thanks to Dear AssisSDgagdagnam. He was
always be a good co-supervisor but futhermore he becamé,aandure will continue to be,

very good friend for me.

| express my most sincere gratitude to Prof.Dmit Kiziloglu and Prof.Dr. Nilgun Kiziloglu,
firstly, for their kindly and warm behaviours. Nextly, fordin discussion and suggestion for

my every question.

| am grateful to Assoc. Dr.S6len Balman for her discussion any kind of my question and
to Assis. Dr. Sinan Kaan Yerli for his very helpful answerpasally to my latex and any

kind of problems that | encounter in my computer.

| feel so happy and lucky to be able to study and collaborata ®iof.Dr. Mark H. Fin-
ger, Prof.Dr.Colleen A.Wilson-Hodge, Dr.Valerie Connhtan, Dr.Ascension Camero and
all GBM pulsar and occultation team members for sharingtlyijrtheir knowledge. During

my stay in Huntsville, (AL) they were always helpful to me frerything.

My another thanks are due to Dr. Pablo Reig for his knowledgesincere behaviours during
my studies at University of Crete, Heraklion. | did learn ménings belongs to optical stud-
ies. Also to all University of Crete Physics Department akih&as Observatories Technical

Stéft.

| would like to thank TJBITAK projects TBAG-106T040 and TBAG-109T748 for finan-
cial supports during the last years. They were really ingrarsupport during my research.
During my reasearch in University of Crete was totally supgb by the European Union

funded "Transfer of Knowledge” program entitled ASTRONS{dphysics of Neutron Star)

Vii



project MKTD-CT-2006-042722, this financial support of cseiwas decided to given me by
Astrophysics Team Member of Sabanci University, it was hdapme to know Prof. Dr.
Ali Alpar, Assoc. Dr. Ersin Gogus, Assoc. DtJnal Ertan, Assoc. Dr. Emrah Kalemci.
Also another thank goes to METU for partial support throuigé project METU-BAP-08-
11DPT2002120510, a part of progra@YP) of collaboration between Siileyman Demirel
University and METU.

My dear family; my mother, my father, my sister and lovely hew Umut (lucky to be your
aunt). Without their encouragement and understanding ulavibave been impossible for me
to finish this work. They did not only support they did alsorghany ideal,feel my desire as
me. Thanks for everything you did for me. My husband M.Ali ®dfor development talks,

thoughts since | meet you, make me improve so much.

| would like to thanks to my all dear friends, | feel their encagement every time. Also,
to our Department administrative workers, Zeynep Ekes&iDzdemir, Sevim Aygar thank

you for support and any help during my stay in METU.

viii



TABLE OF CONTENTS

ABSTRACT . . . . e iv
OZ . . v
ACKNOWLEDGMENTS . . . . . . . e e s e e e e Vii
TABLE OF CONTENTS . . . . . . e e e e iX
LISTOFTABLES . . . . . e e e e e e Xi
LISTOFFIGURES . . . . . . . e e e s e e e e e i Xi
CHAPTERS
1 INTRODUCTION . . . . . e e e e 1
1.1 History of Neutron Star and Accretion Powered Pulsars. .. .. . . 1
1.1.1 Torque Reversal in Accreting Powered Pulsars . . . . . . 4
1.1.2 Quasi Periodic Oscillation (QPO) . . . . ... ... ... 5
1.2 ThesisContents . . . . . . . . . . . . 6
2 SMCX-1 . . e 9
2.1 Introduction . . . . .. ... 9
2.2 Observationsand Analysis. . . . . ... .. ... ... ....... 10
221 Pulse Timing Analysis and Timing Solution . . . . . . .. 12
2.2.2 Pulse Period History and Change of Rate . . . . . .. .. 13
2.2.3 Power Spectra and QPO Features . . . . ... ... ... 20
2.3 Spectral Analysis . . . . . ... . 20
2.4 Discussion . . . . . . .. 23
3 AULI90A09 . . . . . e 26
3.1 Introduction . . . . . ... 26
3.2 Observationsand Analysis. . . . ... ... ... ... ....... 27
3.2.1 Timing Analysis . . . . . ... ... ... ... ... . 27

4



3.2.2 Energy Spectrum Analysis . . . . .. ... ... ... .. 30

3.3 Discussion . . . . . . . 33
4 AU 1538-52 . . . . 36
4.1 Introduction . . . . . .. ... 36
4.2 Observations and Timing Analysis . . . .. ... .......... 7 3
4.3 Discussion . . . . . . . ... 40
5 OBSERVATIONS OF ACCRETION-POWERED PULSARS
WITH FERMI/GBM . . . . . . 43
5.1 Pulsar Monitoring and Data Analysis Process. . . . . .. ...... 44
5.2 Pulse Searches . . . . . . . . .. ... . . ... 45
5.3 Detected Sources . . . . . . .. ... 46
54 4U 1626-67 . . . . . 52
5.5 Observations and Timing Analysis . . . .. .. ... ........ 35
5.6 SwifyBAT observation and Timing Analysis . . . . ... ... ... 54
5.7 RXTE Observationand Analyse . . . . . ... ... ... ...... 56
57.1 HardnessRatio . . . ... ... ... .. ......... 56
5.7.2 Spectralanalysis . . .. ... ... ... .. ....... 58
5.8 Discussion . . . . . . .. 58
6 SPECTROSCOPIC AND PHOTOMETRIC OBSERVATIONS
OF IGRJ 060742205 AND IGRJ 015836713 . . . . . . . ... ... ... 65
6.1 Introduction . . . . . . ... 65
6.2 Observations . . . . . .. .. ... ... 67
6.3 Results . . . . . .. . . 68
6.3.1 PhotometricResults . . . . . . ... ... ... ...... 68
6.3.2 Spectral Classification . . ... ... ... ........ 69
6.3.3 Reddening and Distance Measurements . . . . ... ... 70
6.4 DisCussion . . . . . .. 72
7 CONCLUSION . . . . 74
REFERENCES . . . . . . . 78
CURRICULUMVITAE . . . . . e e 86



TABLES

Table 1.1

Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.4
Table 2.4
Table 2.4

Table 2.5

Table 3.1
Table 3.2
Table 3.3

Table 3.4

Table 4.1

Table 4.2

Table 5.1
Table 5.2

Table 5.3

Table 6.1

Table 6.2

LIST OF TABLES

Listof QPOS . . . . . . . . e 6
RXTE observations of non-pulsating dataof SMC X-1 . . . .. .. .. 11
Orbital Epoch Measurements of SMC X-1 . . . .. ... ...... .... 14
Timing Solutionof SMC X-1 . . . . . . . . . . .. . ... ... ... 15
Pulse Period History with several and RXTE obdgems of SMC X-1 . . . 16
continued . . . . . .. 17
continued . . . . . . .. 18
continued . . . . . .. 19
Spectra parameters from TwdiBient Region. . . . . . ... ... .. .. 22
Observation listfor4U 19009 . . . . . ... ... .. ... ... .... 27
Timing solution of 4U 19609 . . . . . ... ... ... ... ...... 29
RXTE pulse period measurements of 4U 3@®7. . . . . .. ... .. .. 31
Sample Spectral Parameters of Individual PCA @atens of 4U 190709 32

Orbital Parameters of 4U 1538-52 . . . . . . . . . . .. .. .. .. 38
Orbital epochs by pulse timing analysis . . .. .. ...... ... .... 41
Detected accreting pulsars with F¢@&8M . . . . . .. ... ... .... 47
Detected accreting pulsars with F¢@&8M . . . . . .. ... ... .... 50
RXTHEPCA and HEXTE continuum spectral fits . . . . . ... ... .. .. 59
Results of photometric measurements of the crparts . . . . . . . . .. 68
Equivalent widths ofthedHines . . . . . . .. ... ... ... ...... 70

Xi



LIST OF FIGURES

FIGURES

Figure 2.1 RXTE-PCA Observation Dates shown on RXTE-ASMhtigrves . . . . 10

Figure 2.2 Arrival times (pulsation cycles) (top panel)dansiduals after fitting ar-

rival times to a circular (middle panel) and elliptical ddbimodel (lower panel) . 14
Figure 2.3 Orbital Epoch Arrival TimesSMC X-1 . . . . . .. ... ... .... 15

Figure 2.4 Top panel and middle panel. Pulse frequencyrfisiad residuals of SMC
X-1 after a linear fit obtained from 5 fdierent intervals listed in Table 2.4. bottom
panel. Frequency derivative history. Dashed lines in tap middle panels and
horizontal error bars in the bottom panel indicate timerirdks in which linear fits
were performed. The last (rightmost) interval almost cstssof pulse frequency

values obtained fromouranalysis. . . . . . ... ... ... ... .. .. 21

Figure 2.5 High energy cutfband folding energy trend of SMC X-1 between MJD
50093 and 53000 . . . . . . 22

Figure 2.6 Photon index and nH trend of SMC X-1 between MJI®30¢hd 53000 . 23

Figure 2.7 Photonindexand nHtrendof SMC X-1. ... ... ... ......... 24

Figure 3.1 Pulse phase and its residuals fitted to the orbivalel presented in (Table

Figure 3.2 Plot of pulse period history. Solid line and th&deals correspond to the

previous spin-down rate found by Baykal et al. 2001([10]).. ... . .. .. ... 30

Figure 3.3 Evolution of 3-25 keV unabsorbed flux, Hydrogelugm density, power
law index, cut-&f energy, e-folding energy, and reduggdin orbital phase. . . . . 33

Figure 4.1 2-30 keV RXTE-PCA light curve of 4U 1538-52 betwehily 31 and
August 7, 2003. Two 26s binned3ksec samples of this light curve corresponding
to single RXTE orbits are presented on the upper left and pipewright. . . . . . 38

Xii



Figure 4.2 Top panel. Pulse arrival time delays and besthiitieal orbital model
given in Table 4.1. (Note that pulse profiles are obtaineti vaspect to the refer-

ence time 52855.0585 MJD). Residuals after removing bégiagbmodel. . . . . 39

Figure 4.3 Pulse frequency history of 4U 1538-52. The rigighpoint corresponds
to most recent RXTE observation of ID80016. . . . . . ... ... ....... 40

Figure 4.4 The phase residuals of orbital epoch for 4U 1538Fhe orbital phases are
estimated relative the constant orbital peridg/§ — n < Porpit > — < T2 —n<
Porbit >>), where n is the orbital cycle number. The rightmost pointegponds

to the most recent RXTE observation of ID80016. . . . .. ... ...... ... 41

Figure 5.1 The LAT (silver box at the top) was integrated angspacecraft at General

Dynamics Advanced Information Systems in December 2006. . . . . . . .. 44

Figure 5.2 A fit of the background rates belongs to the dat® ZD¢ 1 in the 12-25
keV band. The upper panel shows the rates and the fit, thenhpiimel shows the

residuals. . . . . . . e 45

Figure 5.3 The Corbet Diagram showing distribution of atingepulsars as in spin

period versus orbital period configuration, with GBM deg¢ecsources . . . . . . 48
Figure 5.4 Frequency and the pulsed flux history betweern5li2e¥ for A 0535+26 . 49

Figure 5.5 Frequency and the pulsed flux history betweerbliz¥ for EXO 203@-375 50

Figure 5.6 Frequency and the pulsed flux history betweerbli2e¥ for Cen X-3 . . 51
Figure 5.7 Frequency and the pulsed flux history betweer5l2e¥ for Vela X-1 . . 52
Figure 5.8 Frequency and the pulsed flux history betweerbliZe¥ for Her X-1. . . 52

Figure 5.9 Pulse frequency history of 4U 1687, showing all available historical

data from 1997 to 2003. The 1990 JureV{JD 48000) torque reversal is clearly

Figure 5.10 FerniGBM pulse frequency measurements of 4U 1626-67 since 2008 Au
gust. A change in the sign of the torque was found after 18syefithe source

SpINNING dOWN. . . . . . . . e e e e 54

Figure 5.11 Swift-BAT pulse frequency history coveringstisiecond reversal torque

(from 2004 Oct to the present time). Error bars are smalkam the plotted symbols. 55

Xiii



Figure 5.12 Top panel. Swift-BAT spin-up rate history of 4626-67. Middle panel.
Average 15-50 keV BAT count rate vs. time. Error bars are Enahan the
plotted symbols. Bottom panel. BAT count rate vs. spin-up far all the period
(circles). A correlation pattern is observed speciallyinyithe torque reversal

(only square symbols). . . . . . . .. 56

Figure 5.13 Top panel. Long term hardness ratio analysisJoi826-67. Swift-BAT
count rates (15-50 keV) were selected as the hard band an&R%M count rate
(1.5-12 keV) as the soft band. Bottom panel. Hardnesssitiediagram. During

the reversal a transition from hard to softisseen. . . . .. ...... . ... ... 57
Figure 5.14 Times of transient outburst observed withGBM ..... . . . ... ... 60

Figure 5.15 Pulse frequency history of 4U 1626-67 from 199%au2009. The 1990

June and the 2008 Feb reversals are clearlyseen. . . . . .. ........ . ... 61

Figure 5.16 The X-ray flux history of 4U 1626-67 relative t@ thux measured by
HEAO 1, in the same energy band, from previous works ([28ples; ([143])
triangle; ([99]) stars) and two recent RXJHEECA observations (unfilled squares)
in the 2-20 keV band. The cross point is inferred from PCA flnd the fractional
change in the Swift-BAT rate, since no spectral changesdutie transition have

been observed inthiswork. . . . . . . . . . . 63

Figure 6.1 The blue band spectrum (3800-4800 (A)) of IGRJ7262205 taken on
26 December 2007 . . . . . .

Figure 6.2 Hr emission line in the red spectrum of IGRJ 0682205 taken on 07
November 2007 . . . . . . . . e

Xiv



CHAPTER 1

INTRODUCTION

1.1 History of Neutron Star and Accretion Powered Pulsars

After the discovery of the neutron by Chadwick 1932([27]adBe & Zwicky 1934([8]) pro-
posed the existence of the neutron stars. This idea wageddliom their investigation of the
explosive endpoint of massive stars, Supernovae. Thersoyse represented the transitions
from normal stars into neutron stars, which would be at ama hligh density and with a small
radius [8]. This is the rst precise prediction that neutriamsscan be formed in core-collapsed

supernova explosion.

Since the gravity of a neutron star is extremely strong, ggnelativistic dfects have to be
taken into account in calculating the stellar structuree T8t relativistic calculations of neu-
tron star models, had shown the existence of stable equitibstars which are much more
dense than white dwarfs [142]. There were pre- dictions tieatron stars can be rapidly
rotating compact objects with strong magnetic field [77].1862, the most powerful per-
sistent extra-solar X-ray source, Scorpius X-1, had bescodered with the X-ray detector
on an Aerobee rocket [62]. This discovery made people toudgtecthat neutron stars could
be observable in X-rays. (Zeovich & Guseynov 1965) and (Hayakawa & Matsouka 1964)
([298],[72]) had independently predicted that binary eyss which comprise a compact ob-
ject, either a neutron star or a white dwarf and a massive alostars could generate X-ray
emission. When a compact star is accreting matter from iia sequence companion star,

thermal X-rays would be generated.

Todays, we exactly know that Accretion-Powered Binary }X-Pallsars are rotating, highly

magnetizedB > 102G neutron stars which are capturing matter from a stellar Govim



([152], [43], [104]). The dipole axis of the magnetospher¢hiought to be tilted with respect
to the spin axis of the netron star. The accreting matter amiebled by the magnetosphere
onto the magnetic poles and is gravitationally acceleréted velocity of~0.1c) and in atime

it reaches the surface of the neutron star. Later, at the paldace this matter gets slower
and it releases its gravitational energy as X-ray and gamaynaadiation. If the magnetic
rotation axes are misaligned and if the beamed emission frmmmagnetic poles rotates
through the line of sight, the pulsations can be observe2B{)1 Also we know that if the
magnetic field is not so higB < 10''G, then the accretion disk may touch or come close to
the neutron star surface, so the pulsation can not be olusefhe pulse profiles of the X-ray
pulsars tend to be (mostly) broad and sinusoidal, partigul® keV. The pulse shapes can be
described as either single-peaked or double-peaked (sbther especially at low energies
have complex structures). This shape make us to identifythenéhe emission comes from

one or both magnetic poles.

The pulse emission powered by the release of gravitatiarergy described as
Lx = (GMxM/Ry) = 10°"ergs ™ (My/(L4)Maun)(M/10 Mgnyr )((Re/210km) ™) - (1.1)

whereLy is the bolometric X-ray luminosityyy andRy are the mass and radius of the neutron

star andM is the mass accretion rate.

Accreting X-ray binaries can be divided into a number dfadent categories based on their
observational (such as X-ray, optical) and physical chiarestics. But mainly the classifica-
tion is made based on the mass of the companion star ([38])[Bthe system, whictMcomp

< Mgn named as low mass X-ray binaries (LMXBsSY, XMcomp) 2 10(Mgyn) classified as
intermediate mass X-ray binaries (IMXB), and\Vfeomp > 10(Mgyn) then classified as high

mass X-ray binaries (HMXBS).

LMXBs are the systems with late type or degenerate dwarf esnops (Her X-1, 4U 1626-
67, GX 1+4, etc). These systems are steady, low-luminosity X-raycesu HMXBs are the
systems with a massive early type supergiant or a O,B maineseg star (BeX systems).
Early type supergiant systems also divide into two groupsst,Fsystems with short pulse
periods and high X-ray luminosities (SMC X-1, Cen X-3), inialhmass accretion occurs
via Roche-lobe overflow mediated by an accretion disk. S#lgpesystems with long pulse
periods and moderate X-ray luminosities (Vela X-1), in vwhilte mass accretion is supported

by accretion of the supergiant’s stellar wind. These systara steady X-ray sources and tend
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to be very luminous*103’ergs1). Nearly 300 X-ray binary systems have ben detected in the
Galaxy, with pulse periods ranging from 0.069 to 23.5 min.réfthan half of these binaries
belongs to LMXBs. Around 115 of them belong to HMXBs, aa@o070([113],[114]) is com-
prised from Be X-ray binaries. They comprise a neutron starwide eccentric orbit around
main sequence Be companion (A 0582, EXO 203@375). In these systems, X-ray out-
bursts typically occur during periastron passage of therapistar close to the circumstellar

disc of the Be star ([141]).

Most BgXray binaries are transient systems. Persistent BeX displech less X-ray variabil-

ity and lower flux (x < 10%®ergs™! ) and contain slowly rotating neutron staRgn >100

s). The variability time scales in Be¢ray binaries range from seconds to years. Pulse periods
cover the range 3.61412 s. On longer time scales (monthsats)ye¢he variability is also ap-
parent in the optical and IR bands and it is attributed tacstinal changes of the circumstellar
disk. Sometimes, the Be star loses its disk. When this od¢herklr line shows an absorption

profile and the X-ray activity ceases.

X-ray bursts have been observed to occur in thréfemint shapes; i) Type | (or normal)
outbursts. Those are regular outbursts and peaks of thests lmecur at or very close to
periastron passage. They have a short life time and almwust small fraction of the orbital

period. They are generally repeated in each orbital perjotec They are characterized by

lower X-ray luminosities I(x < 10%” erg s1).

ii) Type Il (or giant) outbursts. They arise from a dramatipansion of the circumstellar
disk and are characterized by high X-ray luminositieg ¢ 10° erg s1), show increases
of the X-ray flux. They reach the Eddington luminosity for autien star so they become
very bright sources. Eddington luminosity is a limit whichset on steady accretion by the

radiation pressure on the infalling matter. It is set by éqgaradiation pressure with gravity.
Ledd = 4(r)cGMx(Mp) /(o) = 1.8 x (103g)ergs ™ (Mx/(1.4)Maun) (1.2)
wherem, is the proton mass and-r is the Thomson scattering cross-section.

The accretion disk may occur during Type |l outbursts. Thastbursts don't have a strick
phase dependence and typically much longer than Type | mighwith outburst time mea-

sured generally in months.
iii) Type "outburst free” (quiescence), where the accreti® partially or completely halted

3



([170], [134], [22]).

1.1.1 Torque Reversal in Accreting Powered Pulsars

The spin periods of most pulsars change with time. This ch@iglated to the torque exerted
on the star. For accreting powered pulsars the torque isctretion of matter with a specific

angular momentum ([152], [104]).
No = Mlin (1.3)

wherel;, = (GMr;,)Y/? is the specific angular momentum of the matter at the innee efithe

disk. Addition to this torque, there are also internal t@sjdue to coupling of the superfluid
interior and the outer crust of the neutron star. As a resit,net torque is produced by
filtering of external torque fluctuations in the vicinity dfe coupling between the crust and

superfluid interior ([105],[106]).

Torque reversals which have been observed in the accretilsgrg, can be detected in Her
X-1, Cen X-3, GX ¥4, OAO 1657-415, Vela X-1 ([22]) and 4U 19009 ([83]). Her X-

1 and 4U 1626-67 has a Roche-lobe filling low mass companidrerevmatter from the
companion flows from the L1 point into an accretion disk ([55tudies of accretion torque
in Her X-1 are made dicult by the obstruction caused by the warped accretion diskiwis
viewed from near edge-on, resulting in attenuation or ceteptclipsing of the pulsar ([147]),
make flux measurements unreliable probes of the mass axcrate. For 4U 1626-67, see
discussion in Chapter 5. Cen X-3 has a high mass companiochvatinost overflows its
Roche-lobe with a focused wind from companion flowing inte #tcretion disk ([45]). In
Cen X-3 the dense wind results in a large column density, satlvrce occasionally being
completely obscured. In GX+4 ([76]), OAO 1657-415 ([30]), 4U 19609 ([59]) and Vela
X-1 ([50]) the optical companion underfills its Roche lobe& @tcretion is done from a wind,
with perhaps the transient formation of an accretion digkédfaccreting angular momentum
is large enough. Vela X-1 is the prototype for a supergiamWed system, where accretion
is done by direct capture from the wind. In this case the feartd angular momentum is very
inefficient. Detailed timing analysis show that the frequencyolnysof Vela X-1 is consistent
with a random walk, or equivalently the power spectrum ofttirgue is white noise ([48]).
However, rare short high flux states have been observed wtagrgient disk accretion may

occur ([100]). It is likely transient accretion disks ocaorGX 1+4, OAO 1657-415, 4U
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190709 and play an essential part in there frequency histories.

1.1.2 Quasi Periodic Oscillation (QPO)

QPOs, in X-ray binaries, were first identified in white dwartems and then in neutron star
systems ([180], and [129]). Generally it is thought to beated to the rotation of the inner
accretion disk ([145]). The general description can be dm)eany inhomogeneous matter
distribution or blobs of matter in the inner disc may resnlQPO in the power spectrum. In
power spectrum,we search narrow peaks corresponding fautee frequency of the pulsar
and also its harmonics, QPOs can be distinguish as the appeaof aperiodic variabilities
like broad bumps. For accretion powered X-ray pulsars gifestures are important in giving
information about the interaction between the accreti@t dind the neutron star magneto-
sphere. In accretion powered systems, detecting of theserés can be between the range
of 10-400 mHz and we may generalize it as, low magnetic fiettbnestars and black hole
binaries show in a wide range of frequency from a few Hz to aliewdred Hz, whereas low
frequency QPOs, between 10m Hz to 1 Hz, can be detected frgimmiagnetic field neutron
stars. QPOs have been detected in 16 high magnetic acepetvoered pulsars. Few of these
belongs to LMXB class and many of them are classified as HMXBSTable 1.1, we can see
QPO features of both transient and persistent pulsars.idihésis, we also detect QPOs for
4U 190409 (see Chapter 3) and SMC X-1 (see Chapter 2). The QPOs asgemnaevents for
all types of pulsars, except 4U 1626-67 (for discussion®Hednd [89]). Persistent pulsars
do not show persistent features. For transient pulsargaaing of QPOs are fier in some
situations. For the transient pulsars that show QPOs, fighteire is not detected in some part
of the outburst, then it is not detected in all the outburgthereas, if the feature is detected
during an outburst, then itis usually present in whole orgtsu([51], [135]). There models for
explaining Hz QPOs for HMXBs, the most populars are KMegnetosphere Beat Frequency
Model (MBMF; [1]) and theKeplerian Frequency Madel (KFM;[180]). In the MBFM, QPO
frequency is calculated as theffdrence between the spin frequency and the Keplerian fre-
quency of the inner edge of the accretion diggo = vk — vs ([166]). In the other model,
KFM, QPO features are generated from the modulation of tlrays-by inhomogeneities in
the accretion disc, at the Keplerian frequency. We kmow Klegierian frequency can not be
smaller than the spin frequency of the neutron star, otlsentfie mass accretion flow to the

neutron star from companion star is expected to be stopptn aagnetospheric boundary
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by central inhibition of accretion ([170]). In detecting QB we use the correlation between
the X-ray intensity and the QPO centroid frequency ([52])half the mass accretion rate
becomes bigger, the accretion disk come closer to the mestes. For both model, such a
linear correlation is expected but for some sources althdbg X-ray luminosity vary, the

QPO frequency is founded as almost constant.

1.2 Thesis Contents

In Chapter 2, we present timing and spectral analysis byguRXTE observations c8§MC
X-1 accreting powered system between January 1996 and Dec@@@r The pulse period
history and timing solution of the source shows that the @®is still in spinning up since
its discovered. The long term spin-up rate i§5843816(7)x 1011 Hz s1. We obtain
new orbital epoch and using this epoch and previous resdtsalculate the orbital decay as

Porbit/ Porbit Of —-3.402(7)x 1078 yr=t. We found that all spectral parameters except Hydrogen

Table 1.1: List of QPOs

Source Type Vs YQPO vQPO/Vs Reference
(mHz) (mH2) (mHz)

Transient pulsars

KS 1944300 HMXB 53 20 0.38 1
SAX J2103.54545 HMXB 2.79 44 15.77 2
A0535+26 HMXB 9.7 50 5.15 3
V0332+53 HMXB 229 51 0.223 4
4U 0115+63 HMXB 277 62 0.224 5
XTE J1858-034 HMXB 4.53 110 24.3 6
EXO 20306+375 HMXB 24 200 8.33 7
XTE J0111.2-7317 HMXB 32 1270 39.68 8
GRO J1744-28 LMXB 2100 20000 9.52 9
Persistent pulsars
SMC X-1 HMXB 1410 10 0.0071 10
Her X-1 LMXB 806 13 0.016 11
LMC X-4 HMXB 74 0.65-20 0.0087-0.27 12
Cen X-3 HMXB 207 35 0.17 13
4U 1626-67 LMXB 130 48 0.37 14
X Per HMXB 1.2 54 45 15
4U 190A09 HMXB  2.27 69 30.4 16

(D[90], (A[79], ([51], (M[172], (5)[168], (6)[145K7)[2], (8)[92], (9)[199], (10)[3], (11)[132],
(12)[131], (13)[171], (14)[165], (15)[173], (16)[85]



column density did not show variation from previous studiksd hydrogen column density

increases the X-ray flux gets lower.

In Chapter 3, we present the results of timing and spectualiest of archival RXTE-PCA
observations of 4U 19G-09, and report a change in the spin down rate of this system.
From previous studies it is known that this source showed ftax@s, namely a primary
and a secondary occurring near periastron and apastronwan@>TE observations also
included flaring activities of the source. The source shos@utinues spin down at a rate
of v = (-3.54 + 0.02) x 10~**Hzs™* for more than 15 years. The spin down rate is found as

y = (-1.887+0.042)x 1014 Hz 5L,

By using timing analysis of RXTE and IXAE observations giméormation about transient
oscillations with periods of about 18.2s and 14.4s respalgti It was suggested that those
transient oscillations can be responsible for the slovdogn of the pulsar due to the presence

of a transient retrograde accretion disc.

In Chapter 4, we will discuss the timing studies on accrepiogered system HMXBIU
1538-52 in between July 31 and August 7, 2003 by RXTE-PCA data. Werchete new
orbital epochs for both circular and elliptical orbital nedsl Both model results are in agree-
ment with each other. The orbital period derivatives thafoumd (P/P = (0.4 + 1.8) x 106
yr~1) is also in agreement with previous measurement

(P/P = (2.9 + 2.1) x 10°® yr~1). The spin-up rate of the neutron star between observation

times is found as.Z6 x 10714 Hz sec?.

Using the Gamma Ray Burst Monitor (GBM) on board Fermi, we p@mitor accreting
pulsar systems. In chapter 5 we will work on Fermi-GBM resultVe present the results of
long term histories of each individual sources from the heigig of the GBM’s mission and
up to now 20 sources, 8 of them are persistent and 12 of thetnassients, are monitored.
Basicly, we use the rates from GBM'’s 12 Nal detectors in tfeb&eV range to detect and
monitor pulsations with periods between 0.5 and 1000 sexcohalo diferent pulse searches,
daily blind and source individual search, are the main camepts of this study4U 1626+67

is one the monitored source by GBM and we will discuss the rmeque reversal observed
after about 18 years of steadily spinning-down trend. Is thork, all available GBM data
since its launch in 2008 June 11 and hard X-ray SBAT data starting from 2004 October
to the end of 2007 are used. Between 2004 October and end @ftB8Gpin-down rate is



averaged at a mean rate-ofy = —4.8 x 10713 Hz st until the torque reversal reported here.
This second detected torque reversal was centered near ¥&IID 2008 Feb 4) and it lasted
approximately 150 days. During the reversal the sourcelaiderwent an increase in flux by
a fraction of~2.5 and the steady spin-up rate is averaged at a mean rate of4.0 x 10713
Hz, s1. Also there is detailed long-term timing analysis of thisi®e and a long term
spectral hardness ratio study in order to see whether thmerspactral changes around this

new observed torque reversal.

In Chapter 6, we work on two Be type binary system@&RJ06074+2205and
IGRJ01583+6713 discovered by INTEGRAL instruments in 2003 and 2005. Wes@né
optical band studies of them, photometric and spectrosaopiasurements taken fronfier-
ent optical observatories. The spectral type of the congmani IGRJ060742205 is defined
by using blue spectrum of itself and standard star. The afgrniv width of the K line gives

us information on the disc around Be star, from the lines Wimdéhe lines as emission lines.
Also it is possible to have idea about interstellar reddghietween the star and the observer,
by using both photometric and spectroscopic results. y,ast could be able to make pre-
diction about the distance of IGRJ06G72205, which is consistent with other studies about

it.

Finally in the last chapter, there is conclusion on our issul



CHAPTER 2

SMC X-1

2.1 Introduction

A high mass X-ray binary system SMCGA consists of a neutron star with a low madg=
1.06'913M, ([127]). X-ray pulsations were detected every 0.71 s ([L15)he system ac-
cretes from young BO super giant companion star Sk 160 ([[I85]]) with a mass oMqp=
156+1.5 ([127]). The source is observed with several satellitesesit was discovered during
a rocket flight ([150]). It is the most X-ray luminous known E{B therefore it is a good ex-
ample of wind disruption by X-ray ionization. It is the firsttdécted HMXB in SMC galaxy.
The system show X-ray eclipses occurring once in everyalrpériod of 3.8992 ([163]).

SMC X-1 has a super orbital flux variations55 days. These super-orbital flux variations
are ditferent according to 35 day cycle of Her X-1, since the lengtlswdcessive cycles
are highly variable ([195], [176]). The long term supertabperiod was firstly reported by
Gruber& Rothschild 1984([69]) and then continued to beistithy Levine et al. 1993([110])
with RXTE observations and Wojdowski et al. 1998([195])wé#everal observations. This

superorbital is thought to be due to precession of a warpe@tan disk.

Using pulse timing analysis, the spin and orbital paransetérthe source was examined.
From the rates of change in the orbital period were found éndtudies by Levine et al.
1993([110]) and Wojdowski et al. 1998([195Fdb/Porb of ~ 3.4 x 10°%yr1), the results
were almost same and the values represent that there is r@ficsigt orbital decay in the
system. Mostly, the change in pulse spin rate of the sourcesialied in detail, with the
pulse spin values obtained by several observations. Theesdgl spinning up since it was

discovered, with a change in spin-up rate.



2.2 Observations and Analysis

The RXTE-PCA (Proportional Counter Array)([87]) consistisan array of 5 Proportional

Counters (PCU) operating in the 2-60 keV energy range, withtal efective area of ap-

proximately 7000 crhand a field of view of~1° FWHM. Besides PCA data, we also used

RXTE-ASM data (All Sky Monitor) to get ASM lighcurve which generated using all three

Scanning Shadow Cameras, and are quoted as nominal 2-10akes/in ASM counts per

second. In this work we used "one-day average” data belangsetsource. Each "one-day

average” data point represents the one-day average oftia $iturce fluxes from a number

(typically 5-10) of individual ASM dwells.

We analyzed all archival RXTE-PCA observations of SMC X-twmen 1995 January and

2004 January and approximately 139 pointed observatiotts aviotal exposure of around

250 ks were used. During the observations between 1998 @rcidband 1998 November

24, nearly~ 23 ks, the source was observed during the outburst of thbynéaansient X-ray
pulsar XTEJO111.2-7317 ([29]) which is located at 30’ froMG X-1. Due to contamination
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Figure 2.1: RXTE-PCA Observation Dates shown on RXTE-ASghtturves
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all pulse timing and X-ray spectral studies we excluded th®ome data belong to exclipsing
duration of this source. They were also examined and igndueithg all analyses due to be

low count statistics. In Table 2.1 data are listed in whichGK+1 no pulsation observed.

We used all of the five PCUs during whole analysis. Top xengarkafor all Proportional
Counter Units were selected for the better statistics. R®mobservations before May 2000,
analysis are made by using all PCU top xenon layers. For teereations after May 2000,
for which the propane layer for PCU 0 was lost, only the topoxelayers of other four PCU

units were used for spectral analysis.

All PCA bservation dates are indicated on RXASM lightcurves between MJD 50088 and
54572, in (Figure 2.1) it's labeled according to proposal@Dring the observations between
1998 October 16 and 1998 November 24, nearl®3 ks, the source is observed during the
outburst of the nearby transient X-ray pulsar XTEJO11B277([29]). All pulse timing and
X-ray spectral studies are done also for these data. Ther&isiént source located at 30’

from SMC X-1 was easily detected from the power spectra ofddwa, so to prevent the

Table 2.1: RXTE observations of non-pulsating data of SMC X-

Obs. ID Obs. Date  exposure time
20109-02-01-00 1997-01-25 3829
20146-06-03-00 1997-01-25 1015
20109-02-04-00 1997-03-13 2847
30125-05-01-00 1998-01-13 1456
30125-05-02-00 1998-02-06 3756
30125-05-03-01 1998-03-11 2234
30125-05-03-02 1998-03-11 1436
30125-05-08-00 1998-08-10 2979
30125-05-08-01 1998-08-11 2311
30125-05-10-00 1998-10-02 3043
30125-05-10-01 1998-10-03 2853
80078-01-01-07 2003-10-27 10523
80078-01-01-08 2003-10-27 4823
80078-01-03-00 2004-01-27 21028
80078-01-03-01 2004-01-27 49238
80078-01-03-02 2004-01-28 4160
80078-01-03-04 2004-01-28 27725
80078-01-03-03 2004-01-29 31779
80078-01-05-05 2004-01-30 7411
80078-01-05-00 2004-01-30 16173

11



contamination due that source, we entirely ignored those da

2.2.1 Pulse Timing Analysis and Timing Solution

During whole analysis the standard PCA analysis tools 'FLOQersion 6.3 software com-
mands were used. For timing analysis, all lightcurves (3&@ with 0.035s) were generated
with the photon arrival times from Good Xenon data and forlihekground lightcurves the
background estimator models from the RXTE team were use@;hwik based on the rate
of very large events (VLE), detector activation, and cosKuaay background. Finally, the
background lightcurves were subtracted from the sourde @grve obtained from the event
data 'Icmath’. Then background subtracted lightcurvesewmrected to the barycenter of

the solar system.

From the long archival data, pulse periods were found byirgldhe time series on trial
periods ([109]). Master pulses were generated from thesg dbservations by folding the
data on the period which had the greatest power in the pegradn Pulse arrival times
were found by cross-correlating the pulse profiles obtafnam ~ 200s long segments with
constructed master pulses. Both the master and indepesaiapte pulse profiles consisted of
20 phase bins. Cross-correlation was performed by usingdabger harmonic representation
of pulses ([47]). If master pulse and sample pulse are shattngfp) and f@), we can define

the Fourier series as;

9(#) = (Go) + ) (Greosk(® — ¢)) 2.1)
k=1
f(9) = (Fo) + > (Fkcosk(® — gk + Ag)) (2.2)
k=1

with harmonic number m. Between the sample and master phisgyuilse phasefiset is

shown a®¢ and it is used during the estimation of pulse frequency daves.

As a timing solution of SMC X-1, initially we found pulse aral times obtained from a series
of observations with a time span of6 days around MJD 50324.7. These pulse arrival times

can be fitted to an expression to obtain timing solution (f46]

2r(vo)

I:’or bit

v=(vo) +v(t—1g) + %Wt — (to))? + x(cos(l) + ecos(w)cos(2l) + esin(w)sin(2l)) (2.3)

where e is the eccentricity, w is the longitude of periasttgrs the mid-time of the obser-

vation, ()is the pulse frequency atgf, v andv' are the first and second time derivative of
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the pulse frequency, = 21(t — T,/2)/Porbit + 7/2 is the mean orbital longitude atT;,/, is
the epoch when the mean orbital longitude is equal t6; 3t is the orbital period of the
system,x = a/csin(i) is the light traveltime for the projected semimajor axihéne i is the
inclination angle between the line of sight and the orbitajidar momentum vector), and

Porbit is the orbital period.
We firstly assumed a circular orbit£8) and therefore this expression became,

5t = %(t —tg) + %g(t — t0)? + xcos(l). (2.4)

Also in order to improve the fit, we used the whole expressinoesit contains terms corre-

sponding to an eccentric orbit

The periodic trend of the pulse arrival times yields an eti@zorbit (e=0.00089(6)) with an
orbital period of 3.89220909(4) days (humbers in parefghdsnote & uncertainties in the

least significant figures hereafter).

Table 2.3 presents the timing solution of SMC X-1. Figure @r@sents the pulse arrival
times from the observations with a time span of about 6 daysral 30 August 1996 after the
removal of the quadratic trend (or intrinsiB)-together with the residuals of circular=@)

and eccentric orbit models respectively.

In Table 2.2, we present the orbital epodi} /) measurements from fierent observatories
and orbital cycle number (N). In Figure 2.3, we present olminus calculated values of
orbital epochs T2 — N < Porhit > — < Trj2 — N < Porpit >>) relative to the constant orbital
period & Pgrpit >= 3.892188 days). It should be noted that the last point inditate’RXTE

Point” is our result and other points were already publishefbre (see Figure 7 in [195]).
A quadratic fit to the epochs from all experiments yielded stm@ate of the rate of period

changePyb/Porb = —3.402(7)x 1076 yr1.

2.2.2 Pulse Period History and Change of Rate

Beginning from the first detection of the pulse, all pulsddrig of the source is listed in Table

2.4.
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Figure 2.2: Arrival times (pulsation cycles) (top panet)daesiduals after fitting arrival times
to a circular (middle panel) and elliptical orbital modealwler panel)

Table 2.2: Orbital Epoch Measurements of SMC X-1

Tr/2 (MJD) N Observatory| Reference
40963.99(2) -481 | Uhuru [195],[163]
42275.65(4) -144 | Copernicus | [195],[177]
42836.1828(2) | O SAS 3 [195],[151]
42999.6567(16) | 42 Ariel V [195],[44]
43116.4448(22) | 72 Cos B [195],[24]
46942.47237(15) 1055| Ginga [195],[110]
47401.744476(7) 1173 | Ginga [195],[110]
47740.35906(3) | 1260 | Ginga [195],[110]
48534.34786(35) 1464 | ROSAT [195]
49102.59109(82) 1610 | ASCA [195]
49137.61911(50) 1619 | ROSAT [195]
50091.170(63) | 1864 | RXTE [195]
50324.691861(8) 1924 | RXTE [82]
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Figure 2.3: Orbital Epoch Arrival Times SMC X-1

Table 2.3: Timing Solution of SMC X-1

Parameters Model (This Work)
Timing Epoch (MJD) 50326.62356961(9)

v (Hz) 1.413630801(4)

v (1011 Hz.s'1) 3.279(5)

Orbital Period (days) 3.89220909(4)

a/c sin | (It-s) 53.4876(9)

Orbital Epoch MJD 50324.691861(8)
Porbit/ Porbit (10_6 yr_l) '3-402(7)

Eccentricity 0.00089(6)

w (longitude of periastron) 166(12)
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Table 2.4: Pulse Period History with several and RXTE olaéas of SMC X-1

Proposal ID or Observatory MJD (days)

Pulse Périod References

Uhuru
Aerobee
Apollo-Soyuz
SAS 3
Ariel V
Einstein
EXOSAT
Ginga
HEXE
Ginga
HEXE
HEXE
Ginga
ROSAT 1
ROSAT 2
ASCA
ROSAT 3
ROSAT
RXTE
00011
00011
00011
10139
10139
10139
10139
10139
10139
10139
10139
10139

20146-20109-20417
20146-20109-20417

BeppoSAX-1

41114.200
41999.600
42613.799
42836.183
42999.6567
43985.907
45998.500
46942.4724
47399.500
47401.744
47451.500
47591.000
47740.3591
48534.3479
48892.4191
49102.5911
49137.6191
50054.000
50091.170
50093.048
50093.115
50093.181
50323.016
50323.349
50324.010
50325.069
50326.009
50327.268
50327.941
50328.993
50329.940
50411.87
50442.90
50460.900

0.71748(26)
0.7164(2)
0.7152(4)

0.71488585(4)
0.7147337(12)
0.713684(32)
0.7116079958(4)
0.710592116(36)
0.7101362(15)
0.710140670(15)
0.7100978(15)
0.7099636(15)
0.709809901(32)
0.70911393(34)

0.7088166(6)

0.7086390(9)

0.7085992(5)

0.70769(6)
0.70767330(8)
0.70767394(66)
0.70767392(196)
0.70767470(68)
0.707405055(75)
0.70740810(262)

0.7074006241(380)

0.70739917(17)
0.707400173(32)
0.7073979(9)
0.707395126(32)
0.707393636(32)
0.707395151(32)
0.7073020(85)
0.7072548(78)
0.7072282(81)

[73]
[196]
[73]
[195]
[195]
[195]
[103]
[110]
[103]
[110]
[103]
[103]
[110]
[195]
[195]
[195]
[195]
[91]
[195]
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
[139]

L errors indicated in the parenthesis gives the value for patde period in &
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Table 2.4: continued

Proposal ID or Observatory MJD (days)

Pulse Périod References

20146-20109-20417
20146-20109-20417
20146-20109-20417
BeppoSAX-2
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
BeppoSAX-3
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
ROSAT

20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417
20146-20109-20417

30125

30125

ROSAT

30125

30125

30125

30125

30125

30125

30125

30125

30125

50489.366
50504.524
50505.169
50507.600
50531.806
50535.679
50551.398
50556.346
50562.100
50566.861
50579.511
50583.009
50583.030

50593.799

50597.960
50598.980
50609.319
50617.757
50617.898
50646.787
50675.866
50711.833
50738.053
50767.442
50795.116
50850.541
50883.272

50898.200

50910.965
50949.407
50949.751
50950.048
51007.374
51007.975
51060.725
51060.791
51061.265

0.7072005(7)
0.7071852(78)
0.7071842(9)
0.7071801(44)
0.7071487(48)
0.7071436(7)
0.7071241(5)
0.7071237(75)
0.7071144(71)
0.7070982(45)
0.7070880(81)
0.70708425(26)
0.7070837(7)
0.707065(10)
0.70706039(104)
0.7070606(7)
0.70704348(251)
0.7070436(48)
0.7070466(260)
0.7070038(36)
0.7069694(64)
0.706929(10)
0.7068983(51)
0.7068606(52)
0.706829(36)
0.70676817(232)
0.70672955(1109)
0.706707(10)
0.70669418(10937)
0.70665576(277)
0.70665243(2774)
0.70664981(547)
0.70659188(3077)
0.70659264(349)
0.70652581(2701)
0.70652477(2014)
0.70652606(906)

This work
This work
This work
[139]
This work
This work
This work
This work
[139]
This work
This work
This work
This work
[91]
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
[91]
This work
This work
This work
This work
This work
This work
This work
This work
This work

L errors indicated in the parenthesis gives the value for patde period in &
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Table 2.4: continued

Proposal ID or Observatory MJD (days)

Pulse Périod References

30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
30090-30125
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064
40064

51102.221
51106.083
51108.060
51109.781
51111.866
51113.711
51115.709
51117.607
51119.586
51121.160
51121.515
51121.637
51121.724
51125.443
51127.234
51129.376
51131.300
51133.301
51151.014
51151.416
51699.405
51699.666
51699.736
51699.876
51700.172
51700.233
51700.383
51700.593
51700.663
51700.803
51700.896
51701.152
51701.315
51701.590
51701.660
51701.869
51701.957

0.70647607(4241)
0.70647259(1141)
0.70649826(889)
0.70650057(1347)
0.70649266(1107)
0.70649280(203)
0.70649099(284)
0.70648863(994)
0.70648654(184)
0.70645975(119)
0.70645783(67)
0.70645430(5328)
0.70645748(1928)
0.70645499(3264)
0.70645028(823)
0.70644772(4891)
0.70644694(2665)
0.70644117(2888)
0.70641806(1399)
0.70642326(1310)
0.70580792(436)
0.70580405(462)
0.70580918(1612)
0.70580980(776)
0.70581109(2972)
0.70581164(100)
0.70581162(999)
0.70581175(473)
0.70581144(235)
0.70581082(689)
0.70581221(2831)
0.70580888(2225)
0.70580732(169)
0.70580527(6630)
0.70580609(2154)
0.70580514(1653)
0.70580507(13)

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

L errors indicated in the parenthesis gives the value for patde period in &
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Table 2.4: continued

Proposal ID or Observatory MJD (days)

Pulse Périod References

Chandra 51833.808 0.7057147(3) [183]
INTEGRAL 52843 0.704596(8) [123]
80078 52939.611  0.70448827(245)  This work
80078 52939.680  0.70448753(281)  This work
80078 52939.749  0.70448789(94)  This work
80078 52940.527  0.70448689(249)  This work
80078 52940.596  0.70448703(1693)  This work
80078 52940.665  0.70448733(1584)  This work
80078 52940.734  0.70448721(76)  This work
80078 52940.805  0.70448768(150)  This work
80078 52940.958  0.70448832(660)  This work
80078 52941.304  0.70448935(2475)  This work
80078 52941.373  0.70449072(1878)  This work
80078 52941.442  0.70449134(1798)  This work
80078 52941511  0.70449152(550)  This work
80078 52941.813  0.70449323(196)  This work
80078 52942.289  0.70449226(116)  This work
80078 52942565  0.70449009(166)  This work
80078 52942.652  0.70448883(377)  This work
80078 52942.825 0.70448836(13891) This work
80078 52942.891 0.70448819(17390) This work
80078 52943.688  0.70448299(288)  This work
80078 52981.226 0.70444990(19572)  This work
80078 52981.527  0.70444757(6242)  This work
80078 52982.064  0.70443464(505)  This work
80078 52083.496  0.70443455(1715)  This work
80078 52984.033  0.70443753(289)  This work
80078 52984.360  0.70443871(2235)  This work
80078 52984.480  0.70444011(1763)  This work
80078 52984.687  0.70444081(604)  This work
80078 52984.890  0.70444066(780)  This work
80078 52985.326  0.70443804(370)  This work
80078 52986.311  0.70443088(1216)  This work
80078 52987.433  0.70443021(1912)  This work
80078 52987.640  0.70443111(2148)  This work

L errors indicated in the parenthesis gives the value for patde period in &

We investigated the spin-up variability between MJD 40008 33000. We see that the source
continues to showing spin-up behaviour as defined prewioBslt,the source does not show a
constant spin-up rate. Between MJD 40000 and 43500, thes@in spin-up with a rate of

(0.9323%0.00030% 107 s.st during this duration. Between 43500 and 47400, the spin-up
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rate becomes (1.07615@.000007x10°° s.s1, raising in the spinning up. But later again a
decreasing in spinning up with rate value of (0.9553 18460000154} 107° s.s! between
47400 and 49200 has been seen.

During the spin period history, we investigate the 'RXTE @&bstions’ zone (between MJD
50093.048 and 52987.640, each havind — 2ksec exposure). we roughly obtained pulse
periods using the periodogram and then refined these pdjot® use of a linear fit to the
arrival times. Errors were estimated using the scatteringriaval time values (i.e. errors
were related to the errors of the linear fiament of the fit). These periods were corrected
for the binary motion of the pulsar using the orbital pararetisted in Table 2.3. The
spin period variation does not have any relation accordintpe flux variation. Spin rate is
(1.1450525:0.0000475% 10°° s.s! between MJID 50000 and 53000, we see an increasing
in again spining-up of the source. Figure 2.4 shows also th@evpulse period history of
the source, and it is evident that the source spins up catinletween MJD- 40000 and

MJD ~ 53000 with a varying spin-up rate.

2.2.3 Power Spectra and QPO Features

Power spectra are obtained in two energy ranges. We seatahedwerlaw indexes of these
spectra seperately at both low and high frequencies in B.24&V, whereas only one power-
law index in between 2.0-3.2 keV is derived. The generaktfenpowerlaw index is constant
even though flux varitation, which means that power specgastble. Significantly, accre-
tion geometry is almost same. Also some features has beamneapim those power spectra.
During analysis, features were seen considerably in sosesas a bump and sometimes as
an insignificant peak at 0.05, 0.06 Hz. These features have appeared at any eneigg ran

discussed above.

2.3 Spectral Analysis

We used the same data set that we used for timing study. Thegzavas also same for
X-ray spectral analysis. For spectral analysis the Stah@adata were used. Spectrum,
background and response matrix files were created using &gals analysis software. We

used background subtracted spectra in our analysis. THejtwamd files were created by
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Figure 2.4: Top panel and middle panel. Pulse frequencgryistnd residuals of SMC X-1
after a linear fit obtained from 5 flierent intervals listed in Table 2.4. bottom panel. Fre-
guency derivative history. Dashed lines in top and middieetsmand horizontal error bars in
the bottom panel indicate time intervals in which linear fsre performed. The last (right-
most) interval almost consists of pulse frequency valugaioed from our analysis.

'pcabackest’. Energy channels corresponding to the 3-25dkeergy range were used to fit
the spectra. We ignored photon energies lower than 3 keV myththan 20 keV and 1%

systematic error was added to the errors.

We fitted X-ray spectra with two models by using XSPEC11 spégackage. We used a
power law model with a high energy ctifand a gaussian component is fixed again to 6.7
keV([3]). Also we tried a model by adding a partial coverifgsarption factor as done in

XMM data of this source by Neilsen et al. 2004([140]), but thedel did not improve the fit.

For best fit parameters of the spectral model for twitedent regions corresponding tdfei-
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Figure 2.5: High energy cutfband folding energy trend of SMC X-1 between MJD 50093
and 53000

ent flux values of the system during pulsating can be idedtifierable 2.5.

In general, we found that power law index, high energy diiand e-fold energy values were
almost constant, the ranges between respectivély831+0.107 and 1.67€0.110, 5.90 and
14.56, lastly 7.84 and 32.19 For high energy ctftamd folding energy ranges see Figure
2.5.

Table 2.5: Spectra parameters from TwdiBient Region

Obs ID 10139-01-01-00 20146-06-02-00

MJD 50323.349 50442.905

nH(10?2cm2) 12.039:0.748 2.2140.290

Powerlaw Index 1.1840.043 1.1760.074

Ecuot f (keV) 13.69%3.424  6.5951.649

Etad (keV) 11.7654.118 10.02@3.507

(x2) (degrees of freedom) 0.868(47) 1.055(47)

Obserbed flux (10° ergs cm? s71)(3-25 keV) 238669252 20.6730043
Unabsorbed flux (10 ergs cm? s71)(3-25 keV) 28281j8~1822§ 21553j§:§§§
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The hydrogen column density shows decrease in low fluxesdegtthe energy range of 3.0
and 25.0 keV, the range is between 2.80h087 and 21.14#41.86. Nearly after flux of 5
1010 ergs cm? s71 also nH value goes constantly. In (Figure 2.6), we showeglizton
index and hydrogen column density behaviours accordinigi®.t Then we showed in Figure
2.7 that photon index and hydrogen column density variatimake sense for us according
to flux (3-25 keV) variations. However, we did not see suchatam in cut-df and folding

energies in accordance to flux.

2.4 Discussion

By analysing of the all RXTE observations archive data, teed of spin period show that the
neutron star spins up for 30 years, witlfdient spin-up rates. According to RXTE observa-
tions duration, source’s spin-up rate shows increasinigim®20 according to previous spin-

up behavior. For RXTE observations duratlémse/Ppu|Se:(l.6180509&0.00006863)(106
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Figure 2.6: Photon index and nH trend of SMC X-1 between MJ0B30and 53000
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Figure 2.7: Photon index and nH trend of SMC X-1

We can express the spin-up rate of a source with a persisterdgten as

v =22x 1022 m Y TR Hz s, (2.5)

wherev is first time derivative of the spin frequencgyso is the magnetic moment of the
neutron star in units of 8 Gauss crh, my is the mass of the neutron star in units of solar
mass,Rg is the radius of the neutron star in units of clyy is the moment of inertia of the
neutron star in terms of #8g cn?, andLs7 is the luminosity of the neutron star in units of
10°" erg s ([67]). Using a distance value of 61 kpc ([95]) and a flux df 10-° ergs cnm?
s71, luminosity of SMC X-1 is~ 5.5 x 10°® erg s. Assuming magnetic moment of ¥0
Gauss cri, mass of 14M,, radius of 16 cm, moment of inertia of 18 g cn?, we findv to
be~ 59 x 10711 Hz s'1. This value is compatible within the order of the observeid-sp

rate value of the source.

Figure 2.3 explicitly shows that the eccentric orbit moded better fit compared to the circular

orbital model. From the timing solution of the source theaynorbit has an eccentricity

24



of 0.00089(6). Previous studies gave a circular orbit smiu[195]) and an upper limit of
0.00004([110]) for eccentricity for this source. Our praselue is more than 20 times greater
than the upper limit found by Levine et al. 1993([110]). Wdide that our value will be

important for future studies.

From timing analysis, we obtained a new orbital epoch of SMC¥om RXTE observations.
Using this new epoch and previous results ([195]), we fourad there is an orbital decay
with Pgrpit/Porbit Of -3.402(7)x 1078 yr~1 which is similar to the values founded by previous
studies ([195]),[110]). Levine et al. 1993([110]) propdgbat the major cause of change in
the orbital period is tidal interactions as for the case in €3 ([96]), and LMC X-4 ([111]).
SMC X-1is unlike Her X-1 for which the mass accretion wereutiat to be primarily related

to the orbital period decay ([49]).

From the spectral analysis, we found that all of the spegaaameters except Hydrogen
column density did not vary significantly. Hydrogen colunensity was found to be higher
as X-ray flux gets lower. The same correlation of hydrogenimol density and X-ray flux
is also observed in Her X-1 ([81]). It may be due the fact thaft absorption becomes
stronger whenever there is a partial obscuration of theroewstar due to the X-ray eclipses
and warping of the accretion disk. The increase in Hydrogdanen density may also be
related to the simple absorbed power law model. SMC X-1 h#segoess especially for
energies< 3 keV ([146]). Although we used photon energies greater &V in our
analysis, tail of a soft spectral component mdkeet low energies in our analysis and as
a result we might have interesting changes in energy spacas variations in Hydrogen

column density parameter.

Hydrogen column density changes just during the low fluxeslithe hydrogen column den-
sity is very high when the flux is low as expected but after simevalue the column density
although the flux increases, the density goes constant. nidneased soft X-ray pulsation is
absorbed due to hydrogen column. Whereas, the other pamermliongs to model do not

show any changes according to flux.
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CHAPTER 3

4U 190409

3.1 Introduction

4U 190409 is an accretion powered X-ray pulsar accreting plasma fidlue supergiant
companion star. It was discovered as an X-ray source duhadJhuru survey ([63]), it
has been observed by using various X-ray observatoriesiab\A([120]), Tenma ([116]),
EXOSAT ([37]), Ginga ([119],[130]), BeppoSAX ([42]), XMP(32]), ASCA ([158]), IXAE
([136]) and RXTE ([85],[84],[86],[158],[10],[6]), INTERAL ([59]).

Marshall & Ricketts ([120]) determined the binary orbitaripd to be 8.38d using Ariel V
observations. They reported that they found two flares, ma and a secondary which
is respectively occurring near periastron and apastroner BXOSAT and RXTE observa-
tions ([84],[86]) did clearly show that these flares are kmtko orbital phases separated-by
0.45 orbital period. The pulsar was founded in an eccetytrafi~0.2 around its companion

([116],[37])

As a discussion the possibility of that the two flares can hesed by an equatorial disc-
like envelope (circumstellar disc) around its compani@mn §tL16], [37]). When the neutron
star crosses the disc, the mass accretion rate onto theneuér increases temporarily. We
expect to see two peaks while the neutron star passes twimegth the circumstellar disc
of the companion star in every cycle. We also expect a trahsiecretion disc formation
around the neutron star while the neutron star passes thrig circumstellar disc. For
the formation of the circumstellar disc around the compausi@r, the companion must most

likely be a Be type star.
The first identification on companion star was done as hightidened star ([167]). But it
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was also discussed as an O or B type supergiant due to thenpeeskstrong and broadd
emission. The optical companion of 4U 19@P is determined as an @89 supergiant with
a dense stellar wind with the recent optical studies ([41dp #he discussion on these two
flares by using equatorial disc-like envelope idea makedhaltr as Be type companion star.
Using Tenma observations, Makishima et al. 1984([116]) &sind the pulse period of the

source to be 437.5 sec.

The timing measurements and studies from EXOSAT ([37]) axidRobservations ([84],[86],
[10]) showed continuous spin-down trend of the neutron §the spinning down rate almost

founded as’ = (-3.54 + 0.02) x 10~ 1*Hzs™! for more than 15 years ([10]).

3.2 Observations and Analysis

The Proportional Counter Array (PCA)([87]) on board the RX@onsists of five identical
proportional counter units (PCUs) coaligned to the sametoithe sky, with a total @ective

area of approximately 625a7, and a field of view of~ 1° FWHM, operating in the 2-60
keV energy range. The number of active PCUs is varied betweenand five during the
observations. Observations after 2000 May 13 the backgrdewel for one of the PCUs

(PCUQ) increased so for these observations in the analgifRvere ignored.

3.2.1 Timing Analysis

This study includes the results of timing and spectral s&idif this pulsar by using archival

RXTE-PCA observations which is listed as (Table 3.1). Ineoritb obtain background sub-

Table 3.1: Observation list for 4U 19609

Time of Observation XTE Prop. ID  Number of

start end Observations
dd mm yyyy dd mm yyyy
17 02 1996-23 02 1996 10155 8
2511 1996-14 12 1997 10154-20146 24
26 07 1998-01 10 1998 30093 14
10 03 2001-06 03 2002 60061 38
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Figure 3.1: Pulse phase and its residuals fitted to the ¢rbidel presented in (Table 3.2)

tracted light curves, we generated the background usindpaliskground estimator models
based on the rate of very large solar events, spacecrafatioti and cosmic X-ray emission
with the standard PCA analysis tools. Then we subtractekignaand light curves from the
source light curves obtained from the event data. The backgk subtracted light curves
were also corrected to the barycenter of the solar systenaating binary orbital motion of
4U 190409 around its companion. For the correction of binary oflnitation, we used the

orbital parameters deduced by In 't Zand, Baykal & Strohmayeal. 1998([85]).

For timing analysis we fold the light curve outside the isigndips from long data string
around 7-10 ksec on statistically independent trial pexrigdl09]). As described in previous
chapter, we get pulse phases obtained from cross correkatialysis and are presented Figure

3.1.

To estimate pulse frequency derivatives, again the pulssgshcalculated from the cross-

correlation analysis are fitted to the quadratic polynomial
1. 2

which is called second-order Taylor expansion. wh#frés the pulse phasefiset deduced
from the pulse timing analysi¢g is the mid-time of the observatio, is the phase fiiset

at t,, ov is the deviation from the mean pulse frequency (or additmeection to the pulse
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frequency), and is the pulse frequency derivative of the source.

The pulse frequency derivative from the sequence of 19 mhsses spread over 360 days
was measured as = (-1.887 + 0.042) x 1074 Hz s'1. This value approximately 0.60
times lower then previous measurements of pulse frequesiyatives which was measured
over 383 days times span ([10]). In this and the previousrebtiens ([10]) time span of the
observations are similar(over year) and both observations have low timing noise. Hewe

the spin-down rate is lowered by a factor of 0.6 times in fatteservations.

In order to see the spin-down trends clearly we estimate tigeprequency histories by
taking the derivatives of each pairs of pulse phases fronpti&e phases of this work and
previous work([10]) and presented in Table 3.3 and Figu2zeaRng with previous frequency

measurements.

From timing analysis This source shows transient osaltetias a result of timing analysis
of RXTE ([85]) and IXAE ([136]) observations with periods albout 18.2s and 14.4s. These
transient oscillations during flaring activities shows fhemation of a transient accretion
disk. Due to spin-down trend, it may be suggested to be rblatéhe presence of a transient

retrograde accretion disc.

In this work, the whole dataset of 4U 19609 was also analyzed for possible detection of

Table 3.2: Timing solution of 4U 196709

T,/ (Orbital Epoch) (MJD) 5013476 F 0.06°P
Porb(d) 8.3753% 0.0001°
agsini (It s) 83 2P
e 0.28% 0.04°
W 330F 7P
to (MJD) © 521546183 0.0005
Pulse Period (s) 4410932+ 0.0003
Pulse Period derivative (s$) | (3.653% 0.081)x 107°
Pulse freq. derivative (Hz'4) | (-1.887+ 0.042)x 10714

a Confidence intervals are quoted at [evel.

b Orbital parameters are taken from [85]y §20rbital period, asin i=projected semimajor
axis, e=eccentricity, w=longitude of periastron.

¢ Mid-time of the observation used in pulse timing.
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Figure 3.2: Plot of pulse period history. Solid line and thgiduals correspond to the previous
spin-down rate found by Baykal et al. 2001([10]).

any transient oscillations around14 — 18s, similar to those reported from previous RXTE
([85]) and IXAE ([136]) observations. "In the power specta3-25 keV RXTE-PCA light
curve, we searched for transient oscillations arourtdO6 Hz in the 0.50s binned 170 light
curve segments of length of 512s. In order to test the sigmifie of these oscillations, we
used the approach of [181]. As the result of this search, wed@nly 3 512s segments in the
whole dataset with the transient oscillations of signifaaexceeding & at MJD ~ 50136,

~ 51079 and~ 51087. Our results about transient oscillations are makgand therefore
inconclusive. Future observations may be useful to obsaneeanalyze possible transient

oscillations of the source.”

3.2.2 Energy Spectrum Analysis

"The complete dataset of 4U 19809 were also analyzed to investigate whether there is any
significant spectral evolution accompanied with the changbe spin down rate of the pul-

sar or not. Spectra, background and response matrix files eveated using FTOOLS 6.0
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data analysis software. Background spectra were geneuaird the background estimator
models based on the rate of very large events, spacecrafitamt and cosmic X-ray emis-

sion.” Spectral analysis and error estimation of the spepaairameters were performed using
XSPEC version 11.3.2. We extracted individual 3-25 keV P@Acsra each corresponding
to a single pulse period. For these spectra, energies ldhwaear3 keV were ignored due to
uncertainties in background modeling while energies highan 25 keV were ignored as a

result of poor counting statistics. In order to take intocagt the X-ray background from the

Table 3.3: RXTE pulse period measurements of 4U 387

Epoch Pulse Period Reference

(MJD) (s)

45576 437.4880.004 [116]

45850 437.6490.019 [37]
48156.6 439.190.02 [130]

50134 440.3440.014 [85]

50424.3 440.48540.0109 This work
50440.4 440.48770.0085  [10]

50460.9 440.51180.0075 This work
50502.1 440.55180.0053 This work
50547.1 440.56840.0064 This work
50581.1 440.57940.0097 This work
50606.0 440.60080.0115 This work
50631.9 440.61890.0089 This work
50665.5 440.63280.0069 This work
50699.4 440.64680.0087 This work
50726.8 440.65380.0105 This work
50754.1 440.67880.0088 This work
50782.5 440.69100.0097 This work
51021.9 440.70480.0032  [10]

51080.9 440.75980.0010  [10]

51993.8 441.04840.0072 This work
52016.8 441.05880.0071 This work
52061.5 441.05980.0063 This work
52088.0 441.06560.0063 This work
52117.4 441.08240.0062 This work
52141.2 441.08580.0082 This work
52191.4 441.10670.0046 This work
52217.2 441.10720.0077 This work
52254.3 441.12580.0074 This work
52292.0 441.14680.0065 This work
52328.8 441.13580.0090 This work
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Galactic ridge and the nearby supernova remnant W49B, ienfetl the approach used by
[158] as we extracted overall "dip” state spectra of the sedor each of the proposal IDs
listed in Table 3.1 and the corresponding background spe®tie found that the count rate
and the spectral shape of the dip state spectra were caorisigth the models of the diuse
emission from the Galactic ridge ([179]). So, these dipestdiservations were used as addi-
tional background spectra in spectral fits of the sourcetgpac These additional background
spectra were created by subtracting the correspondingtalip model background spectrum
from the dip state source spectrum using "mathpha” FTOOLower-law model with low-
energy absorption ([133]), multiplied by an exponentigjthenergy cut-fi function ([188])
was used to model 3-25 keV spectra of the source. We found iderae of a statistically
significant iron line emission at 6.4 keV which is consistent with the previous RXTE spec-
tral fits ([158]). An additional cyclotron resonance absianpline ([118]) component at 19
keV was required to fit the spectra. The parameters of cyriabsorption line was found to
be consistent with the fundamental cyclotron line paramsdtaund from BeppoSAX obser-
vations of the source ([42]). Obtaining the spectral fitsfiwed the cyclotron absorption line
energy at 19 keV. The result of the spectral fits as a functfarlmtal phase were presented
in Figure 3.3. In the fig, vertical dashed lines indicate tHatal phase corresponding to pe-
riastron passages. Points marked with triangles indichserwations between March 2001
and March 2002 (proposal ID 60061) for which spin-down rdtéhe source was lower. The
dotted lines indicate-o- from the periastron. Sample model parameters were listddbie

3.4.

Table 3.4: Sample Spectral Parameters of Individual PCAe®asions of 4U 190¥09

Parameter MJD 50547 | MJD 52061
Hydrogen Column Density (6cm™) | 551 0.50 | 9.135 0.23
Power Law Photon Index 120004 | 1.2150.03
Power Law Norm. (10?.cts.cm?.s1) | 4045 0.09 | 2.8350.15
Cut-of Energy (keV) 129502 137503
E-folding Energy (keV) 70F05 9605
Cyclotron Depth 0.14F0.05 | 0.20F0.02
Cyclotron Energy (keV) 19.0 (fixed) | 19.0 (fixed)
Cyclotron Width (keV) 112010 | 1.71¥0.34
3-25 keV Unabsorbed X-ray Flux | 6.36F0.14 | 4.69F 0.25
(10 ergs.cm?.s71)
Reduced/? (43 d.o.f.) 0.74 0.98
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3.3 Discussion

The spin-down rate of 4U 19@D9 obtained in between March 2001 and March 2002 was
found to be~ 0.60 times lower than both the previous RXTE measuremersgiofdown rate

between November 1996 - December 1997 by ([10]) and the kmng $pin-down trend of the
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Figure 3.3: Evolution of 3-25 keV unabsorbed flux, Hydrogetumn density, power law
index, cut-df energy, e-folding energy, and reduggdin orbital phase.
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source in between 1983 and 1997 (See Figure 1in [10]). Ineibent studies and the previous
RXTE observations show that time span of the observatione sienilar (~ over year) and
in both observations posses low timing noise. However, dpwn rate is lowered by a factor
of 0.6 in the last RXTE observations. It is also interestioglserve that the spin-down rate
is consistent with zero around MJD 51000 before this sigmificchange in spin-down rate.
Since the discovery of the source, our pulse frequency meants are significant due to
including the first time resolved spin-down rate variatioibBe steady spin-down rate ([10])
and the presence of transient oscillations ([85],[136un190#09 support the idea that the
source accretes from retrograde transient accretion @rsepossibility of a prograde disc for
which the magnetospheric radius should be close to theat@ptradius so that the magnetic
torque overcomes material torque is not likely to be the éasthis system ([85]). If the disc
is retrograde and the material torque is dominant, using)p&ccretion disc model, a decrease
in spin-down rate of the neutron star should be a sign of eedserin the mass accretion rate
coming from the accretion disc. If the disc accretion is they @accretion mechanism, this

decrease in mass accretion rate should also lead to a dednegsay flux of the system.

From the X-ray spectral analysis of the source, we found aarctvidence of a correlation
between 3-25 keV flux and the change in spin-down rate. Thddlets were about the same
for latter observations with low spin-down rate compareth®rest of the observations. This
was not our expectation if we only consider disc accretiod miay be because of the fact
that the total mass accretion rate is not only due to only diggetion, but also accretion
from stellar wind may contribute to the total mass accretimie (see also [158]). In case
of accretion from both transient disc and wind, the changma&ss accretion rate from the
accretion disc might not cause a substantial change in Xhay However, it is important

to note that the orbital coverage of the latter (proposal D&L) observations is poor and
limited to the phase locked flares in orbital phase®.05 and~ 0.6. Future observations
of the source may be helpful to have a better understandiragpafssible relation between

spin-down rate and X-ray flux.

Examining spectral parameters plotted in Figure 3.4 eapiedor flare parts, we also found
an evidence of an increase in Hydrogen column density for the latter observation with
lower spin-down rate. On the other hand, there is no cleaeee of a variation of the other
spectral parameters in the flares after the spin-down rateedeed. Change imy may be

related to a change in the accretion geometry of the sourcsvetkr, if there had been an
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accretion geometry change accompanied with the change spih-down rate of the source,
we would expect other spectral parameters to vary as wekkagsly the power law index as
in the RXTE observations of SAX J2103-8545 ([11]), and 2S 1417-62 ([79]). New X-ray

observations of the source will be useful to monitor any fidsschanges in the spin-down

rate and its consequences.
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CHAPTER 4

4U 1538-52

4.1 Introduction

4U 1538-52, a high mass X-ray binary pulsar, is an eclipsysgesn includes BO | supergiant
star QV Nor([144]) and a magnetized neutron star. It wasodisied using the Uhuru satellite
([65]). Then Ariel 5 ([44]) and OSO-8 ([15]) also did obseres source and found X-ray
pulsation with a period of 529 seconds. OSO-8 observatiewsated orbital modulation as

3.7 days and found eclipsing af.51 days.

The BATSE observations of this source permitted long-teromitoring pulse frequency and
intensity histories([162]). In the pulse frequency higtdRubin 1997([162]) found short-term
pulse frequency changes of either sign, and a power dermistreim of fluctuations of the
pulse frequency derivative that is consistent with whitgte noise on timescales from 16 to

1600 days.

One of the first eccentricity calculation was done as a rasfu#0.082-0.047([39]). From
RXTE observations between (MJD 50,449.93 - 50,453.69)tkC&2800([34]) obtained new
orbital parameters of the source by using pulse-timingyaml They did found the binary
orbital period as-3.728 days with an eccentricity of 0.1#4.015, with a periastron at 649°
and orbital decayorn/Porb = (—2.9 + 2.1) x 1076 yr-1.

The system is almost bright in X-ray with an estimated flux-(-20)x10 %erg~tcm=2 in
the 3-100 keV range([159]). From this measurement, a distan the source is assumed as

~5.5 kpc ([15],[144]).
In this work, we present new orbital epoch and pulse freguemeasurements based on our
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analysis of archival RXTE observations of 4U 1538-52.

4.2 Observations and Timing Analysis

The observations of the source occurred in between July @Ragust 7, 2003 (MJD 52851-
52858) and with an exposure of75 ksec. The results presented here are based on PCA[87]

data.

Again, we begin with generating our background subtradtgtt turves and Xray spectra
by using the binned Good Xenon data. For 4U 1538-52, X-rayssion coming from the
galactic ridge is only a few percent of the total X-ray emigsswhich should not féect our
timing analysis (see [117]), so we did not include an esionadf the galactic ridge emission
in our analysis. In Figure 4.1, the background subtraciglut kcurve is presented. Although
the number of active PCUs varied from 1 to 4 during the obgiens, Figure 4.1 shows count

rates adjusted as if 5 PCUs had been active using the "clofrémdl in HEASOFT 6.

For the timing analysis, again we corrected the light cunvéhe barycenter of the solar
system. We also corrected this barycentered light curveif@ary orbital motion using both

circular and elliptical orbital models given in Table 4.&éxalso Clark 2000 ([34])).

In order to find the pulse frequency and a new orbital epoch,age&in used the cross-
correlation technique as we described in Chapter 2. We rdmdall2 pulse arrival times
through the~ 2 binary orbits. For the method independent pulse profilegses were made
from each of the 12 independent RXTE observations. We usddriiunweighted harmonic
series to cross-correlate the template pulse profile wétpthise profiles for each RXTE ob-
servation. The maximum value of the cross-correlation &dically well-defined and does

not depend on the phase binning of the pulses.

The source 4U 1538-52 has a variable pulse profile whildtss the pulse timing. In order to
estimate the errors in the arrival times, the light curveaafreRXTE observation was divided
into approximately 4-5 equal subsets and new arrival timesevestimated. The standard
deviation of the arrival times obtained from each subse@ibservation was taken to be the

uncertainty in the arrival time for that observation.
Arrival time delays may arise from the change of the pulsguesncy during the observation
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Figure 4.1: 2-30 keV RXTE-PCA light curve of 4U 1538-52 beémeJuly 31 and August
7, 2003. Two 26s binned 3ksec samples of this light curve corresponding to singld RX
orbits are presented on the upper left and the upper right.

(or intrinsic pulse frequency derivative) and from th&eliences between the assumed and
actual orbital and pulse parameters ([46]), and used ielibtnodel Equation 2 in Chapter
2. Corrected values of orbital and pulse parameters T, » andv were estimated from the
fits of above expression to pulse phase residuals. For bbttalband pulse parameters, the

result of fits can be seen from Table 4.1.

We also reestimated the orbital epochs by varying the piejlearbital radiusdy/c)sini in the

Table 4.1: Orbital Parameters of 4U 1538-52

Parameter Elliptical Orbit Circular Orbit
Tx/2 Orbital Epoch (MJD)  52855.042D.025 52855.04440.025
ay sinii (It-sp 56.6+0.7 54.30.6
et 0.174+0.015
w?(deq) 64 9
Porbit? 3.72283660.000032  3.7228364).000032
Epoch (MJD) 52855.0585).025 52855.05880.025
Poulse (S) 526.85510.016 526.85350.013
v(Hzs™?) (2.838:4.124% 10713 (2.241+ 2.764) 10713
reducedy? 1.44 1.0

a Taken from Clark 2000([34])
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Figure 4.2: Top panel. Pulse arrival time delays and bestijtical orbital model given in
Table 4.1. (Note that pulse profiles are obtained with redpebe reference time 52855.0585
MJD). Residuals after removing best orbital model.

range of its uncertainty 1 o) and found that the resulting orbital epochs are consistiht
the best fit value at theollevel. The error in the orbital epoch due to an errordg/€) sini

may also be expressed ([46]) as

P -
T, = %C/;T') ~ 0.0073ays 4.1)
X
whereo,, /csini IS the uncertainty in the projected orbital radius. Thisreadk small relative to
our error estimate for the orbital epoch (see Table 4.1) Figute 4.2), we present the arrival
time delay, the best fit elliptical orbit model, and arriviah¢ residuals. In (Figure 4.3), we

display the long-term pulse frequency history of the source

As seen from Table 4.1, the orbital epochs for circular ahiptiglal orbital models agree with
each other at the & level. In order to check our technique, we extracted obsens of
4U 1538-52 done in 1997 (MJD 50449.93-50453.69) and estihattbital epochs for those
observations. The results agreed with the orbital epoclendiy Clark 2000([34]). In Figure
4.4, we present observed minus calculated values of orpgaths T2 — N < Porpit >

— < Tr2 — N < Pyt >>) relative to the constant orbital periog Porpit >= 3.7228366
days). A quadratic fit to the epochs from all experimentsdgdlan estimate of the rate of
period chang®op/Porb = (0.4 + 1.8) x 1078 yr~L. In Table 4.2, we present the orbital epoch

measurements fromftierent observatories and orbital cycle number (n).
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4.3 Discussion

Before CGRO observations, 4U 1538-52 had been found to hiavggerm spin down trend.
A linear fit to pre-CGRO pulse frequency history givgs ~ —8 x 1012571 and a linear fit
to CGRO and our RXTE result yieldgy ~ 1.45x 10~**s™1. Rubin 1997 ([162]) constructed
the power spectrum of pulse frequency derivative fluctuatioTheir analysis showed that
the pulse frequency derivative fluctuations can be expthometimescales from 16 to 1600
days with an average white noise strength of @.6.6)x10"%! (Hz s1)? Hz"1. A random
walk in pulse frequency (or white noise in pulse frequencyivdéve) can be explained as
a sequence of steps in pulse frequency with an RMS value (%) > which occur at a
constant rate R. Then the RMS variation of the pulse frequaeneles with elapsed time
as< (Av)? >= R < (6v)?> > 7 (Hz), whereS = R < 6»* > is defined as noise strength.
Then, RMS scaling for the pulse frequency derivatives caohiained as< (Av)? >1/2=
(S/7)Y?Hz.s L. As seen from Table 4.1, in our fits, upper limits on intringsidse frequency
derivatives are 7-10 times higher than the long-term spiratgs. If white noise in the pulse
frequency derivative can be interpolated to a few days, therupper limit on the change of
frequency derivative obtained from-al week observation should typically have a magnitude
that can be estimated fror (Av)2 ., >=< (A{/)§60mays x 15% >. This value is 1% - 1510
times higher than the measured upper limit values. Thezdftr measured upper limits on
the intrinsic pulse frequency derivatives for 1 week arestgiant with the values from the

extrapolation of the power spectrum within a factor of a few.
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1.885x107°

Figure 4.3: Pulse frequency history of 4U 1538-52. The nghgt point corresponds to most
recent RXTE observation of ID 80016.
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Previous marginal measurement of change in the orbitabpewas (-2.9+ 2.1)x1076 yr-1
([34]), and our new value for the orbital period chang¢P = (0.4 + 1.8) x 10°%yr1, are

consistent with zero. These two measurements are cortsigtereach other in & level.

In most of the X-ray binaries with accretion powered pulséne evolution of the orbital
period seems to be too slow to be detectable. Yet there #reostie such systems in which

this evolution was measured aRP were reported. These systems include Cen X-3 with

Table 4.2: Orbital epochs by pulse timing analysis

Experiment Orbit Number Orbital Epoch (MJD) Reference

0SO 8 -1128 43015.8000.1 [15]
Tenma -457 45517.6600.050 [117]
Ginga 0 47221.4740.020 [39]
BATSE 370 48600.979 0.027 [162]
BATSE 478 49003.620 0.022 [162]
BATSE 584 49398.855 0.029 [162]
BATSE 691 49797.784 0.022 [162]
RXTE 866 50450.206 0.014 [34]
RXTE 1511 52855.0424.0.025  This work
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(-1.8 + 0.1)x10°® yr! ([96];[138]), Her X-1 with (-1.32+ 0.16)x1078 yr-! ([49]), SMC
X-1 with (-3.36+ 0.02) x10°% yr~1 ([110]), Cyg X-3 with (1.17+ 0.44)x107 yr-1 ([98]),
4U 1700-37 with (3.3t 0.6) x10°6 yr-1 ([161]), and LMC X-4 with (-9.8+ 0.7)x10~ 7 yr~1
([111]). Change in the orbital period of Cyg X-3 was ass@aawith the mass loss rate from
the Wolf-Rayet companion star. For 4U 1700-37, the majoseanf orbital period change
was also thought to be mass loss from the companion star. &0oKH, mass loss and mass
transfer from the companion were proposed to be the readoifie @hange in the orbital

period of the system.

On the other hand, for the high mass X-ray binary systems GanlMC X-4 and SMC X-1,

the major cause of change in the orbital period is likely tdibel interactions ([96], [111],
[110]). For these three systems, orbital period decreasesdgrivative of the orbital period
is negative). Our new measurement of orbital period chaRgP)(gives the value of about

-107% yr~1 which is similar to the observed values of SMC X-1 and Cen X-3.
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CHAPTER 5

OBSERVATIONS OF ACCRETION-POWERED PULSARS
WITH FERMI /GBM

The latest gamma-ray satellite, after BATSE instrumentpitevas launched on 2008 June
11 into a 26.5deg inclination orbit at an altitude of 565 kna &egin to scientific operations
on 2008 August 12. It was launched as in the name of GLAST (Gamay Large Space
Telescope) then was renamed the Fermi. It contains twaumstnts: the Large Area Tele-
scope (LAT) and Gamma-ray Burst Monitor (GBM). LAT is seiv&tto gamma-ray from-

20 MeV to~ 300 GeV ([4]) and where as GBM is sensitive to X-rays and gamagdrom
~8 keV to~40 MeV ([126]). GBM is the only instrument in orbit which isquiding nearly
continuous full-sky coverage in the hard x-fsgft gamma-ray energy range. It consists of 14
detectors; 12 Sodium lodide scintillation (Nal) detectarsl 2 Bismuth Germanate (BGO)
scintillation detectors. The Nal detectors cover the lopeget of the energy range, from 8 keV
to about 1 MeV. The BGO detectors cover the energy rangeléd keV to~40 MeV. Each
detectors is 12.7 cm in diameter and 12.7 cm thickness. The@lectors are located on the
corners of the spacecraft, with 6 detectors oriented wemtirmals to the faces perpendicular
to the z-axis of the telescope (the LAT is pointed in #edirection), 4 detectors pointed at
45deg from the z-axis, and 2 detectors pointed 20d&the z-axis. Nonetheless, two BGO
detectors are located such as on opposite sides of the sati@ew view a large part of the
sky. With none of the GBM detectors, direct imaging can notibee. For general wiev, see

Figure 5.1.
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Figure 5.1: The LAT (silver box at the top) was integrated lom $pacecraft at General Dy-
namics Advanced Information Systems in December 2006.

5.1 Pulsar Monitoring and Data Analysis Process

We use full sky coverage of GBM on Fermi for long monitoringloé brighter accreting pul-
sar systems. This continues monitoring allows us correasomements of spin frequencies,
frequency rates, so that studying spin-up and spin-dowawethr and orbital parameters for

previously known or recently detected transient sources.

Each day the GBM data three types of data set; bursts, dagget. In the daily type data
set, there are 12 Nal ctime (0.256 s resolution), 2 BGO andshipb(position history) data.
In our pulse monitoring, we use ctime data (0.256 s resaiutioom all the Nal detectors.
The first step is to screening the count rates of these dataeMve high voltage transients,
phosphorescence events, rapid spacecraft slews, SoathtidtAnomaly induced transients,
electron precipitation events and gamma-ray bursts. 8quutses are then separated from
the background by fitting the rates in all detectors with e&kgemund model, and subtracting
the best fit model. This model includes bright sources (hexeise Crab, Sco X-1, Cyg X-1)
and their changing detector responses, including Earthl@ation steps, and quadratic spline
functions which account for the remaining long-term baokapd trends. "The spline models
have statistical constraints on the changes in secondatiggvbetween spline segments to

control the model stiness. These fits are made jointly across detectors (with @ymomght
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Figure 5.2: A fit of the background rates belongs to the da@®20ct 1 in the 12-25 keV
band. The upper panel shows the rates and the fit, the bottoet glaows the residuals.

source fluxes) but separately for each channel of the CTIME. d&hen we combine the
residuals over detectors with time dependent weights wénielproportional to the predicted
(phase averaged) count rates from the pulsar. Short ilse(v&00s) of these combined
residuals are then fit with a constant plus a Fourier exparisidetermine a pulse profile. The
profiles are divided into six day intervals and the pulsedsrgy and mean profile determined
in each interval with a search of pulse frequency for the maxn of the Y, (n=2) statistic
([53]). Yn was formulated for finding a pulse frequency from a seriesutidgprofiles, each
represented by a finite Fourier expansion, and accountsdssilge frequency dependent

non-Poisson noise.”

In the Figure 5.2 there is an example fit and residual for oraniebl and Nal detector 2.
The model fits well to the occultation steps of Sco X-1, andwimwle background trend
underlying the pulsation of GX 301-2 is the evidence of thedeals. The pulses belong to

the source can be seen clearly the figure.

5.2 Pulse Searches

In this work, We carry out two diierent pulse search monitoring: Daily Blind Search and

Source Specific Searches.
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For the first part, mainly we compute fluxes from the day datadirequally spaced source
directions on the galactic plane. For each direction, wetlgetresult of FFT based search
between 0.5 and 1000 seconds to have strong estimate ofl8eegmriod of previously know
sources and to setffothe pulse from unknown sources. Then, the final determinatio
galactic longitude of the source will be given by the londauwvith the highest power peak.
The latitude can also be restrainted by mapping the powdrea$durce over a grid of source
directions.

Source specific searches are performed using short irdeofaitime data. We use small
ranges of frequency and frequency rates based on phaseghiitl summing pulse profiles of
these data which have barycentric and orbital correctidhs is more detail work according
to blind pulse search, due to the using small ranges and a$isgurce specic parameters

such as longitude and latitude, orbital parameters, flugtspm in the calculations.

5.3 Detected Sources

To date we have monitored 20 accreting pulsar systems whaftitgem are persistent sys-
tems, and 12 of them transient systems (Table 5.2). We apenaimitoring five transients
which we have not yet detected, using narrow frequency Beanmade with profile stacking
techniques. In the analysis we use channels 1 (12-25 keV2488-55 keV). The integra-
tion intervals used varies from source to source, rangioign fone to four days. For eclipsing
systems each egress to ingress interval is divide into agrak number of equal parts, with
no measurement made during the eclipse. For sources wleet@niéry orbit is known the
frequencies are corrected for the binary motion after amared. The R.M.S. pulsed flux is
given in the energy band that the pulse search was made.Wibsicludes only the first and

second harmonics.

We label these sources in the Corbet Diagram as in the FigBre&gven of detected sources,
XTE J1946-274, Cep X-4, RX J0440:1431, MXB 0656-072, Swift J0513.4-6547, 1A
1118-615 and GX 304-1, can not be shown in Corbet Diagrane shwir orbital periods are
unknown (Those information also given in the Table 5.2). Seheeven sources are classi-
fied as BgX-ray binary systems, either known or suspected systemshelibelow, we can
see some of these sources explicitly with frequency and tifeeg flux history in between

12-25 keV. We can detect outbursts fronyBeay pulsar systems like XTE J194874, Cep
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X-4, EXO 2030-375, V 033253, A 0535+26, MXB 0656-072, Swift J0513.4-6547, GRO
J1008-57, A 1118-615, 2S 1417-624 and also XTE J127d, RXJ0440.94431, GX 304-1
are well known systems for being on quiescence state butglthie GBM monitoring period

renewed activities begin to occur. Those systems show tpestpf outbursts.

A 0535+26 shows many short outbursts, and it is a good example foeaniype | and Il

behaviour. With GBM, the first detected outburst belongsnetfrom MJD 54720 - 54730,
the second from MJD 54832 - 54842, and the third from MJD 54938954 and on 2009
July 26 (MJD 55038) . We find that the higher flux outbursts begian earlier orbital phase,

with the first outburst detected with Fey@BM beginning 4 days before periastron passage,

Table 5.1: Detected accreting pulsars with FéGBM

Name Spin Period (s) Orbital Period (day) Type
Persistent Sources
Her X-1 1.24 1.70 Eclipsing LMXB
4U 1626-67 7.63 0.023 Super-Compact LMXB
OAO 1657-415 37.1 10.4 Eclipsing Wind-fed Supergiant
GX 1+4 158 1161 Symbiotic Binary (red giants)
Vela X-1 283 8.96 Eclipsing Wind-fed Supergiant
4U 1538-52 525 3.73 Eclipsing Wind-fed Supergiant
GX 301-2 686 41.5 Wind-fed Supergiant
Cen X-3 4.80 2.09 Eclipsing Disk-fed Supergiant
Transient Sources
XTE J1946-274 15.8 unknown BX-ray binary
(GRO J194426)
Cep X-4 66.3 unknown BX-ray binary
EXO 20306+375 41.3 46.0 B&-ray binary
V 0332453 4.37 34.2 Be&X-ray binary
RX J0440.94431 202 unknown B&-ray binary
A 0535+26 103 111 BgX-ray binary
MXB 0656-072 160 unknown B¥-ray binary
Swift J0513.4-6547 27.3 unknown prob. /Beray
binary in LMC
GRO J1008-57 93.7 248 Pé&ray binary
1A 1118-615 407 unknown B¥-ray binary
GX 304-1 272 unknown B&-ray binary
2S 1417-624 17.5 42.1 PRe-ray binary
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Figure 5.3: The Corbet Diagram showing distribution of atiag pulsars as in spin period
versus orbital period configuration, with GBM detected sesr

the second 3 days, and the third 10 days. The forth outbursfived detected 19 days before
periastron, suggesting it will be brighter than any of thevisus three observations([54]).

Later, It was detected in pulsations on 2010 June 23 (MJD ®52D days before the next
periastron passage. The source was initially detectedBmitth occultations on 2010 June 25
the source was detected with a flux of about480 mcrab (12-25 keV) ([25]). It continues to
detect brightly. On 2009 November 30 (MJD 55165), Fermi GBafitk occultation observa-
tions showed that the flux had risen rapidly to 4200, 46@-70, and 62@100 mCrab in the
8-12, 12-25, and 25-50 keV bands. On 2009 December 1 (MJD&51Ee flux continued

to rise to 58@105, 64Q-50, 444-80 mCrab in the 8-12,12-25, and 25-50 keV bands respec-
tively. After remaining fairly constant at 10 mCrab from Nowber 19-24, the pulsed rms
flux in the 12-50 keV band began to rise, reaching 70 mCrab aeDéer 1. From Nov 29 to
Dec 1 the pulse frequency increased at a rate of 1.32(T)x10 12 Hz/s reaching 9.66094(4)

mHz on Dec 1.5 ([36]).The general trend can be easily seen Figure 5.4

"Swift J0513.4-6547 in the LMC is one of the recently discageaccreting system ([101])
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had been detected between 2009 March 1 and March 28. Pulsthegavere made for
several multi-day intervals covering 2009 January 30 tolAf. In between March 18 and
March 22, the pulsed flux (12-25 keV) reached 15 mCrab, witbvger limit of luminosity
as &10% ergcn? s. The searches included both trial frequencies near ti66 36Hz (27.28

s period) RXTE measurement ([101]), and trial frequencggah the range expected for
accreting pulsars near Eddington luminosity ([55]). Thgate frequency rates in the last
two intervals are most probably due to Doppler shifts from fimary orbit which we have

not any information about it.”

In Table 5.2, there is an detailed information belongs tquesncy and frequency rate with

used epoch.

Cepheus X-4 (GS 213&6) is also another transient Beray binary pulsar which showed
its pulsation between 12-25 keV energy band. The source vaigléitected on 2009 March
7 and was again detected on March 8. On both days, the putpgefiey was consistent with
15.07552(15) mHz, and the r.m.s. pulsed flux was consist&ht28(2)E-10erg/cn?/s (12-
25 keV) ([17]). Then, we continue to detect its steadilymifiex on March 15 of 5.1(3)16°
ergcm?/s (12-25 keV), which is approximately twice that on March heTpulse frequency
has also increased at an average rate of 3@(5)-? Hz/s, reaching 15.07760(18) mHz on
March 15.5([18]).
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Another transient B&-ray binary pulsar 2S 1417-624 was also detected in outbGherent
pulsations from the source at a 17.5 s period have been ddtéttthe GBM data since
2009 October 18. The rms pulsed flux has been increasindiingat2 mCrab (12-52 keV)
during October 28-29. From October 24.0 to 30.0, the spigueacy (corrected using the
binary orbital elements of ([79]) increased at a rate of 8F50) x 10x10 12Hz/s, reaching
57.09623(14) mHz on October 29.0 (MJD 55133.0). The $BAT monitoring shows a flux
of 40 mCrab on October 29 and 90 mCrab on October 30. ([16]).

EXO 2030+375 is one of the source we are monitoring continuosly withVGR is a good
example of type | behaviour. In Figure 5.5 we can see the GBIepluiequency and pulsed

flux history of this source.
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Figure 5.5: Frequency and the pulsed flux history betweeB51ReV for EXO 2036-375

Table 5.2: Detected accreting pulsars with FéGRBM

Time Range (MJD)

Epoch (MJD) Frequency (mHz) Frequency Radtel2 HZs)

54819.0-54897.0  54893.984 36.59407(13) 48(2)
54897.0-54902.0  54899.339 36.62742(18) 102(5)
54904.6-54908.5  54906.509 36.67029(15) 30(3)
54908.5-54912.5  54910.552 36.67429(13) -8(3)
54912.5-54918.0  54915.296 36.66989(13) -6(3)
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Figure 5.6: Frequency and the pulsed flux history betweeB5lReV for Cen X-3

Cen X-3 is a luminous eclipsing binary system and an exangl¢hke Disk-fed supergiant
class. In this system, the supergiant companion is overfigvts Roche-lobe, and as a result a
persistent disk is generated. From the precise orbit datations which have been made over
the past 40 years we know that the orbital period is decrgadihe pulsar’'s spin frequency
history shows torque switching behavior with persistenh-gp changing with intervals of
persistent spin-down. There are short transitions betwserstates. There is no correlation

between torque behaviour and pulsed flux. We can see thisibehan (Figure 5.6)

Vela X-1, GX 301-2, 4U 1538-52 and OAO 1657-415 are the sauntavhich the accretion
flow is occurred via stellar wind, since the Roche-lode isarfilied. Vela X-1 is one of the
eclipsing binary which is well known and well studied soustgce 1967 ([33]). As it can be
seen from Figure 5.7, the frequency history is consistetit awrandom walk (or white torque

noise). The frequency history is consistent with randorrkwal

Three accreting pulsars with low mass companions, 4U 162646r X-1 and GX %4, can

be classified as persistent LMXBs. Her X-1 is again one of tlstiy studied pulsar, it an
eclipsing Roche-lobe overflow system with an 35 day cycléhe X-ray intensity. This 35
day flux cycle is due to obscuration of the pulsar by accretiigk. This flux cycle includes
"main-on” state then fi-state and then "short on” state and agaffistate. With GBM, we

can easily detect these states and continue to detect €F5g8ir.
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Figure 5.7: Frequency and the pulsed flux history betweeB51ReV for Vela X-1

5.4 4U 1626-67

It was discovered by Uhuru ([64]). Rappaport et al. 1977F[15nentioned that it steadily

spun up on a timescale/y ~5000 yr (see Figure 5.9). The system consists of a 7.66s X-ray

pulsar accreting from an extremely low mass companion (M@4for i = 18°) ([108]). The
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Figure 5.8: Frequency and the pulsed flux history betweeR5lReV for Her X-1
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Figure 5.9: Pulse frequency history of 4U 1687, showing all available historical data from
1997 to 2003. The 1990 JuneNIJD 48000) torque reversal is clearly seen.

orbital period determined as 42 min ([29]). The binary hastfaptical counterpart (KZ TrA,
V~17.5) with a strong UV excess and high optical pulse fracja@4], [125]).

A persistent quasi-periodic oscillation (QPO),48 mHz, hasn detected in the X-ray emis-
sion ([165], [102]). The QPO frequency evolution during fnevious 22 years changed from
a positive to a negative trend is similar to the frequencynsheing the June 1990 torque

reversal ([93]).

After the discovery of pulsations ([153]) the source undaristeady spin-up at a mean rate
of ~ ¥ = 85x 10718 Hz s71 ([28]) (see Figure 5.9). Monitoring of the source by the Burs
and Transient Source Experiment (BATSE) on board the Com@ammma Ray Observatory
(CGRO) starting in April 1991 showed that the source chargigd in the accretion torque
([194],[21]) and spin-down trend. During the 7 years after first torque reversal, the pulsar
spun-down at a rate of v = —7.2 x 1073 Hz s71 ([28]).

5.5 Observations and Timing Analysis

We firstly present a long term timing analysis using contstyanonitoring of 4U 1626-67

with Fermi-GBM starting in 2008 August. Pulsar is foundedttt is spinning-up rather
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Figure 5.10: FerniGBM pulse frequency measurements of 4U 1626-67 since 20@@itu
A change in the sign of the torque was found after 18 yearseo$tlurce spinning down.

than spinning-down. Figure 5.10 shows the pulse frequemstprly using data from this
monitoring. 4U 1626-67 seems to be increasing.irFollow-up Fermi-GBM observations

confirm that the pulsar it is currently spinning-up at a mesa pf~ v=4x10"13 Hz s1.

5.6 Swift/BAT observation and Timing Analysis

The source conte continued to be monitored by also hard >XSveift-BAT from 2004 up to
2009. It allows us to cover the evolution of the second tongaversal shown by the source.
The Swift Gamma-ray mission ([66]) was launched on 2004 Ndwer 20. The hard X-ray
(15-150 keV) Burst Alert Telescope (BAT) on board Swift mons the entire sky searching
mainly for GRBs. Behind this main business, BAT also make @ b&ray survey of the
entire sky covering 2 sr at any particular time. Therefoygaduces continuous detecting of
rate data. The rate data include (quadrant rates) (1.6 segling; four energy bands; four

separate spatial quadrants), not background subtracted ékposure time- 13 Ms).

"A similar procedure was followed for the Swift-BAT (quaditarates) timing analysis. Initial

good time interval (GTI) files are obtained using the "makei ftool (heasoft-6.6.1) Then

1 httpy/heasarc.gsfc.nasa.gdecgsoftware.html
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Figure 5.11: Swift-BAT pulse frequency history coveringsteecond reversal torque (from
2004 Oct to the present time). Error bars are smaller thapltieed symbols.

a filtered version of the (quadrant rates) is obtained, tigigthose times when the source is
below the horizon, to then finally be barycentered using tbel f'barycorr”. Data are then
inspected and cleaned as in the previous section. With tiod 'thatmasktgimg”, the pixel
exposure fraction for each quadrant is computed for theecefittach (refined) GTl interval.
Pulse profiles for each good GTI interval are computed. Hirstrates for each quadrant
are fit to a quadratieFourier expansion. Then the Fourier @it@ents are combined using
the quadrant exposures to produce mean profiles (with uhiteunts st cm™). In a final
stage, the Y (n=2) statistic is again used in intervals of 35 days and a frequeearch for
pulsations is carried out. The spin rates were computed taygfia linear function to the

frequencies, which were divided into 21 time intervals.”

As a result of analysis we found that the pulsar spun-dowmean rate ok v = —4.8x10713
Hz st until the source reversed torque. Figure 5.11 shows thatraimsition took place at
around MJD 54500 (2008 Feb 04) and lasted approximately 4§8.dn the bottom panel
of Figure 5.12 we can see that there is a strong correlatibmees the Swift-BAT count rate
and the spin-up rate especially during the reversal. Itiknown if this occurred in the 1990
torque reversal because of the missing of observationh&trduration. In order to see any
other possible change, we created pulse profiles in the ¥&¥8®and. We have not observed

any significant change in pulse shape, not even during tleesalv They all are single-peaked
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and sometimes not entirely symmetric as was recently repdny Krauss et al. 2007([99]).

5.7 RXTE Observation and Analyse

Two RXTE/PCA observations from 2008 March 5 and 13 were used (ID 984321-00 and
93431-01-02-00; 7.174 ksec). For spectral analysis wetseld®CA Standard-2 data which
contains 129-channel range spectra taken every 16 secondslBXTE Standard Modes
(Archive) data which contains Spectral Bin (64-bin spegraduced every 16s). For the
long-term hardness ratio analysis we used the ASM daily flietages in the 1.5-12 keV
energy range from the HEASARC archive

5.7.1 Hardness Ratio

The two RXTE-HEXTE observations do not provide us any dicechparison between before

and after the torque reversal. So in hardness ratios, we ASeaBd ASM light curves. For

2 httpy/he/heasarc.gsfc.nasa.gdecgarchive.html
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Figure 5.13: Top panel. Long term hardness ratio analys#tJof626-67. Swift-BAT count

rates (15-50 keV) were selected as the hard band and RXSM count rate (1.5-12 keV)

as the soft band. Bottom panel. Hardness-intensity diagiuming the reversal a transition
from hard to soft is seen.

the hardness ratio analysis from BAT data, we used court faim the Swift-BAT transient

monitor results provided by the Swift-BAT tedm

Figure 5.13 (top panel) shows the hardness ratio (HR) aisabjghis source. The HR was
defined as the ratio of 15-50keV BAT light curves to 1.5-120kASM lightcurves. All
lightcurves was rebinned. We can see that there is a smoatbriiag evolution of the source

before the reversal.

In the bottom panel of Figure 5.13 we have replaced the iittewith the BAT count rate in
order to perform Hardness-intensity diagram (HID), to gttieé long term spectral variability
of 4U 1626-67, including the transition. From that figure va® cee that there is a transition

from hard to soft during this new reversal of 4U 1626-67.

3 httpy/heasarc.gsfc.nasa.gdecgswift/resultgtransients
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5.7.2 Spectral analysis

For spectral analysis we used RX/PEA (2.5-20 keV) and HEXTE (18-100 keV) data by
using XSPEC 11.3.2. Belongs to that source, firsth8& keV absorption cyclotron feature is
founded in the 0.1-200 keV BeppoSAX spectrum ([143]). Thera)X broad-band continuum
(0.7-100 keV) was fitted with a low-energy absorption, a kitecly, a power law and a high
energy cutff at ~20 keV (wabs (gauss+bbody+powlaw) highecut)), with a braod iron line
near 6.5 keV ([149]).

When we try this model we fixed the hydrogen column densityool enaterial in the line of
sight at a value of B x 10%'cm2. This constraint was taken from Krauss et al. 2007([99])

study.

The spectral parameters obtained from our fitting are showrable 5.3. Reprocessing of
photons either at the base of the accretion column or the adge of the accretion disk might
explain the origin on the blackbody component. From thelilady flux and temperature we
obtain an emission area of910'? cm2 (assuming a source distance of 10 kpc), which is

inconsistent with either of those possibilities.

Then, we fit same model with a bremsstrahlung instead of &lbtety component to obtain a
compatible fit (wabs (gauss+bremss+powlaw)highecut)). Table 5.3 summarizes the spectral
parameters that we obtained. Fluxes for the first model irRtt@ keV, 2-20 keV and 2-50
keV bands are 3.24(2)1071°, 7.003(11x1071° and 9.98(2x101° erg cn12s1, for the first

RXTE observation (similar values for the second one).

5.8 Discussion

By using ctime data belongs 12 Nal detectors of FE&BM, we can monitoring brighter ac-
cretion pulsars continuosly by using full sky coverage oN&BY using this full sky coverage
of GBM we can able to monitor both persistent and transieaiteging systems. During GBM
life time, since 2008 August 12, we can be able to detect neectid transient sources and
new outbursts of known sources. We are producing long testoitiés of the pulse frequency,
frequency rates, flux and pulse profiles in 8-50 keV, accgrdonbe softness or hardness

systems. We are using two main challenges while produciamitta daily blind search for
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Table 5.3: RXTEPCA and HEXTE continuum spectral fits

Observation a* El, El,, Gaussiah Gauss.  Gauss. TB'Eody norm  Flux*™  y2(DOF)
(MJD) ot normt* Thems 2%

93431-01-01-00 0.75(2)  1BT 85(4) 605°%> 16703 244, 061590% 0.0013 1.01(8) 1.15(114)
(54530) 074(2) 18203 85'03 642'QY 14%07  157;% 1747077 0.108  1.01(1) 1.15(114)

93431-01-02-00 @1*9%° 1790%%% 8470 6270°% 15702 223*19 06547000 0.0013 1.006(12) 1.29(114)
(54538) 071'00s  17.96"%% 8.4(6)  6.92) ®B'p; 03967 M 247°)%  0.068 1.004(9) 1.28(114)

(N4 = 1.3 x 10?1 cm™2 fixed)
* Photon Index
" keV
w5 10-3
1 (Lumin/10°° erg s1)(d/10kpc)—2
23.05x 10 15(4xd?)~1x Emission measure
# %10 %rg cnm? s71 (2-100 keV)

& Uncertainties at 3 level.
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Figure 5.14: Times of transient outburst observed with GBM

pulsed sources and source specific searches by using naarayvpollse searches specific to
every source. In Figure 5.14 we can see some of the transisteinss since beginning of the

detection.

4U 1626-67 is one the source monitored continuosly with F&BM. As well as GBM,

by also using continuosly monitoring of the source by SB#{F and archival RXTE-PCA
and HEXTE data we can could be able to study the torque rehiar208(see Figure 5.15).
This reversal has shown us that the spin behaviour of thateda be more complicated than
previously thoughts. Firstly, while the continuous deseeaf total X-ray flux during almost
two decades was expected to bring the source into quies¢®8k a new spin reversal with
arapid increase of the flux occurred. This inconsistencyemekio search physical processes

responsible from the spin evolution of the pulsar.

"All previous studies of 4U 1626-67 were focused on modetimg spin-up torque applied to
the neutron star from the accreted material. It was wideligbed that the spin behavior of the
pulsar depended mainly on variations of the mass accredteronto the stellar surface. Using
variable equilibrium period ([67]), the torque reversall@90 (transition spin-up to spin-
down) has been tried to explain by Vaughan & Kitamoto 1998Z]1 The neutron star phase
transition in their model includes decrease of mass acotreéite and, possibly, change of the

structure of the accretion flow beyond the magnetospherés sdenario is based on some
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Figure 5.15: Pulse frequency history of 4U 1626-67 from 18p#o 2009. The 1990 June
and the 2008 Feb reversals are clearly seen.

evidence for a connection between torque and X-ray luminasiserved in 4U 1626-67 and
being hard in the spectrum after the torque reversal. Buh thiat approach they encounter
some problems in explaining the observed behavior of QP@ghwhave been interpreted in
terms of the MBFO ([107]). Their analysis suggests thategithis interpretation of QPOs is

incorrect or the torque reversal in 1990 occurred as the etagpheric radius of the neutron
star,rm, had increased beyond its corotation radius, which for @rampeters of 4U 1626-67

is ([104])

_(SMne) 67 108 a2 5.1
e = 122 ~ 6.7 X 2> cm. (5.1)

Herem and P77 are the mass and spin period of the neutron star in units oML and
7.7 s. A dramatic change in the power spectra between thehastrvation of 4U 1626-67
during the spin-down phase (2003) ([93]), and observatioade soon after the new torque
reversal has been recently reported by Jain et al. 2009([8&h the 35-48 mHz QPO no
longer being present, and wide shoulders on the pulse fuaniaappearing. They claimed
that the observed behavior of the source cannot be a simpéeafancreased mass transfer

rate, but is also a change in the accretion flow parameters.

Analyzing the evolution of the source energy spectrum arssipte correlation between the
torque and X-ray luminosity of the pulsar, Yi & Vishniac 19p®7]) proposed a scenario in
which the torque reversal in 1990 can be related with a statesition of the accretion disk
to a geometrically thick, hot and, possibly, sub-Keplendrase. The same idea can be said
also for the 2008 torque reversal with an transition of gaoigadly thin Keplerian phase to

its original disk. However, the reason for such a transii®nather unclear since the level
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of X-ray flux measured before and even after the 2008 reversahaller than that measured
during the reversal in 1990. Furthermore, both reversale loacurred at almost the same
timescale (about 150 days), which significantly exceedsgdtmamical timescale in the hot

disk in which its transition to the ground state is expected.

A correlation between the torque applied to the neutronistdt) 1626-67 and X-ray flux of
the system in the above mentioned models has been accepuird akthe basic assumptions.
To check reality of this assumption, Figure 5.16 is a goagsiliation showing the 4U 1626-67
X-ray flux history. We can see all previous flux measurementstavo RXTEPCA recent
values from the present work (in the 2-20 keV band). Theseeghre relative to the flux
measured in 1978 by HEAO 1 in the same energy band ([143], [28]). The cross point
before the 2008 reversal has been inferred by scaling thefR&#s according to the observed
change (2.5 factor) in the Swift-BAT rate, since no speathainges across the transition have
been observed according to the present work. It should bedndiowever, that all these
relative flux values were computed irflidirent energy bands, therefore the general decreasing
trend we see since 1977 might not be the real picture. Poiuisl enisrepresent the HEAO1
0.7-60 keV flux by a~ 20% due to spectral changes. Moreover, rather than a coo$nu
decline (ignoring the 1990 point) 4U 1626-67 might preseffiatbehavior until the first
reversal, then a sudden drop after that and a decreasingnendntil the 2008 reversal, in
which this source experienced a rapid increase of flux. tefloee appears that the spin-down
phase is the only suitable part of the light curve for testhrgcorrelation between the torque

and mass accretion rate onto the neutron star surface.

As seen from Figure 5.16, the X-ray flux during the spin-doWwage has decreased by a factor
of 2. This indicates that the mass accretion rate onto tHaciof the neutron staM, and,

correspondingly, the spin-up torque applied to the st&AJy,
Ksu = M(G Mnsrm)l/za (5.2)

during this phase have also decreased by at least the saoee \Jélthe spin-down torque
applied to the neutron star during this time were constaateould expect the pulsar to brake
harder at its fainter state close to the end of the spin-ddvasg@. However, observations show
the situation to be just the opposite. The spin-down rat@@hieutron star during this phase
has decreased frof] ~ 7x 10 13Hz s ([28]) to 5x 1013 Hz 571 (see Figure 5.9), implying
that the pulsar was braking harder at its brighter stagesajitist the torque reversal in 1990.
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According to the equation governing spin evolution of arreitieg neutron star,

27TIV = KSU_ st, (53)

this means that the spin-down torqu&g, during the spin-down phase has been decreasing
simultaneously with the spin-up torque but at a higher rai@ a@herefore, the pulsar spin
evolution during this time has been governed mainly by Vs of Kgq rather thanKg,
(herel is the moment of inertia of the neutron star). This conclusieriously challenges the
possibility of modeling the spin history of 4U 1626-67 syl terms of variations oM, and
suggests that the dramatic increase of X-ray flux observ@®@8 torque reversal may be a

conseguence rather than a reason for this event.

Finally, the spectral evolution of 4U 1626-67 during theqtog reversal diers from that
expected in models which suggest significant changes ofdtreton flow structure in spin-
up/spin-down transitions ([197], [189]). As seen from (Fig&.&3), the spectrum becomes
the hardest during the reversal and the value of the hardats®efore and after these events
does not dter significantly. This indicates that the recent torque r&afecan be related with
changes of physical conditions in the inner part of the digaral in the region of its interac-

tion with the magnetosphere rather than a significant chahtfee accretion flow geometry.
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Figure 5.16: The X-ray flux history of 4U 1626-67 relative be flux measured by HEAO 1,
in the same energy band, from previous works ([28]) cirdlgt3]) triangle; ([99]) stars) and
two recent RXTHPCA observations (unfilled squares) in the 2-20 keV band.cFbss point
is inferred from PCA flux and the fractional change in the $BRT rate, since no spectral
changes during the transition have been observed in this. wor
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However, the errors of the observations are too large fost#igation of particular transition
model. Therefore, a more precise spectral measuremente @iulsar during its next spin-
up/spin-down transition is strongly desired. Assuming thairemt time of the transition to
be about 18 years one can suggest to pay more attention taléer ;n 2025-2028. Since
the typical duration of the transition is about 150 days, quia monitoring of the pulsar,
frequently enough to provide a spin-up rate measurememy éwe months, would prevent

us from missing its next torque reversal.”

For general wiev see the spacecraft web pael the updated figures of the detected and

other sources are available also at GBM pulsar webhage

4 httpy/www.nasa.goimissionpagegGLAST
5 httpy/gammaray.nsstc.nasa.gglnysciencgpulsars
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CHAPTER 6

SPECTROSCOPIC AND PHOTOMETRIC OBSERVATIONS
OF IGRJ 06074+2205 AND IGRJ 015836713

6.1 Introduction

IGRJ06074-2205 was discovered by INTEGRAL JEM-X during public obsénss of the
Crab region that took place on 15 and 16 February 2003. Tlidibpssition was
RA=06h07.4m DE&22d05m &2')([31]). The obtained flux values were 7 mCrab &2
mCrab) in the energy range 3-10 keV and 15 mCrab in the rangg® K&V range during the
67-ks exposure on 15 February 2003. A day later the flux hackdsed to less than 5 mCrab

during a 16 ks exposure.

Optical spectroscopic observations performed with the MRK¥Im telescope of the brighter
stars in the field around the INTEGRAL position on 27 Decen#@5 found a Be star within
1’ of the INTEGRAL position. It is suggested that the radiasz® discussed ([148]) was an
another source. It showedaHn emission with an equivalent width of 66 A. Its magni-
tudes obtained from the USNO A2.0 and 2MASS catalogues af8B, R=12.1, ¥10.49,
H=10.19, K=9.96 ([70]).

The radio source NVSS J06074&0452 lies 80" from the reported position of the X-ray
source, and was stated as a possible radio counterpar])([HtBvever, subsequent observa-
tions made with Chandra did not find any X-ray source at thation of the radio counterpart

([174]). The source also is classified as B0.5 Ve accordirgglo mass binaries catalogue by

Liu et al.2006([113]).
From low-resolution spectroscopic observations obtaumidg the G. D. Cassini 1.5m tele-
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scope In Loiano observatory Masetti et al. 2006([121]) es¢ed a B8III star as the classifica-
tion of the optical counterpart to it. However, their spaatid not have the spectral resolution

for a proper analysis.

On 2 December 2006 a 5-ks observation with Chandra-ACISawgat the accuracy of the X-
ray position and allowed the confirmation of the Be star satggkeby Halpern and Tyagi 2005
and Masetti et al. 2006b([70], [122]), it is catalogued as@LXJ060726.6220547. Using
by extrapolating power-law fits to Chandra observation lketw20-40 keV, the flux value is
found as 2.6£0.7) x 1012 ergs/cm?/s, so the flux ratio of Chandra value to INTEGRAL
value is 0.021+ 0.009. Such a flux ratio between outburst and quiescencedwmil be a
normal range for Be X-ray binary, it shows us probably themelbinary orbit with eccentricity.
The Chandra Spectral results giés = (7.2 + 2.0) x 10?2 cm~2 and a photon index of 0.9
0.5 (90 % confidence errors). Unabsorbed flux between 0.32¥0k3.5:0.5x 10712 cm™
st ([175)).

Lastly, spectroscopic observations of the optical coyaterto the X-ray binary

IGRJ 06074-2205 were obtained from the 1.3m telescope of the Skinakasradtory in
Crete (Greece) and from the 1.5m telescope of the Fred Laeré/hipple Observatory at
Mt. Hopkins (Arizona) on several occasions throughout 2P088 by Reig and Zezas 2009
([156]). From their results, they identify the spectralayqf the companion star and its long

term spectral variability.

IGRJ 015836713 was first detected on 6-7 December 2005 during the ddsmmvof the
Cassiopeia A region by IBJE&GRI, and later again by ISGRI on 8-10 December 2005. The
source position reported as RA9.57, Dee+67.22 degree (error radius:2’) and it was de-
tected always outside the JEM-X error box([169]). The sedhax is 14 mCrab in the 20-40
keV energy range and no detection in the 40-80 keV.

Swift/XRT observed this source on 13 December 2005 with 5ks. Thiégosvas reported
to be RA=01h58m18.2s Deet+67d13m25.9s [J2000]([97]) (error radius:3.5”) which is' 17
from the previously reported position. According to the U3 Ratalogue it has magnitude
R=13.9, B=15.3. Although it had a low flux of 1.5 x 1&! ergscm=2 (0.2-10 keV), the
spectral analysis showed that it was highly absorbed Mifapproximately 18 cm2 ([97]).
Halpern & Tyagi Atel#681 reported, according to the low tagon optical spectrum taken

with MDM 2.4m telescope on 24 December 2005, stronag(BW 7 nm) and weak B (EW
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0.6 nm) emission lines with ffuse interstellar bands. The spectroscopic results wel&sim
to those characteristics reported above by Halpern & Ty@gb2[70]), obtained from the
observation by 1.5m G.D. Cassini telescope on 23 Decemlir 2P using the INTEGRAL

error circle for positioning.

Addition to those characteristics, Na doublet was seen &b 29 with the reported values
of EW(Ha)=(74+2)A and EW(HB)=(6.4+0.4)A. The observational color excess 2.04 and
Galactic color excess 1.41 mag ([164]) ar&atient from each other, which is suggested that
it is a remote star. But using the optical magnitudes forahjgct, the distance was estimated
to be 11.6 kpc and 6.4 kpc from twoftérent optical calculations ([121]). Also the luminosity
values were calculated from the distance estimation as I@* ergs?® (0.2-10 keV) and 5.2

x 10%° ergs® (20-40 keV)(showed that it was in its active phase).

From both luminosity values and the spectral type discussivlasetti et al. 2006([121]) con-

cluded that IGRJ01583%713 is a transient B&¥-ray HMXB. Again according to high mass

catalogue of Liu et al.2006([113]), it is identify as also $pe star, this is also classified like
that in Belczynski et al.2009([20]). Lastly, Kaur et al.3)[®4]) had made some assumption
from their calculations about the orbital period of the Ibjnas the range of 216-561 d.

6.2 Observations

Optical spectroscopic and photometric observations ofi BGIRJ 060742205 and IGRJ
01583+6713 counterparts were obtained from the 1.3m telescoge@kinakas observatory
in Crete (Greece) with optical resolution 1 A pix&l It was observed through the Johnson B,
V, R and | filters, shown in (Table 6.1). For the photometris@ivations the telescope was

equipped with a 10241024 SITe CCD chip, containing 2Bn pixels.

For optical spectroscopic observations of counterpartcanpenent with a 2000800 ISA
SITe CCD and a 1302mm blaze 550 grating with nominal dispersion-ef A pixel is

used.

The reduction and analysis of photometric and spectrosaiyservations were made by using

the package Longslit context of IRAF.
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Figure 6.1: The blue band spectrum (3800-4800 (A)) of IGRI7@62205 taken on 26 De-
cember 2007

6.3 Results

6.3.1 Photometric Results

The results of photometric observations are presentedidle@da. The photometric results of

IGRJ06074-2205 and IGRJ01583713 for 2007, 25-26 October are completed by using the

Table 6.1: Results of photometric measurements of the equants

Date MJID B \Y R I
IGRJ06074-2205
25 October 2007 54399.62 128802 12.280.03 11.960.02 11.4#£0.02
26 October 2007 54400.29 128103 12.260.03 11.890.04 11.430.05
IGRJ01583-6713
16 July 2007 54298.07 15.50.03 14.3£0.03 13.480.03 12.620.03
25 October 2007 54399.62 16480.02 15.250.03 14.7%0.02
26 October 2007 54400.29 166803 15.760.03 15.2%0.04
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values given by Table 1 in Reig et al. 2010([157]).

6.3.2 Spectral Classification

When we get appropriate spectrum belongs fiedént wavelength ranges in optical studies,
we can identify the lines seen in spectrum. From those linesan predict the type and
characterize of the lines of the secondary star. To statt wientifying the type, we get
spectrum in between (3800-4800 (A)) range. Figure 6.1 stievblue spectrum (3800-4800
(R)) of IGRJ 06074-2205. The Blue band spectrum shows various members of thraeBal
series (H,Hn, HE, He, HS, Hy) in absorption clearly. Balmer lines are specific emissioed

created by hydrogen. The sets of transitions fraf8 to n=2 are called the Balmer series.

No Hell lines are seen and except H and Hel lines, the spechows some other metallic
lines as NI, SilV, Sill, Cll, CllII+Oll blends, Mgll, Nlll. The presence of H, Hel and SilV
lines clearly shows that the source contains an early-ttgos.sHelh4686 in normal condi-
tions is seen at B0O.5. The other metallic lines classifiedsfiertral type range as between
B0-B2. The maximum strength of the Hel lines is reached ityeuclasses, around B2. In
this spectrum, the strength of Hel lines are less than the oie standard stars in 'OB stars
Atlas’ ([184]). The ratio SillR4552 over Sil\M4089 increases smoothly toward later spectral
types, in our case it is smaller than one. Moreover, the sgdetitures CIHOI11114070,4650
blends and some Sill#552-68, although it is weak, indicate a B1-1.5 spectrattyfs a lu-
minosity class, the strength of CHDI114650 blends is strong to classify it as a giant type.
There are some line ratios to be used. Héal21 over Hel4144, with14144 weakened out of
the main sequence. Also, Hell121 over SilM4116 is bigger than one in the main sequence.

As a result, the optical counterpart to IGRJ0662205 is a B1-1.5 IV type.

Ha has a wavelength of 656.281 nanometers. Itis visible indgdgoart of the electromagnetic
spectrum and is the easiest way for astronomers to tracenimed hydrogen content of gas
clouds. If the star is in Be phase, then we expect to see emidsiHe. After we detect
Ha line in the spectrum, we make Gaussian fit to this emissiam with whole continuum
by using IRAF program. We make some measurements of thegitrer the spectral line
according to continuum such as equivalent width (EW), fluk@aThe equivalent width of a
spectral line is a measure of the area of the line on a plottehgity versus wavelength. It is

found by forming a rectangle with a height equal to that oftztmum emission, and finding
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the width such that the area of the rectangle is equal to geeiarthe spectral line.

The equivalent width (EW) values were obtained from Gaugs fite emission features (see
Table 6.2). The spectral line can be appeared in either emiss absoption form. In our

table, we can understand from its minus signm afs it is appearing in emission form.

6.3.3 Reddening and Distance Measurements

The gas and dust along the line of sight to a star, starlighsdiy absorbing and scattering
the light. It is called interstellar extinction. Extinctids stronger at shorter wavelentghs,
as shorter wavelentghs interact more strongly with dudighes. Red light passes through
gas and dust more easily than the blue light. The more gasustiddtween the source and
the observer, the stronger the reddening. The reddenintadigbt due to the interstellar

extinction is known as interstellar reddenning.

In the red spectrum (5800-7200A) besides tlednd Heh6678 lines, there are several strong
diffuse interstellar bands (DIBs). DIBs can be used to estinfeteamount of interstellar
absorption toward the source ([74], [75], [61]). AccorirmgHerbig et al. 1975([74]), we use
the correlation of EW(DIBs) with E(B-V),

EW(DIBs)(mA) = aE(B- V) +b (6.1)

EW(DIBs)(mA) = a,E(B - V) (6.2)

Table 6.2: Equivalent widths of thedHines

Date MJID  @ups)(A) Equivalent Width(A) Flux
IGRJ06074-2205
22 October 2006 5439458 6563.7 11.6808B502 -11.38390.2626
24 October 2006 5439459 6563.7 11.8¥66641 -11.63060.8840
06 September 2007 54349 6562.3 10. 205624 -11.17620.7522

04 October 2007 54377 6561.5 -0.28%866236 9.385%#0.2771
IGRJ01583-6713
29 May 2007 54249 6559.6 -49.46831871 70.26082.5212

04 September 2007 54347 6559.6 -56.1383352 72.06741.4951
07 September 2007 54350 6560.1 -54. 715868930 73.05683.0311
02 October 2007 54375 6560.9 -53.53885186 73.787¥2.0351
04 October 2007 54377 6559.7 -52.5%427984 78.08381.9687
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where a, b, @are codficients to define of each Buse lines belong to threeftirent regions
in space. They are taken from Table 4 given by Herbig et al5@%4]). Using the cofficient
measurements of strongest lines, firstly 6203.06 and 6818e&ondly 5797, 5849.79, 6376-
79 combined, totally for 14 observations, in red spectrumI@RJ 060742205, we get
E(B-V)~0.79 mag.

To estimate the distance, we need to determine the amountavstellar extinction to the
source, A = RyxE(B-V), where E(B-V) is an color excess ang &an be determined from
the reddening curve within the Galaxy, ag=R.1 (Reddening curve is obtained from ([68])).
The visual extinction, #~2.43 mag. If we know the spectral type and luminosity claghef
star, we can estimate the stars’ luminosity, which is closalated to absolute magnitude. By

using absolute (M) and apparent (m) magnitudes, we can &tidistance, as
m- M = -5+ 5log;od (6.3)

d= 100.2(m—M+5—Av) (6.4)

where d in pc. Taking an average absolute magnitude (for \d)ofam a known spectral type
My ([178],[187]), we can use for IGRJ060¥2205 for M(B1 Ill)=-4.10 and also M(B1 \5

-2.95. From this calculation, the distance estimation @addne as around 4.03 kpc.

Another way to estimate the color excess is using the phdtam@bservations results. We
performed this method to IGRJ01583713 to find its color excess so hence the distance. We
firstly used the photometric B and V magnitude results in @&l and find the dierence

between two bands.

(B - V)observed) = 1.20 + 0.06for MJD5429807 (6.5)
(B - V)observed) = 1.12 + 0.05for MJD5439962 (6.6)
(B — V)(observed) = 0.92 + 0.06f or MJD5440029 (6.7)

We know the spectral type and luminosity class of the souscB2IV([94]), by using the
intrinsic color value for this known type ([186]) as (B-)A -0.24 mag,

The below equation gives us the excess color
E(B - V) = (B - V)(observed)) - ((B - V)o) (6.8)
where (B-V), is an intrinsic color value.
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As a result, we get excess color values as

E(B - V) = 1.44 = 0.06f or MJD5429807 (6.9)
E(B - V) = 1.36 = 0.05f or MJD5439962 (6.10)
E(B- V) = 1.16 = 0.06f or MJD5440029 (6.11)

The mean average excess color value for IGRJ046833 is found as

E(B-V)=(1.32:0.06) mag.

By using V band magnitudes in Table6.1 and spectral type-R132([187]) for
IGRJ01583-6713, we can make distance estimation around 3.3 and 4.%awitipper limit
6.2 kpc.

6.4 Discussion

Be stars can be define as stars with observation between tateddly A stars. Studies about
Be stars show thatddline is an important information for these stars. Espegidlé structure
and the shape of the line provides importance about thetstaeuof the disc. Negative value of
EW(Ha) shows the line appears in emission (as an example see TaldadFigure 6.2). b
profile can be appear as double peak, single peak, emisstbravghell profile, absorption,
emission with a split profile, quasi emission peak ([157]heBbsorption lines are formed in
the photosphere of the star which means there is no disc farmavhile the emission profile
is due to radiation from ionized hydrogen in the hot circwetiat envelope around the Be
star. The optic photometrical and spectroscopical measmts give us information about

the interstellar medium between the source and the observer

IGRJ 060742205 is a binary system discovered with INTEGRAL JEM-X in 200°he ob-
served Hb lines show it is a Be type star, the spectroscopic measuttsna¢so confirm this
result, with more specific determination. Using both phattin and spectroscopic measure-
ments, we could be able to interstellar reddening which npak&diction about the distance.
The estimated distance measurement of IGRJ062Z@5 is around 4.03 kpc, which is also

same as the value found by Reig et al. 2010([157]).

IGRJ 015836713 is a binary system discovered by INTEGRAL IBEGRI in 2005. For

this source strong &land weak I8 (as in [121]) make us to confirm the optical counterpart
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Figure 6.2: Hr emission line in the red spectrum of IGRJ 0682205 taken on 07 November
2007

as Be type. The lack of blue spectrum for this source, we cab&able to to determine the
spectral type of the companion star. We have only photomebservations and from their
results we could be able to calculate the amount of reddestrnbe excess color. The results

are compatible with the value founded by Kaur et al. 200gj[94

Finally, the multiband optical photometric variability@atability of the Hr line prole of IGR

J01583-6713 shows almost the same results which is investigatedaoy &t al. 2008([94]).
They determine the spectral type as B2 Ve and the distantteetsource was estimated as
4.0 kpc. Our distance calculation for this source gives ge&arB-6 kpc, which is compatible

with their distance estimation.
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CHAPTER 7

CONCLUSION

In this work, we presented the analysis of RXTE, Fermi-GBMijfSobservations of SMC
X-1, 4U 190409, 4U 153852, 4U 1626-67 with analysis of spectroscopic and photometric
observations of counterparts of IGRJ 0682205 and IGRJ 01583713 done with Skinakas
Observatory (Crete).

An accreting powered system SMC X-1 continues to show spgnop. Analysis of 8 years
RXTE/PCA observations show that the spin-up rate is
P,D'ube/PpmSe:l.61805096(6863<)1(T6 s1. There is an increase in spin-up rate according to
previous spin-up trend. By timing studies we could be ablsee a~ 30 year long pulse
period history of the source. Also with this study, we sed #entric orbit model gives
better solution in obtaining orbital parameters. Hence ttaiao a new orbital epoch and us-
ing this new and previous results we could be able to find arpieriod decayPo}bit/Porbit

of —3.402(7)x 107% yr1, and see that it is consistent with previous values. Spemiral-
ysis shows the variations only in hydrogen column densitigeloparameters did not show
any variability according to previously founded values. retaver hydrogen column density

increases as the X-ray flux value deceases.

The spin-down rate of 4U 19@D9 obtained in between March 2001 and March 2002 was
found to be~ 0.60 times lower than both the previous RXTE measuremersgiofdown rate
between November 1996 - December 1997 by ([10]) and the kenmg $pin-down trend of the
source in between 1983 and 1997 (See Figure 1in [10]). Ingibent studies and the previous
RXTE observations show that time span of the observations sienilar ¢~ over year) and

in both observations posses low timing noise. However, dpwn rate is lowered by a factor

of 0.6 in last RXTE observations. It is also interesting teatve that the spin-down rate
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is consistent with zero around MJD 51000 before this sigmifichange in spin-down rate.
Since the discovery of the source, our pulse frequency meants are significant due to
including the first time resolved spin-down rate variatiolfe steady spin-down rate ([10])
and the presence of transient oscillations ([85],[136uh1907#09 support the idea that the
source accretes from retrograde transient accretion @rsepossibility of a prograde disc for
which the magnetospheric radius should be close to theat@otradius so that the magnetic
torque overcomes material torque is not likely to be the éasthis system ([85]). If the disc
is retrograde and the material torque is dominant, usingXgcretion disc model, a decrease
in spin-down rate of the neutron star should be a sign of aedserin the mass accretion rate
coming from the accretion disc. If the disc accretion is théy @accretion mechanism, this

decrease in mass accretion rate should also lead to a deanegsay flux of the system.

From the X-ray spectral analysis of the source, we found aarctvidence of a correlation
between 3-25 keV flux and the change in spin-down rate. Thddlets were about the same
for latter observations with low spin-down rate compareth®rest of the observations. This
was not our expectation if we only consider disc accretiod miay be because of the fact
that the total mass accretion rate is not only due to only dwetion, but also accretion
from stellar wind may contribute to the total mass accretiaie (see also [158]). In case
of accretion from both transient disc and wind, the changma&ss accretion rate from the
accretion disc might not cause a substantial change in Xluay However, it is important

to note that the orbital coverage of the latter (proposal (D&L) observations is poor and
limited to the phase locked flares in orbital phasef.05 and~ 0.6. Future observations
of the source may be helpful to have a better understandirggpafssible relation between

spin-down rate and X-ray flux.

For flaring parts of the source, we found evidence an incregabydrogen column density
(ny) for the latter observation with lower spin-down rate. Bxtceydrogen column density,
there is no any significant variations or evidence in othecspl parameters after the spin-

down rate decreased.

The timing analysis for 4U 153&2 between July 31 and August 7, 2003 with RXPEA
give information about orbital epoch, orbital period andidsives, pulse frequency and
derivatives. We calculate the new orbital epoch by usinBqi; >= 3.7228366 days and a

quadratic fit to that epoch gives us orbital period changeas®,/Porp = (0.4+ 1.8)x 1076
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yr~1, as in some other HMXBs, this change can be explained by itiidactions. Previous
observations also found long term spin-down trend for tbigse, and a linear fit gave the
frequency history as/v ~ -8 x 107?s™1, and when we fit to our RXTE observation, the

result becomes/y ~ 1.45x 1071151,

By analyzing of the all RXTE observations archive data, tead of spin period show that
the neutron star spins up for 30 years, witlfetient spin-up rate. According to RXTE ob-
servations duration, source’s spin-up rate shows inargasithin 20% according to previous

spin-up behavior.

Mass transfer or loss, the gravitational radiation, theviggional dfects by a third body and
the tidal interactions are the possible explanations feiottvital decay in a period of a binary
system. For SMC X-1 system, th&ects of mass transfer or loss can be negligible, the system
does not include a third body so that a period decaying duee@tavitational acceleration
can not be reason. The long negative orbital period decayfiige system, as in Cen X-3
and LMC X-4, is mostly likely due to the tidal interaction tueten the neutron star and the

companion star.

Hydrogen column density changes just during the low fluxeslihe hydrogen column den-
sity is very high when the flux is low as expected but after séimevalue the column density
although the flux increases, the density goes constant. nidneased soft X-ray pulsation is
absorbed due to hydrogen column. Whereas, the other paamliongs to model do not

show any changes according to flux.

We established a pulsed source monitoring by using rate® bifal detectors on FeriiéBM
instrument between 8-55 keV. In our continuous monitorirg aan be able to detect out-
bursts from the B&-ray transient, disk-fed supergiants, and persistent IBvbystems. We
are producing long term histories of the pulse frequency, fulse profile and make precise
measurements of orbital parameters. One of these syst&m$626-67 was investigated

in detail. Since GBM discovers a new spin-down to spin-uguerreversal belongs to that
source. It occurred after about 18 years of the pulsar'sigyespinning down and was cen-
tered on 2008 Feb 4. The transitions was last&@80 days and accompanied by an increase
in the SwiffBAT count rate of a 2.5 factor~150%). The pulsar spectrum was harder during
the torque transition than before or after. A strong coti@ebetween torque and luminosity

is obviously appeared only during the transition. The sgirand spin-down rates before and
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after the transition were almost identical| (v |= 5 x 1072 Hz s1). However, the pulsar
was braking harder at the beginning of the spin-down epod®80 than at its end in 2008.
Furthermore, the spin-down rate during this epoch was dstrg simultaneously with the
decreasing of the source X-ray luminosity. Finally, thenspown to spin-up torque reversal
in 2008 has occurred at lower luminosity as the spin-up to-dpwn torque in 1990. These
properties cannot be explained with existing models anauit loe interesting step for fur-

ther studies in understanding the mechanism of the torouegsals in the accretion-powered

pulsars.

The optical photometric and spectroscopic observationthefoptical counterpart to IGR
J06074-2205 and IGRJ01583%713 show that they are binary systems with Be type. For
both sources Hi lines appear in emission which means that there is circuiastisk around

Be star. The spectral type of the companion star of IGR J062Z@5 is found as B1-1.5 |V
class. The photometric magnitudes give the value of irdastreddening for each sources.
From the reddening value we predict the distance of IGR J06RZ05 as around 4 kpc
which is compatible with the results of Reig et al.2010([j5For IGRJ015836713 from
photometric observations we estimate the distance in legtw8-6 kpc which is compatible

with the results of Kaur et al.2008([94]).
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