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ABSTRACT
BATSE OBSERVATIONS ON ACCRETION POWERED PULSARS

INAM, Sitki Cagdas
M.S., Department of Physics
Supervisor: Assoc. Prof. Dr. Altan Baykal

December 1998, 88 pages.

In this thesis, analysis of BAT SE 20-50keV flux and frequency data of 10 accre-
tion powered pulsars (2S 1417-62, GS 0834-430, GRO J 1008-57, GRO J 1948432,
A 1118-616, Vela X-1, GX 301-2, OAO 1657-415, GX 144 and 4U 1626-67) is
presented. Two transient sources (2S 1417-62 and GS 0834-430) are found to be
torque and X-ray luminosity correlated implying the existence of prograde accre-
tion disks. For these sources, errors are too big for the data to have preference on
a single inner disk model. For high mass X-ray binaries (Vela X-1, GX 301-2 and
OAO 1657-415), no correlation is found between torque and X-ray luminosity.
These sources are found to be torque and specific angular momentum correlated.
There is a possibility of temporary disk formation for these sources. For the
low mass system GX 1+4, data is analyzed in four intervals. First part of the
data gives torque and X-ray luminosity anticorrelation in spin-down implying a
retrograde accretion disk. In the second part of the data, correlation of torque
and X-ray luminosity is found in spin-up implying a prograde accretion disk. For
the last two intervals, no correlation is found between X-ray luminosity and flux.
For the other low mass system 4U 1626-67, a correlation of torque and X-ray
luminosity is found in spin-down, which may be the indication of a prograde disk

with dominating spin-down magnetic torques.
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Oz
AKTARIM GUCLU ATARCALARIN BATSE GOZLEMLERI

INAM, Sitki Gagdas
Yiiksek Lisans , Fizik Boliimii

Tez Yoneticisi: Assoc. Prof. Dr. Altan Baykal

Arahk 1998, 88 sayfa.

Bu tezde 10 aktarim giiglii atarcanin (2S 1417-62, GS 0834-430, GRO J 1008-57,
GRO J 1948+-32, A 1118-616, Vela X-1, GX 301-2, OAO 1657-415, GX 1+4 ve 4U
1626-67) BATSE 20-50keV aki ve frekans verilerinin analizi sunulmaktadir. Iki
gecici kaynakta (2S5 1417-62 ve GS 0834-430) tork ve X-151m1 parlakhg arasinda
diiz yonde dénen aktarim diski varhgim gosteren iligki bulunmugtur. Bu kay-
naklann verilerindeki hatalarn biiyiikliigii yliziinden iki kaynakta da tek bir ig
disk modeline karar verilememistir. Yiiksek kiitleli X-151n1 ¢iftlerinde (Vela X-1,
GX 301-2 ve OAO 1657-415) tork ve X-1g1m1 parlakhig1 arasinda bir iligki buluna-
mamigtir. Bu kaynaklarin verilerinde tork ve 6zgiil agisal momentum arasinda bir
iligki bulunmustur. Bu kaynaklarda gegici aktarim diski olugsumunun miimkiin
oldugu diigiiniilmektedir. GX 144 verilerinin ilk klsmlnda tork ve X-ig1m par-
laklig: arasinda atarca yavaslarken aksi bir iligki bulunmusgtur. Bu iligki ters
dbnen bir aktarim diskinin varhigim gosteriyor olabilir. Verilerin ikinci kisminda,
tork ve X-igim1 parlakligi arasinda atarca hizlanirken iligki bulunmustur. Bu
iligki diiz dénen bir aktarim diskinin varliina igaret olabilir. Verilerin son iki
kisminda, tork ve X-i5un parlakhig arasinda bir iligki bulunamamigtir. 4U 1626-

67 kaynaginin verilerinin analizi sonucunda, atarca yavaslarken tork ve X-igin

v



parlaklig1 arasinda bir iligki bulunmustur. Bu iligki yavaglatici manyetik tork-

larin baskin oldugu diiz dénen bir diskin gostergesi olabilir.

Anahtar Kelimeler: Aktarim giiclii atarcalar, nétron yildizlari, kiitle aktarim

diskleri, BATSE gozlemleri.
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CHAPTER 1

INTRODUCTION

A neutron star is the end product of the evolution of a massive star. When
the core of a star uses up the nuclear energy, radiation pressure can no longer
balance the gravity. The core begins to collapse until degenerate electron pressure
balances gravity. .If the core mass is less than ~ 1.4Mp, degenerate electrons can
prevent the core from collapsing any more. The star becomes a white dwarf with
a radius of about 10°%cm. If the mass of the core is ~ 1.4 — 2M,, degenerate
electron pressure cannot stop the collapse of the core. Electrons and protons
merge to form neutrons, and when the radius of the core reduces to ~ 10°cm,
degenerate neutron pressure begins to support the core and thus a neutron star
forms. For a core with mass greater than a limiting mass currently estimated to

be ~ 2M,,, no known force can prevent the collapse, and a black hole forms.

Neutron stars are perfect space laboratories to study extreme physical con-
ditions that cannot be realized in ;1 terrestrial laboratory. Neutron stars have
macroscopic sizes, but -being degenerate stars- the properties of their interior
structure can only be understood in terms of élementary particle physics and con-
densed matter physics. The physical conditions in the vicinity of a neutron star

are also interesting. Neutron stars have very large surface dipole magnetic fields
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(~ 10° — 10'2 Gauss), and very strong gravitational fields (gsurface ~ 10'*cm.s72).
These two factors determine the plasma flow around neutron stars and make

neutron stars interesting objects for plasma physics as well.

If a neutron star is in a binary system with a non-degenerate companion,!

mass flow from the companion to the neutron star may occur.

For a close binary system for which the companion star can overfill its Roche
lobe, mass is transferred via the inner Lagrangian point and a Keplerian accretion
disk forms in the vicinity of the neutron star. Mass is transferred through the
disk onto the neutron star mainly from the inner boundary of the disk which is
at a radius close to the magnetospheric radius of the neutron star. After leaving
the inner boundary of the disk, mass follows the magnetic field lines to the polar

regions of the neutron star.

If the system is a wide binary so that the companion cannot overfill its Roche
lobe, there may still be mass transfer to the neutron star from the stellar wind
originating from the companion’s surface. For such a system, no stable disk
formation is possible. There may be temporary accretion disk formation with a
lifetime of the order of days in case of fast wind from an OB or Be type giant

star, or of the order of years in case of slow wind from a red giant.

Plasma accreting onto the polar regions of the neutron star is heated due to
the release of the gravitational potential energy of the plasma. Heated plasma

radiates primarily in the X-ray band. In general the magnetic axis does not

! A neutron star is a product of a supernova explosion. If more than half of the mass of
the binary system is ejected during the explosion, binary system will be separated.
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coincide with the spin axis, so that the neutron star is like a lighthouse which
pulses when one or two poles of it is/are on our line of sight. In other words, we
expect to see X-ray pulsations from such a neutron star. Neutron stars of this
type are called accretion powered pulsars. Accreted plasma also carries angular
momentum to the neutron star so that the neutron star is exerted torque causing
a change in the spin period. As the moment of inertia of the neutron star is
much smaller than a non-degenerate star, we expect to observe changes in the
spin period.

Observations of changes in X-ray flux of accretion powered pulsars is also
important to analyze plasrﬁa flow near the neutron star. Change in X-ray flux
is an indicator of the change in mass acretion rate and physical characteristics
of plasma flow. Since plasma carries angular momentum to the neutron star,
change in plasma accretion may change the torque exerted on the neutron star
which can be seen by analyzing the changes in the frequency derivative found
from the frequency history of the pulsar.

In this thesis, we use flux and frequency data from BATSE (Burst and Tran-
sient Source Experiment) detector in CGRO (Compton Gamma Ray Obsefva-
tory) satellite. BATSE continuously monitors the spin frequency and pulsed flux
in 20-50 keV band of three low-mass systems (Her X-1, 4U 1626-67, GX 1+4),
and five high mass systems {Cen X-3, OAO 1657-415, Vela X-1, 4U 1538-52, and
GX 301-2). BATSE has also observed outbursts from 12 transients (4U 0115+63,
GS 0834-430, 2S 1417-62, EXO 2030+375, A 0535+26, 4U 1145-619, A 1118-
616, GRO J1744-28, GRO J1750-27, GRO J1948+32, GRO J1008-57, and GRO
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J2058+42). In the thesis, data of 10 of these pulsars are analyzed, 2 of which
are low-mass systems (GX 1+4, 4U 1626-67), 3 of which are high-mass systems
(OAO 1657-415, Vela X-1, GX 301-2) and 5 of which are transients (GS 0834-430,
2S 1417-624, A 1118-616, GRO J1948+32, GRO J1008-57).

In the next chapter, overview of accretion powered pulsars is presented. The-
ories of torques on accretion powered pulsars are reviewed in Chapter 3. In

Chapters 4,5 and 6, analysis of flux and frequency data is presented.



CHAPTER 2

OVERVIEW

Accretion powered pulsars are rotating, highly magnetized neutron stars which
are capturing matter from a stellar companion. Due to the high dipole magnetic
field, accreting matter is channeled by the magnetic field lines onto the magnetic
poles of the neutron star. When the matter falls onto the neutron star, it is rapidly
decelerated at the polar surface which causes the release of the gravitational
potential energy as X-ray emission from the magnetic poles. Due to the fact that
the magnetic axis is in general tilted with respect to the spin axis of the neutron

star, we expect to see X-ray pulses from the neutron star.

Observations of accretion powered pulsars began with the discovery of periodic
X-ray pulsations from Cen X-3 by Uhuru (Giaconni et al. 1971; Schreier et al.
1972). Qualitative understanding of accretion powered pulsars were achieved in

1970s (Pringle& Rees 1972; Davidson& Ostriker 1973; Lamb et al. 1973).

We can divide accretion powered pulsar systems into 3 groups according to
their companions: 1. High mass X-ray binaries with OB supergiant companions,

2. low mass X-ray binaries, 3. Be-star X-ray binaries.

Pulsars in high mass X-ray binaries with OB supergiant companions accrete
mass either via Roche lobe overflow or via the supergiant’s stellar wind. Systems

5



with the first type of the pulsars have short pulse periods and high X-ray luminosi-
ties (SMC X-1 with the pulse period of 0.717s and luminosity of 6 x 103%ergs.s~!;
Cen X-3 with the pulse period of 4.8s and luminosity of 8 x 10¥ergs.s™!). Sys-
tems with the second type of the pulsars have long pulse periods and moderate
X-ray luminosities (Vela X-1 with the pulse period of 283s and luminosity of

6 x 10%ergs.s~!) (Corbet, 1986; Chakrabarty 1996).

Low mass X-ray binaries have late type or degenerate dwarf companions.
These systems are steady and low luminosity X-ray sources (< 1037ergs.s™!). GX

144 and 4U 1626-67 are typical examples.

Systems with Be-star companions constitute the third group. These systems
contain rapidly rotating Be companions (4U 0115+63 and A 0535+62). These
systems are transient X-ray sources which are X-ray bright near the periastron

passage of an eccentric orbit.

For the high mass systems, we can roughly estimate type of the system by
plotting spin period versus orbital period (see Figure 2.1). This figure is also
known as Corbet diagram(Corbet 1986; Chakrabarty 1996). For disk-fed super-
giant systems, we have short spin and orbital periods. Short orbital period for
such a system is a sign of the possibility of the Roche-lobe overflow. Thus, a
Keplerian accretion disk forms around the neutron star and spins-up the neutron
star which explains the short spin periods. For the wind-fed supergiant systems,
spin and orbital periods are larger. Large spin period shows large binary seper-
ation and large Roche lobe of the companion, so it shows the impossibility of

6



Figure 2.1: Spin period versus orbital period for the accretion powered pulsars
with high mass companions (Chakrabarty 1996).
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Figure 2.2: Distribution of accretion powered pulsars in galactic coordinates
(Chakrabarty 1996).
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the Roche lobe overflow. This makes a stable accretion disk formation improba-
ble. The pulsar accretes mass from the wind and no strong trend in the torque
is expected which means that spin-up and spin-down torques should be similar
in magnitude which excludes the possibility of a spin-up trend and that is why
we do not observe short spin periods from these systems. For systems with Be-
star companions a rough correlation between orbital period and spin period is
observed (Corbet 1986; Waters& van Kerkwijk 1989).

About 40 accretion powered pulsars are known with pulse periods ranging
from 0.069s to 23.5minutes (Chakrabarty 1996). Most of these pulsars lie in the
galactic plane, a few are l(;cated in the magellanic clouds and a few are in the
high-latitudes of our galaxy (see Figure 2.2).

To understand the nature of the plasma flow in the vicinity of an accretion
powered pulsar, a direct method is to observe the changes in spin-period and
corresponding changes in flux. Changes in spin period gives us the magnitude
and direction of the torque exerted on the neutron star. This torque is carried
by the accreted plasma so it depends on the specific angular momentum, the
amount of the plasma and the accretion geometry. Frequency changes of an
accretion powered pulsar and its relation with the changes in the X-ray flux of this
pulsar offer us possibility to test the theories about accretion process in binaries
with compact objects. Spin rate and changes in flux give us information about
the process of accretion flow near the magnetosphere, and internal properties
of neutron stars. So, for example, long-term period and Aux changes give us
information about the time averaged circulation of the accretion plasma, neutron

9



star’s dipole magnetic field and the size of its moment of inertia, whereas short-
term period fluctuations gives us an idea about the stability of the accretion flow
and the internal dynamical properties of neutron stars.

Burst and Transient Source Experiment (BATSE) detectors in Compton Gamma
Ray Observatory (CGRO) have the ability to continuously monitor the spin fre-
quency and flux of accreting pulsars. Data obtained from BATSE observations
enable us to understand the relation between the torque and X-ray luminosity
changes.

In this thesis, analysis of BATSE observations of pulse frequency and flux
from 20-50 keV band on iO accretion pqwered pulsars (GX 1+4, 4U 1626-67,
Vela X-1, OAO 1657-415, GX 301-2. 2S 1417-62. GS 0834-430, A 1118-616,
GRO J1948+32, GRO J1008-57) is discussed. Data are the 20-50 keV X-ray flux
and frequency of the pulsed flux data obtained from BATSE on the CGRO. These

data are accessible at ftp area at ftp.cossc.gsfc.nasa.gov.
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CHAPTER 3

THEORY OF TORQUES ON ACCRETION POWERED

PULSARS

3.1 Introduction

An accretion powered pulsar is an accreting neutron star in a binary system
which shows X-ray pulsations at its rotation(spin) period. The source of this
X-ray luminosity is the gravitational potential energy release of the plasma orig-
inating from the companion star. This luminosity can approximately be written

as

GMM |4 [ M M [R]“‘
R - 0vessT T | | T argyet | | 10km (3.1)

where M and R are the mass and the radius of the neutron star, and M is the

L=

mass accretion rate.

Pulsations in the X-ray luminosity of the accretion powered pulsar are due to
the anisotropy of the infalling plasma (infall is primarily to the magnetic polar
regions because of the high dipolar magnetic field) and the angle between the spin
axis and the magnetic dipole axis. Orbital motions of these pulsating systems
have additional effects on the pulse profiles because of the eclipses and the Doppler

11



effect.

3.2 Preliminaries about Accretion on Neutron Stars

To understand the nature of accretion on neutron stars, firstly it must be
emphasized that neutron stars have very large surface dipole magnuetic fields (~
10° — 10'2Gauss, while the surface magnetic field of the Sun is about 1 Gauss,
and that of the Earth is about 0.25 Gauss). Moreover, the strong gravitational
field with a surface gravitational acceleration of about 10%cm.s—2 (while go =
10%cm.s™2 and ggern =~ 10%cm.s™2) due to neutron star’s compact structure is
also an important factor determining the physics of accretion. Finally, another
effect on the accretion process is the one coming from the intense X-ray radiation
from the neutron star, which may -in some cases- cause a radiation pressure force
comparable to the gravitational force but in the opposite direction, inhibiting the
accretion process.

Let us consider a newborn neutron star in a binary system emitting radio
pulses and ejecting cosmic rays like a radio pulsar'. This operation of the neu-
tron star is the consequence of the corotation of its dipolar electromagnetic field.
In general, for a rotating rﬁagnetic dipole which is generally a reasonable approx-
imation for neutron stars, we must also consider an induced electric component
of the field due to the rotation. At a radius much smaller than the light cylinder

radius(rey,) 2, electric field component (£) of the electromagnetic field can be

! But in general, the free-free absorption in the surrounding plasma originating from the
supernova, explosion or coming from the companion star prevents pulses from being observed.
% around the spin axis of the neutron star beyond which the matter cannot corotate with
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written as(Lipunov, 1992)

£~"8=Yp_"p (3.2)

where v is the linear velocity of the rotating field, c is the speed of light, Q is
the angular velocity of the neutron star and B is the magnetic component of the
field at a radius r from the neutron star. For regions close to the neutron star
‘where r < 1, Equation (3.2) gives a very small electric field component.But
as r approaches r.,;, magnitude of the electric field strength approaches that of
the magnetic field strength, and for r >> 7.y, the electromagnetic field becomes
a freely propagating electromagnetic field for which £ = B This electromagnetic
field formation is called the operation of the radio pulsar.

For the surrounding plasma to reach the surface of the neutron star, firstly the
pressure of the plasma at the gravitational capture radius (repe = —G;,zM), which

can be written as

Pplasma(r = Tca.pt) = P'v2a (33)

where p is the density of the plasma written as

M

dnr2y’ (3.4)

p(r = Teape) =

for spherically symmetric accretion with v being the velocity of the plasma,

should overcome the pressure of the electromagnetic field which can be expressed

the star. Radius of the light cylinder is given by r.,; = cP/2r where P is the spin period of
the neutron star.

13 ot
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L

Py (3.5)

PEM(I' = rcapt) =

where L is the luminosity of the neutron star due to its radio pulsar operation

that can be written as

_ 2p%(2m)*

L“3 Pic3

(3.6)

P being the period and pu(~ BR3, B: the surface magnetic field of the neu-
tron star) being the magnetic moment of the neutron star.3Thus, equating the
luminosity of the plasma (L' = 4nr2, ,cpv® = 4 M vc) and the luminosity of the
neutron star at the gravitational capture radius, one can find a critical period
above which the plasma can be captured by the gravity of the neutron star. This

critical period is (Illarionov & Sunyaev 1975):

o ,LL2 1/4
P, =— - 3.7
e 3.7)
0.1 u 2 M Ay qmia
e [1029Ga,uss.cm3 1.5 x 1011 Mgyear—1! [lﬂscm.S‘l] S

If initial period of the neutron star is > 0.1s, which is not typical for newborn
neutron stars, then the neutron star may capture plasma just after it has been
formed. The deceleration time for spin-down from initial period to the critical

period can be formulated as (Illarionov & Sunyaev 1975)

3
Teapt > Teyl
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t(Py) =

2
I(E)  sar (&)2:_ 3cl 5
4p

= s
2L(P,) 4p® \2x /6 &r v

where I ~ 10%g.cm? is the moment of inertia of the neutron star and L is
the total luminosity which is proportional to 1/P* (See Equation (3.6)). For v =
10%cm.s™!, p = 10%®Gauss.cm®, and M= 1.5 x 10~ Mg.year™L, #(p,;) becomes

~ 107years.

For P > P, plasma can also penetrate the light cylinder since the pressure of
the plasma (or material stress) (pv? ~ r~%2) grows quicker than the pressure of
the electromagnetic field and the high energy particles (o< 772) for regp > 1 > 7y
Penetration of the plasma inside the light cylinder inhibits pulsar operation and
luminosity of the pulsar diminishes(since the electromagnetic field is confined

inside the light cylinder).

For r < 7y, plasma starts to be affected by the magnetic field lines of the
neutron star’s dipolar magnetic field. In this case, the magnetic pressure is pro-
portional to =6 (B2 ~ (B/r®)?), whereas the plasma pressure is still proportional
to 7~5/2, that is the magnetic pressure grows faster than the plasma pressure. At
the radius 4, called the magnetospheric radius or Alfven radius where the pres-
sure of the magnetic field is equal to the plasma pressure, plasma is stopped by
the magnetic field lines and forced to corotate with the neutron star. Alfven

radius can be found from the balance condition between the magnetic pressure

and the plasma pressure as



32(TA) 1

B §P(T )3 (ra) (3.9)

where p(r4) is the density of the plasma which can be found using Equation

(3.4) and v(r4) is the free fall velocity at Alfven radius which can be written as

1/2
26M ) (3.10)

TA

v(ra) ~ (
Using Equations (3.1), (3.44), (3.9), and (3.10), we can express the Alfven

radius as

_ /1,4GM /7
TA=\or2Rm?

—-2/7
=3.5 x 108cm A
10%7erg.s~1

4/7 1/7 -2/7
x( - 3) M, ( R ) . (3.11)
103°Gauss.cm Mg 10%cm

If the angular velocity of the field lines at r4 is greater than that of the Kep-
lerian orbit at r4, then the plasma cannot reach the neutron star’s surface since
centrifugal force prevents material from entering the magnetosphere. Moreover,
plasma is thrown away due to the misalignment between the magnetic axis and
the spin axis: The magnetic axis, in general, is misaligned with the spin axis, so
the magnetic pressure on the plasma is not constant over a spin period by the
plasma and in this case the magnetic field lines are like a propeller.If the velocity
of this propeller exceeds the velocity of sound in this plasma ("supersonic pro-
peller”), then shock-waves are generated heating the plasma and leading to its
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outflow. In the subsonic propeller case, on the other hand, the magnetic field lines
are not expected to cause any dissipation if the plasma is assumed to be inviscid.
However, if there is a finite viscosity of the plasma then the rotating magnetic
field lines are expected to generate turbulent motion in the plasma(Davies et al.
1979). So, even in subsonic case, a propeller mechanism is expected to occur?.
Interaction of the disk and the magnetic field lines cause a spin-down until

the period of the neutron star reaches

P = Poeer = 2175 2(GM) ™12, (3.12)

At this period, the magnetic field lines at r rotate at the Keplerian orbit’s
velocity, so for the periods greater than P,., the centrifugal barrier no longer

exists, and plasma can be trapped by the field lines. The deceleration time to this

period can be found by using Jw% = — M €Y and P =2 = (T__‘i_ijWhiCh
tacer
are valid till P = Py, So,
4r,cv

Typical value for ¢, is about 10%years for the same quantities used for the
t(P.) calculation.

The above consideration about the initial spin-down to the accretion period
is valid if and only if r4 is smaller than the gravitational capture radius reqp. [f

TA > Teape 1S the case, then the gravitation becomes unimportant and reaching

% Even if the magnetic axis is aligned with the spin axis, there may still be a spin-down
due to the friction between the surface of the magnetospheric boundary and the surrounding
plasma(Lipunov 1992; Mineshige et al. 1991).
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the period P, is not sufficient for accretion. This is similar to the interaction of
the solar wind with the Earth’s magnetosphere, so the neutron star is classified
as a georotator instead of an accretor(Lipunov 1987). So, initial spin-down is

followed by two different possibilities:

Ejector — Propeller — Accretor (for r4 < regpt)
OR

Ejector — Propeller — Georotator (for 74 > regpt)

However, due to their strong magnetic fields, georotator stage should not be
common for the neutron stars.

For an accreting neutron star in a binary system, there are basically two
mass transfer types from the companion star: transfer via companion’s wind and
transfer via Roche lobe overflow. If a neutron star accretes plasma from the
companion’s wind, it is expected to capture only a fraction of the total material

exhausted if we assume isotropic formation and propagation of the wind, since

M _ 7“‘.Eapt — -3 [ Tcapt ]2 [ A ]_2
= = e = 25107 || | i (3.14)

where A is the binaryv separation and W is the rate of mass loss from the
companion.

Equation (3.14) shows that, accretion from a wind can only be effective for
massive X-ray binaries that include massive companions having strong stellar
winds. An accretion disk may form in wind-fed systems if the captured mate-
rial has sufficient angular momentum to circularize before reaching the neutron

18



star magnetosphere. For an accretion disk to form, the mean specific angular

momentum (l,eqn) Of the captured plasma is estimated to be about (King 1995)

2
Teapt 27

lmean = Tm

(3.15)

where n ~ 1 is an efficiency factor and P, is the orbital period of the binary
system.

Another type of mass transfer is the mass transfer via Roche lobe overflow.
If the companion star has a volume that fits its Roche lobe, then plasma on its
surface flows through the inner Lagrangian point to the neutron star’s vicinity.
In this process, a part of the angular momentum of the orbital rotation is carried
by the plasma. This angular momentum always satisfies Equation (3.15), so an
accretion disk is always expected to form.

When an accretion disk forms around the neutron star, there are several dif-
ferent regions around the neutron star according to the disk’s interaction with
the plasma as (Ghosh & Lamb 1991,1979b):

1. The region between reqp (capture radius) and r, (screening radius) where
the effect of the magnetic field of the neutron star is negligible,

2. The region between r, and ry (the radius inside which the angular velocity
of the plasma starts to decrease to the neutron star’s angular velocity) where mag-
netic field lines begin to thread the disk without disrupting the disk completely.
This region is called outer transition zone,

3. The region between rg and ry. This region is called inner transition zone.
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In this region magnetic field lines begin to force the plasma to rotate with the
neutron star’s angular velocity. The width of this region is small compared to
ra, since magnetic stress is proportional to r=®, whereas material stress is just
proportional to r~5/2,

4. The region between ry and R (radius of the neutron star) where plasma
accretes to the neutron star by flowing through the magnetic field lines (no disk
formation is possible).

Discussion about the accretion disks in this chapter will be based on the a-
disk model unless stated otherwise. According to this model, the disk is assumed
to be a geometrically thin Keplerian disk having the following properties (Ghosh
& Lamb 1991):

1. Accretion flow is steady.

2. The flow is axially symmetric, so it has no dependence on the azimuthal
direction.

3. The flow is symmetric with respect to the plane z=0 (the plane of the
orbital rotation), so vertical structure of the disk depends on |z|.

4. Semi-thickness h at radius r is small compared to r (the disk is geometrically
thin).

5. The azimuthal motion is closely Keplerian.

6. |v;| < |vr| < |vy|, where these quantities are the magnitudes of vertical,
radial and azimuthal velocities.

7. The radial pressure gradient and heat flux are negligible.

8. Contribution of the viscous stress to the total torque exerted by the disk
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on the neutron star is negligible.

3.3 Torques Exerted by Accretion Disks

Torques on the disk accreting neutron stars in binaries can be exerted via the
interaction of the disk with the magnetosphere of the neutron star. The region
between r,; and ry (outer transition zone) and the region between rg and r4 (inner
transition zone) are the only regions where the angular momentum exchange
between the disk and the neutron star is realized.

Interaction between the disk and the magnetic field lines in the outer transition
zone is by means of the threading of the field lines through the disk. Because of
the high conductivity of the disk (since it is formed by the conducting plasma),
it may be plausible to think that the neutron star’s magnetic field lines cannot
penetrate the disk®, so the disk squeezes in between the field lines (Anzer & Borner
1980). However, in general partial threading of the magnetic field lines is possible
with the Kelvin-Helmholtz instability, turbulent diffusion, and the magnetic field
reconnection processes(Ghosh & Lamb 1991; Ghosh & Lamb 1979a).

The Kelvin-Helmholtz instability is caused by the velocity discontinuity be-
tween the low-density magnetic field region and the disk. Threading of the
magnetic field lines with this instability is possible if unstable modes grow to
an amplitude comparable to the semi-thickness h of the disk. For the unstable

modes, the ratio of the radial-drift time of the disk (74 ~ r|u,|™" ~ 10%s) to the

5 Because the surface currents of the disk shield the disk material from the neutron star’s
dipolar magnetic field.
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linear growth time of the instability 7xx is about 10°(Ghosh & Lamb 1979a).
This means that there is enough time for these modes to grow to a sufficiently
large amplitude to disturb the disk surface and allow the neutron star’s magnetic
field to mix with the disk plasma, producing a couple between the disk and the

neutron star.

Turbulent diffusion is due to the convection caused by the vertical temperature
gradient in the disk. The external magnetic field vertically diffuses in a time
7 ~ h?A~! where X is the turbulent diffusivity (typically A <« lem2s~!). The
ratio 74/7; is about 103(Ghosh & Lamb 1979a),implying the possibility for the

field lines to thread the disk.

Reconnection is the process of the combination of the small-scale magnetic
field within the plasma with the magnetic field of the neutron star. It is found
that the ratio of the radial drift time (7;) to reconnection time (7;) is about 103.
So, reconnection can produce a couple between the disk and the neutron star like

Kelvin-Helmholtz instability and turbulent diffusion®.

Interaction of the magnetic field lines and the plasma in the inner transition
zone is due to the material stress of the plasma. In this case, plasma interacts
with the corotating magnetosphere and the angular momentum of the plasma is

transferred to the magnetosphere.

In general the accretion torque produced by flow of plasma onto a neutron

star can be written as(Ghosh & Lamb 1991):

8 All of the time scales discussed in the last three paragrahs are for 4 ~ 10°°Gauss.cm3,M ~
Mg, and M~ (107° - 10-8) M.year~!.
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N=-— / (® x ) ads (3.16)
S

where S is the surface enclosing the neutron star, i is the momentum flux
density tensor, 7 is a unit vector normal to the surface which is directed outward,
and 7 is the position vector originating from the center of the neutron star. For
an axisymmetric steady accretion, this integral can be written in the form (Ghosh

& Lamb 1991, 1979b):
__+
- B¢Bp
N—S/( o) =

where w is the radius in cylindrical coordinates centered on the neutron star

w2VQ) fds (3.17)

and aligned with the stellar rotation axis, o is the plasma mass density, {2 and
vp are the angular and poloidal velocities of the plasma, B, and By are the
poloidal and azimuthal components of the neutron star’s magnetic field, and 7
is the effective dynamic viscosity. In this equation, the first, second and third
terms represent material, magnetic and viscous stresses. Assuming that viscosity

is negligible, the third term can be neglected.

It is convenient to evaluate Equation (3.17) from a surface S that consists
of three parts (See Figure (3.1)): (1) A cylindrical surface S, at the radius r,
(2)a surface S, consisting of two sheets above and below the disk starting from
ro ending at infinity, and (3) Two hemispherical surfaces (S;) at infinity.

The resultant torque N is the sum of the torques exerted from Sy, S,, and S;:
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Figure 3.1: Side view of the accretion flow and the surfaces used to evaluate
Equation (3.17) (Ghosh & Lamb 1979b)
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The torque N, is determined by the material stress term, because the magnetic

stress has no component perpendicular to S;. So, using Equation (3.17):

N; = ov,780k(ro) X 2719 X 2h

1/2
)xv,xrox(grg) X 21rg X 2h

- (47rr0hv,. o

=M (GMrg)"/? (3.19)

where Q. (r) = (GM/r)"/? is the Keplerian angular velocity at radius r, and

h is the semithickness of the disk.
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The torque Ny is, in contrast, determined by the magnetic stress on S,, since

no material stress on Sy is present (p — 0 at the surface). So’:

Ny = / (rB,Bj/4n)ds (3.20)
Sy
Ghosh and Lamb (Ghosh & Lamb 1991, 1979a, 1979b) parametrize the total

torque in terms of the dimensionless torque n, so that

N = n(w,) My (3.21)

where the dimensionless torque can be found as

Ys
1 B} B} p
nw) =143 (1-w) ™ x / bout(y) (4752 = w,) y™*/®dy (3.22)
1

In this equation, w, is called fastness parameter, being equal to

QK(To)

Ws (3.23)

where (), is the angular velocity of the neutron star and its corotating mag-
- netosphere. In Equation ‘(3.22)', y = r/ry is the dimensionless radius, y, is the
dimensionless screening radius, and by, (y) is the dimensionless poloidal magnetic
field (Ghosh & Lamb 1979a).

For a slowly rotating neutron star (w; < 1), n takes its maximum value

becoming =~ 1.4. This corresponds to a maximum spin-up torque. In general,

7 The angular motion of the disk plasma with respect to the neutron star stretches the
stellar field lines in the azimuthal direction, so B, is generated. Similarly, the radial flow of the
plasma compresses and amplifies this azimuthal field.
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n decreases with increasing w,, and there is a certain w, above which a net-spin
down torque exists (w, ~ 0.35).Above a certain wmay (= 0.95), no steady accretion

is predicted.

The dimensionless torque can be approximately written as (Ghosh & Lamb

1991)

n(w,) = 1.4 (I—M> (3.24)

1—w,

When the torques N; and N, are separately considered, the nature of the
resultant torque can be explained. For w; < 1, the torque N; always gives a spin-
up contribution since it carries additional angular momentum to the neutron
star. On the other hand, the torque N5 can cause either a spin-up or a spin-
down torque. Azimuthal pitch of the field lines changes sign at the corotation
radius r,, where the angular velocity of the Keplerian orbit is the same as the
angular velocity of the neutron star (r,, = (GM/Q2)Y/3 where Q, = Qx(rc))-
So, part of Ny causes spin-up for ry < r < ¢, and part of N, causes spin down
for reo < 7 < 5. This implies that for slow rotators N, > 0 (since 19 < r¢,), for
moderately fast rotators N < 0, and for very fast rotators — Ny > N} (rg = 1¢)

causing a net spin-down.

Ghosh and Lamb (Ghosh & Lamb 1979b) derive the following relation for w,
in terms of the period, mass accretion rate, magnetic moment and the mass of

the neutron star as:
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. . -3/7 - 1-5/7
_ M 7 6/71 M
=110P7 || ] Ll .
ws = 119 [10‘9M®year‘1} 1030Gauss.cm® M, (3:25)

This equation comes from the fact that the structure of the magnetosphere and
the transition zone is mainly determined by the plasma accretion rate together
with the magnetic field strength and the mass of the neutron star.

Equat{i.pn (3.25) has two important implications. The first one is about the
change of w, with the magnetic field. If there is a decay in the magnetic field of
the neutron star, then w; is expected to get smaller implying that the dimension-
less torque n gets greater in positive sense(spin-up). The second implication of
Equation (3.25) is that a change in plasma accretion rate has an important effect
on w,. For very large plasma accretion rate, the slow rotator condition holds, and
for very small mass accretion rate, even w; = wpax Situation can be reached.

The net torque estimated in Equation (3.21), was in good agreement with
the earlier observations of accretion powered pulsars Her X-1 and Cen X-3 both
of which were thought to be accreting via persistent accretion disks(Elsner &
Lamb, 1977; Ghosh & Lamb 1979). However, BATSE observations of some ac-
cretion powered pulsars (ihéluding Cen X-3) show that the torques are bimodal,
alternating from spin-up and spin-down, and time for transition between spin-up
and spin-down is shorter than BATSE can resolve(< 10 days)(Nelson et al. 1997,
Bildsten et al. 1997). Episodes of spin-down range from ~ 60days (Cen X-3,
OAO 1657-415) to ~ years (GX 1+4, 4U 1626-67).

According to the conventional accretion disk theory (Ghosh & Lamb 1979b),
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this type of torque reversal can be due to the fact that the neutron star spins
in a critical period so that overall torque oscillates arqund 0 (that means w, =
we ~ 0.35). However, this explanation does not explain bimodal behaviour of the
spin frequency, i.e observations show that there are distinct spin-up and spin-
down episodes with torques similar in magnitude but opposite in direction. This
may be possible when there are stepwise changes in M. But, these stepwise
changes vxpuld also change the X-ray luminosity considerably since L «x M, but

no significant luminosity difference could be observed.

Spin-down episodes of these accretion powered pulsars can be explained by
assuming a retrograde Keplerian accretion disk (Nelson et al. 1997). This accre-
tion disk has the same properties except that it rotates in the opposite sense with
the spin direction of the neutron star (also opposite sense with the direction of
the orbital angular momentum). However, it is not possible to form a retrograde
accretion disk in the case of accretion via Roche lobe overflow. From simulations,
it is shown that it is possible to form retrograde disks in the case of accretion via
fast wind originating from an OB or Be star(See e.g Blondin et al. 1990, Matsuda
et al. 1991) or slow wind orginating from a red giant for a particular pulsar GX

1+4 (Murray et al. 1998).

Another explanation for the torque reversals in accretion powered pulsars is
made by Yi et al.(1997). According to this explanation, a critical mass accretion
rate (with M ~ 10'5 — 10'%g.s7') may lead to a radially advective sub-Keplerian
accretion disk with the new angular frequency ' being
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Q'(r) = AQg(r), (3.26)

where A ~ 0.2. According to this new rotation rate of the disk, corotation

radius and fastness parameter can be rewritten as

= A3, (3.27)

and

. M-S/
W, = ‘% ox ——. (3.28)

Equation (3.28) implies that a transition from spin-up to spin-down is possible
in case of a transition from a Keplerian disk to a sub-Keplerian one with A ~ 0.2,
since this transition of the disk increases the fastness parameter considerably.
However, observations show that M is ~ 1017 — 10'8g.s™!, much larger than the
critical mass accretion rate for advection, so that the disks of observed neutron
star binaries should always be in the same state(Nelson et al. 1997; Nagase et al.
1989).

Recently, van Kerkwijk et al;(1998) suggest that the torque reversals observed
in some of the accretion powered pulsars may be due to the disk being warped
to such an extent that the inner region becomes tilted by more than 90 degrees.
This means that the inner region becomes retrograde, leading to a negative torque.
However, timescale of this phenomenon is unclear. Moreover, no mechanism is
suggested to restore the original prograde configuration of the disk.
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3.4 Inner Disk Models and X-ray Luminosity and Torque Correlations as Diag-

nosis of Disk Accretion

In the previous section, we deal with the torques estimated by the Ghosh&
Lamb model (Ghosh&Lamb 1979b,1991). This analysis can be expanded by using

different inner disk models.

Let us consider a neutron star with dipole magnetic field ~ 10! —10'? Gauss.
If we ha\:t; a Keplerian accretion disk around this neutron star, we expect this
disk to be terminated at ~ 10® — 10° cm for an accretién rate ~ 1017 — 108
g.5~!(Ghosh & Lamb 1978, 1979a,b). Termination radius of the disk corresponds
to the middle region of a Shakura-Sunyaev accretion disk, which is optically thick
and gas pressure dominated (GPD) with electron scattering free-free absorption
(Shakura & Sunyaev 1973, Ghosh & Lamb 1992). This corresponds to a one
temperature inner disk model abbreviated as '1T Opt thick GPD (1G)’. The
inner radius of the Keplerian accretion disk around a neutron star with weak
dipole magnetic field (~ 10% — 10° Gauss) becomes ~ 10° — 107 cm. For a
Shakura-Sunyaev disk, this corresponds to inner radiation pressure dominated
(RPD) region of the accretion disk which is thermally and viscously unstable, so
an alternative RPD model, 3-model, can be considered (Ghosh & Lamb 1992).
This model is also a one temperature inner disk model abbreviated as '1T Opt

thick RPD (1R)".

There is another class of inner disk models where the disk is assumed to be
optically thin in the vertical direction (Ghosh & Lamb 1992). In such disks ions
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are much hotter than electrons and both of these species are much hotter than
the gas in optically thick disks, and disk is GPD. Two models of 2 temperature
GPD inner disk models can be considered: '2T Opt thin GPD Compt brems (2B)’
for which the electrons are cooled by Comptonizing soft photons coming from an
external source (Shapiro et al. 1976), and "2T Opt thin GPD Compt soft photon
(28)’ for which the cooling mechanism is Comptonized bremsstrahlung (White &
Lightman:; 1989,1990).

Let us consider a neutron star accreting from the disk with inner radius 7o,

which can be expressed for any inner disk model as (Ghosh & Lamb 1992)
ro o MeubMe® (3.29)

where M is the mass accretion rate, i is the magnetic moment and M is the
mass of the neutron star. The values of a, b and ¢ depend on the particular inner
disk model being considered (See Table (3.1)). In the classical approach, a,b and
c are —%, £, and —1 (Ghosh & Lamb 1979b).

If the neutron star is being spun-up by accretion and the spin-up torque is
mainly due to the angular momentum carried by the material accreting from the

disk, then the torque on the neutron star and the X-ray luminosity can be written

as

T =IQ ~ M (GMrg)'?, (3.30)
MM
L,~ GR ) (3.31)
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Disk Model Value of a Value of b Value of ¢
1T Opt Thick GPD (1G) 025 0.58 021
1T Opt Thick RPD (1R) -0.15 0.51 -0.13
2T Opt Thin GPD Compt brems (2B) -0.48 0.57 0.05
2T Opt Thin GPD Compt soft photon (2S) | -1.70 0.80 0.73

Table 3.1: Scaling of o where ro oc M2ubM¢ (Ghosh & Lamb 1992).

where I is the moment of inertia, 2 is the angular frequency derivative (Q =

2n0), and R is the radius of the neutron star. We can rewrite Q as

0~ G§M-;-(c+1)M1+§a#g .

- (3.32)

Thus, we can relate Q to L;

. G—-;-(za—l) M 3(c—2a+1) M% R®
I

Q= ¢ L® (3.33)

where @ =1+ 1a and £ = ~ 1. After determining o and obtaining

0
Mea ”_b Mec
bolometric X-ray luminosity, we can choose a suitable disk model and calculate
the surface dipole magnetic field using the following expression that can be derived
from Equation (3.33):
. -k
QI 2

e m_)ﬁg—%(?a—l)jv[%(c—2a+l) (3.34)

In conclusion, if we can find a relation of the form Q o< L* from observations,
we can say that the X-ray pulsar is accreting from an accretion disk. If we further

find « precisely, we can even conclude the type of the inner disk.
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3.5 Torques in the Absence of the Keplerian Disk

If the neutron star accretes from a wind, then the radial velocity of the plasma
near the capture radius is expected to be large implying a large plasma pressure,
so the neutron star’s magnetic field is confined to the interior of a magnetospheric
cavity whose radius is much smaller than r.,;; (Ghosh & Lamb 1979b). So, the

material stress dominates and the torque becomes

N=J= gt- (IQ,) =31 | (3.35)

where [ is the specific angular momentum of the accreting plasma at regp:,

Js(=I9Q,) is the angular momentum of the neutron star®.

There are basically three sources for a non-zero specific angular momentum

of the captured plasma (Illarionov & Sunyaev 1975):

1. Orbital motion of the neutron star: Considering the flow of the
captured plasma in the cylinder with radius r,, and then considering a thin
cylindrical cross-section, one can see that the velocities of different particles in this
cylinder differ due to the orbital motion by an amount AV = Qs, where s is the
particle impact parameter and {2 is the orbital angular velocity. So, the specific
angular momentum is approximately equal to the specific angular momentum of

the homogenous disk rotating around its diameter with the angular velocity Q :

8 This equation can also be obtained from Equation (3.8), if the surface S is a spherical
surface having radius of re,pe, and the torque is the result of the material stress.Equation 8
yields | = r2, ,Qp where Q is the angular velocity of the plasma which is smaller than the
Keplerian angular velocity g in this case.
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Lorbit ~ iﬂrfa,,t (3.36)

Note that this value is only a small fraction of the specific angular momentum
of the binary system (Q24?).

2. Rotation of the companion star: This does not make a significant
contribution since the radius of the companion Rg is much smaller than the binary
§epa.ratiog A. From the conservation of angular momentum and using the fact
:tha.t the rotational velocity at the companion’s surface is less than the parabolic
velocity (QoRo < (2GM/Ry)'/?), the angular velocity of the wind at the distance

A can be written as

oo (B) < ()" (3

~Q (%) v <9 (3.37)

So,

lcompanion = Qwrfapt LK lorbit (3.38)

3. Spatial inhomogeneities in the wind flow: Inhomogeneities in the

wind flow may cause fluctuations in the velocity and density of the wind which
may lead to fluctuations in the specific angular momentum value.

When the inhomogeneities in the wind flow are not considered, the first and

the second sources cause a net specific angular momentum [ which have the
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same direction with the angular momentum of the neutron star if the angular
momentum of the orbital revolution of the binary, rotation of the companion
star, and rotation of the neutron star have the same direction.

The rate of change of angular velocity (2, can be written as(Ghosh & Lamb

1991):

Q=(¢-1) ( ddlilnz\;) (%) Q, (3.39)

where

l din M I dM
=m0, ( dinl ) =0, (3.40)
is a dimensionless parameter and
I

is the radius of gyration. The rate of change of the rotational energy F,.; of

the neutron star is

bt 2D (220) (9 o

From Equations (3.33) and (3.36), one can conclude that for { < 1/2, the
neutron star spins down while losing rotational energy, for 1/2 < ¢ < 1, it spins
down while gaining rotational energy, and for ¢ > 1 it spins up while gaining
rotational energy.

Equation (3.30) and (3.31) take
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L~Qr, (3.43)

Considering Ry = /I/M =~ R, and (dInI/dM) ~ 1, Equation (31) reads

Qr?
~ capt
(m—pott & (3.44)

Since Tcept > R, one can have { > 1 even if Q < €),. So, only the spin up
£
process takes place for the neutron star accreting from the stellar wind having

high radial velocities when the inhomogeneities in the wind are not considered®.

3.6 Numerical Studies and Observational Diagnosis of Wind Accretion

As we have discussed throughout this chapter, we primarily have two kinds
of mass transfer types from the companion star to the neutron star: transfer via
Roche-lobe overflow of the companion for which a prograde Keplerian accretion
disk forms and transfer via stellar wind of the companion. For the latter case,
observations show that the simple model consisting of accretion from a spherically
symmetric wind is not a complete description of high mass X-ray binaries with
wind accretion (Blondin e.t Aal. 1990 and references therein).

From the hydrodynamic simulations, it is seen that stellar wind is disrupted in
the vicinity of a compact X-ray source (a neutron star for our case) which causes
plasma to lose its homogeneity. The interaction of the incident flow with the

shock fronts in the vicinity of the neutron star can produce temporary accretion

% Note that this true only for P > Py (Sce Equation (3.8)).
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disks (Taam& Fryxell 1988a, 1988b, 1989; Blondin et al. 1990). Formation of
prograde disk is the only possibility if there is large assymetries in the wind (i.e
with density inhomogeneities of scale length comparable to or smaller than the
accretion radius). For the case of smaller assymetries, interaction of the plasma
with the shock fronts can produce disks which circulate in prograde and retrograde
directions.

Usingr...the results of the numerical studies following points can be used to
imderstand the accretion process around the neutron star accreting from its com-
panion’s stellar wind:

1. We expect no correlation between the torque exerted on the neutron star
and X-ray flux. For an accretion from a stable accretion disk, Equation (3.33)
shows that X-ray flux should be correlated with the torque. Accretion from wind
does not lead to the formation of a stable disk, so we do not expect to find such a
correlation for an accretion powered pulsar accreting from its companion’s stellar
wind.

2.We expect to find a correlation between specific angular momentum and
torque for negative, near zero and positive torque values. Correlation of specific
angular momentum and.to.r‘que for negative and positive torques shows that there
is accretion disk formation in both prograde and retrograde directions without a
considerable change in mass accretion which can be seen from Equation (3.19)
where lx = +(GMry)'/? is the specific angular momentum obtained from the
inner boundary of the disk. For the near zero values of the torque, our specific
angular momentum is also near zero which shows us that the accretion flow is
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radial.

3. When a temporary accretion disk forms around the neutron star, we expect
an increase in specific angular momentum and decrease in mass accretion rate.
This is because of the fact that plasma accumulates in the disk and rotates
around the neutron star with near Keplerian velocities causing a lag in the fall of
the plasma onto the neutron star’s surface.. Thus, if we can find time intervals
with higlgvspecific angular momentum and low mass accretion rate, we can say
i;ha.t accretion disk formation is probable for these intervals.

4. When the disk alternates its sense of rotation, we expect an increase in
mass accretion rate. For this case, rotating disk is disrupted and plasma begins to
fall radially on to the neutron star’s surface causing an increase in mass accretion

rate.
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CHAPTER 4

BATSE OBSERVATIONS ON TRANSIENT SOURCES

In this chapter, data of 5 transient sources (2S 1417-62, GS 0834-430, GRO
311008-575 ‘GRO J1948+32 and A 1118-616) are presented. Two of these sources
(2S 1417-62 and GS 0834-430) show correlation between their frequency deriva-
tive and X-ray flux which may be the implication of a prograde accretion disk
formation. For the rest of the sources, no orbital correction is present. For these

sources, only frequency and flux data are presented.

4.1 X-ray Luminosity and Torque Correlated Transients 2S5 1417-62 and GS

0834-430

In this section, analysis of BATSE data for 2 transient sources, 2S 1417-62
and GS 0834-430, are presented. These two sources are found to be frequency
derivative and X-ray flux correlated showing a correlation between torque and
X-ray lumonosity. Thus, these sources may be accreting from accretion disks (see
Sections (3.3) and (3.4)). From Equation (3.33), we have the relation of the form
Q o« L where « is a different constant for each inner disk model (see Section
(3-4) and Ghosh&Lamb 1992). From BATSE observations, we can determine
a from a power law fitting of the frequency derivative versus flux graphs. Our
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assumption is that the trend of the bolometric X-ray luminosity is similar to that

of the luminosity from 20-50keV.

4.1.1 2S 1417-62
4.1.1.1 Properties

17.6s pulsations from 2S 1417-624 was discovered by SAS-3 in 1978 (Apparao et
al. 1980, .Kelley et al. 1981). Its optical companion was found to be a ~ 16.9th
:magnitude Be star (Grindlay et al. 1984). From the BATSE observations, its
binary orbital period was measured to be 42.12 days from the assumption of a

correlation between the flux and the accretion torque (Bildsten et al. 1997).

4.1.1.2 Results

Frequency and X-ray flux data from 2S 1417-624 cover the interval between 9600
and 9740 (J.D-2440000) (See Figure (3.1)). Data were reduced by making bins
each covering 4 days.This source shows a spin-up trend on the whole interval.
Average period at this interval is 17.6s and average period derivative is —6.41 x
10~* s.day~! (average frequency derivative is 2.07 x 107®Hz.day~!). The flux
first increases between ~ 9600 (J.D-2440000) and ~ 9620 (J.D-2440000). Then,
no significant change in flux is seen between ~ 9620 (J.D-2440000) and ~ 9650
(J.D-2440000). Finally, a decrease trend in flux is seen for the rest of the interval.
There is a positive correlation between the flux (F) and the time derivative of the
frequency (£2) (See Figure (3.2) and also Figure 6 in Finger et al. 1996).

Making a power law fit to find « in the relation o< L®, we obtain 1.48 +0.34
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Figure 4.1: Flux and frequency of 2S 1417-62 from the BATSE CONT data.
Original data were reduced by making bins each covering 4 days.
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Figure 4.2: Flux versus Frequency Derivative for 2S 1417-62. Derivative of the
frequency data and flux data were reduced by making bins each covering 4 days
from BATSE CONT observations.
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for a. For this value of ¢, within 20 limits using Table (3.1), 1T Opt Thick GPD
(1G), 1T Opt Thick RPD (1R) and Ghosh-Lamb models are the possible disk

models for 2S 1417-624.

Knowing «, we can calculate the magnetic field using Equation (3.34) if we
know the bolometric X-ray luminosity. It is given that the luminosity between
20-50keV is ~ 1.8 x 10% e—rgs.s"l (Finger et al. 1996). Assuming that luminosity
between 0.5-50 keV band is approximately equal to the bolometric X-ray luminos-
ity and using a spectral model of the form F(E) = AE* exp (—(E — Eeuos)/kT)
where the best fit parameters are F(40keV) = (5.240.2) x 10 *photons.cm~2s~'keV !,
A =1.6+08, kT = 11.9 £ 2.3keV (as suggested in Finger et al. 1996), we can
find the ratio of the fluxes from 0.5-50keV and 20-50keV. Multiplication of this
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Figure 4.3: Cyclotron Energy versus Cut-off Energy for 9 X-ray binaries. See
Table 1.6 in White et al. 1993
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ratio by the luminosity from 20-50 keV band gives the bolometric X-ray luminos-
ity. We perform this calculation for cut-off energies ranging from 4-20keV and we
assume that cyclotron energy (Ecyc) is ~ 1.8 times cut-off energy (Ecyuofs) (This
is obtained from the slope of the best line of the graph in Figure (4.3) which
is a plot of Ey. versus E.ops for 9 X-ray binaries (See Table 1.6 in White et
al. 1993)). With the relation Eeye = K2, each cut-off energy corresponds to a
magnetic field. Using this magnetic field and Equation (3.33) for a neutron star
with moment of inertia 10*3g.cm?, mass 1.5Mpg, radius 108cm, we can evaluate
frequency derivative. We should note that varying photon index gives different
values of bolometric X-ray luminosities, so frequency derivative also depends on
the photon index we choose. From the photon index versus magnetic field graph,
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we can then find the frequency derivative contours (See Figure (4.4)). Our obser-
vational frequency derivative (~ 10~''Hz.s™!) requires a photon index ~ 4 > 1.6
which is higher than the model’s value, so the model cannot explain the high
frequency changes. Insufficiency of the model can also be verified by the lumi-
nosities it predicts: It is seen that maximum luminosities that the model gives
is about 10%7 erg.s™! for photon index between 0.8-2.4. Even this luminosity is
insufﬁciexr_lt to be compatible with the frequency derivative we observed. If we
ﬁse Ghosﬁ-Lamb model and Equation (3.33), a magnetic field of ~ 10'?> Gauss
is obtained if X-ray luminosity is ~ 103 erg.s~!. So, the model is incompatible
with the observations. An additional soft X-ray component to the spectral model

may be required.

41.2 GS 0834-430
4.1.2.1 Properties

12.3s pulsations from GS 0834-430 was found by the help of subsequent obser-
vations with Ginga (Aoki et al.1992). Optical counterpart of GS 0834-430 is
still unknown, but the recurrent outburst behavior indicates that it is a Be star

(Bildsten et al. 1997).

4.1.2.2 Results

Frequency and X-ray flux data from GS 0834-430 cover the interval between 8375
(J.D-2440000) and 9150 (J.D-2440000).Data were reduced by making bins cach
covering 10 days. On this interval, there are 7 outbursts (See Figure (4.5)).
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Figure 4.4: Frequency derivative contours in photon index versus logarithm of
magnetic field graph for spectral model given in Finger et al. 1996. Note that
Ghosh-Lamb model is used to evaluate frequency derivative values. This figure
shows the impossibility for 2S 1417-624 to have a spin-up rate of ~ 10" Hz/s
unless the photon index is ~ 4
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Figure 4.5: Flux and Frequency of GS 0834-430 from the BATSE CONT data.
Original data were reduced by making bins each covering 10 days.
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Figure 4.6: Flux versus Frequency Derivative for GS 0834-430. Derivative of the
frequency data and flux data were reduced by making bins each covering 10 days.

Frequency Derivative versus Flux for GS 0834430

1078

T T T S B

T

8x10™7
L

6x10~7
T
1

4x1077
T

Frequency Derivative (Hz/day)
i
L

2x10~7
T
L

n n 1 I 1 1 n . 2, 1 n
0 5x1073 107 1.5x10™* 2x107%
Flux (phctons/cmz/s/kev)

Average period on this interval is 12.3s. Average period derivative is 4.10 x
10~5s.day ™~ (average frequency derivative is 2.71 x 10~"Hz.day™!). There is a
positive correlation between the flux and the time derivative of the frequency

(See Figure (4.6)).

Making a power law fit to find « in the relation Q « L2, we obtain 1.67£0.49
for a. For this value of o, within 20 and using Table (3.1), Ghosh-Lamb model
,1T Opt Thick GPD (1G), 1T Opt Thick RPD (1R), and 2T Opt Thin GPD

Compt brems (2B) models models are the possible models.

From the power law with cut-off energy model and the count rates for GINGA

LAC given (Aoki et al. 1992), flux from 1.2-27.5keV is found to be (4.4 ¥ 0.9) x

2

10 %rgs.s'.cm™2 when an error of 20% in count rate is assumed. This fux
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corresponds to an X-ray luminosity of (1.2 ¥ 0.2) x 10%ergs.s~! when distance
is taken as 5 kpc. Assuming that this luminosity is approximately equal to
the bolometric X-ray luminosity, the surface magnetic fields of ~ 103, ~ 10,
~ 105 and ~ 10" Gauss for 1T Opt Thick GPD ,1T Opt Thick RPD (1R), 2T
Opt Thin GPD Compt brems, and Ghosh-Lamb models are found respectively
using Equation(3.34) and Table (3.1) for a neutron star with moment of inertia

10%gem?, mass 1.5Mp, radius 10°cm.

4.1.3 Remarks

For both of the transients 2S 1417-62 and GS 0834-430, we found a correlation
between torque and X-ray luminosity. However, errors are too big for the data
to have preference on a single inner disk model. If we had more data or smaller
errors for each data point, we would be able to determine an inner disk model for

each source.

4.2 Other Transients

42.1 GRO J1008-57 - --

GRO J1008-57 is a transient pulsar which was discovered by BATSE in 1993
(Stollberg et al. 1993). Its optical companion was identified to be a Be star (Coe
et al. 1994b). [ts orbital period was supposed to be ~ 248days which was found
from the occurence of later outbursts (Bildsten et al. 1997). BATSE frequency
data for this source is not orbitally corrected because of the fact that the orbital
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Figure 4.7: Flux and Frequency of GRO J1008-57 from the BATSE CONT data.
Original data were reduced by making bins each covering 3 days.
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parameters are unknown. So, we cannot conclude on torque and flux.

Frequency and X-ray flux data from GRO J1008-57 cover the interval between
9183 (J.D-2440000) and 9208 (J.D-2440000) (See Figure (4.7)). Data were re-
duced by making bins each covering 3 days. This source shows a spin-down trend
between ~ 9183 (J.D-2440000) and ~ 9193 (J.D-2440000), then a spin-up trend
between ~ 9193 (J.D-2440000) and ~ 9208 (J.D-2440000). Average frequency
on this interval is 1.07 x 1072Hz. There is an increase in flux between ~ 9183
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(J.D-2440000) and ~ 9196 {J.D-2440000) and a decrease between ~ 9196 (J.D-
2440000) and ~ 9208 (J.D-2440000). Average flux on this interval is 5.38 x 10~*

photons.cm™2s7lkeV !,

4.2.2 GRO J1948+32

18.7s transient X-ray pulsar GRO J1948+4-32 was discovered by BATSE (Bild-
sten et al. 1997). Its companion has not been identified. BATSE frequency
data for tilis source is not orbitally corrected since the orbital parameters are not
known. So, we cannot conclude on torque and flux for this source.

Frequency and X-ray flux data from GRO J1948+32 cover the interval be-
tween 9448 (J.D-2440000) and 9483 (J.D-2440000) (See Figure (4.9)). Data were
reduced by making bins each covering 4 days. There is a spin-down trend for
about the first half and then a spin-up trend for the second half of the interval.
Average frequency on the whole interval is 5.35 x 1072Hz. When the changes in
the flux of the source is concerned, it is seen that the flux increases on the first
half of the interval and then decreases on the second half. Average flux on the

whole interval is 1.22 x 10~*photons.cm™2s 'keV!.

42.3 A 1118-616

The hard X-ray transient A 1118-616 was discovered in December 1974 by
the Ariel-5 satellite (Eyles et al. 1975, Ives et al. 1975). Observations have
shown pulsations with a period of 405.3 + 0.6s. Initially, these pulsations were
wrongly attributed to an orbital period implying that A 1118-616 consisted of
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Figure 4.8: Flux and frequency of GRO J1948+32 from the BATSE CONT data.
Original data were reduced by making bins each covering 4 days.
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two compact objects (Ives et al. 1975). Later, it was understood that A 1118-
616 consists of a compact object with the Be star companion He 3-640/Wray
793 (Heinze 1976). Since 1974, no outbursts were observed until December 1991
when BATSE detected two outbursts between 8619.5 and 8666.5 (J.D —2440000)
(Bildsten et al. 1997).These outbursts were also observed in optical, IR and UV
regions showing an increase in H, emission and an IR excess which indicate an
extendedr,disk around the companion star(Coe et al. 1994a). BATSE frequency
iiata for this source is not orbitally corrected since the orbital parameters are
vunknown. So, we cannot conclude on torque and flux for this source.

Frequency and X-ray flux data from A 1118-616 cover the interval between
8619 (J.D-2440000) and 8667 (J.D-2440000) (See Figure (4.11)). There exist two
flares at ~ 8628 (J.D-2440000) and ~ 8652 (J.D-2440000) with the flux having
values ~ 8 x 10~* and ~ 6 x 10~* photons.cm2s~'keV~!. Average flux on this
interval is 3.9 x 10~ photons.cm™2s 'keV~!. Meanwhile, frequency of the source

is about constant having the value 2.46 x 10~3Hz.



Figure 4.9: Flux and frequency of A1118-616 from BATSE CONT data.

Flux (photons/cm?®/s/keV)

Frequency (Hz)

2.46x10°3

-3

5x107*

[¢]

2.465%10™%

2.488x1073

-r.

Flux and Frequency versus Time for A 1118-616

-

A

1 1 1
8620 8625 8630

(] 1 L
8640 8645 8650

Time (J.D-2440000)

1
8639

1
8655

1
8660




CHAPTER 5

BATSE OBSERVATIONS ON HIGH MASS SYSTEMS

In this section, analysis of BATSE data for 3 high mass systems Vela X-1, GX
301-2 and OAO 1657-415 is presented. Correlations between frequency derivative
(i.e angular acceleration), flux and specific angular momentum are discussed.
Similar analysis was made for OAO 1657-415 (Baykal, 1997).

The torque on the neutron star can be expressed in terms of the specific
angular momentum () added to the neutron star by the accreted plasma and the

mass accretion rate (M):

IQ= Ml (5.1)

This equation is a general expression which is valid for both an accretion from
a Keplerian disk and accretion from the stellar wind. In the case of accretion from
a prograde Keplerian disk Equation (3.21) is valid. In that case we have an extra
factor, a dimensionless torque n(w(s)) approximately defined in Equation (3.24),
multiplied by the material torque to give the net torque exerted on the neutron
star. For this case specific angular momentum is (GM ro)'/2. Dimensionless
torque may be positive or negative depending on the fastness parameter w, defined
in Equations (3.23) and (3.25). For a slowly rotating neutron star (w, < w,), we
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expect a spin-up torque and for a very fast rotating neutron star (w; >> w,), we
expect a spin-down torque. We also expect to see positive correlation between
torque and mass accretion rate if the disk is prograde. For a disk formed from
Roche Lobe overflow of the companion we expect the plasma to carry positive
specific angular momentum, so a prograde disk should be formed and torque
should be correlated with mass accretion rate.

For the case of an accretion from the wind, numerical simulations show that
both prograde and retrograde Keplerian disk formation is possible {Taamé& Fryx-
ell 1988a,1988b,1989, Blondin et al. 1991, Murray et al. 1998). So, we can
observe transitions from spin-up to spin-down or vice versa even if there is not a
significant change in mass accretion rate’.

In the following subsections, we try to determine whether there exist tempo-
rary prograde and retrograde disk formation for Vela X-1, GX 301-2 and OAO
1657-415 all of which are thought to be accreting from their stellar companions’

wind.

5.1 Vela X-1

5.1.1 Properties

283s pulsations from Vela X-1 were discovered by SAS-3 in 1975 (McClintock

et al. 1976). It is the brightest persistent accretion powered pulsar in the 20-50

LI (3 should be noted that variation in torque exerted on the neutron star can be written
as 01 = I6Q0 = OMI + M4l. For the case of wind accretion, simulations show that there
are significant changes in the specific angular momentum of the accreted matter, i.e accretion
geometry changes continuosly. This makes the second term in this equation more significant
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Figure 5.1: Flux and Frequency of Vela X-1 from the BATSE CONT data. Orig-
inal data were reduced by making bins each covering 45 days.
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keV energy band (Bildsten et al. 1997). Optical companion of Vela X-1 is the
B0.5 Ib supergiant HD77581 (Vidal et al. 1973). This system is an eclipsing

binary with an eccentric orbit with 8.96days period (Rappaport et al. 1976).

5.1.2 Results

Frequency and X-ray flux data from Vela X-1 cover the interval between 8371
(J.D-2440000) and 10580 (J.D-2440000) (See Figure (5.1)). Data were reduced by
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Figure 5.2: Frequency Derivative versus Time for Vela X-1. Original data were

reduced by making bins each covering 45 days.
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making bins each covering 45 days. Average frequency of the source on the inter-

val is 3.53x 10~3Hz and average flux is average flux is 6.87x 10~*photons.cm2s~'keV~-!

There is no correlation between frequency derivative and flux (see Figure
(5.4)). This shows that there is no stable accretion disk formation for Vela X-1.
From Figure (5.6), we see that there is a correlation between frequency derivative
over flux and frequency derivative. Since frequency derivative over flux is directly
proportional to the specific angular momentum carried by the accreted plasma,
this correlation is equivalent to the correlation between frequency derivative and
specific angular momentum. A correlation between frequency derivative and spe-
cific angular momentum for positive, negative and near zero values of frequency
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Figure 5.3: Frequency derivative over flux versus time for Vela X-1. Original data
were reduced by making bins each covering 45 days.
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derivative suggests that we have short term disk reversals and continuously chang-
ing accretion geometry. In Figure (5.5), flux and frequency derivative over flux
are seen to be uncorrelated. This shows that we do not have a correlation between
flux and specific angular momentum. Evolution of specific angular momentum is
presented in Figure (5.3). For 8928(J.D-2440000) and 9646(J.D-2440000), there
are transitions from spin-down to spin-up with rapid increase in mass accretion
rate (see Figures (5.2) and (5.1)). On these times, there is a change in accretion
geometry: temporary accretion disk may be disrupted and flow may begin to be

in radial direction increasing the mass accretion rate.

In conclusion for Vela X-1, we can say that the pulsar accretes mass via comn-
panion’s stellar wind and temporary accretion disk formation is possible around
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Figure 5.4: Flux versus Frequency Derivative for Vela X-1. Derivative of the
frequency data and flux data were reduced by making bins each covering 45 days.

Frequency Derivative sersus Flux for vela #—1
%
g x
I w
g
: |
3o}
5 |
3 [
z 2
& oxl : ! j
|
“1”8 .
!
T 0 T PR NPNT 0 11073
Flux (photens/cm2/s/kev)
the pulsar.
5.2 GX 301-2

5.2.1 Properties

700s pulsations from GX 301-2 (4U 1223-62) were discovered by Ariel 5 in
1975 (White et al. 1976). GX 301-2 was, on average, neither spinning up nor
spinning down between 1975 and 1985. After 1985, a spin-up period began with
U ~ 107%Hz.day~! (Nagase 1989). Currently, pulsar spin period has reached
~ 676s. GX 301-2, being in a 41.5 day eccentric orbit (e = 0.47), is an accreting
pulsar with the supergiant companion Wray 977 (Sato et al. 1986). This source
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Figure 5.5: Flux versus frequency derivative over flux for Vela X-1. Data were
reduced by making bins each covering 45 days.
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Figure 5.6: Frequency derivative versus frequency derivative over flux for Vela
X-1. Data were reduced by making bins each covering 45 days.
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Figure 5.7: Flux and Frequency of GX 301-2 from the BATSE CONT data.
Original data were reduced by making bins each covering 30 days.
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exhibited two rapid spin-up episodes at ~ 8450 (J.D-2440000) and ~ 9250 (J.D-
2440000) which are also seen in Figure (5.7). These two spin-up episodes suggest

the existence of long-lived (=~ 30days) accretion disk (Koh et al. 1997).

5.2.2 Results

Frequency and X-ray flux data from GX 301-2 cover the interval between 8371
(J.D-2440000) and 10577 (J.D-2440000) (See Figure (5.7)). Data were reduced
by making bins each covering 30 days. Average frequency on this interval is
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Figure 5.8: Frequency derivative versus time for GX 301-2. Data were reduced
by making bins each covering 30 days.
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1.48 x 10~3Hz, while average flux is 2.72 x 10~*photons.cm~2s~'keV~!.

From Figure (5.10), no correlation between flux and frequency derivative is
seen which shows that the accretion is not via stable accretion disk. There is a
correlation between frequency derivative over flux and frequency derivative which
is equivalent to a correlation between specific angular momentum and torque.
This correlation is valid for positive, negative and near zero values of frequency
derivative showing that there are short term disk reversals and continuosly chang-
ing accretion geometry (see Figure (5.12)).In Figure (5.11), flux and frequency
derivative over flux are seen to be uncorrelated. This shows that we do not have
a correlation between flux and specific angular momentum. Evolution of specific
angular momentum is presented in Figure (5.9). For 9186 (J.D-2440000) and
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Figure 5.9: Frequency derivative over flux versus time for GX 301-2. Data were
reduced by making bins each covering 30 days.
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9787 (J.D-2440000), increase in mass accretion rate (as reflected by the increase
in flux) is accompanied by the change in the sign of the frequency derivative(see
Figures (5.7) and (5.8)). On these times, there is a change in accretion geometry:
temporary accretion disk may be disrupted and flow may begin to be in radial

direction increasing the mass accretion rate.

In conclusion for GX 301-2, we can say that the pulsar accretes mass from the
companion’s stellar wind and accretion from temporary accretion disks is possible
for this source.
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Figure 5.10: Flux versus frequency derivative for GX 301-2. Derivative of the
frequency data and flux data were reduced by making bins each covering 30 days.
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Figure 5.11: Flux versus frequency derivative over flux for GX 301-2. Data were
reduced by making bins each covering 30 days.
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Figure 5.12: Frequency derivative versus frequency derivative over flux for GX
301-2. Data were reduced by making bins each covering 30 days.
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5.3 0OAO 1657-415

5.3.1 Properties

38.22s pulsations from OAO 1657-415 were discovered in 1978 from HEAO 1
observations (White et al. 1979). The optical companion of OAQ 1657-415 is
probably a OB type star. Its binary orbit period was found to be 10.4 days from

the eclipse due to its companion (Chakrabarty 1993).

5.3.2 Results

Frequency and X-ray flux data from OAO 1657-415 cover the interval between

8372 (J.D-2440000) and 10302 (J.D-2440000) (See Figure (5.13)). Data were

reduced by making bins each covering 16 days. Average frequency on this interval
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Figure 5.13: Flux and Frequency of OAO 1657-415 from the BATSE CONT data.
Original data were reduced by making bins each covering 16 days.
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Figure 5.14: Frequency derivative versus time for OAO 1657-415. Data were
reduced by making bins each covering 16 days.
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is 2.66 x 10~2Hz, while average flux is 1.37 x 10~*photons.cm~2s'keV~!.

There is no correlation between frequency derivative and flux (see Figure
(5.16)). This suggests that there is no stable accretion disk formation for OAO
1657-415. From Figure (5.17), it is seen that we have both positive and negative
specific angular momentum values for any flux range. It is also seen that the
absolute value of the specific angular momentum decreses with flux. This may be
an indication of formation of accretion disks with positive and negative sense of
rotation since for Keplerian accretion disks we expect a weak dependence between
specific angular momentum coming from the inner boundary of the disk and the
X-ray luminosity (lk o L;Y7). However this dependence cannot explain the near

zero values of specific angular momentum for high values of flux, so Figure (5.17)
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Figure 5.15: Frequency derivative over flux versus time for OAO 1657-415. Data
were reduced by making bins each covering 16 days.
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can be explained if we assume different accretion geometry with different flux
values (i.e for low flux values prograde and retrograde disk formation is more
likely to occur). From Figure (5.18), it is seen that there is a correlation between
frequency derivative over flux and frequency derivative. Since frequency deriva-
tive over flux is directly proportional to the specific angular momentum carried
by the accreted plasma, this correlation is equivalent to the correlation between
frequency derivative and specific angular momentum. A correlation between fre-
quency derivative and specific angular momentum for positive, negative and near
zero values of frequency derivative shows us that we have short term disk re-
versals and continuously changing accretion geometry. For 9040(J.D-2440000),
9189(J.D-2440000), 9336(J.D-2440000), 9651(.J.D-2440000), 9692(J.D-2440000),
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and 10111(J.D-2440000), magnitude of specific angular momentum is high while
mass accretion rate (which is indicated by flux) is low (see Figures (5.15) and
(5.13)). High specific angular momentum and low mass accretion rate may be
the indication an accretion disk. For various time values,? there are transitions
from spin-down to spin-up with rapid increase in mass accretion rate (see Fig-
ures (5.14) and (5.13)). On these times, there is a change in accretion geometry:
temporary accretion disk may be disrupted and flow may begin to be in radial
direction increasing the mass accretion rate.

In conclusion for OAO 1657-415, we can say that the pulsar accretes mass from
the companion’s stellar wind with temporary prograde and retrograde accretion
disk formation. When compared with Vela X-1 and GX 301-2, OAO 1657-415"
shows an extra correlation -namely a correlation between the absolute value of
specific angular momentum and flux-, which is an additional evidence for the
temporary disk formation. Data used here is more recent than the one used

before (Baykal, 1997), but similar results were obtained.

? ~ 8772,9114,9359,0553,9841,10043 (J.D-2440000)
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Figure 5.16: Flux versus Frequency Derivative for OAO 1657-415. Derivative of
the frequency data and flux data were reduced by making bins each covering 16

days.
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Figure 5.17: Flux versus frequency derivative over flux for OAO 1657-415. Data

were reduced by making bins each covering 16 days.
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Figure 5.18: Frequency derivative versus frequency derivative over flux for OAO
1657-415. Data were reduced by making bins each covering 16 days.
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CHAPTER 6

BATSE OBSERVATIONS ON LOW MASS SYSTEMS

In this chapter, two low mass systems (GX 1+4 and 4U 1626-67) are discussed.

These are thought to be accreting from accretion disks with lifetimes of ~ years.

6.1 GX1+4

6.1.1 Properties

Among 10 X-ray pulsars, GX 144 is the only one that shows an anticor-
relation between its frequency derivative and X-ray luminosity (between 8370
(J.D-2440000) and 9630 (J.D-2440000)) This anticorrelation was discussed before
(Chakrabarty 1996,1997) . However, this anticorrelation is not seen between 9800
(J.D-2440000) and 10540 (J.D-2440000). Also, a positive correlation between fre-
quency derivative and flux is found for the interval between 9640 (J.D-2440000)
and 9760 (J.D-2440000) where spin-up is observed.

2 minute pulsations from GX 1+4 were discovered by an 18-50 keV X-ray
balloon experiment in 1970 (Lewin et al. 1971) This source is a low mass X-ray
binary with the optical companion being M6 III giant V2116 Oph (Chakrabarty
& Roche 1997). GX 144 was spinning up rapidly with a mean rate ~ 6.0 x
10~'2Hz/s in 1970s (Nagase 1989). After 1987, it reappeared with a spin-down
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Figure 6.1: Flux and Frequency versus Time for GX 14+4. No binning was per-

formed.
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trend (Makishima et al. 1988).

6.1.2 Results

Frequency and X-ray flux data from GX 144 cover the interval between 8370
(J.D-2440000) and 10540 (J.D-2440000) (See Figure (6.1). Data between 8370
(J.D-2440000) and 9630 (J.D-2440000) were reduced by making bins each covering
60 days. On this interval, the average flux is 1.11 x 10~*photons.cm 25~ 'keV !

and average period is 118.1s. There is a continuous spin-down with a rate 8.41 x




Figure 6.2: Frequency Derivative versus Flux for GX 144 between 8370 (J.D-
2440000) and 9630 (J.D-2440000). Data were reduced by making bins each cov-

ering 60 days.
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10-"Hz.day~! on this interval and it is found that there exists an anticorrelation
between the frequency derivative and flux (See Figure (6.2), and also Chakrabarty

1996,1997)).

Between ~ 9650 (J.D-2440000) and ~ 9800 (J.D-2440000), the source spins-
up with a rate 1.89 x 10~"Hz/day. On this interval, flux increases,too (= 4 x
10~*photons.cm~2s~'keV~!). Between 9640 (J.D-2440000) and 9760 (J.D-2440000),
a positive correlation between flux and frequency derivative is found (See Figure
(6.3)).

Between 9800(J.D-2440000) and 10300(J.D-2440000), the source is again in
spin-down phase with a spin-down rate of 3.21 x 10~"Hz/day. For this interval,
no correlation is seen between frequency derivative and flux (See Figure (6.4)).
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Figure 6.3: Frequency Derivative versus Flux for GX 1+4 between 9640 (J.D-
2440000) and 9760 (J.D-2440000). Data were reduced by making bins each cov-

ering 20 days.
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Figure 6.4: Frequency Derivative versus Flux for GX 1+4 between 9800 (J.D-
2440000) and 10300 (J.D-2440000). Data were reduced by making bins each
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Figure 6.5: Flux versus Frequency Derivative for GX 144 between 10300 (J.D-
2440000) and 10540 (J.D-2440000). Data were reduced by making bins each
covering 10 days.
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On this interval, flux fluctuates considerably (See Figure (6.1)).

Between 10300(J.D-2440000) and 10540(J.D-2440000), the source is again in
spin-down phase with a spin-down rate of 5.01 x10~"Hz/day. For this interval, no
correlation is seen between frequency derivative and flux (See Figure (6.4)). On
this interval, fluctuations in flux are less than the previous interval (See Figure
(6.1)).

Spin-down with negative correlation between frequency derivative and flux
may be considered as an indication of the presence of a stable retrograde Keple-
rian accretion disk which is formed by Roche-lobe overflow (Nelson et. al. 1997).
However, if GX 1+4 is a system undergoing Roche-lobe overflow, then there is
no known mechanism that can explain the presence of a retrograde accretion
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disk with a lifetime being of the order of years (Nelson et al. 1997). Nelson et
al. (1997) suggest that the disk may be fed by X-ray excited wind instead of
Roche-lobe overflow. Early studies about the disk formation in wind-accreting
pulsars demonstrate that it may be possible to form temporary accretion disks
with alternating senses of rotation in these systems (Matsuda et al. 1987,1991 ,
Fryxell & Taam 1988,1989, Blondin et al. 1990). Typical lifetime for such a disk
formation is about the sound crossing time of the accretion radius, which is of the
order of hours for the neutron star accreting from a fast wind originating from
an early type (O or Be) star. This timescale is not applicable to GX 1+4, since
its companion is a red giant and has a very wide orbit (Chakrabarty & Roche
1997, Murray et al. 1998). A timescale of the order of years for a prograde or a
retrograde disk is plausible (Murray et al. 1998). There are also other explana-
tions for the spin-down with anticorrelation with the frequency derivative if we
assume the accretion to be due to Roche lobe overflow of the companion star. Yi
et al. (1997) suggest that this spin-down may be due to a radially advective sub-
Keplerian accretion disk. This explanation requires a critical M of ~ 10g.s™1,
but observations imply a much higher rate(~ 10" — 10'8g.s~!)(Nagase 1989; Nel-
son et.al. 1997). Kerkwijk et al. (1998) state that such spin-down trends in
accretion powered pulsars can be explained by the tilt of the inner region of the
disk by more than 90 degrees, i.e inner disk behaves like a retrograde disk. Their
simulation shows the possibility of the disk tilt, but they do not suggest a mech-
anism that would reset the system and return original prograde configuration.
Positive correlation between flux and frequency derivative in the spin-up region
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(See Figure (6.3)) is very interesting, since it is a sign of a prograde accretion
disk. For this interval, we can say that there is a possibility of prograde accretion

disk formation using Equation (3.33).

For intervals between 9800 (J.D-2440000) - 10300 (J.D-2440000) and 10300
(J.D-2440000) - 10540 (J.D-2440000), continuous spin-down is observed but cor-
relation between frequency derivative and flux disappears. On these intervals,
either the bolometric X-ray flux is uncorrelated with the torque which may indi-
cate the change of accretion geometry or the X-ray flux coming from 20-50 keV
band does not have the same trend with the bolometric X-ray flux. If the latter

possibility is the case, it implies a change in the X-ray spectrum.

6.2 4U 1626-67

6.2.1 Properties

Pulsations with the period ~ 7.7s from 4U 1626-67 were discovered in 1977
during SAS 3 observations (Rappaport et al. 1977). The optical counterpart of
4U 1626-67 was found to be KZ Tr A which is an extremely low mass star with
the mass ~ 0.02 — 0.06 My (Chakrabarty 1997). Upper limit for the projected
semimajor axis of the binary orbit (asini) was found to be < 10t — ms (Levine
et al. 1988) which makes accretion due to Roche-lobe overflow probable. Orbital
period of 4U 1626-67 was found to be ~ 2485s (Middleditch et al. 1981).
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Figure 6.6: Flux and Frequency versus Time for 4U 1626-67. 90 day binning in
data were made.
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Figure 6.7: Frequency derivative versus flux for 4U 1626-67. Original data were
reduced by making bins each covering 90 days.
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6.2.2 Results

Frequency and X-ray flux data from 4U 1626-67 cover the interval between
8371 (J.D-2440000) and 10580 (J.D-2440000) (See Figure (6.6)). Average fre-
quency on this interval is 0.13 Hz and average flux is 4.16 x 10~3photons.cm~2s~'keV 1.
This source shows an overall spin-down with a rate of 5.92 x 10~ 8Hz.day™! with

the frequency residues plotted in Figure (6.6).

From Figure (6.7), we see a correlation between frequency derivative and flux.
This is equivalent to an anti-correlation between absolute value of the frequency
derivative and flux. This may be an indication of a prograde Keplerian disk with
a large fastness parameter which is defined in Equation (3.23). In other words,
there may exist a prograde accretion disk with the spin-down magnetic torques
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dominated (N defined in Equation (3.20)), so that we have a net torque in the

opposite sense of rotation.
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CHAPTER 7

CONCLUSION

In this thesis, analysis of BATSE X-ray flux and frequency data for 10 accretion
powered pulsars (GX 1+4, 2S 1417-624, GS 0834-430, 4U 1626-67, Vela X-1, OAO

1657-415, GX 301-2, A 1118-616, GRO J1948+32, GRO J1008-57) are presented.

2 of these sources (GS 0834-430 and 2S 1417-624) are found to be torque
and X-ray luminosity correlated. Both 2S 1417-624 and GS 0834-430 are tran-
sient pulsars and correlation of torque and X-ray luminosity for these 2 pulsars
may imply the existence of prograde Keplerian accretion disks. But, since these
two pulsars are not persistent sources, this may show that accretion disks form
from companions’ strong winds or temporary Roche lobe overflow in the vicinity
of their periastron epochs. For these two sources, « in the relation Q oc L® is
greater than 1 within 1o error limits. Within 2, on the other hand, differentiat-
ing a unique inner disk model is not possible. For 25 1417-624, the spectral model
considered is found to be lacking to explain the observed high frequency deriva-
tive. For GS 0834-430, 1T Opt Opt Thick RPD, and 2T Opt Thin GPD Compt
brems, and Ghosh-Lamb models are possible within 2o, but it is impossible to

differentiate a single model among them.

For 3 of the 10 sources (Vela X-1, GX 301-2, OAO 1657-415) which are thought
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to be accreting from wind, we investigate the possibility of temporary accretion
disk formation. We found that there is a continous change in accretion geometry
and temporary accretion disk formation is possible for these sources.

For GX 1+4, an anti-correlation between spin frequency derivative and flux
is found for the first part of the data interval in which continous spin-down is
observed. This anti-correlation shows a correlation between X-ray luminosity and
torque exerted on the opposite sense with the spin direction of the neutron star.
This anti-correlation may be the indication of a retrograde disk formation (Nelson
et al. 1997), a radially advective sub-Keplerian accretion disk (Yi et al. 1997) or
a warped accretion disk (van Kerkwijk et al. 1998). In the second interval, GX
1+4 shows a spin-up state which was not discussed before. It is interesting to find
a correlation of torque and X-ray luminosity for this interval which is a strong
indication of a prograde disk formation. In the third and the forurth intervals,
there is again a continuous spin-down like the first interval, but no correlation
is found between torque and X-ray luminosity. On these intervals, either the
bolometric X-ray flux is uncorrelated with the torque which may indicate the
change of accretion geometry or the X-ray flux coming from 20-50 keV band does
not have the same trend with the bolometric X-ray flux. If the latter possibility
is the case, there should be a change in the X-ray spectrum.

For 4U 1626-67, a correlation between X-ray luminosity and torque is found.
This correlation may be a sign of a prograde disk. Since we have a net spin-down
torque, fastness parameter should be high (ws > we ~ 0.35).

It is important to note that our flux data were in the 20-50 keV band. For
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our analysis, we assumed that the trend of the flux on this band is similar to the
bolometric X-ray flux. A new instrument that is capable of detecting the flux
coming from a broader range including soft X-ray range will be useful for future

studies.
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