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Abstract

The lightcurve of Hercules X-1 (Her X-1) shows a peculiard@+ modulation of the X-ray
flux cycling between low and high states. The 35-day moduais believed to result from
the occultation of the neutron star by a warped precesssmatound the central neutron star.
Since the discovery of the 35-day cycle of Her X-1, it has extté¢he anomalous low state a
number of times, with the most recent being during the 200B42eriod. Using RXTE ASM
observations of Her X-1 after the 2003 - 2004 anomalous latesit is shown that Her X-1
turned on with a new precession period and main-on flux. Itithér shown that there is a

positive correlation between the precession period andhéia-on flux.

Using optical observations of Her X-1 during both the anmuallow state and the normal
high state it is shown that the orbital (1.7 day) lightcur¥é&ler X-1 varies systematically over
the 35-day precession cycle. It is also shown that theresigmificant change in the 35-day
morphology of the lightcurves between the anomalous love stad normal high state of Her
X-1, suggesting a very slight change in the disc warp betwbertwo states. Comparison
of optical and X-ray lightcurves suggest that the signifimount of X-ray flux during the

anomalous low state originates from the companion star.

Analysis of both RXTE PCA and XMM-Newton observations of Béfl during the 2003 -
2004 anomalous low state, show that Her X-1 was brightemdutihis period compared to
the normal high state brightness, and that there are two eoents of X-ray flux during the
anomalous low state: reflection component from the compasiar and coronal component

from the accretion disc corona.

keywords: accretion:accretion discs - binaries:eclipsing - stadévidual (Hercules X-1)-stars:neutron:

X-rays:stars - Instabilities



Opsomming
Die ligkurwe van Hercules X-1 (Her X-1) toon ‘n sonderlingg-Bae sikliese modulasie van
die X-straal vloed tussen hoé en lae toestande. Die 35-amkilasie (presessie periode) is
waarskynlik die resultaat van die okkultasie van die neuster duer 'n verwronge akresie
skyf die sentrale neutron ster. Sedert die ontdeking val®hdae siklus van Her X-1, het dit
vier keer sodanige toestand getoon, met die mees onlangaeegele die 2003 - 2004 periode.
Deur gebruik te maak van RXTE ASM data van Her X-1 na die 2003042onreélmatige lae
toestand, is aangetoon dat Her X-1 aangeskakel het met ‘e puegsesie periode en hoof-aan
teltempo. Daar word verder gewys dat daar ‘n positiewe kasre is tussen die pressesie peri-

ode en die hoof-aan tempo.

Deur gebruik maak van optiese data van Her X-1 gedurende deglmatige lae
toestand en die normale hoé toestand is aangetoon dathdiel®r(1.7 dae) ligkurwe van Her
X-1 sistematies varieer oor die 35-dae pressesie perio@dar B ook aangetoon dat daar ‘n
onbeduidende verandering in die 35-day morfologie vanidlaitwe tussen die onreélmatige
lae en normale hoé toestand is, wat ‘n baie klein verangenrdie skyf verwronging tussen
die twee toestande impliseer. Vergelyking tussen die sptm X-straal ligkurwes toon ann dat
‘n beduidende fraksie van die X-straal vloed gedurende die@matige lae toestand vanaf die

sekondére ster afkomstig is.

Analise van RXTE PCA en XMM-Newton data van Her X-1 gedurende

2003 - 2004 onreélmatige lae toestand toon aan dat Her Adktuer was gedurende hierdie
periode in vergelyking met die normale hoé toestand; aslabklaar twee kompnente van die
X-straal vloed is gedurende die oneélmatige lae toestandeerkaatsing komponent vanaf die

sekondeére ster, en ‘n komponent vanaf die akkresie skyifriar



Sluetel terme: akkresie: akkresie skyf - binére stelstipties - sterre: indeviduel (Hercules

X-1) - sterre: neutron - X-strale: sterre - onstabiliteit
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Chapter 1

| ntroduction

Since the discovery of Hercules X-1 (Her X-1) (Tananbaun72)9the number of X-ray binary
systems that display super-orbital periods have increabee super-orbital period is believed
to be due to the precession of a warped/tilted accretionadimend the compact object (Gerend
& Boynton, 1976; Petterson, 1977; Katz, 1980; van den Hewwstriker & Petterson, 1980;
and Kumer, 1986). Warped precessing discs are also obsernather astronomical objects,
e.g. the precessing jets produced from Active Galactic &&GNs) and Young Stellar Ob-
jects (YSOs) (Krolik, 1999; Reipurth & Bally, 2001; and Femd2003) are attributed to the

precession of warped/tilted accretion discs.

The main focus of this thesis is the study of the anomalousdtate of Her X-1 which is
believed to result from a change in the disc shape or warpief discussion of these concepts
will be presented later. Her X-1 is both nearby6 kpc (i.e. bright) and above the Galactic plane
by > 3 kpc (i.e. there is low quantity of Galactic gas along the bhsight)(Vrtilek et al., 2001).

It is an X-ray binary of which the masses of the stellar congos are known and it emits over
the entire electromagnetic spectrum. With this combimatider X-1 is one of the best studied
X-ray binaries and is an extremely valuable source for wdiggecessing accretion disc studies.

The properties and mechanisms responsible for disc wanpiasfronomical environments will
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be discussed later in Chapter 3. In the following sectioaggmneral properties of X-ray binaries

and mass transfer/accretion are discussed briefly.

1.1 X-ray Binaries

The history of X-ray astronomy started about four and hatbdies ago with the discovery of the
galactic X-ray source Sco X-1 (Giacconi et al., 1962; Sargl.e2007, and references therein),
during a rocket flight designed for measuring X-rays fromrtiaon. Because the Earth’s atmo-
sphere is optically thick (opaque) to X-rays, X-ray obsé&ores cannot be performed from the
ground. In the early 1960’s rockets and balloons were usearty X-ray detectors to higher
altitudes, above the Earth’s atmosphere, to observe X-ridgsvever, these rocket or balloon
flights only lasted a few minutes and this could not allow detbstudies of X-ray sources.
This problem was overcome when astronomy satellites wéreduaced, the first of which was
the UHURU satellite. With satellite based instruments itdrae possible to measure the full

range of the X-ray spectrum and carry out observations o@a $sicales of months to years.

In general, X-ray binaries are interacting (mass transfgyrbinaries where one of the stars
(companion star) transfers material onto a compact objecinost cases the compact object
is a neutron star or a black hole. The main X-ray source inetlodgects is the gravitational
potential energy released by matter accreted onto the arrappect. This results in 2 - 20 keV
X-ray luminosities,L, ~ 1036 — 10% erg s* (Verbunt, 1993). A detailed review of the general
properties of X-ray binaries can be found in Joss & Rappad®®4); Lewin, van Paradijs &
van den Heuvel (1995); White, Nagase & Parmar (1995) andi&h&rCoe (2003).
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1.1.1 Evolution of X-ray Binaries

Stars are born from gravitationally collapsing moleculiad énterstellar dust clouds. The col-
lapse is induced through instability in the cloud which cbloé due to shock waves from nearby
supernovae. A star develops when the core of the contraptivipstar reaches temperatures
high enough to ignite nuclear fusion reactions. The birtktafs in molecular clouds are driven
by gravitational instabilities. The limiting density, i.the so called Jeans density, scales as (e.g.
Kippenhahn & Weigert, 1990)

% (1.1)

cloud

py

whereT,,.q and M ..q are the temperature and mass of the cloud respectively. | ldeca

sity inhomogeneities satisfying > p; can condense into stars. This occurs in cold molecular
clouds, i.e.T.oua — 0, with high mass. Stars therefore form in clusters, beingndogravi-
tationally in binaries, triples, etc (Hellier, 2001, p.4Dee van den Heuvel (1977) and Joss &

Rappaport (1979) for a detailed discussion of the diffeesotutionary scenarios.

X-ray binaries evolve from binary systems, with one starenoassive than the other, in orbit
around each other. The more massive star evolves fasterxgaddas to become a giant. As
a result of the gravitational interaction it becomes exézhdnd loses some of its material to
the companion star. As a result of the mass transfer (or ifthses losing star expands very
rapidly), the binary separation decreases rapidly and #esrosing star engulfs its companion
star (Paczynski, 1976; Verbunt, 1993). Due to frictiorwen the motion of the companion
star and the envelope, angular momentum is removed fromrtfialomotion and energy is

released. This results in the orbit shrinking and the empesloeing heated (Verbunt, 1993).

This continues until enough energy has been added to théopevand the more massive star
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explodes as a supernova (Verbunt, 1993). After the suparaegplosion a compact remnant,
a neutron star or a black hole is orbiting the companion gtlier some time, the companion
star starts to expand (evolve) until the binary separasatase enough that the companion star
starts to lose some of its material to the compact objectchvimay result in the formation of

an accretion disc around the compact object.

X-ray binaries are generally divided into two main classbg, Low Mass X-ray Binaries
(LMXBs) and the High Mass X-ray Binaries (HMXBs), dependimg the mass and nature of
the companion (optical) star. They can further be divided persistent and transient sources
depending on their temporal behaviour (or variability).eTdifference in X-ray behaviour be-
tween the LMXBs and HMXBs mainly results from the differenéchanisms of mass transfer

and accretion and the age of the system.

1.1.2 Low MassX-ray Binaries

Low mass X-ray binary systems in general consist of a low neasspanion star, mainly of
spectral type G - M, which transfers material through Roldie overflow onto a compact ob-
ject (Figure 1.1). These systems on average have relashely orbital periods (of the order of
a day) and their optical counterparts are intrinsicallptfabjects. Based on the short orbital pe-
riods and the absence of luminous companion stars (Padeaiskil Rappaport & Pfahl, 2002),
it has been inferred that the mass of companion stars in LMXBBiost cases, are less than
a solar mass (i.eM < M;). The short orbital periods of LMXBs are mostly determingd b
radial velocity measurements rather than the X-ray ediffgénite, Nagase & Parmer, 1995).
These systems generally have nearly circular orbits anddimpact objects, in the case of neu-

tron stars, have magnetic fields generally of the ordds,of 10® Gauss (Barcons, 2003).
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Figure 1.1:Schematic picture of a standard Low Mass X-ray Bina#ddpted from R. Hynes,
2001).

The spectra of the LMXBs are soft (kI 5 keV) (Verbunt, 1993) and show a few characteristic
emission lines superposed on a rather flat continuum. Sheceliscovery of X-ray binaries
there are now about 187 known LMXBs in the Galaxy and the Maggl clouds (Liu, van
Paradijs & van den Heuvel, 2007a). The intrinsic optical iluwsity of these systems is usu-
ally orders of magnitude less than the X-ray luminosity, itke X-ray to optical luminosity
ratio (Ly/Lopt) > 10. Many LMXBs also display bursts of X-rays which are intetpceas

thermonuclear explosions on the neutron star surface (Lexn Paradijs & Taam, 1993).
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1.1.3 High Mass X-ray Binaries

High mass X-ray binary systems consist of a compact objeait(an star or black hole) in
orbit around a massivex( 10M) O - B supergiant star. They are relatively young with ages
estimated in the range)” — 10® years (Casares, 2005). Currently, 114 Galactic HMXBs have
been identified (Liu, van Paradijs & van den Hauvel, 2007bhcentrated towards the spiral
arms and are considered as good tracers of star formaties (@rimm, Gilanov & Sunyaev,
2002), and 128 discovered in the Magellanic clouds (Liu,Raradijs & van den Heuvel, 2005).
The neutron stars in HMXBs are identified by the presencegifleg X-ray pulsations which
are produced because of misalignment of the magnetic antiawtaxes of the neutron star.
In this case the X-ray pulsations are observed if the beammasisen from the magnetic pole
rotates through the line of sight of the observer (White, &&g& Parmer, 1995, and references
therein). The X-ray pulsations originate from beamed raatigproduced close to the magnetic

poles of the accreting neutron star.

HMXBs are divided into two broad classes: Those in which ti@ganion star is a supergiant
(SG/X-ray binary) and the ones with a Be star (Be/X-ray bihas the companion star. The
two classes differ in the accretion modes with the Be/X-raabes accreting directly from
circumstellar disc, while the SG/X-ray binaries accreterfra radially outflowing stellar wind.
Reig & Roche (1999) suggested a third class of HMXBs charizete by long pulse periods

(1000 s), persistent low luminositied@®* erg s'!) and low variability.

SG/X-ray binaries generally have short binary periodsicaity 3 - 40 days (Charles & Coe,
2003) and are also called “standard” HMXBs. The X-ray lunsibyof these systems is pow-

ered by the strong stellar wind of the companion star or Réabe overflow, i.e. the companion
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stars in SG/X-ray binary systems generally fill or nearlytfigir Roche-lobes. Their luminosi-
ties are in the rang&0** — 10%° erg s'! (Charles & Coe, 2003; Liu, van Paradijs & van den

Heuvel, 2007b).

Be/X-ray binaries (also known as the hard X-ray transieefsesent the largest class of HMXBs.
The compact object is a neutron star (X-ray pulsar) (Zhang, Wang, 2004) in a wide (17 -
263 days) (Ziolkowski, 2002) and eccentric orbit around ssie. A Be star can be defined as
an early-type star which at times shows emission in the Balmes (Ziolkowski, 2002); and
these Balmer lines are thought to originate from circunfetehaterial around the Be star. In
these systems there are two temporal quasi-Keplerian: dasdscretion disc around the com-
panion (Be) star and an accretion disc around the neutranétay outbursts occur when the
neutron star passes through the decretion disc around teeaBeBe/X-ray binary systems are

characterised by hard X-ray spectrum.

The different behaviour and/or properties shown by X-rayaby systems largely result from
the difference in the modes of mass transfer and accretitmtbe compact object. In recent
years significant progress has been made in our understpoidinass transfer and accretion in
general, as well as the interaction between accretion didcampact objects in X-ray binary
systems. X-ray sources are accretion driven (Prenderg&sirBridge, 1968; Pringle & Rees,
1972) and the observable spectra, luminosity and tempefa\nour of X-ray binaries are de-
pendent on the type of compact object, its magnetic fieleshgtheand the accretion mechanism
in these systems. It is therefore important to discuss s@sk Iproperties and mechanisms of
mass transfer, accretion disc production and disc acoraticlose binary systems in general.

This is briefly reviewed in the following section.
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1.2 MassTransfer and Accretion in Close Binaries

Close binary systems interact through mass transfer frencdimpanion star onto the compact
object. Mass transfer and accretion can either occur vidn&babe (Figure 1.2) overflow or
from a strong stellar wind. Both of these are dependent ommngnothers, the mass of the
companion star and the orbital separation of the two stattseibbinary system. Since this the-
sis focuses on the X-ray binary Her X-1, which is believedréams$fer mass primarily through
Roche-lobe overflow, only mass transfer via Roche-lobeftmvewill be discussed. However,
there is also an indication that the companion star in Heri&s.a wind which probably has an

effect on the accretion rate (Boroson et al., 2007, andertss therein).

There are two ways in which the companion star can fill its Relcibe (King, 1988; Frank,

King & Raine, 1992, p.46 and Verbunt, 1993):

(i) The star expanding. This occurs in most close binaryesystduring the evolutionary

process of the system, enabling the companion star to owet§droche-lobe.

(i) The Roche-lobe shrinking. Loss of angular momentunmfrine binary system can re-
sult in a decrease of the Roche-lobe radius of the comparn@iresulting in the star
overflowing its Roche-lobe. This process can be driven byigonal radiation and
magnetic braking (Mestel & Spruit, 1987; Campbell, 1997, gp8 - 259; and Hellier,
2001, p.47) or by strong stellar winds (Iben, 1991).

When the companion star fills its Roche-lobe, stellar malevill be in contact with the L1
point (Figure 1.2). As a result of the thermal motions andsguee of the gas particles at the
apex (L1 point) of the Roche-lobe of the companion star, natbows through the L1 point

into the gravitational potential (Roche-lobe) of the coetdject. Material leaves the L1 point
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Figure 1.2:Contours of equal gravitational potential surfaces dravaniad a binary system.
The “eight-like” closed equipotential surface is called thitical surface (Roche surface) and
the region within the critical surface is called the Rocblee. The common apex of the Roche-

lobe is called the inner Lagrangian point (L1 poiné\.dppted from Hellier, 2001, p.25

at the speed of sound ~ 10 km s™'. When material is already in the Roche-lobe of the com-
pact object, the dynamics of the gas stream will be contitdifethe strong gravitational field
of the compact object. In this phase the stream attains avalgitity (>> ¢,) and the flow is

essentially ballistic.

This inflowing gas stream initially has the orbital angulasmentum of the L1 point. Conser-
vation of angular momentum in conjunction with Coriolisegff (Frank, King & Raine, 1992,

p.54) prevents it from falling directly onto the surface bétcompact object. The gas stream
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Figure 1.3:Plane view of the trajectory of the gas stream from the conapestar. The dotted

circle is the circularisation radiusA@opted from Hellier, 2001, p.25

rather follows a ballistic trajectory around the compadeobuntil it intercepts itself resulting
in dissipation of energy via shock formation (Lynden-BellR&ingle, 1974; Lubow & Shu,
1975 and Spruit, 2002). The flow becomes Keplerian after tiiesion. On the other hand,
the stream has little opportunity to rid itself of the anguteomentum it had on leaving the L1
point and will tend to settle in a circular radius of the lowvesergy for a given angular momen-
tum load (King, 1988) (see Figure 1.3). The stream will tfene= settle in a circular orbit (the
so-called circularisation radius) at a radius conserviggnitial angular momentum at the L1
point. The physical size of the orbit at the circularisatradius is determined by the intrinsic

specific angular momentum of the material leaving the L1{poin
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1.2.1 Accretion Disc Formation

The formation of accretion discs around compact objectqistaral result of angular momen-
tum transfer between the mass donating (companion) stathenthass accreting (compact)
star. A determining factor for the development of an acoretlisc is the magnetosphere of
the accreting compact object intercepting the flow afteeitled in a ring around the compact
object. An accretion disc is an efficient mechanism in whiegudar momentum is stored and
processed in interacting (mass transferring) binary systén these systems the circularisation
radius is always smaller than the Roche-lobe radius of tinepemt star, typically a factor of
2 -3 smaller, except for very small mass ratios, e\fy/M; < 0.005 (Frank, King, & Raine,
1992, p.56), wherd/, is the mass of the donor star anfl the mass of the compact star. The
captured material therefore orbits the compact star wsitimits Roche-lobe (see Figure 1.3).
This would be prevented however, if the compact star or itgmatosphere already occupied
this space, i.e. if?, > R OF Riag > Reire WhereR,, Rg,. and R,,,, represent the radii of

the compact star, circularisation and the compact star gtagphere respectively.

Within the ring of material at the circularisation radiugté are dissipative processes, e.g. col-
lision between gas elements, shocks, turbulence, visasagdtion, etc, which convert some
of the energy of the ordered bulk orbital motion about the gact star into thermal (heat) en-
ergy which is radiated away. The gas can only accommodatedthin of energy by moving
deeper into the gravitational potential of the compact atat in the process some of the ma-
terial moves into smaller orbits (towards the compact stane spiralling-in process entails a
loss of angular momentum, being transferred outward byustorques (Frank, King & Raine
1992, p.57). Thus the ring spreads into a flat disc (Figurg(led by the mass transfer stream

from the donor star) which continues spreading until theeiretdge meets the compact star, or
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in the case of a magnetised compact star, the radius whedisthieam pressure balances the

magnetospheric pressure (i.e. the magnetospheric radius)

The interaction of the disc with the compact star may leaddpia-up or spin-down torque that

affects the rotation of the compact star (Wang, 1987). Atilter edge, the disc bulges towards
the companion star resulting in a tidal interaction betw#endisc and companion star. This
tidal interaction results in the companion star soakinghgxlisc angular momentum preventing

the outward spreading of the disc.

1.2.2 Magnetic Accretion

In some interacting binary systems, the compact object exe h substantial magnetic field
that can either intercept the mass flow from the donor stavemting the formation of an
accretion disc (Figure 1.5), or disrupting the disc, if gr&s preventing it from reaching down
to the surface of the accreting star (Figure 1.6). The magpéieric field also facilitates the
mass inflow onto the surface of the compact object, a pro@Esianagnetic accretion. This
is a direct result of the complex interaction of the ionised fartially ionised) gas with the
magnetic field. Two of the most important fluid-field inteiaat responsible for the dynamical

effects resulting in interesting observational conseqasmare:

() In most astrophysical environments of interest the fisldrozen into the plasma (e.g.
Jackson, 1975, p.473). The thermal charged patrticles ipldsna are tied to the field
via the Lorentz forcex( x B), resulting in the bulk flow not being able to cross the field
readily. However, it can migrate along the field lines to theface where it can settle,

releasing gravitational potential energy in heat and tazha



I ntroduction 13

a) initial gas
stream

b) formation of

%g . ‘} ring
bt

ring spreads

d) disk is formed

d) side view

Figure 1.4: Schematic picture showing the formation of accretion dismad a compact

object. @dopted from Verbunt, 1982
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Figure 1.5:Schematic picture showing the interception of the masstearstream, by the strong
magnetic field of the compact object, at a radiusR.;;. preventing the formation of an accretion

disc around a compact object.

(From:http://heasarc.gsfc.nasa.gov/docs/objectstagdext. htm)l

(i) The effective motion of the gas across the field resuita viscous drag and under certain

conditions the magnetic field may be advected with the flowkSan, 1975, p.478).

These processes have both far-reaching consequences. dilom rof the trapped thermal
plasma in a magnetic field allows determining the field sttiertigrough the cyclotron emis-
sion. The frequency with which the electrons orbit the fiele, the Larmor frequency (e.g.
Frank King & Raine, 1992, p.130) implies that most of the atidn is emitted as a spectral line

centred at the fundamental frequency

eB

2mTmec

(1.2)

Veye

=28x10" ( ————— | H
5> 10 (1012 Gausg z

The second process, i.e. viscous drag, is the process ¢etdihe loss of orbital angular mo-
mentum of orbiting satellites as they cross the earth’s reagrield lines. In astrophysical
environments this process is almost a neglected proceshwhas a very important effect on
flow dynamics of material from the companion star. This mayhgeorigin of the mysterious

anomalous disc viscosity which is orders of magnitude higjinen the kinematic viscosity.
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Figure 1.6:Schematic picture showing the disruption of an accretiag,ddy the magnetic
field of the accreting star, preventing the disc from reaghie surface of the starA¢lopted

from: http://heasarc.gsfc.nasa.gov/docs/objectstmsgéxt. html

In interacting binary systems where the compact object (eegtron star or white dwarf) has a
strong magnetic field, the magnetic field will dominate thigoiming gas close to the compact
object. This occurs within the radius where the magnetisguee balances the ram pressure
of the in-falling gas, i.e. the so-called Alfvén or magrsgtberic radius. Within the magne-
tospheric radius, the magnetic pressure exceeds the flongrassure and the material flows
along the field lines channelling the flow towards the magngetiles of the compact object.
Close to the magnetic poles of the star, the flow will be cotre¢ed in an accretion funnel until

it reaches the surface of the star at the polar caps (Baskange®w, 1976).
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Close to the surface of the compact object, matter (plasatié)d in with supersonic velocities
is decelerated by Coulomb interactions at the surface oftdre(Basko & Sunyaev, 1976) and
heated to high temperatures (Warner, 1995; Gansicke, 1838)ting in a release of kinetic
energy as radiation in the accretion column (Kuijper & Pl#d.982; Done, Osborne & Beard-
more, 1995; Beardmore, Done, Osborne & Ishida, 1995; GlamsBeuermann, de Martino,

1995). This process is characterised by:
(i) Strong emission at the optical/IR wavelengths.
(ii) Intense soft and hard X-ray emission.

(iif) An emission line spectrum of excitation which reflethe large streaming motion of the
accreted matter in the magnetosphere of the accretingestar Beuermann, 1988). The
energy released in this case can heat the companion stanasd it to expand resulting

in an increased mass transfer rate.

1.2.3 Accretion Disc Torque

Ghosh & Lamb (1979a,b) provided a detailed model of the disgpue in a steady axisymmetric
accretion disc surrounding a compact magnetic object. Bas¢he Shakura & Sunyeav (1973)
a-disc model, this model provides a detailed treatment ofntlagnetic coupling between the
accreting compact object and the accretion disc. The ictierabetween the magnetic field and

the disc occurs in the boundary layer and the transition ¢eee Figure 1.7).

For material to accrete onto the compact object, the angalacity of the compact object).,
should be less than the Keplerian angular velo€ity(r,,) of the material at the magnetospheric

radius,r,, i.e Q. < Qk(rn). This condition can conveniently be expressed in terms ef th
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Figure 1.7: Schematic picture of an accretion disc around a magneticpaotmobject
(Adopted from Ghosh & Lamb, 1979bSee text by Ghosh and Lamb (1979b) for detailed

discussion.

fastness parameter,, as (Elsner & Lamb, 1977; Ghosh & Lamb, 1979b)

Q. 'm
= == 1.3
QK(rm) Tco ( )

Ws

wherer., is the corotation radius, i.e. the radius where the angudéocity of the magne-
tosphere is equal to the Keplerian angular velocity of thee adnaterial. Ifws; < 1, steady
accretion takes place while fat, > 1 the accreting material will be propelled outward by cen-

trifugal forces.

Based upon the Ghosh and Lamb (1979a, b) model, Wang (198vedexpressions for the
accretion disc torques, i.e. spin-up and spin-down, inedtty magnetic compact objects. This

author used a different approach to calculate the toroigegmatic field induced in the accre-
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tion disc. The spin-up torque results from the angular mdarerflux of the accreted material
and the magnetic stress inside the corotation radius beangrmitted to the central accreting
compact object. The spin-down torque results from the magegess outside the corotation

radius that attempts to force the disc material into cormtawith the compact object.

It can be shown (Wang, 1987) that the net torghie pn the compact object resulting from the

spin-up and the spin-down torques is given by

1/2 2 31/80 3/2 w
)t + —xo 1—a2 — — 2 1], 1.4
9 (1—ad?)ire 4

wherez, = r,/r., < 1 andr, represents the radial distance where material is guidecely fi

N = M, (GM,rq)"?

lines onto the compact object. It was further shown that #tetarque on the compact object
vanishes when, = 0.971. Forz, < 0.971 the net torque is positive (i.,eN > 0) and the
compact object spins up; while fay, > 0.971, the net torque is negative (i.&/ < 0) and the

object spins down.

For an accreting compact object having a moment of inértia2 M, R? /5, whereR, and M,
represent the radius and mass respectively, the rate ofjehainthe rotation (spin) period is

expressed as (Wang, 1987)

P N 5M, (rs\?
P ~ 2 Teo o), 1.5
P10, 2M. (R*) /(o) (1.5)
wheref (z,) = zt/? + 2, |1 — 2% — 22 ith M ting th tion rat
..'EO) = To + 5..'['0 — Lo — W , WI * represen |ng e accretion rate.

1.2.4 Accretion Disc Corona

Observational spectral features of active galactic nueiy binaries and cataclysmic vari-

ables seem to show strong observational evidence that skesdembedded in a hot corona.
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Examples of these spectral features include the fluoreswen(6.5 - 6.7 keV) emission lines,
the power-law spectrum extending to high energies, sofiyKexcess and partial X-ray eclipses
(White, Nagase & Parmer, 1995; Liu & Mineshige, 2000; Ch&dalucink-Church, 2004 and
Belmont & Tagger, 2005).

In recent studies, theoretical models and numerical sioms have been proposed to explain

the origin of the disc corona:

(i) External irradiation of the disc by X-rays from the conspabject or the central hotter
region of the disc itself, evaporating the disc material ({®oVNilms & Begelman 1997;
Miller & Stone, 2000 and Church & Balucinske-Church, 20Gznfiing the accretion disc

corona.

(i) Numerical simulations of fully magnetohydrodynamiaacretion discs (Merloni & Fabian,
2001, and references therein) have shown that the mosteeffisrocess for angular mo-
mentum transport involves some kind of turbulent magnescosity. Miller & Stone,
(2000) have further shown that the dissipation of the mageeergy built up by the mag-
netorotational instability (e.g. Balbus & Hawely, 1991 989 Balbus, Hawely & Stone,
1996) in the accretion disc can produce a non-uniform activena which extends a few
scaleheights above the flux tubes (Rozanska, Sobolewska& 2007, and references

therein) which dissipate and magnetise the corona whileyispwards from the disc.

1.3 Outlineof Thesis

The discussion presented in this Chapter is intended tage@/basic framework related to the

basic properties of X-ray binaries, in particular Her X-heTrest of the thesis will be structured
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as follows: Since the anomalous low state of Her X-1 (thedopthis thesis) is associated with
a warped accretion disc, which is possibly the result of @ataxh driven process, basic radia-
tion processes in disc accreting pulsars will be preseméghiapter 2. This is also important
for understanding and interpreting the lightcurves andgnspectrum presented later in this
thesis. In Chapter 3 attention will be given specifically tarped accretion discs. In Chapter
4 a detailed discussion of the 35-day cycle of Her X-1 is pret The optical and X-ray

lightcurves of Her X-1 are discussed in Chapter 5 and thetsgdeanalysis of the anomalous

low state of Her X-1 is presented in Chapter 6. Chapter 7 istimelusion.



Chapter 2

Radiation M echanisms

2.1 Introduction

To understand and interpret the X-ray spectra that will Iseussed in Chapters 6, it is impor-
tant to understand the mechanisms underlying these raigatin this section, only processes
relevant to the analysis presented in this thesis will beudised briefly. The discussion related
to these radiation mechanisms are based on the texts by KRygbidghtman (1979, pp.15 -
27, 167 - 222) and Longair (1992, pp.89 - 118, 1994, pp.2292).26etailed discussion of
the radiation processes can be obtained in these textd. dismissions of a typical X-ray bi-
nary energy spectrum and time variability are included is thapter in Sections 2.6 and 2.7

respectively.

2.2 Thermal Blackbody Radiation

Radiation emitted by a body as a result of its temperaturalied thermal radiation. All
objects with temperatures above absolute zero, i.e. 0 K23i3°C, emit thermal radiation.
In an idealised case of a body which is in thermodynamic dariiim with its surrounding,

the radiation occupies a significant part of the electrorstigrspectrum. A blackbody can be
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Figure 2.1:Blackbody spectrum at different temperatureAddpted from Rybicki & Light-
man, 1979, p.2p

defined as a hypothetical body that absorbs and emits efteatyoetic radiation.
The observed spectrum of a blackbody can be given as a funatittmperature]’, and fre-

guency (or wavelength) by Planck’s law as
3

BAT) = <i_g) e () 1]

wherek = 1.38 x 1071 erg K™! is the Boltzmann constant arid= 6.625 x 10~%7 erg s is

(2.1)

the Planck constant. The Planck spectrum of a blackbodyratusatemperatures is shown in

Figure 2.1. In the limit of low photon energies (ifev << kT, Planck’s law is approximated
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by the Rayleigh-Jeans law, which is expressed as

B,(T) ~ <2—”2) kT (2.2)

From the Rayleigh-Jeans law (Equation 2.2) it is noted thaafgiven temperature the black-
body intensity increases a8 rather than falling to zero at higher frequencies. This issult

of classical treatment of photons, ignoring the quanturaneadf photons.

In the case where the photon energy is very large fie>> kT') Planck’s law can be expressed

in the form

2hv3 hv
B,(T) ~ 2 eTp (—ﬁ) , (2.3)
which is called Wien'’s law. From Wien'’s law it can be notedttli (7") decreases exponen-
tially with increasing frequency. The wavelenghy,.., where the blackbody has its maximum

brightness can be expressed as a function of temperature as

0.29
)\max == K, 24
T cm (2.4)

which is called Wien'’s displacement law. In astrophysicalinments the radiation (soft
X-rays) emitted from accretion discs in X-ray binaries candzcounted for by the Planck

spectrum.

2.3 Cyclotron Radiation

When a charged patrticle, e.g. an electron, is bound to a madietd and has velocity com-
ponents parallel and perpendicular to the magnetic field,fdarced to move in a circular path
along the magnetic field, i.e. spirals around the magneli. fia this case the force acting on

the charged particle is the Lorentz force and it acts peripgatat to both the magnetic field and
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the direction of the particle velocity. The effect of thigde causes the particle to spiral in a
helix-like path around the field line. The Lorentz force dec&tes the charged particle, and this

in turn, generates radiation.

For a particle moving with a relativistic velocity (with sge close to the speed of light), e.g.
in pulsar magnetosphere, the radiation emitted is calleglsptron radiation; while for the

case where a particle moves with non-relativistic speedatiation emitted is called cyclotron
radiation. From classical electrodynamics, an accelérelb@rged particle in a magnetic field

emits a narrow line at a frequency given by (e.g. Frank, Kingane, 1992, p.130)

eB
2mrmec’

(2.5)

Veye =

called the cyclotron frequency. Hene, represents the electron mass d@hthe magnetic field

strength.

In astrophysical environment, cyclotron emission occarthe polar caps of rotating compact
objects, e.g. neutron stars in X-ray binaries, and thisaalldirect measurement of magnetic
field strengths in neutron stars. From observations of H&riX-1975, Trumper et al. (1977)
discovered a strong cyclotron emission feature in the Xsfagctrum of Her X-1 atv 53 keV
(see Figure 2.2). This is consistent with observations addém& Sunyeav (1974) and Basko &
Sunyeav (1975) who predicted that such emission occurgihdhhighly magnetised plasma at
the polar caps of accreting neutron stars. Trumper et 8lf {)lshowed that the corresponding
magnetic field strength in the emitting region in the case &f ¥-1 is4.6 x 102 Gauss. This
spectral line, i.e. the cyclotron emission, will not appeathe X-ray spectrum of Her X-1

discussed in Chapter 6 given the energy range discusseid thésis.
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Figure 2.2: X-ray spectrum of Her X-1 showing the cyclotron featureAd¢pted from

Trumper et al., 1977
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2.4 Compton Scattering

Compton scattering refers to the process of interactiowdst a photon and an electron. The
low frequency limit of Compton scattering is usually reéfrto as Thomson scattering, i.e.
scattering of a photon with low energy << m.c?) by a free electron at rest. The differential

cross-section for Thomson scattering is given by the eqnati
— 5(1 + cos?0), (2.6)

whereor is the Thomson cross-sectiofl, the solid angle and the angle between the tra-

jectories of the incident and the scattered photons. Tlesicial electron radius,, is given

by
62

2.7)

Te = .
MeC?

In Thomson scattering the energy of the incident photonuskip that of the scattered photon.
The only change is in direction and momentum and this suadgtés called elastic or coherent
scattering. It can be shown that the total cross-sectio immson scattering, obtained from
integrating Equation 2.6, is given by

(2.8)

which is dependent only on the classical electron radiusstigerefore constant.

In the case where energy of the photon is comparable to oteyrean the electron rest mass,
mec?, there is transfer of energy from the photon to the electami, relativistic and quantum
electrodynamic effects, e.g. interaction of spin and magmeoments of the electron with the
photon, have to be taken into account. This process is c@ligdpton scattering. In Compton
scattering the incident photon scatters an electron llyié rest and in the process the electron

gains energy and the scattered photon has a frequency Ibarithat of the incident photon
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(Figure 2.3).

From the conservation of energy and momentum, it can be shmtthe change in wavelength

of a photon after Compton scattering is given by

h

MeC?

AN =

(1 — cosh). (2.9)

Using the relation between energy and wavelength/i.e- hc/ ), and Equation 2.9, the energy

of the scattered photoi;’ can be expressed in the form

E

B =
1 —€(1—cosh)’

(2.10)

with e = E/m.c%. In the scattering event, energy can also be transferreddroelectron to the
photon, a process called inverse Compton scattering, whiotost applicable in high energy

astrophysics. This is discussed in section 2.4.1.

Compton scattering increases the photon wavelength anghtbten energy decreases accord-
ingly. In astrophysical environments Compton scatteringyrbe considered an important
source of opacity in a typical accretion disc where tempeeat are high enough to keep the

gas in the disc ionised.

24.1 Inverse Compton Scattering

When electrons are no longer considered to be at rest (@hsctnoving at high velocities), e.g.
the hot electron plasma in accretion discs and accretionatisonae, the thermal motion of
electrons become important. In this case energy is tramsférom the electrons to the photons,
i.e. the photons are being up-scattered, carrying awaygrienergy is being transferred from

the electrons to the photons) (Figure 2.4). This is the sav@rocess of Compton scattering
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Figure 2.3: Schematic picture showing Compton scattering, where aidént photon is
scattered by an electron initially at the rest. In the predbe photon loses part of its energy

which is gained by the electrorkiom http://venable.asu.edu/quant/proj/compton.html)

and is called Inverse Compton scattering (or Comptonisatibnverse Compton scattering is
a common occurrence in astrophysical objects where lowggrghotons are up-scattered by

high energy (relativistic) electrons.

In inverse Compton scattering, assuming a thermal velalt#lyibution of electrons and in the
non-relativistic limit (v << m.c?), the energy transfer per scattering is given by

AE  4KT, - FE

= - (2.11)

with T, representing the electron temperature. From Equation &#.&lnoted that transfer of

energy to a photon only occurs whénh< 4kT,, i.e. the condition for a photon to gain energy
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vVi>v

Figure 2.4: Schematic picture showing Inverse Compton scattering evlaehigh energy

electron interacts with a photon and in the process therele@bses energy which is gained

by the photon. Erom http://venable.asu.edu/quant/proj/compton.html)
during the scattering.
In inverse Compton scattering, relativistic effects beeamportant when high energy electrons

are involved. In this case the total angle-integrated esession, known as the Klein-Nishina

cross-section, is given by the equation

w2 2(€re1 + 1) 1 4 1
L I N O TP A N N A S 2.12
OK-N €rol {( €2 ) (2(era +1) + 2 + el 2(260 + 1)2 ( )

rel

wheree,q = vhv/mec? = vE/mec®. For low energy photons(; << 1), the Klein-Nishina
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cross-section reduces to the Thomson cross-section, i.e.

8
OK_N ~ ?ﬁrf(l — 260) = o7(1 — 26,q) = O7; (2.13)

while at high energies(, >> 1) the cross-section becomes smaller than the Thomson cross-

section, and is given by

2 1
TN A ZTG [In(2erd) + 5] . (2.14)
rel

In this case the maximum energy gained by a photon in invesap@n scattering, in the

laboratory (observer’s) frame, is given by
Eopax = V2hu. (2.15)

This, i.e. equation 2.15, refers to the Thomson limit. Theesponding energy of the photon

scattered by the relativistic electron, in the photon fraimgiven by
V& ymect. (2.16)

In astrophysical environments there are electrons withthe range 100 to 1000, resulting in
low energy photons scattered to very high energies, e.dcadmthotons of frequency 10
Hz (¢, = 1 eV) can be up-scattered to gamma-rays with frequency0® Hz, (¢, = 10°
eV) which is an increase in frequency (or energy) by a factar0é. It is unlikely that ultra-
relativistic electron (withy >> 1) exist in Her X-1 since there is no confirmation of earlier
reports of very high energy gamma-rays from Her X-1. It is¢fh@re questionable whether this

process is applicable to Her X-1.

In high energy astrophysics multiple inverse Compton scatjj events are a common occur-

rence. When a photon passes through a region of high chargelg@adensity, it experiences
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multiple scattering. Given a region with electron densityand sizd, the optical depths() for

scattering through the region is given by
Te = /neUT dl. (2.17)

Equation (2.17) gives a measure of the number of scattexiegte a photon undergoes when
escaping from the region. For an optically thick regioan > 1) a photon follows a random

walk path, resulting in the photon being scattered severad. This results in a significant
increase in the photon energy. This process is also callegtomisation and the spectrum pro-

duced in this manner is said to have been comptonised.

If the mean free path of a photon }s = (n.or)~!, the total number of scatterings a photon

experiences while traversing a region of size

. 1\’
1= ()\—e) . (2.18)

If the frequency of the incident photon isand that of the scattered photon.i§ with the
frequency of the scattered photon boasted by a factav dbr each scattering, the photon

frequency after a single scattering event is

V' = wu. (2.19)

v, = @'y (2.20)

If the probability that a photon will escape after a singlatsgring event in an optically thick
medium is given by ~ 7., then probability of escape aftéindependent scattering events is

p; ~ 7. The spectrum of the emergent photrcan therefore be expressed in the form

I'=I7'. (2.21)



Radiation M echanisms 32

Using Equations 2.20 and 2.21 it can be shown that

, & logTe [logwo
=1 (V) (2.22)
v\ —¢
_ ] (?) (2.23)
wherea = —logt./logw. This shows that the comptonised spectrum in this casewsl

power law with energy spectral index given by

An example of this comptonised spectrum is a photon leavingtglasma being up scattered,
carrying away energy and in the process cooling the plasnpag@ess also called Compton
reflection. Compton reflection is normally accompanied byiran emission line (Schultz,

2004). This emission line results from the absorption oftphs near the iron absorption edge

and part of their energy is re-emitted as fluorescent photons

2.5 Photoelectric Absorption

Photoelectric absorption is the dominant process by wihishdnergy photonshfy << m.c?)
lose their energy. It is one of the principal sources of dyaici stellar interiors and atmo-
spheres. In photoelectric absorption, a photon interaittsam atom and in the process it may
be completely absorbed. In this process the photon’s erggegys an inner shell electron, called
a photoelectron. Part of the photon energy is used to oves¢bmbinding energy of the pho-
toelectron and the rest manifests as kinetic energy. If eidémt photon of energlv ejects an
electron with binding energ¥yi.qa (Frina < hv) the photoelectron will have kinetic energy
given by

E. = hv — Eyiq. (2.24)
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Energy levels within an atom for whickw = F\;,q are called absorption edges because the

ejection of electrons from these energy levels is unlikely.

The characteristic features of X-ray absorption spectsenlked in X-ray sources are under-
stood in terms of photoelectric absorption. Each atom hakagacteristic X-ray term that
shows the energies of the different stationary states mitie atom for the removal of an elec-
tron. The X-ray photoelectric absorption cross-sectiagmiarogen (H), carbon (C), argon (Ar)
and oxygen (O) as a function of wavelength is shown in Figuse €urves like in Figure 2.5
are useful in the construction of proportional countersiusexX-ray detectors. This is because
the photoelectric absorption spectra of the detector gdsrenwindow materials are useful in

determining the efficiency and sensitivity of proportionalinters.

Photoelectric absorption is also important in determirthrgyX-ray absorption coefficients for

stellar material. This is done by adding together curvefefiorm presented in Figure 2.5 for
the cosmic abundance of the elements. In this case the dotsioarce of opacity is provided

by the K-edges which correspond to the ejection of electfom® the 1s shell of the atom

or ion. Figure 2.6 shows the total absorption coefficientXerays with the K-edges of the

elements contributing to the total absorption indicatedthle studies of low resolution X-ray

spectra, it is not possible to resolve the K-edges indivlgaes distinct features. In this case a
linear interpolation formula for X-ray absorption coeféinio, and optical depth, is used and

is given by

—8/3
ro—ax 107 (Y : oy (2.25)
* 1KeV *

The X-ray absorption coefficient is related to the opticadtidoy the equation
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Figure 2.5: Graph showing the absorption coefficients of hydrogen, agrioxygen, and
argon atoms as a function of wavelengthd¢pted from Longair, 1992, p.90).
Tx = UX/NHdl7 (226)

with Ny representing the number density of hydrogen atoms and iegs@d in particles per
cubic metre. Photoelectric absorption is responsibleHerabsorption of X-ray by chemical
elements (e.g. the oxygen absorption edge seen near 0.5kegures 6.14 and 6.15 in

Chapter 6), and is applicable to the accretion material disaseén the interstellar medium.
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Figure 2.6:Graph showing the absorption cross section for interstgha with typical cos-

mic abundance of chemical element&d¢pted from Longair, 1992, p.91).

2.6 Energy Spectrum of X-ray Binaries

The X-ray spectrum of a typical X-ray binary consists of bibigrmal and non-thermal emission

from the system and is modified by interstellar absorptioasdgl on the total luminosity and
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relative contribution of these two main radiation compdsetine X-ray spectra of these systems

can in general be represented by two main components:

(i) The soft component (high/soft state), where the X-rayssion is dominated by thermal
blackbody emission, related to the optically thick and getiwally thin accretion disc

(Dal Fiume et al., 1998).

(i) The hard component (low/hard state), which is assedatith the accretion disc corona.
This hard component is associated with inverse Comptonestaj in the accretion disc
corona, i.e. soft photons from the accretion disc are upteseal in the disc corona by high
energy electrons. It is dominated by hard (photon ineeX) power laws with a marked
high-energy cut-off at high energies (10 keV) (White, Swank & Holt, 1983) (see Figure
2.7).

Interstellar absorption plays a significant role in the allapectra of X-ray binaries, i.e. signif-
icant flux< 0.2 keV is removed by interstellar absorption. Mistuda e(#84) showed that the
energy spectra of LMXBs harden with increasing intensity tre difference of the spectra be-
fore and after an intensity increase shows invariably a Wblady spectrum of
KT « 2 keV. These authors showed that the observed spectra of ldVodA be expressed
as a sum of two fixed spectral components: a hard componentamtlackbody spectrum
of KT « 2 keV and a soft component with a “multicolour” spectrum ectpd from the optically
thick accretion disc. The hard component was interpreteeha@ssion from the neutron star
surface while the soft component as emission from the djtittaick accretion disc (Church,

2004 and references therein). This is the so called “Eastedtel”.

In another model, i.e. the so called western model (Whitel|&8t& Parmar 1988), the dom-

inance of comptonisation in LMXB spectra was described im&eof the generalised thermal
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Figure 2.7:Typical X-ray spectrum of X-ray binaryAdopted from Kuster, 2004).

model consisting of a power law with high energy exponemtigioff corresponding to the en-
ergy limit of comptonising electrons. Church & Balucin&aurch (1995) proposed another
model, i.e. the Birmingham model, closely related to thetemsmodel. In the Birmingham
model two continuum components exist in all LMXBs: a simpleckbody emission from the

neutron star and comptonised emission from the extendedtamtdisc corona.

Church (2004) observed that the key to resolving the cortsywof the correct emission model
has lain with the dipping LMXBs and this provides more diagpics (Church, 2001) for the
emission region. During X-ray dips flux is removed acrossea#rgies as the disc rim blocks
the inner region from the observer. Church et al. (1997) gliblwom comparison of dip

ingress lightcurves with X-ray spectra that the blackboolypponent is rapidly blocked, while
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more gradual removal of comptonised component suggestst timust originate in a region
> 5 x 10* km in extent. The Birmingham model seems to provide eviddéocéhe presence
of blackbody component and it has been shown (e.g. Churdh 087, 1998 and BaluciSka-
Church et al., 2001) that the model provides very good fit taraler of LMBXs.

Emission lines, in addition to the continuum flux, also ciinite to the overall spectrum of
X-ray binaries. The most interesting emission line is therfiscent ironk, line observed be-
tween~ 6.4 keV and~ 6.7 keV (e.g. White, Swank & Holt, 1983). In some X-ray binaries,
e.g. Her X-1, there is evidence for double line structure &t4 keV and~ 6.7 keV (Pravdo et
al. 1979; Endo, Nagase & Muhara, 2000; and Still et al., 2DOOashi et al. (1984), Hirano
et al. (1987) and Endo, Swank & Holt (2000) interpreted thé.4 keV line as fluorescent
emission from cooler matter, e.g. the irradiated face ofddweor star (Still et al., 2001b) and

the~ 6.7 keV as emission from the hot accretion disc corona.

X-ray spectra in the lower energy range are normally subgetti photoelectric absorption, at-
tributed to the interstellar or circumstellar matter (Negal989). These absorption features
change with time depending on the orbital phase and in sosescgporadically (Sato et al.,
1986). Sato et al. (1986) and Leahy & Matsuoka (1989) dafeateabsorption edge of iron
at~ 7.3 keV in some X-ray binaries with strong low energy absorptidhis absorption edge
and the soft X-ray absorption are attributed to the flow arstrithution of accreting matter in

the binary system (Nagase, 1989).

The power law hard X-ray component in the X-ray spectrum ofN&@nd X-ray binaries is
produced by the Compton up-scattering of soft disc photgnthé optically thin disc corona
(Zdziarski, 1999). Liu & Mineshige (2002) noted that theatele strength of the hard X-ray
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component with respect to the UV - soft X-ray component igibed to the dominance of the
thermal emission or comptonisation from the accretion dwona. Only half of the radiation
emitted from the disc corona is emitted as hard X-rays anether half illuminates the disc

and is reprocessed and radiated as soft disc radiation.

The optical spectra of X-ray binaries are dominated by donsom the accretion disc and
the irradiated face of the companion star. This emissionresalt of the reprocessing of the
incident X-rays to optical wavelengths. In addition to tlmmttnuum flux, emission lines also
contribute to the overall spectrum (van Paradijs & McClak01995; Nelemans et al., 2003
and Hutchings et al., 2005). The origin of the emission lisggobably the irradiated accretion

disc or the irradiated donor star.

2.7 TimeVariability in X-ray Binaries

X-ray binaries show variability in intensity and spectriabpe on timescales ranging from mil-
liseconds to months and years. Some of these variationsesi@djc, e.g. spin (pulse) and
orbital periods, while others are not necessarily pericelig. super-orbital periods observed in

some X-ray binaries.

Pulse periods range from less than 0.1 s to nearly 1500 s &&&sppaport, 1984; White,
Nagase & Parmer, 1995). These authors also observed thdtitimey mechanism of X-ray
pulsations is the material accreted onto the magnetic palps of the rotating compact star.
This is different from the energy source of radio pulsarsiciwhdraw their energy from the
rotational kinetic energy of the compact star. Observatimewve shown that over long periods

of time, the pulse period changes, i.e. it either increase®oreases linearly with time and in
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some cases no long term trend is seen but only a random wdik jperriod (Joss & Rappaport,
1984 and references therein). The change in pulse periachdeag period of time can be un-
derstood in terms of torque exerted on the compact objeattireg from the interaction of the

magnetic field of the compact object and the accretion diatraady discussed in Section 1.2.3.

Orbital periods in X-ray binaries range in the order of hawrslays (Joss & Rappaport, 1984
and Charles & Coe, 2003). This is seen in both X-ray and dptveaelengths. The X-ray

modulation is seen when the binary system is viewed clodegtotbital plane and in this case
eclipses by the companion star and obscuration by materilakiaccretion flow can take place.
In the optical the modulation can be caused by the rotatigheirradiated face of the com-
panion star. In some X-ray binary systems, e.g. Her X-1,quigse (X-ray absorption) dips
are observed in the X-ray wavelengths (Crosa & Boynton, 198tite & Swank, 1982). These
dips are probably the result of absorption from cold mattethe line of sight of the observer

(inam & Baykal, 2005, and references therein).

Super-orbital periods have been observed in a number o Xiraries. These variations are
on timescales of tens to hundreds of days. These variatrerssaociated with precession of a
warped/tilted disc around the central accreting compajgablfsee Chapter 3 for a discussion

related to warped precessing discs). In some binary sysemsHer X-1 and LMC X-4, the
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variation is stable and periodic while in some, e.g. X1958-(Paul et al., 2000; Homer et al.,
2001) the variation is “quasi-periodic” and this may beihbttred to variations in mass transfer
rates (Priedhorsky & Terrell, 1984). The focus now shiftgniechanisms resulting in warped

accretion discs.



Chapter 3

War ped Precessing Accretion Discs

3.1 Introduction

As mentioned in the previous chapter, warped and precessiagtion discs are a common
occurrence in many astronomical objects or systems, e.gNSAG SOs and X-ray binaries.
Warped and precessing discs, observed close to edge-@lhbem used to explain the long term
periodicities (super-orbital periods) in X-ray binarié&afz, 1973). Although there still exists
uncertainty about the exact mechanism responsible forrogitiee warp and precession of discs,
many theoretical models have been proposed to explain tlthanesms responsible for the
warping and precession of accretion discs in astrophysimwatonments. Katz (1973) proposed
that the precession is forced by the tidal torque from thepaomon star which results from a
misalignment between the inclination of the compact og@ct the outer parts of the accretion
disc, e.g. in the X-ray binary GRO J 1665-40 (Martin, Pringl&out, 2007 and references
therein). More studies have suggested other mechanismpsengble for producing warped
precessing accretion discs in astrophysical objectsradigtion-driven warping (Pringle, 1996,
1997; Maloney & Begelman, 1997; Wijer & Pringle, 1998, 1998)nd pressure (Schandl &
Meyer, 1994; Schandl, 1996); magnetically driven warpibai,(1999; Murray et al., 2002;

Terquem & Papaloizou, 2000) etc. To illustrate the compyeaf the phenomenon, a brief
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discussion of the relevant models driving disc instaleditis presented in the following section.

3.2 Accretion Disc Instabilities

In this section, accretion disc instabilities that lead t&rping of accretion discs will be dis-
cussed briefly. The main focus will be on the radiation-driugstability which has been pro-
posed (Pringle, 1996, 1997) as the main mechanism behindighevarp in the X-ray binary
Her X-1.

3.2.1 Radiation-driven Instability

Radiation instability (or radiation pressure) has beergsated as one of the mechanisms driv-
ing disc warp (e.g. Petterson, 1977). This study showedsthatitially warped/tilted optically
thick disc that is illuminated by the X-ray flux from the caaltaccreting compact object will
re-radiate the intercepted X-ray flux perpendicular to tise glane. The resulting radiation
pressure produces a nonaxisymmetric torque leading to g evanodification of a warp. This
was later supported by a study by Pringle (1996) who showaidftin a range of accretion lu-
minosities, radiation pressure alone is sufficient to daird maintain a disc warp. Although a
nonaxisymmetric torque (or nonuniform distribution ofdes) could mean that the disc should
not be flat initially, Pringle (1996) and Maloney, BegelmarPg&ingle (1996) showed that an
accretion disc can still be warped even if it is initially fk long as the disc is optically thick
and the radiation received at a given point on the disc seiitae-radiated from the same point.
The resulting back reaction from the re-radiated flux thefegrise to an uneven distribution
of forces on the disc surface resulting in substantial waypprovided the luminosity of the
central source is high enough, i.e. exceeding a criticaleséiPringle, 1996,1997) to overcome

the viscous torque that resists warp, driving a warping mwldieh grows with time (see Iping
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& Pertterson, 1990, for detailed discussion).

Assuming the re-radiation is isotropic over the disc swgfdbe resulting reaction force on an
element of ared A on the disc surface at radidgproduces a forcéF given by (Frank, King

& Raine, 2002, p.136)
2 L,
F== A
34rR2%c ’

whereL, represents the central irradiation luminosity. This faaces inwards on the disc along

(3.1)

the normal to the disc. As mentioned above, if the disc is sgtnn) the resultant force on the

disc surface will balance and the net torque on the disc wiltéro and no warping takes place.

Frank, King & Raine (2002, p.136) considered the case whaeraall perturbation in the disc
can cause one side of the disc to receive more radiation agid tzewarp at some radius. This
was done by comparing the radiation torque producing th@wat,.q, ~ RdF, with the vis-
cous torque resisting the warl, ;., at a disc radiug. The viscous torque can be considered
to have two components (Pringle, 1992): one associatedtiathisual disc viscosity; (corre-
sponding to azimuthal shear), which acts between annuatingf at different angular velocity,
and the other associated with the viscosity(corresponding to the vertical shear) that acts to

reduce or resist any disc warp or tilt.

Taking the element of are&A = 27 Rd R and using Equation (3.1), Frank, King & Raine (2002,

p.136) expressed the radiation torque as

1 8Frad L*
2rR OR 6mRc’

(3.2)

The viscous torque always tries to restore the disc to a flgiesh.e. resists any warp resulting

from the radiation torque. Therefore for the disc to warprtdation torque should exceed the
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Figure 3.1:Orientation of a disc described by the anglé®?, t) and~(R, t). (Adopted from
Iping & Petterson, 1990).

viscous restoring torque, i.€1'.q > dl'yisc.

In an accretion disc mass flows inwards (towards the centakting object) carrying with it
mass and angular momentum. Considering an accretion digtediinto annuli of widthA R,

l.e. lying between radiRk and AR, the total mass and angular momentum of an annulus are
given by2r RARY and2r RA RY. R*Q) respectively, wher&( R, t) is the surface density of the
disc and}(R, t) the angular velocity.

If the angle of tilt of the disc plane i$( R, t) andv(R, t) describes the azimuth of the tilt (Figure
3.1), the unit tilt vector normal to the disc plane at raditis given by (Pringle, 1996)

A

[(R,t) = (cosy sing, siny sing, cos?). (3.3)
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From the conservation of angular momentum, taking into actthe effects of the net restoring
viscous torque, the resultant restoring viscous torquéewisc annulus of radial extes#iz can

be expressed in the form (e.g. Frank King & Raine, 2002, p.136

1 Olvise oy [ O ol )
=XRQ <—) <V2@> ~ 15200, (3.4)

2rR OR OR

The discussion presented above laid the foundation for timgle (1996, 1997) disc dynamics

analysis that leads to warping of an accretion disc whichlveilbriefly reviewed.

The equation of the evolution of a local disc fi@lR, t) (Pringle, 1992) can be expressed, includ-
ing the radiation-driven back-reaction, by adding a terrecdbing radiation torque (Pringle,

1996, 1997) as

ol 0 1 il 3 al

5+ (vr— 858 — ssPasr ORQ) 5k (3.5)
_ 9 (1. al 17 00 127 1 8L '
—ﬁ<5’/2ﬁ>+§|ﬁ| I+ smaer

whereL(R, t) is the angular momentum per unit surface area definell by (GM, R)'/2X,

with M, representing the mass of the compact accreting objectatite radial velocity.

By taking a very small approximation of the anglsuch thaf3 << 1, Pringle (1996) expressed

the unit tilt vector (Equation (3.3) as
[ = (Bcosy, Gsim, 1). (3.6)
This allowed the evolution ofto be re-written in the form
W = Be™. (3.7)

For a steady disc, to investigate the evolution of an injtigall warp, Pringle (1996) showed

that the equation fof, (i.e. Equation(3.5)), assuming a constagtcan be expressed in the
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form
ow . oW 1 OPW
W eradﬁ - §V2—0R2 =0, (3.8)
where the radiation torque is measured by
L
bred = 15 S 00 (3.9)
Assuming a solution of the form
W  expli(at + kR)], (3.10)
wherek R > 1, Equation (3.8) gives the relation
. 1,
o= —i (T agk — 51/2/@ . (3.11)

From Equation (3.11) the instability (warp) will decay witime for all values of the wave
numberk if I';,q = 0, i.e. Im(¢) > 0; while an initially small instability (warp) will grow with

time for all values of the wave number in the range

0<k<2nm, (3.12)

Vo

as long as Infv) < 0. It is therefore physically possible that over large enolagiythscales
in the disc, the radiation pressure can cause an initialiydfte to become warped. The radial
wavelength of the perturbatioky = 27/k (Ar < R for cylindrical geometry), together with
the definition of the radiation torqué..q allows the condition for radiation-driven warping to
be expressed as

L, > 127%1,Yv,e, (3.13)

wherev, = RS} is the azimuthal disc velocity. Using the simple argumeatih,; > 'y,
from Equations 3.2 and 3.4, it can be shown that the conditiomvarping to occur i, >

6m2Xvsc (€.9. Frank, King & Raine 2002, p.137). This analysis didta&e into account the
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decay and growth of the warping and this makes the analy&ismgle (1996) more appropriate.

Expressing the surface density (Pringle, 1996)/as- 37, ¥ and the efficiency of the accretion
process by = L, /M2, the condition for an instability to grow at a given radiliscan be
expressed as

877'27]2
52

R> R., (3.14)

where R, = 2Rv;/c* andn = v /v,. This gives the critical radius beyond which discs are
unstable to warping as
S 877'27]2

~

R, R.. (3.15)

62
Assuming that for an accretion-powered central object diusR, the accretion efficiency is

e ~ R/ R., the critical radius beyond which warping modes take plaggien by

2
R. 2 87‘(‘2772&.

~

(3.16)

Using Equation (3.16) and the parameters applicable taoewstars, Pringle (1996) showed
that forn ~ 1, warping occurs in the outer regions of the accretion disiclwbonfirmed the
calculations of Iping & Petterson (1990), who showed thdtaton-driven warping occurs in

the outer regions of the accretion discs in X-ray binaries.

Maloney, Begelman & Pringle (1996), applied the Pringle9@Pradiation-driven instability

to the disc of the maser in NGC 4258 and the eclipsing X-raatyirsystem SS 433. They
found that the predictions of the Pringle radiation-drivearping instability model are in good
agreement with the observations of NGC 4258 (Miyoshi etl&l95) fore ~ 0.1; although the
model cannot explain the warp for the case where NGC 425&psas an advective-dominated
accretion disc witle ~ 1072 suggested by Lasota et al. (1996). They also showed that the

Pringle model can explain the 164-day precession periobid3E3 for reasonable values @f
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(dimensionless viscosity parameter, Shakura & Sunyaevd)&ndR/h, whereh is the disc

scale height.

Radiation-driven warping therefore provides a mechan@mmpfoducing warped precessing ac-
cretion discs in accreting X-ray binaries (e.g. Ogilvie &lig, 2001) and AGNs (Caproni et
al., 2006b). Since the warp adjusts itself so as to precess@form rate at all radii (Maloney,
Begelman & Pringle 1996), radiation-driven disc precesssa global disc mechanism. It was
noted (Maloney Begelman & Nowak, 1998) that radiation-gimidisc precession must be pro-
grade in the absence of external forces. In the X-ray biedé8® 433, Her X-1, and LMC X-4
the disc precession is retrograde. Studies by Maloney & Besye(1997) and Maloney, Begel-
man & Nowak (1998) have shown that the quadrupole torque a@ompanion star allows for
the existence of prograde and retrograde precession mblissmplies that retrograde preces-
sion due to the radiation-driven mechanism is possible ibislyme additional force acts on the
disc. Although Maloney, Begelman & Pringle (1996) pointedttthe radiation-driven instabil-
ity model can produce warped precessing discs in AGNs, @aptal. (2006b) showed that for
n # 1, the critical radius is larger than the outer disc radiusibthe AGNs considered in their
sample, suggesting that AGN disc are stable against radiiirque (stable to radiation-driven

warping).

3.2.2 Magnetically-driven I nstability

Several studies have been carried out on the interactioveleaetthe magnetic field of an accret-
ing compact object and the accretion disc in close binariegays. These include the following:
Pringle & Rees (1972) outlined the disc-magnetospheredation following the discovery of

accretion powered X-ray pulsars; Terquem & Papaloizou @280owed that a warp might be

induced in a circumstellar disc by the stellar magnetic fieltie magnetic field axis is mis-
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aligned with the binary rotation axis; Murray et al. (2002nbnstrated that a warp can be
excited in an accretion disc in close binary systems by alaipoagnetic field centred on the
companion star; Lai (1999) described the mechanism by wdtedlar magnetic field can couple
with the disc to induce warping in accretion discs in close}{-binaries. Similar studies to that

of Lai (1999) were done by Shirakawa & Lai (2002a, b) and L&03).

According to the detailed study by Lai (1999), the inner oegof an accretion disc around a
rotating magnetised compact object is subjected to magt@tjues that induce warping and
precession of the accretion disc. Lai (1999) noted that @uing torque results from the inter-
action of the azimuthal component of the stellar magnetid &ed the radial surface current in
the disc, generated by twisting of the threaded verticad ftelmponent. The precession torque

results from the screening current, resulting from the dignetic response of the disc.

Following an analysis similar to Pringle (1996), Lai (19%9pwed that the equation of evolu-
tion of disc tilt, taking into account magnetic torque, carelpressed in the form (e.g. Equation

3.8)
oW 3undW 1 W
ot AR OR 2 " OR?

wherelV = 3¢“. Assuming a solution of the form in Equation (3.10), the disjon relation

— iQ,W + LW (3.17)

is expressed as (Lai 1999)

3v2 (1
o= (@k — Qp) +1 <§V2]€2 — Fmg) . (318)

From this dispersion relation, the condition for an ingigbio grow requires Injo) < 0), and

this gives the magnetic torque as
1

P > vah?. (3.19)
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Since the radial wavelength is restricted\te< R, i.e. k > 27 /R, the instability condition can
be expressed as

14
g > 2w2§22. (3.20)

Lai (1999) interpreted this instability condition to medrat the magnetic torque drives the
growth of disc tilt on a timescal&€_., while viscosity tries to reduce the tilt on a timescale

mg’

R? /vy, Instability therefore requires

R2
-1
[k < —. (3.21)

Vg

Caproni et al. (2006b) examined the compatibility betweesscgssion periods and predic-
tions for warping/precession based on the magneticaliyedwarping and/or precession to a
sample of four X-ray binaries (SS 433, Her X-1, LMC X-4 and SM€l) and observed that
the magnetically-driven instability produces the obsdrpeecession periods in these systems.
These authors also noted that the magnetic-driven torquenchuce precession in the inner
parts of the accretion disc at the observationally inferegds. Similarly, Boroson et al. (2000)
applied the magnetically-driven instability to explairtimilli-Hertz quasi periodic oscillations
(QPOs) seen in X-ray binaries. Lai (2003) also showed thanthgnetically-driven warping
and precession effects can explain the jet precession fraayXinaries, AGNs, and YSOs.
The model also predicts a retrograde precession in warged @¢nd jets) in agreement with

observations in some X-ray binaries, e.g. Her X-1.

3.2.3 Tidally-driven Instability

Tidal effects that result in warping and precession of discsstronomical objects have been
extensively studied (e.g. Goldreich & Tremaine, 1978; Rapau & Terquem, 1995; Larwood

et al., 1996; Larwood 1997; 1998 Terquem, Papaloizou & Ngl4899; Caproni et al., 2006a
and references therein; Ann, 2007). These studies havenstmavtidal torques induced by the
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companion star in binary systems can cause the warping acdgsion of accretion discs. The
tidal interaction between the companion star and the aoardtsc also results in truncation of

the accretion disc in binary systems (Paczyhski 1977; |Peoa & Pringle, 1977).

Katz (1973) used a model consisting of a tilted accretion digh respect to the binary plane
and a tidally forced model precession to explain the 35-aaiog in the lightcurve of Her X-1.
Waves develop in the disc due to the tidal perturbationsettmpanion star. In the case where
the disc and the orbital plane are coplanar, the waves ehcitie disc by tidal perturbations of
the companion are density waves (Terquem, Papaloizou &Nek999). The wavelength of
these waves is very small compared to the disc thicknesshanefore most of the exchange of
angular momentum between the disc and the perturbing caompanlikely to take place near
the disc edge (Papaloizou & Terquem, 1995). But when theatisicthe orbital plane are not
aligned (i.e. non-coplanar), the perturbations by the comgn star excites both density and

bending waves in the disc which give rise to a warped disc.

Caproni et al. (2006b) show that for the case where the dnbligme and the disc are non-
coplanar the precession periéy of the disc, induced by tidal torque of the companion star, is

given by

= (R—) (GO, q cosd)", (3.22)
d

3 \7—2n
wherea is the separation of the companion and compact starshe radius of the precessing
disc,n the polytropic index of gas)/. the mass of the compact star= M. /M., with M, rep-
resenting the mass of the companion star, artlde inclination of the orbit with respect to the

disc plane. In Equation 3.22, the negative sign indicatatttte disc precession is retrograde.

Caproni et al. (2006b) showed that tidal torques from thepgaomon star can provide precession
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timescales in agreement with those observed in the X-ragrigis SS 433, Her X-1, LMC X-4
and SMC X-1 as previously suggested (Katz, 1973; Larwoo8819They also showed that
tidal torques can drive precession in 4U 1907+09. Lachoetiet. (2006) noted that precession
in Cyg X-1 is in the prograde direction and this rules out idalty driven precession in Cyg

X-1 in agreement with the study by Caproni et al. (2006b).

3.2.4 Wind-driven Instability

Schandl & Mayer (1994) and Schandl (1996) proposed the wmakn instability as a proba-
ble mechanism to explain the warped precessing disc in theyXinary Her X-1. When X-ray
flux from the central accreting source strikes the accretisa surface it produces a hot corona
(Shakura & Sunyaev, 1973). They noted that at the outer tiaglisound velocity of the hot gas
exceeds the escape velocity in the gravitational poteatithie outer regions of the disc, thus
forming a coronal wind. The wind carries off momentum andg fimovides a back-force on the

disc surface, similar to the radiation-driven mechanism.

Although the Schandl & Mayer (1994) coronal wind model i®likto produce a disc warp,
from later studies (Pringle, 1996; Wijers & Pringle, 1999)as noted that simple calculations
based on the Schandl & Mayer model are not adequate for tipepamalysis of such a physical
configuration. Wijers & Pringle (1999) further noted thath8ndl & Mayer (1994) neglected

self-shadowing and used an older and incorrect equatiorotibmfor the disc.
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3.2.5 FrameDragging and Disc viscosity: The Bardeen-Petter son Effect

The Lense-Thirring (or frame dragging) effect by a spinntegnpact object causes a preces-
sion of the inner accretion disc if the disc is not in the equat plane of the compact object
(Bardeen & Petterson, 1975). Later studies (Stella & Vid€t®i98; Markovic & Lamb, 1998)
have subsequently suggested the Lense-Thirring effebiegsrobable physical mechanism re-
sponsible for the observed periodic oscillations in adtygpal systems. It has been pointed
out (Bardeen & Petterson, 1975) that the differences irc&ira between a disc in the equatorial
plane and a disc in a tilted plane arises because the gramaiafield of the compact object is
not spherically symmetric, and the dominant non-sphdyicgimmetric effect on test-particle
at radii R > R, (R, is the radius of the compact object) is the coupling betwaenspin of
the compact object and the orbital angular momentum of tsteptrticle. This causes the pre-
cession of the plane of a circular geodesic orbit about ttegiom axis of the compact object.
The precession frequency produced by the Lense-Thirrifegtetan be expressed as (Wilkins,

1972)
2G.7

2R3’

where/J is the angular momentum of the compact object@rttie gravitational constant. Using

(3.23)

wLr

gravitational units (Bardeen & Petterson, 1975} ¢ = 1 the equation fowr simplifies to
wip = 2JR73. (3.24)

A combined effect of the Lense-Thirring and internal vistosf an accretion disc tends to
smooth out such precession which results in an equilibritatesn which the inner disc is
aligned with the spin axis of the compact object at a tramsitiadius called the Bardeen-
Petterson radiusigp. Papaloizou & Lin (1995) suggested that the transition eetwthe dif-
fusive and wave-like regimes occurs approximately at ausaflir ~ h/a; and Demianski &

Ivanov (1997), and Lubow, Ogilvie & Pringle (2002) suggedteat a warped configuration may
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persist indefinitely withinkgp < 200R; (R is the Schwarzchild radius). Caproni et al. (2006b)
observed that the Lense-Thirring effect produces preagedsnescales in good agreement with
those observed in a sample of X-ray binaries and AGN souccessidering that alignment of
the accretion disc evolves on a similar timescale as wasaidserved by Scheuer & Feiler
(1996). Their work is also in support of the analysis of Capei al. (2006a) who showed that
the Lense-Thirring effect is consistent with the warpingrptmlogy proposed by Gallimore,
Baum & O’Dea (2004). Caproni et al. (2007) have shown thatBhsdeen-Petterson effect
is responsible for warping of the disc in NGC 4258, and carpce the required precession

period.

3.3 Summary

As already mentioned above, warped precessing accretsms dre now believed to occur in
many astrophysical systems such as X-ray binary systemblsAdhd YSOs, and this has re-
sulted in long term (super-orbital) variations in thesetays. In X-ray binaries, the super-
orbital variation is divided into two observational clasg€larkson et al., 2003a): one class
has stable X-ray intensity variation giving precessionqus on timescales in the range of tens
of days. X-ray binaries in this group include Her X-1 with &pession period of 35 days
(Giacconi et al., 1973), SMC X-1 with a precession period-055 days (Wojdowski, Woo &
Zhang, 1998; Wijers & Pringle, 1999) and LMC X-4 with a presies period of~ 30 days
(Wijers & Pringle, 1999). In the case of SMC X-1, it was obs&t{Clarkson et al., 2003b) that
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Table 3.1:Table showing super-orbital periods of some astronomigstesns.

Name Super-period Reference
XRBs
LMC X-4 30 days Wijers & Pringle, 1999
Her X-1 35 days Giacconi et al., 1973
SMC X-1 55days  Wojdowski, Woo & Zhang, 1998; Wijers & Pringle 1999
Cyg X-2 70 - 80 days Paul, Kitamoto & Makino, 2000
GX 354-0 70 days Kong, Charles & Kuulker, 1998
SS 433 164 days Margon, 1984
X1820-30 171 days Chou & Grindly, 2001
AGNs
Arp 102B 2years Newman et al., 1997
0J 287 9 years Sillanpaa et al., 1988; Abraham, 2000
3C 120 12 years Caproni & Abraham, 2000
YSOs
CepE 400 years Terquem, Papaloizou & Nelson, 1999
V1331 Cyg 2300 years Terquem, Papaloizou & Nelson, 1999
RNO 15-FIR 9000 years Terguem, Papaloizou & Nelson, 1999

*The period is not constant, but varies between 40 and 60 @gekéon et al., 2003b)

the precession period is not constant, but varies betweamd®0 days. More recently, Trow-

bridge, Nowak & Wilms (2007) showed that the length of theestgrbital period in SMC X-1
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can vary by a factor of two across adjacent precession cyClaskson et al. (2003b) proposed
that the wide range of variation in the super-orbital pefi&MC X-1 could possibly be due

to multiple warp modes in the accretion disc.

The second class of X-ray binary systems have super-ogetabds on timescales up to hun-
dreds of days (Smale & Lochner, 1992). The modulations ig $keicond class are distinctly
quasi-periodic and are much lower in amplitude (Clarksaal.e2003). These include Cyg X-2
with period~ 70 — 80 days (Paul, Kitamoto & Makino, 2000), GX 354-0 with peried70
days (Kong, Charles & Kuulkers, 1998), X1820-30 with period 71 days (Chou & Grindly,
2001), SS 433 with period 164 days (Margon, 1984).

In some X-ray binaries, e.g. Cyg X-2, the super-orbital pésihave been found to be equal
to integer or half integer multiples of the orbital periodd¢khkov et al., 2006). Since X-ray
binaries are in our galaxy, they are the best nearby exanoplesrped precessing discs and

most studies on warped precessing discs have been donemon the

Warped precessing discs have also been observed in AGN® ifotim of variations in jet
orientation and velocity (Storchi-Bergmann et al., 2008pfoni & Abraham, 2004 and Caproni
et al., 2007). The precession periods in AGNs are on timesaa years, e.g. 3C 120 with
precession period of 12 years (Caproni & Abraham, 2004), &Jvath period of~ 9 years
(Sillanpaa et al., 1988; Abraham, 2000), Arp 102B with aiqukof ~ 2 years (Newman et
al., 1997). Like AGNs, the evidence for jet precession in ¥S&lso as a result of precessing
warped discs, is steadily increasing (Terquem et al., 1828 et al., 2000; Lai, 2003). In
YSOs the timescale for the precession is of the order of hadslof years, e.g. Cep E has a

precession period of 400 years, V1331 Cygv 2300 years and RNO 15-FIR- 9000 years
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(Terquem, Papaloizou & Nelson, 1999). Table 3.1 shows sogietal periods of some of the
systems mentioned in this thesis. Since this thesis foouséise anomalous low state of Her

X-1, a general discussion of Her X-1 is presented below.

3.4 HerculesX-1

Her X-1 is an eclipsing X-ray binary containinglat}M,, (Reynolds et al., 1997) pulsar (neu-
tron star) and the companion (optical) star HZ Hercules (H£)hk a2.2M ., A7 Roche-lobe
filing star (Middleditch & Nelson, 1976; Leahy & Scott, 1998) is viewed close to edge-on,
i.e. has an inclination of 80° — 90° (Schandl, 1996, and references therein). Although mass
transfer in Her X-1 is believed to occur primarily throughdRe-lobe overflow (Figure 3.2),
there seems to be also observational and theoretical egden mass transfer through stellar
wind (Boroson et al., 2007, and references therein). Herésla pulse period of 1.24 s and an
orbital period of 1.7 days (Tananbaum et al., 1972). In aaldjit displays a~ 35 day super-
period detected in the X-ray (Giacconi et al., 1973; Scatahy & Wilson, 2000) and optical
(Deeter et al., 1976; Gerend & Boynton, 1976; Leahy & Marsli&l99) wavelengths.

Photometric variations show a 1.62 day beat period betweesuper-period and the orbital
period. The photometric variations are a result of the changhe area of the disc facing
the observer and also the variation in the fraction of the@sdary star being eclipsed by the
disc resulting in a variation in X-ray illumination of theast(Gerend & Boynton, 1976). It has
been observed (Giacconi et al., 1973; Schandl, 1996; Scaiadhy, 1999; Klochkov et al.,

2007, and references therein) that in addition to the sap®tal variation and eclipses by the

companion star, the X-ray intensity displays three typedijos:

(i) The pre-eclipse dips which occur just before eclipseamdobserved up to several binary
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Figure 3.2:Schematic picture of a standard X-ray binary transferriragsnby Roche-lobe

overflow. Adopted fromwww.mssl.ucl.ac.uk/wwwastro/gal/gal title.html).

orbits after turn-on at orbital phasés.;, = 0.6 — 0.9 and lasts for~2 to 5 hours. It has
been shown (Boroson et al., 2007 and references thereineh@re-eclipse dips occur

with a period of 1.65 days

(i) The anomalous dips which occur just after turn-on at itatb phases around
borp, = 0.45 — 0.65.

(iif) The post-eclipse recoveries observed occasionala ahort delay after egress from the

X-ray eclipse in the first orbit after turn-on.

The anomalous dips are attributed to the interaction betlee accretion stream and the pre-
cessing warped accretion disc (Schandl, 1996). More riggcéfiochkov et al., (2007), using
RXTE/ASM X-ray lightcurves showed that the anomalous dipd post-eclipse features are

stable in the X-ray lightcurve and argued that these featooelld be caused by a warpl/tilt of
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Figure 3.3:Schematic picture of a warped precessing didclopted from Wijers & Pringle,
1999.

the accretion disc which changes over the 35-day cycle.

Since the discovery of Her X-1 (Tananbaum et al., 1972)byru, long-term X-ray monitor-
ing of Her X-1 has continued over the years and these havdezhatudies of the- 35-day
cycle of Her X-1. Some of these studies include the followibging the Uhuru observations
(Tananbaum et al., 1972; Giacconi et al., 1973; Jones & Forrh@76), the features of the

of the 35-day lightcurve, e.g. the high and low states, higteseclipses, absorption dips and
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the tendency of the main high states to turn on near orbi@é@l®.2 and 0.7 were discovered.
Soong et al. (1990) used the HEAO 1 observation in the enengger 12 - 180 keV to study

the long-term variability of the pulse profile of Her X-1. Blstudy showed that the structural
change of the accretion disc is likely the cause of the 35ptdagession period and the observed

short-term rapid variations of the pulse profile.

By studying the long term behaviour of the pulse period aret@ssion cycle of Her X-1,
Staubert et al. (2007) showed that there is a correlatiowdmst these periods, i.e. when the
spin-up rate decreases, the 35-day turn-on becomes shidrer suggested the variation in the
mass accretion rate as the probable cause of this correl&amar, Sanford & Fabian (1980)
obtained detailed spectra of Her X-1 with the Ariel V satellduring turn-on and off states.
They found that the obscuring region assumed to be resgerfisitthe 35-day precession cycle
lies well within the disc surrounding the neutron star. Céioal. (1997) analysed the ASCA
data of Her X-1 obtained during the extended low intensiagestn 1993 and found that the
eclipse ingress and egress during this low state show a snfloat variation on a timescale
of ~3 hours. They interpreted this to mean that the X-ray emmsggion in the low state is
extended because such long transition is not expected wlthtbe atmospheric occultation
of the X-ray source (Leahy & Yoshida, 1995). All these stgdienfirmed many of the X-ray
phenomena first reported with the Uhuru observations araladsled significant details and
discovered new phenomena like eclipses during the low &age Parmar, Sanford & Fabian,

1980; Choi et al., 1997) and an extended low state @ggIman & Trimper, 1988).

A number of scenarios have been proposed to explain the-sulpial period in X-ray binaries
as discussed above and these include among others, e.gssmtof the magnetic axis of the

compact object (Trumper et al., 1986), presence of a tladylin the X-ray binary orbit causing
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orbital precession and decay (Chou & Grindlay, 2001) andatian in the extend to which
the companion overflows its Roche lobe as a result of stellation (Wehlau et al., 1992).
However, a warped accretion disc (Gerend & Boynton, 197&gPsn, 1977) precessing in a
retrograde direction around the compact neutron star (€igLB) (Roberts, 1974) seems to be
the most likely candidate to explain the super-orbital getiin Her X-1. The disc precession
causes periodic obscuration of the central source cauamaton on the 35-day period (Wijers
& Pringle, 1999; Ogilve & Dubus, 2001). The next chapteru®es on the 35-day cycle of Her

X-1, which results from precession of a warped accretion.dis



Chapter 4

The 35-day Cycle of Hercules X-1

4.1 Introduction

Her X-1 shows strong variability on both short and long tiroales. Of interest in this chapter
is the 35-day cycle, the so-called super-period, that stetvesig modulation in X-ray wave-
lengths. The 35-day cycle is also observed in the opticalelesngths (Gerend & Boynton,
1976) and is consistent with the model of a warped accretisn shadowing the companion
star (this is discussed in Chapter 5). As previously meetian Chapter 3, in the case of Her
X-1, the 35-day cycle is believed to result from the occidtabf the neutron star by a warped

disc precessing around the central neutron star.

The 35-day periodicity is characterised by a main high staled the main-on, lasting about
10 days and a short high state, called the short-on, lasbiogté days. These high states are
separated by a 10 day low state, called the off state (Giaet@h., 1973; Mihara et al., 1991,
Scott & Leahy, 1999) (see Figure 4.1 and 4.6). A further 10ldeystate follows the short high
state to complete the 35-day cycle. The transition from fhetate to the main-on state lasts a
few hours while the short-on state is entered into gradyakly Figure 4.6). Weak pulsations

from the neutron star can be detected, which has been iatethas scattered radiation from
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the accretion disc corona (Pravdo et al., 1979; Mihara et1891 and Coburn et al., 2000).
The transition from the off state to the main-on state, date turn-on, occurs at orbital phases
Oor, = 0.2 and oy, = 0.7 (Schandl 1996; Scott & Leahy, 1999). Schand| proposed Heat t
turn-on at these orbital phases results from the accretieara overflowing the disc. Klochkov
et al. (2006) suggested that at these orbital phases the betyleen the disc plane and the line

of sight of the observer changes rapidly.

The intensity variation in the 35-day cycle of Her X-1 is #ited to the periodic obscuration
of the central source by a warped accretion disc. Followlregnhodel proposed for Her X-1
(Scott, Leahy & Wilson, 2000), the turn-on to the main-on ahdrt-on states starts when the
outer disc rim opens the line of sight to the central neuttan while the drop in flux at the end
of these states starts when the inner parts of the disc steoiver the line of sight to the central
neutron star (Figure 4.1). A schematic picture of a warpetgssing disc is shown in Figure
3.3. Figure 4.1 shows the inner and outer disc edges as sendiyserver on the neutron star.
The elevation of the observer-ss° (indicated by the dashed horizontal line). According to the
Scott, Leahy & Wilson (2000) model an increase in the elevatif the observers line of sight,
with respect to the outer disc plane, results in a decreatteeiamount of obscuration of the

neutron star.

The probable mechanisms responsible for disc warp andgsecehave already been discussed
in Chapter 3. The X-ray spectra of Her X-1 at different phaxfd¢be 35-day cycle can be fitted
using a constant-emission model and adding one or moreisocomponents which vary in
column density over the 35-day period reaching a maximunnevdlring the low states (Leahy,
2001; still et al., 2001b). This supports the scenario that35-day period is due to accretion

disc precession, periodically obscuring the accretingmaxchstar.
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Figure 4.1:The rim of an accretion disc as seen by an observer on theomestar. The outer
and inner disc edges are indicated by filled and open diama@sectively. Main, low and
short represent the main-on, off and short-on states régglyc. The bottom panel shows the
variation of X-ray intensity of Her X-1 over the 35-day pres®n cycle Adopted from Scott,

Leahy & Wilson, 2000

After the launch of the Rossi X-ray Timing Explorer (RXTE)g\ine et al., 1996), Her X-1
has been monitored continuously by the All Sky Monitor (ASd)board RXTE in the energy

range 1.5 - 12 keV. This has allowed the study of the systesiatithe 35-day precession pe-
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riod and the orbital lightcurves of Her X-1 (e.g. Scott & Lgath999; Clarkson et al., 2003a;
Still & Boyd, 2004; Kuster et al., 2005). Using the RXTE ASMu rates from Her X-1,
Still & Boyd (2004) (Hereafter SB04) recalculated the ps=ten ephemeris using cycles for a
period of over 3.5 years. They also used the Compton Gamm®Rsgrvatory (CGRO) Burst
And Transient Source Experiment (BATSE) (20 - 50 keV) one @agrage count rates data for
the period between 1991 and 1999. SB04 showed using both RRSNE and CGRO BATSE
data that each ALS is accompanied by a change in precesgiod p@d the subsequent period
change is correlated to the accretion flux. This change iptbeession period after each ALS
was initially interpreted by Clarkson et al. (2003a) as agghshift. Although it was initially
suggested (e.gOgelman, 1987; Scott & Leahy, 1999) that the duration of thel8y cycle of
Her X-1 is not strictly periodic but shows a variation of 20,2 or 21 times the binary orbital
period, SB0O4 for the first time, showed that the precessiolog®f Her X-1 is regular rather

than random as previously suggested.

Since the discovery of the 35-day cycle of Her X-1, there a@asions where it failed to reach
its high state, i.e. it missed a number of consecutive 35egiales, a state called the Anomalous
Low State (ALS). The first ALS was detected in June 1983 (Paghal., 1985) and lasted up
to March 1984. Subsequent ALS were observed in August 198@dk et al., 1994; Mihara
& Soong, 1994); in the late months of 1997 (SB04), in April 29@evine, 1999; Parmar et
al., 1999; Coburn et al., 2000; Oosterbroek et al., 2000)tevthe most recent occurred in the
late months of 2003 (Boyd & Still, 2004; Boyd, Still & Corb@004). Each of these ALS lasts
several 35-day cycles (Still et al., 2001a). The possiblseafthe ALS seems to be a change in
the state of the accretion disc or an increase in the veditaht of the warp (Schandl & Meyer
1994; Schandl, 1996). Recent studies (Parmar et al., 19891@ et al., 2000; Oosterbroek et
al., 2001) show that the ALS is accompanied by rapid spinrdofithe pulse period in which
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the spin-down rate is faster than the spin-up rate duringhabX-ray output. It is also known
that X-ray pulsation is visible during the ALS. If the ALS igesult of a change in the extent or
shape of the disc, then it is most probable that there is agehi@rthe mass transfer rate too, i.e.
this is an intrinsic change in the source property, not jugteof sight effect. SB04 showed
that after each ALS, Her X-1 turns on with a different prea@sgeriod and main-on state
count rate, with the precession period being proportiomghé¢ main-on state count rate. These
authors found that an increase (decrease) in the precgssiad corresponds to an increase
(decrease) in the main-on count rate. SB04 predicted thaXHewould return from the 2003

- 2004 ALS with a new precession period and epoch averagddmam-on flux, which they
could not test immediately because there was not enoughogiataat time. Now that enough
data has accumulated, the purpose of this chapter is torpetii@se tests. The results presented
in this chapter are based on observations done with the AShbard RXTE. Before presenting
the results in Section 4.3, a brief overview of RXTE and tha/AS presented in the following

section.

4.2 Observations

The Rossi X-ray Timing Explorer (RXTE) is a space telesctya¢ tvas launched on December
30th 1995 from the NASA's Kennedy space centre using a Dettacket into a low-earth orbit
at an altitude of 580 km. It has an orbital period of 90 minwed inclination of23°. RXTE
has an observing period of about 60 - 80 percent of its orpealod because of a gap of 15
- 30 minutes resulting from Earth occultation and the Soulhmtic Anomaly (SAA) passage

(NASA website: http://rxte.gsfc.nasa.gov/docs/xtefappx _f.html).

RXTE has three instruments on board (Figure 4.2): two pdimstruments, the Proportional
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Figure 4.2: Schematic picture of RXTE showing the three instruments @ard) @Adopted
from Rothschild et al., 1998

Counter Array (PCA) and the High Energy X-ray Timing Expegimh (HEXTE) which are co-
aligned to provide 2 - 250 keV observations of individuale®s (Swank et al., 1995) and the

third instrument is the All Sky Monitor (ASM).
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Figure 4.3: Schematic picture of ASM showing the relative orientatidrttee SSCs (see

Levine et al., 1996 for a detailed discussion).
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The ASM is a wide field detector that scans the sky every 90 tegu.e. every satellite orbit.

It consists of three Scanning Shadow Cameras (SSCs) (Hg8yéhat can be rotated indepen-
dently by a motor (Levine et al., 1996). It has a field of viewsdfx 90° (Levine et al., 1996),
with a spatial resolution o3’ x 15’ (Doty, 1994). Each camera is sensitive to energies in the
range~1.5 - 12 keV, which is divided into three energy bands comwesing to A= 1.5 - 3
keV,B=3-5keVand C=5-12keV.

In each SSC a Position Sensitive Proportional Counter (P&P@ounted and this views the
sky through a slit mask. The SSC is based on the principleahaX-ray source at infinity
produces a shadow image of the slit mask on the entrance winfithe PSPC. The position
and flux of the X-ray source is constructed from the analykth@displacement and intensity
distribution of the shadow patterns (Doty, 1994). The ASNadare accumulated in series of
~ 90 s exposures called dwells and during each dwell the spdtetamtains a fixed altitude
and the orientation of each SSC is fixed in relation to the $ke ASM data consists of dwells
taken for each source per day with an exposure time of abosg@nds once every 90 minutes.
In this thesis, ASM count rates from Her X-1 are used to detszmrecession period after the

2003 -2004 ALS.

4.3 Results

As mentioned above, SB04 re-defined the accretion disc gseEneephemeris for the eclipsing
X-ray pulsar Her X-1, and predicted that Her X-1 would retfrom the 2003 - 2004 ALS with
a new precession period and epoch averaged peak main-orTfiexefore, for the purpose of

comparison, the results obtained in this analysis (epoeteésadded to the results of SB04.
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Figure 4.4: Lightcurve of RXTE ASM 24 hour average count rates from Het ¥or the
period 1996 to July 2008 shown in the middle panel. In the tapepis the CGRO BATSE
one day average count rates between 1991 and 1999 (SB04)eahdttom panel is the ASM
hardness ratio calculated from the daily dwells. In thisuFég the dotted vertical lines repre-
sent the start and stop times of each ALS, while the dasherdmbal lines represent the count

rate threshold used to analyse the O - C.

A plot of the lightcurve of RXTE ASM (1.5 - 12 keV) 24 hour avgecount rates from Her
X-1 from 1996 to the beginning of July 2008 is shown in the nedzhnel of Figure (4.4). From
this figure, Her X-1 entered the fourth ALS in November 2008 &sted up to August 2004
and is currently in a high state (by the time of this analyisiduly 2008). Using the three ASM

energy bands, the hardness ratio was calculated as 35-deggag and is plotted in the third
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panel of Figure (4.4) as a function of time, i.e. Modified dalDate (MJD). To improve on

the error margins, count rates in the dwells with errpdswere filtered (rejected) as well as
hardness ratios with erroesl. As seen from Figure 4.4, there is a clear indication of aelo
relation between the hardness ratio and the ASM count ratbshe hardness ratio softening

during the low states.

To determine the precession period after the fourth ALS @B) the approach similar to that
followed by SB04 was used. The turn-on times for the maintates are not exactly periodic
and therefore for the analysis in this chapter the mid-padheach main-on staté),;q, is taken

as a reference pointi.e. the reference ephemeris adod&d | &
Trnia = MJID 50986.7 + 34.79E35, 4.1)

where I35 is an integer, i.e. the precession cycle number. Using aitramp threshold of
3 counts s! for the current epoch, each data point greater than 3 couhtsvere used to
calculate and plot the “observed minus calculated” (O - Gyewf the precession cycle. This
is presented in Figure 4.5. In this approach, the quantibgraated from the ASM times to
produce the O - C time series is the neafBst, to each daily dwell. Individual main-ons are
represented by many data points in the O - C curve and thedoericalculated from a linear
least-square fit to the O - C diagram. This gives a period of@days with a statistical error
of 0.001 day, i.e.Ps5 = 34.760 4+ 0.001 days. The derivativé®,; is obtained from a guadratic
fit to the O - C diagram and this gives a value]éjé = 6 x 10~ with a statistical error of
4% 107% i.e. (P35 = 6 £4) x 10%. The value ofPs; is consistent with zero, within the d-
error. Consequently it is no surprise that the quadraticididg a larger error. This therefore

suggests that the linear fit is the best fit for the ephemehsréfore the precession ephemeris
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Figure 4.5:A plot of O - C time series of the main-on states in the Her X-dcpssion cycle.
The linear least-square fits to the O - C diagram are repregdayt the dashed lines for each

epoch. Additional data obtained from SB04.
for the turn-on7,, for the current (fifth) epoch is given by
Ton = MJD 53190(2) + 34.76 E35, (4.2)
where a systematic uncertainty of two days is allowed.
Folding the data over the 35-day precession period and gimgré into 50 phase bins at in-

tervals of 0.02, the count rates were plotted as a functich@precession phaseé;; (Figure

4.6). This showed that the main-on turn-on occurs at appratély phases; = 0.9 although
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in Figure 4.6 the turn-on is set at; = 0. SB04 determined the brightest flux attained dur-
ing the 35-day cycle, by measuring the peak of a Gaussianfttiteofolded lightcurve between
¢35 = 0.0 and¢s; = 0.4. But the folded lightcurves shown in Figure 4.6 reveal that35-day
cycles do not show symmetric shapes betwegn= 0.0 and¢s; = 0.4. It is therefore appro-
priate to integrate the folded lightcurve over time (35-dggle), i.eFi,, = [ Fdt. This defines
the Fluence (integrated flux). In this case the lightcurv&/bengs; = 0.0 andgs; = 0.4, i.e.
the main-on, was considered for all the epochs and the vabiegéned for the integrated flux
F,; are shown in Table 4.1. For comparisdty, is plotted as a function of precession period
in Figure 4.7. As was observed by SB04 there is a positiveetation between the precession

period and fluxti,;.

4.4 Discussion

Using long baseline data from CGRO BATSE and RXTE ASM, SBO#heined the preces-
sion periods of Her X-1 for the first four epochs before the20P004 ALS and found that each
ALS was accompanied by a “simultaneous” change in preceg&nod. A new precession pe-
riod and flux have been obtained for epoch 5 (see Table 4.agreement with the predictions
of SB04. From the values d¥;5 and i, shown in Table 4.1, it is clear th&ts o F;,., which

is a confirmation of the theoretical prediction of Wijers &rigjle (1999), that were based upon
models of irradiation and feedback of accretion di8g, < 1/Lgis., but only if L, oc 1/ Lgisc
where Lgi,. and L, represent the luminosity of the disc and neutron star reésedc This is
easily attainable when the disc surface area incident tXtteg is a function of the warp, and
the warp increases with flux of the neutron star. From FiguBdt4s observed that the maxi-

mum flux during the short-on stateds 15 — 20% of the maximum main-on flux.
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Figure 4.6:The 24 hour averages folded over the 35-day cycle using theppate 35-day
ephemeris. Additional data obtained from SBO04.

The mechanism behind the change in precession period andftenthe ALS is still a matter
of debate. As mentioned above, the ALS probably results finnmcrease in the vertical extent
of the disc or increase in the disc warp. Optical observatturing the ALS indicate that the
irradiation of the companion star (Delgado, Schmidt & ThemEl83; Margon et al., 1999)
by X-ray flux from the central accreting neutron star has ieetconstant, indicating that the
X-ray emission from the neutron star is not changed dramlétiduring the ALS. Still et al.
(2001b) showed from spectral fits and lightcurve modellih@ETE PCA pointings that dur-

ing the ALS the X-ray output consists of X-ray reflectionsnfrthe companion star. This may
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Figure 4.7:The Fluence (integrated flux) betweegs = 0.0 and¢s; = 0.4 as a function of
precession period. The CGRO BATSE flux has been scaled tefRXITE flux. Additional
data obtained from SBOA4.

imply that the ALS results from the obscuration of the nenistar as a result of an increase in

the disc wrap or vertical extent.

As mentioned earlier each ALS has been characterised byapdrenhanced spin-down (see
Figure 4.8 for the spin history of Her X-1), that was intetprkin terms of increasing torque
leading to an acceleration of the rotation of the inner diBgis may imply that in a constant

neutron star magnetic field, the magnetospheric radiusnelgodl he spin-down and expansion

of the magnetospheric radius possibly results in magnegarsng outside the corotation ra-
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Table 4.1:Precession periodPs;, derivative P55, and Fluence for five epochs of Her X-1 precession

cycle.

CYCLE MJD P35 P35 Fluence( Fin:)
Epoch Start Stop Start Stop (days) (daysdhy %103 Counts
1. -75 -52 48,377 49,213 34.6370.010 {3+1)x 1077 0.018+ 0.001
2. -49 -8 49,282 50,708 34.9270.003 (34+2)x 108 0.0224+ 0.00%, 1.91+ 0.04
3. -5 +6 50,813 51,195 34.7450.021 {74 7)x 10~!° 0.0194 0.00Z, 1.624 0.09
4. +26 +54 51,892 52,866 35.1370.007 1x10~7 2.00+ 0.04
5. +64 +83 53,220 - 34.768 0.001 (6 +£4) x 107? 1.564+ 0.04

Note: Cycle number is relative to MJID 50,986.7
¢ CGRO BATSE

b RXTE ASM

dius, resulting in enhanced MHD energy being fed to the ditis may result in disc heating,
leading to an increase in disc scale height and opacity. pimedown in this case would imply
a decrease in mass accretion rate (Ghosh & Lamb, 1979a,locye&®® in mass accretion rate
would in turn imply reduced mass transfer rate from the cangastar (or reduced disc viscos-
ity). Considering that an increase in disc warp which resumltthe ALS, as shown in Chapter
6, is caused by increased radiation pressure (e.g. Prit@@&, 1997), this would have implied
increased X-ray flux, heating the accretion disc, as a reduticreased mass accretion rate.
This is in contradiction with the Ghosh and Lamb (1979) attenedisc torque theory. This
probably suggests that there could be different mechamnissponsible for the anomalous low
states in Her X-1. Radiation pressure is investigated inp@&ha and there is need for further

investigation, in future, of the accretion disc torque asther probable mechanism.

As mentioned above, increased X-ray flux from the neutronwtauld imply increased ac-
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Figure 4.8:The spin history of Her X-1. The dashed vertical lines intiidhe start and stop
times of previous ALS of Her X-1.Adopted from Oosterbroek et al., 2001

cretion rate. However, there seems to be no indication ti&nhtass accretion rate changes
substantially during the ALS since optical observationtediea constant effect of continued
strong X-ray heating of the companion star (Delgado et 8831 Mironov et al., 1986; Mar-
gon et al., 1999). This would imply that the spin-down torglueing the ALS originates from
approximately the same amount of mass transfer (Oostdeletad., 2001; Coburn et al., 2000)
as during the high states. But according to the Ghosh & Lar@Bq)Lstandard accretion torque
theory, reduction in mass accretion rate (which result®duced X-ray luminosity) results in
a reduced gas (or ram) pressure in the accretion disc. Thifvilo turn result in an increase
in the magnetospheric radius and a change in the accretiqueaausing the neutron star to
spin-down. It is also expected that a reduction in mass ticoreate would result in a reduc-

tion in the inclination of the accretion disc (Coburn et 2000), either by changing the torque
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of the accretion stream on the disc (Shakura et al., 1999y @hbnging the radiative torque
resulting from X-ray heating the accretion disc. Li & Wickmasinghe (1998) also proposed
that the variations in the spin-down rate can be caused hygasain the structure of the outer
magnetosphere of the neutron star and these changes magdrepanied by changes in the

disc structure which produces the ALS.

From the above discussions the possible mechanism reppoimi the ALS and at the same
time the change in precession period after each ALS is stiltlear and needs to be investigated
further. However it is probable that the ALS and change irpileeession period after each ALS
could be interpreted as a change in the disc shape or vestitait. In Chapter 6 more insight
into the nature of the ALS and possibly the explanation feradhange in the precession period
will be given from the study of the spectral evolution of theRAusing RXTE and XMM-
Newton observations. In the next chapter the focus will béheroptical and X-ray lightcurves

of Her X-1.



Chapter 5

Orbital Lightcurve of Hercules X-1

5.1 Introduction

The X-ray binary pulsar Her X-1 shows a periodic intensitgia@on on a period of- 1.7 days,
i.e. the binary period of the pulsar and the companion stahis chapter, the optical and X-ray
orbital lightcurves of Her X-1 are discussed. The optical Xaray lightcurves of Her X-1 are
constructed for different phases of the 35-day precessiole cThis is used to investigate the

following:

(i) The shape of the accretion disc, from variations in tiyatcurve profile over the 35-day

precession cycle.

(i) The source of the X-ray emission during the anomalousdtate, by comparing the X-ray

and optical lightcurves taken during the anomalous lovestat

(iif) The change in the shape of the accretion disc, from #te rof the normal high state flux

to the anomalous low state flux.
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5.2 Instrumentsand Observations

The data presented in this chapter were collected using ygoRional Counter Array on
board RXTE and the superWASP-North observatory. In theofahg two sections a brief
overview of the instruments used during the observatiotisbeipresented. The discussions
on the proportional counter array are based on the RXTE teahayppendix available ditip :
//rxte.gsfe.nasa.gov/docs/xte /appendiz_ f.html, while that on superWASP follows from

http : | Jwww.superwasp.org, unless otherwise stated.

5.2.1 TheProportional Counter Array on board RXTE

The Proportional Counter Array (PCA) consists of five idealtiXenon multi-anode Propor-
tional Counter Units (PCUs), each with a field of viewl6fFWHM. Each PCU consists of a
Propane Volume (PV) and a main Xenon chamber. While the Xehamber is used as the
main detection volume for the source photons, the propahenmis used as a veto shield to
reduce background. The Xenon chamber has four layers, ouhich the upper three layers
(L1, L2, L3/R1, R2, R3) (see Figure 5.1) are used for X-raytphaletection. The fourth Xenon
layer (veto layer) is marked VX, in Figure 5.1. The top layinst layer) is the most sensitive
and produces the best signal to noise ratio. For faint ssusith soft spectra, the detection
probability is highest in the top layer and the contributitom the remaining layers is not sig-

nificant compared to the overall detected count rate.

The PCA has a nominal energy range from 2 keV to 60 keV, tenhpesalution ofl s and to-
tal effective area of 6000 cmThe PCUs have shown unexpected breakdowns probably caused
by sparks within the xenon layers. This has resulted in so@ésbeing switched off, i.e.

allowing them to rest, during science observations.
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Figure 5.1:Schematic picture of the cross section of the PCA showingthpane volume,
the Xenon chamber with four layers and the collimatoAddpted from Kuster, 2004 and

references therein).

Another challenge for X-ray satellites, which renders istifie observations with proportional
counters useless, are the radiation and particle beltsdcagthn Allen belts (van Allen Mcll-
wine & Ludwing, 1959). RXTE is in a low orbit, far below the l@st Van Allen belt found at a
height of 1000 km and therefore cannot affect the operatiétXd E PCA. However, in regions
where the configuration of the Earth’s magnetic field is sligtiifferent, e.g. off the East coast
of Brazil (Kreykenbohm, 2004 and references therein), eigérgy particles captured inside the
Van Allen belt can enter this region resulting in a very irsemparticle background called the
South Atlantic Anomaly (SAA). The SAA is responsible for ydrigh count rates in detectors
like the PCU that can cause damage. During science obsmrgatll the PCUs are therefore

switched off during SAA passage to prevent them from beingatged.
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For both the PCA and ASM, the Experiment Data System (EDS3ésl fior the on board pro-

cessing of raw data. For the PCA, the EDS provides six dataesoperated by six independent
analysers, while two additional analysers are used for lianthe ASM data. For the case of
the PCA the final observational data is provided in six basid@s containing data from the

same PCU processed by the EDS in the different modes.

Her X-1 was observed by RXTE from February 10, 2004 to Felyridr 2004 and from Febru-
ary 22, 2004 to February 23, 2004. In this thesis data fronPtbA is analysed. Tables 5.1 and
5.2 summarise the RXTE pointings during these periods aémfasion.

5.2.2 SuperWASP

The Wide Angle Search for Planets (WASP), also called sup&®/is a United Kingdom
(UK) collaborative project aimed at searching for extréasplanets. It also aims at discover-
ing transient and moving optical objects and potentiallygéaous near-Earth objects. The su-
perWASP consists of two observatories which are roboticgllerated: the superWASP-North
located at the observatorio del Roque de los Muchachos onaliralma, Canary Islands and
the superWASP-South located at the site of the South Afrigstnonomical Observatory, just
outside the town of Sutherland. The two observatoriessuperWASP-North and superWASP-
South, are identical, each consisting of 8 wide-angle CGDeras that simultaneously scan the

night sky (see Figure 5.2).

SuperWASP-North was operated between 2004 and 2007 witkreaneach having a 200 mm
/1.8 canon lens with Andor CCD array (Cameron et al., 20869, a field of view of.8° x 7.8°
(Norton et al., 2007) with an angular scale of 13.7 arc se@p#e. This results in a total field

of view of ~ 500 square degrees per observation (Wilson et al., 2006). Téersyhas the
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Table 5.1:Summary of the RXTE pointings during the observation peFetiruary 10 to 11, 2004.

Pointing Start Time (UT) Stop Time (UT) Mid orbital phase P€bh
1 2004-02-10T06:47:10 2004-02-10T07:22:08 0.213 4
2 2004-02-10T10:00:32 2004-02-10T10:31:08 0.291 4
3 2004-02-10T12:42:46 2004-02-10T13:40:08 0.357 4
4 2004-02-10T14:16:46 2004-02-10T15:15:08 0.402 4
5 2004-02-10T17:26:24 2004-02-10T18:24:08 0.479 4
6 2004-02-10T22:12:26  2004-02-10T23:07:08 0.596 2
7 2004-02-11T01:29:36  2004-02 11T03:51:08 0.694 2
8 2004-02-11T04:45:44 2004-02-11T05:26:08 0.753 3
9 2004-02-11T08:01:40 2004-02-11T08:34:08 0.832 4
10 2004-02-11T10:46:24 2004-02-11T11:44:08 0.904 2
11 2004-02-11T13:55:28 2004-02-11T14:53:08 0.981 3
12 2004-02-11T17:04:24 2004-02-11T18:02:08 0.059 3
13 2004-02-11T20:13:24 2004-02-11T21:11:08 0.130 4
14 2004-02-11T23:27:52 2004-02-12T00:10:08 0.210 2

capability to deliver photometry with accuracy better théhfor object with V~ 7.0 — 11.5,

and is capable of monitoring the sky down-o15th magnitude every 40 minutes. Her X-1
has magnitude of 13.8 (Norton et al., 2007b) and therefore can be observed by ¥A®EP.
Each CCD consists @048 x 2048 pixels each ofl3.5 um in size (Pollacco et al., 2006). These
devices are back illuminated and have a peak quantum efficieh> 90%. With exposure
times of only 30 seconds the device is cooled to a temperature50°C at which the dark
current is~ 70 e/pix/h. The telescope follows the automated observinggmewvith a raster

pattern sweeping from 3.5 hours east to 3.5 hours west of gralian, and returns to a given
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Table 5.2:Summary of the RXTE pointings during the observation peFetiruary 22 to 23, 2004.

Pointing Start Time (UT) Stop Time (UT) Mid orbital phase P€bh
1 2004-02-22T06:44:32 2004-02-22T07:41:08 0.275 4
2 2004-02-22T09:53:24 2004-02-22T10:41:08 0.352 3
3 2004-02-22T13:02:24 2004-02-22T13:44:08 0.427 4
4 2004-02-22T16:13:52 2004-02-22T16:58:08 0.506 3
5 2004-02-22T19:20:38 2004-02-22T20:14:08 0.583 4
6 2004-02-22T22:29:20 2004-02-22T23:27:08 0.661 3
7 2004-02-23T01:45:20 2004-02-23T05:45:08 0.778 3
8 2004-02-23T07:56:52 2004-02-23T08:54:08 0.893 3
9 2004-02-23T11:05:20 2004-02-23T12:03:08 0.970 2
10 2004-02-23T14:15:00 2004-02-23T14:58:08 0.045 3
11 2004-02-23T17:23:48 2004-02-23T18:12:06 0.123 3
12 2004-02-23T22:07:28 2004-02-23T23:05:06 0.240 2

field every six minutes on average (Cameron et al., 2006)inDuhe first year of operation,
the superWASP-N observations were unfiltered and the trasgm was effectively defined by
the optics, detectors and atmosphere (Pollacco et al.,)2@gresent broad band filters are
used with a pass band from 400 - 700 nm. The system has theiligpabsurvey the entire

visible sky every 40 minutes (Pollacco et al., 2006), altifothe coverage is not uniform with

some region of the sky better sampled than others (Cameian 2006).

A data pipeline has been developed for superWASP to redueesdes with a high level of au-

tomation. For a detailed discussion about the hardware ipediqe data reduction see Pollacco
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et al. (2006). The superWASP pipeline data reduction use&8NO-B1.0 catalog (Monet et
al., 2003) as the photometric input catalog. Aperture pinetioy is then carried at the positions
of all stars in the catalog brighter than a given limiting mitigde. In this approach, aperture
photometry is performed within circular regions, centredtioe source, of radius 2.5, 3.5 and
4.5 pixels. The aperture photometry routine then calcsltte flux within this circular region
on the predicted positions of the object in the catalog (Ketred., 2004). The sky background
is then calculated from an annulus around the source witriradius of 13 pixels and outer
radius of 17 pixels (Pollacco e al., 2006). A post-pipeliaélration is then performed. This
process calibrates and removes four main trends in the pteaty, i.e. effects of primary and
secondary extinction, instrument colour response andytsters zero-point. The reduced data
are then stored in the the superWASP archive. The superWAS®/a consists of three ma-
jor classes of data (Pollacco et al., 2006): the bulk prazeghotometry (which were used in
this thesis), the raw images and a WASP catalog which preweey basic information (e.g.

co-ordinates of the object) about each object observed jpgr8VASP.

5.3 Data Reduction and Results

53.1 TheRXTE PCA data

The RXTE PCA data reduction was performed using the staralgatithms withinFTOOLS.
This is briefly discussed in this section. The PCA data condigon used to extract the source
lightcurves presented here is the GoodXenon which recdtdgoad events detected in the
xenon chamber with timing accuracy ofils. Photons detected in all the xenon layers were
used. Before extracting the lightcurves, the raw data wasdill for background contamination

and data quality. This was done by defining the Good Time vatdGTI), which gives infor-
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Figure 5.2: A picture of the superWASP observatory showing the eighteras Adopted

from http://www.superwasp.org).

mation about the status of the satellite and its instrumautisig the observation, i.e. the GTI

is used to indicate periods of good data.

The GTI selection criteria is based on the detector backgtdlux, source elevation and the
times of SAA passage. All this information is found in thediflfiles which are supplied to-

gether with the data. The detector background contamiméithe housekeeping value called
the electron ratio. The electron ratio gives an indicatibthe amount of internal detector back-
ground flux caused by charged particles. Another source cfdraund is the SAA passage

which increases the background. The Earth’s atmosphemtabX-rays and this has to be
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taken into account within the GTI. The GTI was therefore ¢tartded to filter the GoodXenon
data for each visit as follows: electron ratio 0.1, Earth’s limb< 10° and off axis pointing
< 0.02°. The number of PCUs which were active during the observatoied from 2 to 4 (see

Tables 5.1 and 5.2) and this was also indicated in the GTI file.

The background lightcurves were extracted from the PCAdstat? data mode using the same
GTI as for the source lightcurves. For each visit the baakgdomodels were subtracted and
the data scaled by the number of active PCU’s. The backgrsubtiacted lightcurves from all
the visits were then summed-up using a bin size of 250 s. Thétheg lightcurves are shown

in Figure 5.3. This data was collected during the anomalowsstate of Her X-1.

5.3.2 SuperWASP Data

Her X-1 was observed by superWASP-North several times gt miuring its operation from
May 2004 to September 2004 and from April 2006 to August 200fese periods covered
both the most recent (2003 - 2004) anomalous low state ancltinent normal high state (fifth
epoch) of Her X-1. The processed photometry data for Her ¥ofnfsuperWASP-North was

used to construct the optical lightcurves of Her X-1.

To construct the orbital lightcurves of Her X-1 during theoaralous low state and the nor-
mal high state, the data were first folded over the respeptieeession periods, i.e. using the

precession ephemeris for the turn-on for the fourth epoB04$
Ton = MJID 51821 + 35.10E35 (5.1)

to fold the data during the anomalous low state, while forhigh state (fifth epoch) the pre-

cession ephemeris obtained in Chapter 4 (Equation 4.2) sexk 0’ he orbital cycles were then
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Figure 5.3: The Anomalous Low State X-ray lightcurve of Hercules X-1.€eTgrecession

(mid-precession) phases are indicated in each panel.

folded after selecting the data based on the precessioaaégiins. The orbital ephemeris used

to fold the date is given by (Still et al., 2001a) (considgramly the linear terms)

Tid—eat = MJID 51004.729581 4 1.700167504 £ 7, (5.2)
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whereT.iq_.a represents the times of mid-eclipse ahigd; is the orbital cycle number. The
data for each precessional phase bin were then averagesOritims and plotted as a function
of orbital phase. Figures 5.4 and 5.5 show the resultingdigives during the anomalous low

state and the normal high state respectively.

The data as presented in Figures 5.4 and 5.5 do not cleanly thioprecessionally dependent

variations in the orbital lightcurves. To show any variagpthe following approach was used:

(i) The mean orbital lightcurves (Figure 5.6) for both therralous low state (SWASP ALS)
and the normal high state (SWASP NHS) were constructed loyniglthe data for each

state over the orbital cycle using the orbital ephemerismgin Equation 5.2.

(i) The data for the individual precessional phase bingyFe 5.4 and 5.5) were then sub-

tracted from the respective mean orbital lightcurves (Fegu6).

(i) The differences were then plotted as a function of tabphase. This is shown in Figure

5.7 for both the anomalous low state (left) and the normai Bigte (NHS) (right).

Gerend and Boynton (1976) (hereafter GB76) accumulatechsiderable amount of optical
photometric data on Her X-1. These data were scanned andehe orbital lightcurve con-
structed as described above. The resulting lightcurveasvshin Figure 5.8. This is plotted
together with the superWASP anomalous low state mean blilgitécurve (top panel) for com-
parison. In this case it is assumed that all the GB76 dataredwbe normal high state of Her
X-1. The data for the individual precessional phase bineween subtracted from the mean
orbital lightcurves, as described above, and the diffexsipdotted as a function of orbital phase.
This was plotted along side the superWASP anomalous low gttt for comparison (Figure
5.9).
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Figure 5.4:The Anomalous Low State optical lightcurves of Her X-1. Theners in each
panel indicate the precession (mid-precession) phasestatistical errors on the data are very
small that they may not be seen from the plots. The orbitdkeagmlotted one and half times

to show the primary eclipse.

5.3.3 Comparison of the ALS Optical and X-ray Lightcurves

The X-ray lightcurves (RXTE PCA data) were also folded over orbital cycle following the

same procedure described for the superWASP data above. -Fag ahd optical lightcurves,
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Figure 5.5: The normal high state optical lightcurves of Her X-1. Thecgssion (mid-
precession) phases are indicated in each panel. Theistdtestors on the data are very small
that they may not be seen from the plots. The orbital cycldadqa one and half times to

show the primary eclipse.

both during the ALS and covering the same precession phases,then plotted as shown in

Figure 5.10 and 5.11 for comparison. Since both data coeeAttS, this comparison can be
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Figure 5.6:The mean orbital lightcurves of Her X-1 during the Anomaltag state (upper

panel) and normal high state (lower panel). The statisecadrs on the data are very small

that they may not be seen from the plots. The orbital cycléotiqn twice for clarity.

used to trace the X-ray source during the ALS.



Obital Lightcurve of Hercules X-1

94

F T T T T F 17 T T T T Fr T T T T T T T T LELELE LILELE LI B
1 F '.e.l_.,' 4 F ! e B 1'— I.-v.L'=I =

i - 1 ] R 2V -

i M Pl T P 4 O b ff.-r -4:
2 = - 4 ak e E
oL ST T B S T T L P D T -
aammmme e I ERE R F T T 3 F T T
1E 0.05 4 F 3 0.05 - 1 E 0.55 qF . 0,56 .
E sk A . i . . 3 E. o 5 " ERA - "
0F. ST, B S e ] 0 e T ] B T
R Yo 3 a “ 31 4 E o N3 o
TN BRI B SR B I SNPE EPEPE ETPETIPE: B PP BRI B
s BT o T 4 ;DH:I'; B T on T A e A
uf 3 E E E3 E

F . = P e E a 1 Fe w P -
' P o B e, L] 0 el ey ) - e
R S N I A B S Se qE T =
TELioe 3RS0 d TR e AR S S

T T T T3 T Ty pr T T T
1F 1 =4 F .16 = 1 F > DES 29 B A 0,65 e
0F v 4 E v « 5 el B e T L ITE N R I N

= ER A - LU £t ERRE N Ay 3
-1 BEwS s 4 BT = 4 4k - E . E

I I PV B SR BT I E 1 E 3

T e P e -
1 F oo ! 4 F ' 20 | = 1
o e A F ane :"E
OF &« e P, e ]
TE |.JJ:..| weaed Ea [ | 4 1

ll"l'l"l'l" 1_I!IIII!IIIIIII_: :_!IIII!II!IIII!_:
et 25 P F 0.75 1E oS E
- . 1 ) I i S w53
Ty ] DR S et S
i - 9 F =
E | L g E T T
T T T

1 0.80 iF 0.60

- - E

.,.-""ﬁ"'"h\'v_" Ly ? SRRl TR I -0 usta U
N I TE e e 3B b
= T T = T3
s E 035 E 1TF 085 S F 065 E
w E . - E E~ ’ .1 F w3
'y ?‘-«,".—,.s‘"‘.ﬁ,.‘- OF Ny NFE e Swe T
W =_ 3 i3 4F ¥ ME W L=
E L. . .3 N A - B - P -
LI | .l::qbl T |_: 1 :;' I Ll.ﬂlf_ll rr i '_: :_ I E:_HIU.I L
] E 1E. »+ P
- cad OF FOTRs JF L =
1 aF ¥ HE W \
I ,: EREEEEE S

E_ -|||||-||||-|||_E 1 _ 0,95 _;

N . P . e I el o IV -"*’"‘L"‘ufi

- L= 1 3 =

-1 ] ....I....I...._I NP PR I M PR
D

Figure 5.7: The difference plots K,ye
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— F35, where I, is the flux of the mean orbital

lightcurve andFs;s is the flux of the individual precessional phase bins) fohlibe anomalous

low state (blue colour) and normal high state (red coloube Precession phase is indicated

in each panel.
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Figure 5.8:The mean orbital lightcurves of Her X-1 during the Anomaltng state (Super-

WASP) (upper panel) and normal high state (GB76) (lower Parikhe statistical errors on

the data are very small that they may not be seen from the. pldis orbital cycle is plotted

twice for clarity.

5.3.4 Comparison of the ALS and Normal High State Lightcurves

To show any evidence for systematic changes in the disc rotwgy over the 35-day cycle,

the ratio of the flux between the the respective normal higitestnd anomalous low state
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Figure 5.9:The difference plotsK.,. — F35) for both the anomalous low state (superWASP)
(blue colour) and normal high state (GB76) (red colour). phexession phase is indicated in

each panel.
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Figure 5.10: The Anomalous low state X-ray (top panel) and optical (buttpanel)

lightcurves of Her X-1 covering precession phasg = 0.25. The orbital cycle is plotted

twice for clarity.

precessional phase bins were calculated,fixgis/ FarLs Where Fxus and Fiarg represent the
normal high state flux and anomalous low state flux respdygtividhese were plotted against

the orbital phase as shown in Figure 5.12 .
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5.4 Discussion

Her X-1 was observed between 2004 and 2007, covering botAlt&eand the normal high
state, with superWASP-North in the optical wavelength an2iG04 during its ALS with RXTE
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Figure 5.12:The ratio of the normal high state flux to the ALS flux of Her XTlhe preces-

sion phases are indicated in each panel.

in the X-ray wavelength. The optical flux of Her X-1 is domiedty emission from the com-
panion star resulting from reprocessed X-rays from thaliated face of the companion star,
i.e. the X-ray flux from the compact neutron star is reprogegs®e the optical wavelengths
(Boynton et al., 1973; Howarth & Wilson, 1983; Still et alQ@Lb). Some contribution to the
optical flux originate from blackbody emission from the X+faeated accretion disc (Cheng,

Vrtilek & Raymond, 1995).
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Figure 5.13:Schematic picture of Her X-1 showing the different viewimges of the system
(Adopted from Grandi et al., 1974

The main source of orbital variability clearly seen in Figsi6.6 and 5.8 results from the chang-
ing aspect of the X-ray irradiated face of the companion gkarseen from these Figures, the
flux is expected to be maximuma@y,;, = 0.50 when the X-ray irradiated face of the companion
star is most visible and minimum at,;,, = 0.00 when the back of the companion star is visible
(see Figure 5.13), resulting in a primary eclipse betwggn~ 0.90 and¢.,, ~ 0.10. The dips
(secondary eclipse) observedqst;, ~ 0.50 are caused by the eclipse of the inner face of the
companion star by the accretion disc, i.e. the accretion @hsts its shadow on the inner face

of the companion star, resulting in reduction of flux at thisital phase.

Figures 5.7 and 5.9 clearly show the precessionally depg¢rdeations in the orbital lightcurves
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of Her X-1. This results from the variation in the projectéddow of the accretion disc on the
irradiated face of the companion star as it precesses atbenteutron star. This can be inter-
preted as a change in the shape of the accretion disc pregessund the central neutron star.
This is consistent with the observation by GB76 that the ggsion cycle of Her X-1 is also

observed in the optical wavelengths.

The lightcurves plotted in Figures 5.10 and 5.11 show shitigs between the X-ray and op-
tical lightcurves of Her X-1. This may suggest that both thea} and optical flux during the
ALS originate from the same source, i.e. both dominated bigsion from the inner face of the
companion star. The changes in the shape of secondaryeeblghaeen the precession phases
0.25 and 0.90 (Figures 5.10 and 5.11) are substantial amchiedsignificant effects. It is also
observed that the secondary eclipse at precession phas@-@@re 5.10) is deeper in the X-ray
than in the optical. This could probably imply that theredsliéonal contribution to the X-ray
flux from the comptonised accretion disc corona at this m&ioa phaseds; = 0.25). The
same effect is not seen in the optical probably because thayXorona and the optical disc
have different localities, one is a hot skin above the inngc dhile the other is more broadly
distributed across the photosphere of the outer disc. Tdrerg is no surprise that their detailed

behaviour across the 35-day precession cycle is different.

Figure 5.12 shows the ratio of the normal high state flux tcatl@malous low state flux. From
this figure it is observed that this ratio S 0.1, probably implying that there is insignificant
change in the 35-day morphology of the lightcurves betwbeALS and the normal high state
of Her X-1. This can also be observed from the mean orbitaktigrves shown in Figures 5.6
and 5.8. This may further imply that there is a very slightrayin the disc morphology, i.e. a

very slight change in the disc warp or vertical extent, when K-1 changes state from normal
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high state to anomalous low state. This may be expected #ueckeigh orbital inclination of
Her X-1 may imply that a very small increase in the disc warpy tma sufficient to obstruct the
X-ray flux from the neutron star from the observer. Assumhmydominant engine behind the
disc warp in Her X-1 is radiation pressure, it can be argued ahslight increase in radiation
pressure results in the ALS. A slight increase in the ragimagiressure would in turn imply a
slight increase in X-ray flux from the central accreting mentstar that can produce sufficient

radiation pressure to warp the disc, and hence causing tise AL

This chapter focused on the orbital lightcurves of Her X-Iboth optical and X-ray wave-
lengths. The next chapter will focus on the X-ray spectruidef X-1 taken during the anoma-
lous low state. The main aim will be to investigate if increas radiation pressure is the

probable cause of the ALS.



Chapter 6

The Anomalous L ow State Spectrum of

Hercules X-1

6.1 Introduction

In this chapter the spectra of Her X-1 taken during the mastne (2003 - 2004) anomalous
low state are analysed. The probable cause of the anomalwustdte in Her X-1 is believed
to result from an increase in the extent of the disc warp ornanease in the disc vertical
scale height, although the mechanism responsible is stilither of debate. However, radiation
pressure (Pringle, 1996, 1997; Malony & Begelman, 1997 aijdrgV& Pringle, 1998, 1999)
has been proposed as the most likely cause of the disc warerirXH. The main focus of
this chapter is to investigate whether the increase in tbewarp in Her X-1 is a result of an
increase in radiation pressure. This chapter also aimgaleshing the dominant sources of
X-ray flux during the anomalous low state. The data presenéed were observed with the
RXTE and the XMM-Newton observatories. The RXTE has alrelaelgn briefly discussed in
the previous chapters and in the following section, onlyieflmverview of XMM-Newton will

be presented.
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Figure 6.1:Schematic picture of an open view of the XMM-Newton obsesmat (Adopted

from http://sci.esa.int/science-e/www/object/).
6.2 TheXMM-Newton Observatory

The X-ray Multi-mirror (XMM)-Newton observatory (Figure.B), a project of the European

Space Agency, was launched in December 1999 into an orltitanperiod of~ 2 days (Jansen
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Figure 6.2:Picture of One of the three XMM-Newton mirror modules, seemf the back.

(Adopted fromhttp://sci.esa.int/science-e/www/object/).

etal., 2001). On board XMM-Newton are two Reflection Grat@mpctrometer (RGS) cameras,
three imaging cameras called European Photon Imaging GantieP1C) and an Optical Moni-
tor (OM) instrument. The EPIC has three broad-band imagatgalors with moderate spectral
resolution. Two of the EPIC cameras use Metal Oxide Sem@aotor (MOS) Charge Coupled
Device (CCD), i.e. EPIC-MOS detectors (Turner et al., 20@hy one contains p-n CCDs i.e.
the EPIC-PN detector (Struder et al., 2001). XMM-Newtos ltaree X-ray telescopes with
angular resolution of 4 - 6 arc sec (FWHM) and each telescopsists of 58 mirrors (Figure

6.2) of focal length 7.5 m and effective geometric area of0l&@F (Turner et al., 2001).

The EPIC instruments provide focal plane imaging and spewttry for the X-ray telescopes,
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one EPIC at the focus of each telescope. The two RGS instiisnjeéa Herder et al., 2001)
are fitted to two of the telescopes. During Science obsemstiall the three XMM-Newton
instruments (RGS, EPIC and OM) are operated simultaneouisithe following section the
EPIC-PN and EPIC-MOS instruments are briefly discusseagact of the data analysed here
were obtained from observations done using these instiamiglost of the discussion on EPIC-
PN is based on the paper by Struder et al. (2001), while tha&RIC-MOS on the paper by
Turner et al. (2001). For detailed discussions about thesteuiments the reader is referred to

these papers.

6.21 TheEPIC-PN

The EPIC-PN camera comprises of an array of 2 chips each having4 x 200 pixels (Fig-
ure 6.3). The X-ray telescope in front of the EPIC-PN has agukam resolution of 6 arc sec
(FWHM) at 1.5 keV and 8 keV (Struder et al., 2001; Barcon€)301It has a pixel size of 4

arc sec with a position resolution of 12@n resulting in an equivalent resolution of 3.3 arc sec.
This covers a field of view of about 30 arc min in diameter (Ba; 2003) (see Figure 6.3).
The camera has a high energy responsé€({’% at 10 keV) as a result of the sensitive thickness

of 300 um.

The EPIC-PN has a filter wheel with six filter positions, fofimdich carry filters of different

thickness. Since the EPIC CCDs are also sensitive to IRaveud UV light, these filters are
used to block any optical light. This is of importance pariely when the astronomical target
has high optical to X-ray flux ratio resulting in the X-ray s& being contaminated by the opti-
cal flux. Of the remaining two positions, one is left open amelather closed by an aluminium
plate of thickness 1 mm. This aluminium plate blocks thesorg radiation imaged through the

mirror system. The operating temperature of the CCB 99°C, although the thermal design
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Figure 6.3:Schematic picture of the field of view of the two types of EPHPneras. Left is
the EPIC-MOS, while right is the EPIC-PN. The shaded cinctdgion depicts a 30 arc min

diameter covering the field of viewAfopted fromhttp://www.mssl.ucl.ac.uk/).

can enable the CCD temperature to go as low&4$0°C while dissipating 0.9 W of the power

in the focal plane.

For CCDs to be useful for simultaneous X-ray imaging and specopic applications, the
operations should be such that an X-ray photon must hit ttexctie without an overlap in time
and position of another photon. For an X-ray camera readoadlopt to the source brightness,
the CCD integration time should be shortened. This is donetycing the area of the CCD to
be readout. For the EPIC-PN camera, there are six readowtsi{ede Struder et al., 2001 for

detailed discussion).
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6.22 EPIC-MOS

The EPIC-MOS camera has seven CCDs in the focal plane, edblo®ii x 600 pixels. The
CCDs are arranged as shown in Figure 6.3. The arrangememé @€Ds is such that one is
central, at the focal point of the optical axis of the telgmgaand the remaining six are stepped
towards the mirror by 4.5 mm to nearly follow the focal planevature. This improves the
focus for off axis sources. The imaging area of each CCPB 55 x 2.5 cm, covering a focal
plane of 62 mm in diameter( 28.4 arc min) for a mosaic of seven. The EPIC-MOS has the

same filter arrangement as the EPIC-PN.

The MOS-CCDs have a basic readout speed of 2.6 s on all the €9Bs in each camera.
This readout speed can be changed if the source observeryibnght or if there is need for
fast timing observations. However, currently two readountdew modes are implemented, i.e.
the large window mode (30& 300 pixels), with an integration time of 0.9 s and the small
window mode (100x 100 pixels) with integration time of 0.3 s. The MOS-CCDs iradbe
entire field of view and give an energy and position of all theaX photons detected. The flux

and spectrum of the X-ray source are then extracted frormtages.

In general, the EPIC instruments have the capability to oreathe energy of individual pho-
tons and is sensitive in the energy range 0.2 keV to 15 ke Tha detect X-ray sources as
faint as~ 107'° erg cnT? s7! in the 0.5 keV - 2 keV band in a few tens of kilo seconds. To
cover the full field of view, the EPIC cameras are arrangedh shat the EPIC-PN is at 450
the two EPIC-MOS. With this arrangement the grating divaet of the flux out of the EPIC
beam, with about4% (allowing for structural obscuration) of the original flusaching the two

MOS cameras. The EPIC-PN has an unobstructed beam.
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Table 6.1:Summary of the XMM-Newton observations of Her X-1 during 23 - 2004 Anomalous

low state.

Observation Start Time (UT) Stop Time (UT) Mid Orbital Phase
1 2004-02-09T02:12:20 2004-02-09T05:50:52 0.55
2 2004-02-11T01:53:01 2004-02-11T05:31:31 0.72
3 2004-02-23T01:20:10 2004-02-23T05:14:35 0.75

6.3 Observations

Her X-1 was observed with RXTE as previously discussed inp@reb (see Tables 5.1 and 5.2
for a summary of the observations). During the same periodWXNEewton observations of Her
X-1 were also scheduled. Summary of the XMM-Newton obs@watis shown in Table 6.1.
In this chapter, data from the RXTE PCA and the three Europderton Imaging Cameras (i.e
the two EPIC-MOS and the EPIC-PN) are analysed.

6.4 Data Reduction

6.41 RXTE PCA Data

The RXTE PCA data reduction was done as explained in Chapt€h& source spectra were
extracted from the same GoodXenon data used to extract thieestightcurves and the back-
ground spectra extracted from the same standard2 datacassksl in Chapter 5. The response
matrices were generated using the “pcarsp” tool found withe FTOOLS. In each case the

same GTI constructed for extraction of lightcurves wereduséor the spectral analysis, the
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energy range 3 to 30 keV was considered, i.e. energy rangekeV was ignored because
of uncertain background modelling and energy rangg0 keV was ignored because of poor
counting statistics. An additional 2% systematic errorl(igi et al., 1999) was added to the

statistical errors.

6.4.2 XMM-Newton Data

The extraction of science products from the ObservatiomPBdes (ODFs) followed the stan-
dard procedures within théMM-Newton Science Analysis Systéssue 4.0 andn Introduc-
tion to the XMM-Newton Data Analysigersion 2.01. The calibration files, i.e. the Current Cal-
ibration Files (CCFs) were downloaded from the Science atmr Centre XMM-Newton cal-
ibration page (http://xmm.vispa.esa/ ccf/) and the catibn index files rebuilt from the CCFs

using the “cifbuild” task.

The source spectra from each of the three EPIC instruments gsracted from a circular
region centred on the source (Her X-1), while the backgrospettra were extracted from a

region within an annulus drawn around the source (Figurg 6.4

The response matrices and ancillary response matricescwesrted for each spectrum using the
“rmfgen” and “arfgen” tasks respectively, which are founidhivn the XMM Science Analysis
Software (XMM-SAS) which was used for data extraction. Tla¢agi.e. spectra, were then
grouped using the “grppha” task found within the FTOOLS hvétbinning factor of 25 counts
per bin. This grouping or binning is required in order to géfisient counts per bin to make
the chi-square)(®) spectral fitting a valid statistical process. For spedrallysis the energy
range 0.2 keV to 12 keV was considered for the EPIC-MOS, wthigerange 0.2 - 15 keV was
considered for the EPIC-PN.
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Figure 6.4:Picture showing the region of extraction of source specffiamer circle) and the

background spectrum (annulus around the source) for the M@&ument.
6.5 Spectral Analysis

The spectrometers used to obtain X-ray spectra do not givediual spectrum but rather photon
counts within specific instrument channels. The relatignbletween the observed spectrum
N(I) and the actual spectruf{ E) is given by the equation (Arnoud, Dorman & Gordon, 2005
and references therein)

N(I) :/000 S(E)R(I,E) dE, (6.1)

where R(1, E) is the detector response function and is proportional tepteability that an

incident photon with energ¥’ will be detected in channél
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The major aim of spectral analysis is to compare the obsgmhetbn spectra of astrophysi-
cal objects to theoretical model spectra in order to dedbgsipal parameters of the observed
object from the data. The approach is normally to choose aehrgkctrum and fit it to the
observed spectrum. The model spectrum is usually desaniktedns of some physical param-
eters. For each model spectrum chosen, a predicted courttiepes computed and is then
fitted to the observed spectrum. This process is repeatdd wdrying the physical parameters
of the model spectrum until a minimum deviation is obtainetieen the model and observed
spectra. The values of the parameters, in the case wherenanmdeviation is obtained, are

called the best-fit parameters.

The goodness of a fit, i.e. best-fit, is determined by thetatistics defined by (see Arnoud,

Dorman & Gordon 2005, and references therein for a detaiksxzlidsion)

2 = (Cops(1) = Croaa(1))?
R ) — ©2

whereC,,s(1) is the total number of counts in chandedf the background subtracted observed
spectrum,Ciq01 (1) the number of counts in channélof the model spectrum and(7) the
variance of the observed data in chanheThe parameter (1) can be estimated 4¢',,.(1)]*/2.

More conveniently the reduced chi-squayg, is used and is given by

2 X2

Xy = )
Ndof

(6.3)

whereNg¢ is the number of degrees of freedom, which is calculatedeaauimber of channels

minus number of model parameters.

The x2 has the expectation value of one (see Lampton, Margon & Bo\&8¥6) for detailed

discussion). For values of?> >> 1, it implies a low probability that the model spectrum is
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in agreement with the observed spectrum, wiile<< 1 implies the uncertainties(7)) are
incorrect, e.g. by over estimating the systematic errothénfitting process, a set of parameters

of the model spectrum which best describes the observetirgpeare obtained.

6.5.1 The Spectral Model for Her X-1

The X-ray spectrum of the X-ray binary Her X-1 has been walldsd (e.g. Manchanda,
1977 and references therein; Trumper et al., 1977, 197&riicet al., 1982; White, Swank
& Holt, 1983; Nagase, 1989; Mihara et al., 1991; Oosterbreekl., 1997; Dal Fiume et
al., 1998; Santangole et al., 1998; Oosterbroek et al., ;2800 et al., 2001b; Kuster et al.,
2005). In the energy range 2 — 20 keV the high state intensity has successfully been fitted
by a model consisting of a power law with high energy expoaéott-off (White, Swank &
Holt, 1983; Dal Fiume et al., 1997 and references thereihe 3pectrum in the energy range
0.1 - 200 keV has revealed additional components, i.e. a fexgy absorption consistent with
the interstellar value (Dal Fiume et al., 1998),-a0.1 keV blackbody which dominates the
spectrum below~ 1 keV (Mavromakis, 1993; Oosterbroek et al., 1997), Fe K eimiskne at
6.4 keV and 6.7 keV (Choi etal., 1994, 1997; Still et al., 20(Habian et al., 2000 and Kuster et
al., 2005) and high energy exponential cut-pfii0 keV. A broad feature centred at 53 keV (see
Figure 2.2) has been observed (Trumper et al., 1977). Thasdbfeature has been interpreted
as cyclotron emission (Trimper et al., 1977). The X-rayctpeof Her X-1 in the energy range
1-100 keV is shown in Figure 6.5 (see Manchanda, 1977 foilddtdiscussion).

The observed spectrum of Her X-1 seems to show three diffesgnponents in the continuum
(Dal Fiume et al., 1998; Santangole et al., 1998; Oostekazbal., 2000 and Still et al., 2001b).
These components are a low energy excess modelled as 0.l&ekbody, power law and a

high energy exponential cut-off. Also superimposed in thetinuum are emission lines, e.g.
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Figure 6.5:The X-ray spectrum of the X-ray binary Her X-1 in the energyga 1 - 100 keV.
(Adopted from Manchanda, 1977).
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iron emission lines at 6.4 keV and~ 6.7 keV (Choi et al., 1997; Still et al., 2001b; Fabian et
al., 2002 and Kuster et al., 2005).

As already discussed in Chapter 5, the X-ray flux observenhguhe anomalous low state of
Her X-1 originates from two distinct binary regions: theanlfated or inner face of the com-
panion star and the accretion disc corona. Since one of the @fi this analysis is to separate
the two components, i.e. the coronal component and the tiefletomponent, it is appropriate
to use a two component model to fit the anomalous low statarspeof Her X-1. From the

model fitting the physical parameters of the corona and teflecan then be derived.

The spectral models for Her X-1, during the anomalous lowestaere fairly well established
by Still et al. (2001b). In these models the emission origgadrom two binary regions: the
accretion disc corona and the companion star. The coronakam results from up-scattering
of soft disc photons in a relatively hot medium. Still et a20Q1b) established a simple but
physically realistic coronal model that is compatible witls made by Coburn et al. (2000)
in an earlier ALS of Her X-1. This model consists of a partialtering cold absorber (i.e.
contains both overall absorption represented by “WABS” padial absorption represented by
“PCFABS” in the XSPEC user guide), a power law with high-gyezxponential cut-off (rep-
resented by “CUTOFFPL” in XSPEC user guide) and a Gaussiamtssion line (represented
by “GAUSS” in the XSPEC user guide). This coronal model caeXgessed as

Ior(F) = P(E) exg—Nyo (E)] [A exp (— b ) E* + G(E)} (6.4)

cut

whereP(E) = f exd—Nuo(E)| + (1 — f) andG(E) = AW eXp[ (E— Jik) }

with f representing the partial covering fractios; the hydrogen column density, the nor-



The Anomalous L ow State Spectrum of Hercules X-1 116

malisation,o(E) the photoelectric cross-sectioh,,; the cut-off energygy the line width and

« the power law photon index.

The emission from the companion star (reflection compornisra)result of scattering of hard
radiation from the compact accreting neutron star off tHatikely cool atmosphere of the
companion star or the accretion disc. Still et al. (2001lgenbed that the reflection spectrum
would suffer photoelectric absorption at energied 0 keV, and have strong FeKline and
would be down-scattered at energies50 keV. Still et al. (2001b) developed a Compton
reflection model,Z(F), as an external multiplicative XSPEC package which was tsdit
the reflection model. This reflection model assumes an igmatly radiating point source of a
given energy spectrum and flux that irradiates a structuseesding an angle = 0.15x (Still

et al., 2001b) on the sky with respect to the source. In deuedpthis model, the surface of a
Roche lobe-filling star is divided into small elements. Ealdment has an individual inclination
angle with respect to the earth, and an individual grazieglemce angle and filling factor (i.e.
the fraction of the sky occupied by a slab) with respect todfray source. These parameters
are then determined over a grid using Roche geometry and lseimetlection spectrum over
all the surface elements visible to the observer. The paemef the reflection model are
stellar mass ratig = M./M, whereM, and M, represent the mass of the companion star and
compact object respectively, orbital inclination, orbjphase, Fe K edge and Fe abundance
which is adopted as solar. The model allows the fit to be madeybrbital phasep,.,. The
mass ratio defines the shape of the companion star and thefateapulsar sky each surface

element occupies. The overall reflection model is represkioy

Lea(E) = exg—Npo (E)] [A exp (_EE

cut

) E° x Z(E) + G(B)| . (6.5)

For detailed discussion of the Compton reflection ma#¢F) see Still et al. (2001b).
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6.5.2 Spectral Fitting
RXTE PCA Spectra

The spectral fitting was performed following standard pcages in XSPEC version 12.2.1 (Ar-
naud, Darman, & Gordon, 2005). The coronal model (Equatidhwas fitted to the spectrum
at ¢, = 0.130. At this orbital phase the X-ray is presumably dominatedioyssion from the
corona and any contribution from the reflection componeas®imed to be insignificant. As
already discussed, this emission results from up-scagferi soft disc photons in the relatively
hot corona. In the fitting some parameters were fixed. Thisdea® in order to reduce the
excessive number of free parameter, thus enabling the codiemsity and the covering fraction
to be well constrained (Still et al., 2001b). The fixed partarseare: the interstellar column
density at5.1 x 10* cm~2 (Dal Fiume et al., 1998), the power law slopenat= 0.9 (Dal Fi-
ume et al., 1998), i.e. the power law slope fixed at its higtestalue because the anomalous
low state is assumed to result from obscuration of the cest@eting neutron star rather than
intrinsic source behaviour, and the emission line at 6.7 (&hoi et al., 1997; Still et al., 2001;
Kuster et al., 2005). This produced a reasonably good fiuEi§.6) yieldingy? = 0.71 for 49

degrees of freedom (dof).

Since one of the aims of this spectral analysis is to sepérateoronal and reflection compo-
nents, the coronal model (Equation 6.4) was fitted to thetspact orbital phase,,, = 0.506
(where emission by Compton reflection is assumed to domthatepectrum) with all the pa-
rameters frozen at the values obtained from the pligse= 0.130 fit. This gave a poor fit
yielding x2 = 33.9 for 58 dof (see Figure 6.7). This could probably be as a redulte flux at
oo, = 0.506 being higher than that at,,;, = 0.130. Keeping the flux as a free parameter still
yielded a poor fit withy? = 2.45 for 57 dof (Figures 6.7 and 6.8).



The Anomalous L ow State Spectrum of Hercules X-1 118

normalized counts s keV-!

0.1 -

residuals
o

AL

5 10 20
Energy (keV)

Figure 6.6:Top panel: RXTE PCA spectrum of Her X-1 @&t,;, = 0.130. Over lapping the
spectrum is the best-fit coronal model (Equation 6.4). Botpmnel: The residuals i.e. data

minus model.

The reflection model (Equation 6.5) was then added to thenedroodel (i.e. a two-component
model used) and the fit performed. The following parametétsedCompton reflection model
Z(F) were fixed: mass ratio at 1.57, inclinatiorsat, Fe abundance at 1.418 and Fe &dge

at 7.11 keV. The orbital phase for the visit was also maimdias a fixed parameter. In fitting
this two component model the initial approach was to fredlzé@coronal parameters, but this
gave a poor fit yielding? = 2.9. Keeping the parameters of the partial covering absorption

(PCFABS) for the coronal model free, gave a reasonable fidiyie v> = 0.70 for 52 dof (see
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Figure 6.7:RXTE PCA spectrum of Her X-1 af,,;, = 0.506 showing to the best fit coronal

models and the two component (coronal + reflection) model.

Figures 6.7 and 6.9). This is expected because the coronmsdede varying. Table 6.2 gives
the best fit parameters for the models. These models wemktiitthe spectra of the other visits
and the results are shown in Figures 6.10 and 6.11. A ploteb#st-fit parameters for the
RXTE PCA spectra for all the visits is shown in Figure 6.12rhtrthis figure it is observed that

the 3 - 30 keV flux from the companion star is modulated on théarperiod and has the same
profile with the lightcurves shown in Figures 5.10 (top pauaeld 5.11 (top panel) as expected.
The Gaussian line strength.As also modulated on the orbital period. The coronal pararagt

Ny and f, do not show any modulation on the orbital period as ebguke
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Figure 6.8:Top panel: RXTE PCA spectrum of Her X-1@,1, = 0.506 showing to the best
fit coronal model with all the parameters fixed at the valudsiobd from thep;, = 0.130

fit, except for the flux. Bottom panel: The residuals.
6.6 XMM-Newton and RXTE Spectra

The XMM-Newton and RXTE cover different energy bands, i.&TE covers a higher energy
band while XMM-Newton covers a lower energy band. Thereforeonstrain the continuum
better, the RXTE and XMM-Newton spectra were simultanepfigked together. The idea of
simultaneously fitting the RXTE and XMM-Newton spectra isato extrapolate the model
obtained using the RXTE PCA spectra to fit the soft X-ray (¥6fay spectra obtained using
XMM-newton). In this way the model obtained using the RXTHEadia verified by the XMM-

Newton data.
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Figure 6.9:Top panel: RXTE PCA spectrum of Her X-1 @t,;, = 0.506. Overlapping is the best-fit
model, i.e. coronal model (Equation 6.4) plus reflection eli¢fquation 6.5). The residuals shown in

the bottom panel.

In fitting the two data sets simultaneously, the two compomerdel (i.e. Equations 6.4 and 6.5)
was used. In addition an energy independent multiplicdtietor (i.e. a constant factor) was
included in the model and its value was fixed to one for the XM&wton data and kept as a free
parameter for the RXTE data. This multiplicative factorsed to scale the two data sets. When
fitting this model to the spectrum at,;, = 0.55, a poor fit, yieldingy? = 3.49 for 2351 dof,
was obtained. The result of this fit shows an excess of sofiyXeomponent below about 0.7

keV (Figure 6.13). The soft X-ray excess was modelled byuiticlg a blackbody component
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indicated in each plot.
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Table 6.2:Best-fit parameters for the coronal model and the two comuomedel for the spectra at
orbital phasep.1, = 0.506. For the coronal model all the parameters are fixed at theegadbtained
from the phase,., = 0.130 fit, except for the flux (A.:). The flux obtained at thé,,, = 0.130 fitis
1.5x1072 phcnt? 57! keV— 1.

Parameter Coronal Model Reflection + Coronal Model
Ng x 1022 cm—2 88+ 13 101+ 20

f 0.77+0.04 0.81+ 0.02

Acor (Phenm2s 1 keVl)  (2.4+40.2) x 1072 (1.94+0.2) x 1072

Ar (phenm2 s71 kevV 1) - 0.19+ 0.03

E;. (keV) - 6.394+ 0.02

A, (phstem™h - 3.240.04 x 10~*

X2 2.45 0.70

with its own absorption ternexp|— Ny20(E)]). The blackbody component is given by

. Abb X 80525E2
BE) = G o (2] =1 66

wherekT is the blackbody temperature in keV adg, is the normalisation (see Arnaud, Dor-

man & Gordon, 2005 for detailed discussion). In the fittingg blackbody temperature was
fixed at a value of 0.1 keV (e.g. Santangelo et al., 1998 andsBgmt al., 2002). This gave a
fit (Figure 6.14) yielding a2 = 1.28 with 2350 dof. Although a reduced chi-square of one is
expected for the best fit, a value gf = 1.28 is reasonable. This model was then fitted to the
spectra at).,;, = 0.72 and¢,,;, = 0.75 (Figure 6.15). The best-fit parameters for these fits are
shown in Table 6.3. From the best fit parameters shown in T&aBlat is observed that there is

no significant difference between the two absorbing terrasyi; and Ny.
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Figure 6.12:Plot of the best fit parameters. The parameters from the topl @ae: The 3 -

30 keV flux, F, from the companion star, the neutral hydrogalnran densityNy, covering

fraction f, the flux giving rise to the coronal componety,,, the hidden flux from the neutron

star giving rise to the reflection componef., the line centre for~ 6.4 keV Fe emission

E, the line strength of the- 6.4 keV line Ay, and the reduced chi-square statistiés The

orbital phase is plotted twice for clarity.
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Figure 6.13:Top panel: RXTE PCA and XMM-Newton spectra of Her X-1 showihg soft

X-ray excess below- 0.7 keV. Bottom panel: The residuals.

6.7 Discussion

The main focus of this chapter was to investigate if an irseea radiation

pressure is the most

likely cause of the change in the accretion disc warp rewylth the anomalous low state of

Her X-1. This was done by measuring the hidden flux from thepahac
during the anomalous low state and comparing it with the flusird) the
The average value of the hidden photon flux (calculated flmarnvalues of
from top in Figure 6.12), i.e. the intrinsic flux of the neutrstar that gives

component, at 1 keV was found to b3 + 0.04 photons cm? s~ keV~!.

creting neutron star
normal high state.
A, see fifth panel

rise to the reflection

From the simulta-

neous fitting of the XMM-Newton and RXTE spectra the averagjae of the hidden flux from
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Figure 6.14:Top panel: RXTE PCA and XMM-Newton spectra of Her X-1. Ovpgding

the spectra is the best fit model when the blackbody compamasitadded to the two model

component. Bottom panel: The residuals.

the neutron star was measured to be 0120.02 photons cn? s~! keV~!, i.e. the average

value of A in Table 6.3. The typical flux of Her X-1 at 1 keV during the nairhigh state is

0.1 photons cm? s~! keV~! (Dal Fiume et al., 1998). This implies that Her X-1 was braght

by a factor of~ 2 — 3 during the 2003 - 2004 anomalous low state compared to ightiréss

during the normal high state. When the spectral model wasadated to fit the soft X-ray

(i.e. simultaneously fitting the RXTE and XMM-Newton sp&gira constant scaling factor of

~ 1.26 was obtained between the XMM-Newton and RXTE data. Althoaigbnstant scaling

factor of 1 is expected to verify this result, a value-ofi .25 is still reasonable within the error
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the best fit models. The residuals are shown in the bottoml pareach plot.
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Table 6.3:Best-fit parameters for the RXTE and XMM-Newton spectra of Ml during 2003 - 2004

Anomalous low state.

Orbital phase 0.55 (2 PCUs) 0.72 (2 PCUs) 0.75 (3 PCUs)
const. factor 1.250.30 1.26+ 0.30 1.25+ 0.20

Ng x 1022 cm—2 153+ 12 151+ 20 152+ 7

N2 x 1022 cm—2 160+ 20 159+ 17 161+ 19

f 0.81+0.01 0.79+ 0.01 0.79+ 0.01

Acor (Phenm2 s kev!)  (7.5340.3) x 1073 (7.30+£0.2) x 1073 (7.93 £ 0.03) x 1073
At (PhenT2 571 keV—1) 0.28+ 0.02 0.30+ 0.02 0.29+ 0.01

Ay, (1.2+£0.1)x107%  (1.1+£0.1)x10~* (1.3+0.2)x104
App (2.434+0.6)x107°%  (2.30+£0.07)x10~°% (2.51+ 0.20)x10~*
X2 1.28 1.24 1.26

limits (see Table 6.3). Thisincrease in flux would probablsuit in increased radiation pressure
on the accretion disc causing an increase in the disc wangehesulting in the obscuration of

X-ray flux from the compact source, therefore causing theratous low state.

The increase in radiation pressure could have resulted iftoreased mass accretion rate onto
the compact object as a result of increased mass transédroat the companion star and/or in-
creased disc viscosity. An increase in mass transfer rdtennmplies that the companion star
should have overfilled its Roche-lobe. Given the duratiothefanomalous low states observed
in Her X-1, it is very unlikely that the companion star can idlaav its Roche-lobe through the
normal stellar evolution. However, the companion star ¢dinoserflow its Roche-lobe if the

density of the material at the L1 point decreased as a rekimtieeased X-ray flux heating the
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Figure 6.16Lightcurve of Her X-1 showing the 1999 - 2000 and 2003 - 200zhaalous low
state. The vertical lines labelled “1999 obs” and “2004 abslicate the time when the data
for analysis of these anomalous low state were collectedewlie other vertical lines show

the boundary of the two anomalous low states.

L1 region.

Still et al. (2001b) reported that the hidden photon flux fiw@neutron star at 1 keV during the
1999 - 2000 anomalous low state was) 4-0.09) x 10~! photons cm? s! keV~!, suggesting
that there was no significant change in the flux during the 298300 ALS compared to the
normal high state flux. This suggested that there was nof&ignt increase in the radiation
pressure. But the results obtained in this thesis indicateshcrease in flux, hence increased
radiation pressure. From the lightcurve shown in Figure(de® Figure 6.16 for an enlarged

version) it is observed that there was a rapid drop in flux wHen X-1 entered the 1999 -
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2000 anomalous low state, while the drop in flux was graduannhentered the 2003 - 2004
anomalous low state. This could suggest that there areeliffenechanisms responsible for
the different anomalous low states observed in Her X-1. Qlesomost probable mechanisms

could be accretion disc torque (Ghosh & Lamb, 1978, 1979agb/dang, 1987).

It was also observed that the reflection component domirnlagespectrum when the inner face
of the companion star is facing the observer, i.e.pgt ~ 0.5 (see Figures 5.6 and 5.8).
This is as a result of Compton reflection from the inner facéhefdonor star. Although the

reflection component is dominated by emission from the cangpastar, reflection has also
been observed from other regions of the binary system, begadcretion disc corona (Leahy,
1995). This reflection effect has also been observed in ofh@y sources, e.g. AGNs and
stellar-mass black holes (White et al., 1988).



Chapter 7

Conclusions

Since the discovery of the 35-day cycle of Her X-1, it has extteéhe anomalous low state a
number of times. The precession period of Her X-1 after tH&8202004 anomalous low state
has been re-calibrated. It was found that Her X-1 turned tar #ie 2003 - 2004 anomalous
low state with a new precession period, ifg; = 34.760 + 0.001 days, and main-on flux. This
confirms the predictions of SB04. It was further observed there is a positive correlation
between the precession period and the main-on flux, whicltam@irmation of the theoretical

predictions of Wijers & Pringle (1999).

Using optical and X-ray data, the optical and X-ray lightag of Her X-1 were constructed.
These lightcurves showed that the projected shadow of ttretamn disc on the inner face of
the companion star varies over the 35-day precession cyhle.is as a result of the change in
the shape of the accretion disc over the 35-day period agdegses around the neutron star,
implying that the precession period is also observed in gtiea wavelengths, consistent with

observations of Gerend and Boynton (1976).

Comparison of the anomalous low state and normal high stateeurves of Her X-1 have re-

vealed that there is insignificant change in the 35-day grofilthe lightcurves between these



Conclusion 133

two states of Her X-1. This suggests that the change in tleestiape between the anomalous
low state and the normal high state is very small and anytsighease in the disc warp should
be enough to obstruct the neutron star from the observeltirgsin the anomalous low state.
This would further imply that a slight increase in radiatpmessure (the mechanism responsible

for the warp) is sufficient to warp the disc resulting into alostion of the neutron star.

It was shown that the X-ray emission during the anomalousst@ate consists of two compo-
nents: reflection component from the inner face of the congmestar and the coronal compo-
nent from the accretion disc corona. Comparison of the atmmadow state optical and X-ray
lightcurves suggest that the X-ray emission during the alous low state is dominated by
emission from the companion star, which is also the domisauntce of the optical emission
from the system. Some contribution to the X-ray flux during #imomalous low state is from

the accretion disc corona.

It was shown that Her X-1 was brighter by a factoro® - 3 during the 2003 - 2004 anomalous
low state compared to the normal high state brightness. stiygests an increase in the X-ray
flux from the accreting neutron star, resulting in increasetiation pressure, being a possible

mechanism responsible for disc warp in Her X-1.

In addition to radiation pressure being the engine behirddisc warp in Her X-1, there
is a possibility that other mechanisms could cause the dapw Her X-1, justifying fur-

ther investigation of other possible mechanisms behindlibe warp in the accretion disc in
Her X-1. As already discussed, it has been observed thatnibm@aous low state is accom-
panied by a period of enhanced spin-down of the neutron esalting from an accretion disc

torque. The connection between the anomalous low staterdraheed spin-down of the com-
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pact object is a very interesting phenomenon which definjtedtifies an in-depth study.
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