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Abstract

The dissertation presents the analysis and interpretatitie multi-instrument X-
ray observations of two accreting binary pulsars Her X-1 BX® 2030+375 performed
with the X-ray observatorieeNTEGRAL, RXTE, and Swift.

The intermediate mass X-ray binary system Her/MZA Her was repeatedly ob-
served wWithRXTE since its launch in 1996. Thall Sky Monitor (ASM) aboard the
satellite provided almost uninterrupted monitoring of #xel2 keV flux of the pulsar. In
July—August 2005 Her X-1 was observed by INd EGRAL observatory which covered a
substantial part of a main-on state of the system. Usingetbbservations along with the
historical data we studied the secular changing of thealrpériod of the system; searched
for the long-term correlations between the 35 d preceskmeréod of the accretion disk,
the 1.24 s pulsation period, and the X-ray luminosity of tbarse; explored the pulse-
averaged and pulse-resolved X-ray spectra of the sourceelen the observed behavior
of anomalous dips and post-eclipse recoveries. The fatllgwnain results were obtained.
A new orbital ephemeris of the system was constructed. The\d the secular decrease
of its orbital period was improved. The long-term correlas between the 35d preces-
sional period of the accretion disk and 1.24 s pulsatiorogess well as between the X-ray
luminosity of the source and the 1.24 s period were confirmgabsitive correlation of the
cyclotron line energy with the X-ray luminosity of the soenvas revealed. The observed
behavior of anomalous dips and post-eclipse recoveriesapasduced using a numerical
model. Spectral changes during X-ray dips were modeled avipiartial covering spec-
tral model, assuming that the observed radiation contaitis ébsorbed and non-absorbed
contributions. The energy, width, and the depth of the dyectoline as well as the spec-
tral continuum parameters were found to vary significantihwulse phase. To explain



most of the observed properties of the system a model waswisiet includes a precess-
ing twisted accretion disk, a freely precessing neutron atad an accretion stream which
moves out of the system’s orbital plane.

EXO 20306+375 belongs to the class of Beray binaries. In June—September
2006 the source entered into the second giant (type Il) osttlsince its discovery. During
the outburst the pulsar was observed WRWEGRAL and Swift. For the first time, the
broad band (3—200 keV) X-ray spectrum of the source duringt @utburst was studied.
X-ray pulse profiles were explored. The dependence of thegpirate on the X-ray lu-
minosity of the source was studied using¢felient accretion torque models. The following
main results were obtained. We did not confirm the presentieotyclotron line in the
spectrum of the source (reported previously on the bast@GFE data). The X-ray pulse
profiles were found to be highly luminosity-dependent. Tepaehdence of the spin-up rate
on the X-ray luminosity measured during the 2006 giant owgtiwas found to be dlierent
from that observed during the 1985 giant outburst. This wespreted as an indication of
a possible change of the configuration of the neutron staatgmatosphere ayat accretion
disk between the two giant outbursts.
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Chapter 1

Introduction

Since the Earth’s atmosphere is opaque to X-rays, X-rapmsiny emerged with the
space age. First X-ray detectors were carried aloft on teciked then parachuted back down to
Earth. They detected X-ray emission from the solar coroauldB et al. 1957). This emission was
relatively weak which led many astronomers and astroplsgsiin the late 1950s and early 1960s
to think that dforts to build larger detectors and telescopes to obsenayXfrom other celestial
sources would be fruitless. However, it turned out that nob3t-ray sources are much more pow-
erful than the Sun. The first such source, Sco X-1, was disedvia 1962 during a rocket flight,
by a group led by Riccardo Giacconi (Giacconi et al. 1964;,cGai & Gursky 1974), who won
the Nobel Prize for Physics in 2002 for his pioneering staidieX-ray astronomy. Major progress
in the field began in the 1970s with the use of satellites gupdpwith X-ray detectors. The first
one,Uhuru, was launched in 1970 (Kellogg 1975; Giacconi et al. 1972nhdpped the X-ray sky in
the energy range 2—6 keV. TH#nsteinobservatory was launched in November 1978. Its payload
contained the first large focusing X-ray telescofginsteinprovided high-resolution images and
accurate locations for thousands of X-ray sources (Haras 4993). The European X-Ray Obser-
vatory Satellite(EXOSAT) operated from May 1983 to April 1986 allowed to perform contus
observations of X-ray sources lasting several days withtweitinterference of Earth occultations.
This allowed to discover transient nature of many sourcelses& and later mission€kandra,
XMM-Newton, Rossi XTE, BeppoSAX, INTEGRAland others) observed X-ray radiation from
ordinary stars, white dwarfs, neutron stars black holasinents of supernova explosions, active
galactic nuclei and hot gas in intergalactic space. X-rasoaemy has changed our view of the
universe and revealed it to be full of evolving, explosivighhenergy phenomena.

Soon after first X-ray observations with satellites it wascdivered that the X-ray emis-
sion from many point-like X-ray sources undergoes rapidsordetimes periodic variations. Com-
bined observations with optical and X-ray telescopes harmamstrated that these X-ray sources
are members of binary system&X-ray binaries— in which matter streams from a normal star onto a
nearby collapsed star with an intense gravitational fieldstf point X-ray sources discovered in
our Galaxy belong to this class of objects. So, it is not ssimy that the first discovered extrasolar
X-ray source, Sco X-1, was identified as the X-ray binary eayst Two objects explored in this
work, Hercules X-1 and EXO 203@75, are also X-ray binaries where the compact companion
is a neutron star. We present the analysis of observatiotieesé two sources performed with the
modern X-ray missions #INTEGRAL, RXTE, andSwift. Excellent capabilities of the instruments
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aboard these satellites allowed to probe the physical psesein these two binary systems which
are both good representatives of their classes of binary. sta

This thesis is organized as follows. Chapter 2 gives andniction to the close X-ray bi-
nary systems. In Chapter 3 we give a description of the Hescdt1 X-ray binary. First, we provide
an overview of observational properties of the source. Terpresent a theoretical interpretation
of these properties and outline the open questions relatétetsystem. Chapter 4 is devoted to
the analysis of theRXTE observations of the source. Using these observations w&roohthe
new orbital ephemeris of Her X-1 and measure the seculaedserof its orbital period, explore
the parameters of individual 35d cycles of the source andiydioeir correlation with each other,
construct the averaged 35d light curves of the source anddepe the timing behavior of X-ray
dips in these curves using a numerical model. In Chapter 5natyze the/NTEGRAL observa-
tions of Her X-1. This analysis includes the study of timed amergy-dependent pulse profiles,
pulse period variations, pulse-averaged and pulse-redofvray spectra as well as spectral chang-
ing during X-ray dips. Chapter 6 provides a description ef BXO 203@-375 binary system. As
in the case of Her X-1, it consists of an overview of the sosrobservational properties followed
by a description of the current theoretical model of the eysand open questions related to it.
Chapter 7 is devoted to the analysis of the multi-instrun{@TEGRAL and Swift) observations
of EXO 20306+375 during its giant outburst. In this chapter we study thergy+ and luminosity-
dependent pulse profiles, the decrease of the pulsatioodpguring the outburst (spin-up), and the
pulse-averaged broad-band X-ray spectrum of the sourdehapter 8 we discuss the results of our
analyses and provide a theoretical interpretation of th&summary and conclusions are given in
Chapter 9.



Chapter 2

X-ray binaries

2.1 General picture

A binary stellar system is simply one in which two stars oandund a common center of
mass, that is they are gravitationally bound to each otheugRly half of the stars in the sky are part
of a binary or multiple star system. A sub-class of binarjteays arexX-ray binaries the systems
in which a compact object (a white dwarf, neutron star or alblole formed after collapse of an
ordinary star) and a stellar companion orbit each other astartce small enough to enable mass
transfer from the companion star to the compact object. &ibm the stellar companion spiraling
toward the compact object often forms a so-cabedretion diskaround the latter. Gravitational
energy of accreted matter is released in the form of X-rajatexh that comes from the area around
the compact object where the gas is heated to very high tatyes (16 to 1 K). In case of a
neutron star or a white dwarf the emission originates frot lboe accretion disk and the surface
of the compact star while in black hole binaries the only seusf X-rays is the accretion disk.
Figure 2.1 shows a sketch of an X-ray binary system as it wbelgeen by a nearby observer.

The donor star can provide matter through the stellar wihd,gjection of gasfb the
surface of the star. This normally takes place in binariesrethe companion’s mass is greater than
several solar masses (so-calldgjh Mass X-ray Binarie®r HMXB). For systems with the lower
mass stellar companiohgw Mass X-ray Binariesr LMXB) mass accretion can proceed through
theinner Lagrangian point- the point where gravitational forces of the two stars andrdagal
force cancel.

If the neutron star or white dwarf in the X-ray binary is highthagnetized (with the
magnetic dipole moment of the order off®@cn? or more) the accretion flow will be disrupted at
some distance from the accretor by the magnetic field andefadronto the magnetic poles where
most of X-rays originate. In case of a neutron star, if the medig poles are displaced with respect
to the rotational axis of the star the observed X-ray flux bdlimodulated with the star’s spin period
leading to the phenomenon of Array pulsar(pulsating X-ray source).

Galactic X-ray Binaries (those located in our Galaxy) comitey a neutron stars or a black
hole are among the brightest sources in the X-ray sky. Sortieeaf are persistent while others can
be observed only during short episodes of high X-ray lumtgg®utbursts) and remain in their
quiescent state for most of the time. They are caltadsientsources. Observational studies of X-
ray binaries provide a unique probe of the physical mechaniperating under extreme conditions

3
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Infalling gas

Accretion disk

Compact object

Companion star

Figure 2.1 A schematic view of an X-ray binary. Gas is pull@ttloe normal star by the gravity of
the compact object.

that are reached in the vicinity of neutron stars and blad&h@t the site of X-ray emission.
In the next sections we describe in more details variouscasjpé X-ray binaries.

2.2 Origin and evolution

The compact objects in X-ray binaries are remnants of orgdigtars. Thus, our under-
standing of the origin and evolution of X-ray binaries igylly based on our understanding of the
evolution of single stars. We will start, therefore, withréebdescription of some aspects of single-
star evolution (Section 2.2.1). With a few exceptions, X-@aries with black holes and neutron
stars have companions with masses eithetOM; or < 1M, (see e.g. Lewin et al. 1995). As
mentioned above, these two classes of sources are comnedafyed to as HMXB and LMXB, re-
spectively. HMXB and LMXB difer in many aspects such as the type of mass transfer andloveral
environment in the vicinity of the compact object. We willsdebe their evolution separately in
Sections 2.2.4 and 2.2.3. X-ray binaries containing a wdhitarf are calledCataclysmic variables
(CVs). These systemsfter in many aspects from the X-ray binaries containing a oeuttar or a
black hole. In the following we will be mostly concentrated mroperties of neutron star and black
hole X-ray binaries. A comprehensive review of CVs can betbim e.g. Lewin et al. (1995).



X-ray binaries 5

2.2.1 Evolution of a single star

The evolution of a star is driven by the properties of a sedfvijating gas in hydrostatic
equilibrium. According to the virial theorem, the loss ofeegy of such a gas causes it to con-
tract and therewith to increase its temperature. The cdiitraof the primordial gas cloud mainly
consisting of hydrogen and helium causes an increase isypeeand temperature in the center un-
til hydrogen starts fusing into helium, finally reaching #itpium on the Main Sequence.Upon
exhaustion of the hydrogen, the core contracts furthel préissure and temperature have risen
enough for the fusion of helium into carbon and oxygen. Thiadcompanied by the expansion
of the outer layers. At this stage the star leaves the maineseg and turns into r@d giantor a
supergiant Thus, cycles of nuclear burning alternate with stages baegtion of nuclear fuel in
the stellar core. If the star is massive enougtl{M,) it continues this cycle until its core is made
of iron, at which point further fusion does not produces gnerhe core of such a star collapses to
form a neutron star or a black hole. The gravitational enestgased during the collapse is enough
to explode the outer layers of the stasupernovaexplosion. In fact, most part of the gravitational
energy released in a core-collapse superne@® 0% or~10°%>4 erg) is carried away by neutrino
(which interacts with matter only via weak force) and onlyadinfraction (~10°%°1 erg) goes into
kinetic energy of the exploded matter. In a less massive @tassure of degenerate electrons in the
core at the end of one of nuclear burning stages may be higigéno prevent contraction to the
density required for the ignition of the next fusion proceBstensive mass loss will erode such a
star, until the degenerate core remains only. This coresamato a white dwarf.

Each end-product of the evolution of a single star corredpda a range of initial stellar
masses (see e.g. Lewin et al. 1995). White dwarfs are formestiaos with masses 11M. Stars
with masses in the range ef 11 — 40M,, form neutron stars. Black holes are the products of
evolution of stars with masses higher thadOM,,. It should be noted that the values of these ranges
are only known approximately due to considerable uncdstamour knowledge of the evolution of
massive stars.

Two characteristic time scales are important for stellaiwion. The first one is the so-
called nuclear time scale: the time spent by the star on the seguence when it burns hydrogen
in its core. This time scale is set by the ratio of the total ami@f nuclear energy available to the
rate of energy loss (i.e. the luminosity). The energy abédlas the amount of mass available for
fusion (typically of the order of 10% of the total mass) tintke amount of energy released per
unit of time and per unit of mass by the fusion process (forbgen burning: ~ 0.007¢?):

~ 01M€ ~ 1010ME

3 Mo L yr, (2.1)

Tn

whereM andL are the mass and luminosity of the star, respectively.
The expansion of the star upon exhaustion of the nucleaririugsle core occurs on the
thermal time scale. It is given by the ratio of the thermalrgneontent of the star to the luminosity:

2 2
GM M) &ﬁ yr, (2.2)

~ —— ~3x10" | —
ERL TS (M@ R L

IMain sequence stars are the central band of stars on thesHentm-Russell Diagram. These stars’ energy comes
from nuclear fusion, as they convert Hydrogen to Helium Eirticores. Most stars are Main Sequence Stars. The sun is
a typical Main Sequence star.
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whereR s the radius of the star aréis the gravitational constant.

Since both binary systems explored in this work (Her X-1 aXdDE2030+375) contain
a neutron star we will spend a few more words on these obje&ssit was already mentioned,
neutron stars are the products of evolution of rather massars £ 11My). Once a star has run
out of nuclear fuel there is no more source of energy. Thelibgum of cold self-gravitating
matter can only be sustained by quantufieets. If the density of matter is less tharL0' g cnr3,
equilibrium can be ensured by the repulsive forces of degémelectrons. This picture is realized
in white dwarfs. However, as it was shown by Chandrasekh@B1(} if the mass of the star is
suficiently large the configuration becomes unstable. Thusetisea maximum allowable mass
of a white dwarf (Chandrasekhar limit). This mass is foundbacslightly larger than the mass of
the Sun. Landau (1932) proposed that equilibrium of statis igher masses can be sustained by
nuclear forces. The term “neutron stars” for such objects sumgested by Baade & Zwicky (1934)
who attributed their origin to the supernova explosions.

The masses of presently known neutron stars range #ano ~2M,, (see e.g. Stairs
2004) while their sizes are of the order of 10 km. The surfaca peutron star is a hard crust
of thickness 1-7 km whose density increases inwards fromd @0°g cn3. Beyond the crust,
the crystalline structure is destroyed and matter (coragrivainly of free neutrons) passes into a
liquid superfluid state. The density in the liquid core casréase up to the density of nuclear matter
(~ 2.8 x 10" g cnT3). Finally, a hard core might exist in the center of a neutrtan $Vhen (and if)
the density exceeds the nuclear density by a factor of 2 cgr§,exotic stif might be able to form,
like pion condensates, lambda hyperons, delta isobarsj@an#-gluon plasmas. A comprehensive
review of the recent progress in the neutron star theory edadnd in Heiselberg & Pandharipande
(2000); Pethick et al. (2000).

2.2.2 Roche approximation and mass transfer in a binary

Before discussing evolution of X-ray binaries we will brieflescribe the geometry of a
binary system. The potential surfaces in a binary are détexdrby the gravitational attraction of
both stars and by the motion of the two stars around each. dilméne Rocheapproximation, it is
assumed, that the gravitational field can be approximatdtdadf two point massesl; and M,
corresponding to the masses of the stars and located at#dmers. In a frame co-rotating with the
binary revolution, one may write the potential as

GM; GM, w?}

D= ,
r ro 2

(2.3)

wherer; andr, are the distances to the center of the staris the orbital angular velocity, and
is the distance to the axis of rotation of the binary (Fig.)2.Qlose to each star, the potential is
dominated by the gravity of that star, and the equipotestisface has an almost spherical shape.
Further out, the equipotential surfaces are deformed, and tritical value of the potential the
equipotential surfaces of the two stars touch, in the sledainer Lagrange pointvhere the poten-
tial reaches an extremum. Thus, the net force on particleisapbint is zero. The space surrounded
by the equipotential surface containing the Lagrange psicdlled theRoche lobeAt other critical
values of the potential the equipotential surfaces opern tipabuter Lagrange points (see Fig. 2.2).
If the stellar surface reaches the boundary of the Roche tolkss will start flowing out
via the inner Lagrange point in the direction of the comparstar. If the star expands so rapidly
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Figure 2.2 Roche lobe geometry for a mass réig/M, = 3/2. The plot shows cuts through
equipotential surfaces of the co-rotating frame, parédi¢he rotational axis, which is shown by the
vertical solid line.

that its surface reaches an outer Lagrange point, mass magtlieom the binary through this point.
The more massive star which evolves faster (according ta2Hq.expands first to fill
its Roche lobe. Let us assume that the mass and angular moménaf the binary system are
conserved, i.e. we assuroenservativeevolution of the system. For a circular orbit these condgio
are
M1 + M = const (2.4)

J = wriM; + wriM, = const (2.5)
Using the third Kepler’s law and the equations 2.4 and 2.5 nieeaat

- M;—-My; a

Ml—Mle = 2 (2.6)
wherea = ry +r; is the binary separation. From this formula one can seelipdiihary separatioa
and hence the orbital period decrease. Once the mass traasfeeversed the mass ratio, the orbital
period may increase again. Inreality, it is known that thesgwovative scenario in many cases cannot
hold. Massive starsy(10M) lose significant amounts of matter in the form of a stellandviThus,
some mass will be lost from the system, taking away angulanembum. However, as long as the
amount of mass lost is not too large, the binary evolution guiblitatively still be fairly similar to
the conservative scenario.
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Both the conservative and non-conservative scenariogidedcabove lead to a binary
with the core of an initially fairly massive star in orbit amed a relatively massive companion.
Provided the core is sliciently massive, it will evolve into a supernova that carvéeaehind a
neutron star or a black hole.

2.2.3 Evolution of HMXB

In high-mass X-ray binaries the companion is a massive stfaa Gpectral type O or
B) whose opticalJV luminosity may be comparable to, or greater than, thahefX-ray source.
The permanently bright X-ray binaries, which were among¢hfirst discovered, are mostly close
binaries, in which the donor star has evolved away from thie seguence (e.g. Cyg X-1, Vela X-1,
Cen X-3). The supergiant emits a strong stellar wind, pavitgth is caught by the neutron star. In
other systems, the massive star has expanded enough ®Rbdhe lobe and transfers mass to the
neutron star through the inner Lagrange point. An exampke ®fstem in which the donor is still
smaller than the Roche lobe is Vela X-1. An example of a systerhich the donor fills the Roche
lobe is Cyg X-1. Because the the donor in these bright syshewes already left the main sequence,
the life time of the X-ray phase is set roughly by the therrnmaktscale given by Eq. 2.2.

If the compact object is a neutron star, the mass ratio i€mdr and a so-called “spiral-
in” phase can be expected: the neutron star spirals intathedape of its companion. The outcome
of this process may be a merger, in particular in the shaibgedinaries. In wider systems the
donor may have lifted its envelope to a larger radius, alhgwthe neutron star to expel it (due to
gravitational interaction). In that case, the core of thesshee star will emerge in a binary with
the neutron star. It has been shown that Cyg X-3 may well bexample of such a binary (van
Kerkwijk et al. 1992). The core proceeds with its evolutiordanay end as a white dwarf. An
example of such a system is the binary that contains PSR@b5Alternatively, the evolved core
may explode as a supernova and produce another neutroif gtarbinary survives, it will consist
of two neutron stars. PSR194B6 and PSR230316 are examples of such binaries. In LMC X-3,
the black hole is more massive than the donor star. The bisamgry likely to survive the second
supernova explosion, after which it will consist of a blackéhand a neutron star. For a detailed
discussion see e.g. Lewin & van der Klis (2006)

2.2.4 Evolution of LMXB

The nature of the low-mass X-ray binaries is rather lessredtan that of high-mass X-
ray binaries. The donor of the LMXB only rarely shows a clagnature in the observation. Below
we provide an evolutionary scenario of LMXBs first suggeditgdvan den Heuvel 1983). As the
progenitor of a neutron star or black hole must have beenlg faassive star, the progenitor binary
must have had an extreme mass ratio. The massive star eviobteand because of the extreme
mass ratio will engulf its companion soon after the onset agsntransfer (see Eq. 2.6). So, the
system will evolve through a common-envelope stage. The obthe massive star continues its
evolution, and may turn into a supernova. In order for thebhjirto survive (not to be disrupted),
this core should not be too massive. To some extent the disgugtect of the mass loss during
the supernova explosion can be “compensated” by a kick itglo€ the neutron star (due to an
asymmetry of the supernova explosion) that by chance haplpenbe in the right direction. If the
orbital period is short enough to bring &3 companion into contact with its Roche lobe within
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a Hubble time the binary turns into a LMXB with a main-sequeonor. This usually requires
an orbital period of 10-12 h or shorter. If the orbit is somatmvider, loss of angular momentum
during the supernova explosion may noff&e to bring the prospective donor into contact, and mass
transfer will start only when the donor evolves away from tiigin sequence, and expands into a
giant. Another possibility arises if the companion star isrenmassive, as in Her X-:-2M).
When such a star starts filling its Roche lobe a second sSpiftase may start, leaving the neutron
star in an orbit around the core of an evolved star.

The mass transfer in a LMXB stops when the mass of the enveligps below~0.001M,
at which point the envelope collapses. The binary then stssi the degenerate core of the giant,
which cools into a white dwarf, and a compact star. If the cachgtar is a neutron star, the accre-
tion could have spun up the neutron star, and after the erteahiass transfer it may show up as a
radio pulsar. A number of radio pulsars with low mass whitedwompanions have indeed been
found. Also a number of millisecond accreting pulsars (uily eight) are found in LMXBs which
confirms the evolutionary link between LMXBs and millisedoradio pulsars (White & Zhang
1997).

2.3 Accretion mechanism

As mentioned in Section 2.1, X-ray radiation in X-ray bimearis powered by gravitational
energy released from the matter falling into the compaataibjAccreting neutron stars and black
holes can convert up to 10% of that energy into radiation. @&onodest mass transfer rate of
M ~ 107g s, one expects a luminosity of 30erg s1. If emitted thermally from an area of a
few times the size of the object, this radiation must predamily fall in the X-ray band+1 keV).
Higher characteristic temperatures occur when the newtanhas a strong magnetic field that
funnels all accreting matter onto a small area near its twespmr when for some reason the
emission is (partially) non-thermal. Below we provide aebulescription of dierent aspects of
accretion process.

2.3.1 Roche lobe overflow and disk accretion

If matter is accreting from a substantial distance and psssignificant specific angular
momentumJ one would expect the accreting gas to form a rotationallyefteed structure orbiting
the compact object, aaccretion disk This typically requires that theircularization radius(see
e.g. Frank et al. 1992; Pringle 1981)

Reirc = = (2-7)

(where the matter would orbit if it lost energy but not angufeomentum) should be larger than the
effective size of the accretor. In X-ray binaries the accreta white dwarf, neutron star or black
hole, and the condition (2.7) always holds if accretion sRbche lobe overflow.

A particular element of gas in the accretion disk will thesd@ngular momentum through
a process which is loosely referred to as viscosity, theadlbying it to flow slowly inwards towards
the compact object and eventually accrete. While the natlitkis angular momentum transport
was mysterious for some time, we now believe it to be due tonetaghydrodynamical (MHD)
turbulence driven by a well-studied instability, the magnetational instability (MRI) (see e.qg.
Balbus & Hawley 1991).
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In many cases the accretion can be described using so-¢hlledlisk approximation
which assumes that cooling is always able to keep the logalekepeedy = (GM/R)Y/? supersonic
(Ris the distance to the accretor). In this case the disk ligsrgglly in the orbital plane, with only
a small vertical extent: c

H~—="R«xR (2.8)
Vi

wherec; is the local sound speed. The azimuthal speed of the diskse ¢b the Kepler value.
Both the radial and vertical velocities are much smalleis Important that the three properties of
being geometrically thin, Keplerian, anffieiently cooled are equivalent for any disk flow: if one
of them breaks down, so do the other two. The thin disk appration provides a rough description
of the accretion flow in the systems where the companion $ilRibche lobe, and mass transfer is
via the inner Lagrangian point. There are, however, a nurobdifficulties in explaining accretion
disks using this approximation. If the X-rays came from anpsburce (the immediate vicinity of
the neutron star or black hole) surrounded by a thin Kepiedigk, one would expect only total
eclipses with very sharp ingress and egress or no eclipsab(dtthe orbit inclination is far from
90°). However, “partial” eclipses are sometimes observed irBg. This suggests that the X-ray
source is &ectively extended, presumably through the presence of &umdeof scattering corona
around it (White & Holt 1982). Irradiation of the disk by therdral source which tends to extend the
vertical scale of the disk has also to be taken into accouedéBnan & McKee 1983). An accretion
disk which spreads out enough within the Roche lobe of thepamtobject will be subject to tidal
torques from the secondary star. Thikeet limits the size of the disk. Tidal torques can take anmgula
momentum from matter at the outer disk edge, and return hedotnary orbit. A steady state is
reached when the tidal torques remove the angular momeritthm eate it is transported outwards
in the disk by viscosity.

2.3.2 Accretion from the stellar wind

In many X-ray binaries the mass-losing star does not fill sl lobe and the compact
component must accrete from a wind from this star. This isndueritently less ficient process
than Roche lobe overflow: mass leaves the star in all diregtioot just towards the accretor, and
has enough kinetic energy to escape the system except vipassis close to the compact object.
In general only a small fraction of the wind is accreted, intcast to the Roche lobe case, where
almost all the mass is captured by the accreting componamilyfic and numerical treatments of
the bow shock of a compact star moving with orbital velowitg a stellar wind of velocity,, show
that that the wind material will be captured if it passes with cylindrical radius

2GM
lacc = VTl (2.9)

rel

of a star, where?Z, = Vi, + V (see e.g. Bondi & Hoyle 1944; Blondin et al. 1990). If the wisd

emitted over a solid angl@ and has total mass loss rdik, this implies an accretion rate

2

. 7l .
M ~ —2¢M,, 2.10
g Vw (2.10)

wherea is the binary separation. In HMXBs containing OB supergaltite winds are isotropic
(Q ~ 4r) and have high velocities, ~ (1+2)x 10°km s1). Thus,racc ~ 10'°cm is much smaller
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than the binary separatica ~ 102 cm, and onlys 10~* of the matter lost by the companion is
accreted.

The captured wind material has rather low specific angulamerum compared with
mass overflowing the Roche lobe. So, it ifidult to decide whether the disk formation condition
(2.7) is satisfied. An additional complication is that therating neutron star in many cases has a
strong magnetic field, increasing théeetive size of the accretor. Measuring the neutron stair's sp
period (X-ray pulsation period) usually allows to distingu between cases where a disk does or
does not form: if the disk is present the neutron star is dfing spun up by the accreted matter. A
hybrid situation is sometimes observed in binaries wittyesrcentric orbits, where accretion near
periastron may result in the formation of the disk.

2.4 Accreting pulsars

2.4.1 Accretion onto a magnetized neutron star

As it was already mentioned, neutron stars can posses atibstaagnetic momentsx(
100G cn?). If the magnetic pressure in the vicinity of the neutror sacomparable with the gas
pressure, the accretion flow can be channeled onto resitrietgons of the accreting star close to
its magnetic poles. In this case the observed X-ray flux vélhtodulated with the spin period of
the accretor, provided that the magnetic dipole axis of #gtnon star does not coincide with its
rotational axis (Lamb et al. 1973).

A measure of the relative strength of the magnetic field aedatttretion flow is given
by the Alfvén radius, defined as the radiRs at which magnetic stresses would balances the ram
pressure of a spherically symmetrical accretion flow (sgeRyingle & Rees 1972):

’uz 2/7
Y S 2.11
A (2|\/| VZGM) ( )

whereM is the mass of the neutron starjs its dipole magnetic momenk/ is the accretion rate.

It should be noted that Eq 2.11 is a rough measure. The acyualnucs of the accretion flow
depends on many factors such as the degree to which the nisattegeaded by the field, plasma
instabilities, and the field geometry. In order to show digant magnetic behavior at all (e.g. X-
ray pulsations)Ra should be greater than the radius of the neutron star. Thiditton requires a
typical surface field> 10® G. If Ra < Reirc (S€€ Eq. 2.7) the accretion disk can form in the normal
way. This condition usually holds in X-ray binaries with autren star (particularly where the
companion overflows the Roche lobe). Generally one woul@exine disk to be disrupted by the
magnetic field at some radius of orderRf. If this radius is too large the matter will be flung out
by centrifugal forces and carnffospecific angular momentum (lllarionov & Sunyaev 1975). This
occurs ifRy exceeds the “corotational radius”

1/3

GMP?
—_em (2.12)

spin
4n2

Reo =

where the field lines move with the local Kepler speBgh, is the spin period of the neutron star).
Beyond this bare description, there is no consensus on hevhere the matter attaches
to the field lines and flows to the neutron star surface, or ernrtteraction of the field with the disk
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outside the disruption radius. In most approaches (se&ash & Lamb 1979; Wang 1987; Anzer
& Borner 1983) the matter is assumed to leave the disk in@waransition zone at the inner edge
(nearRy), thereafter flowing along magnetic field lines to the neustar.

2.4.2 Accretion torques and spin period behavior

The spin of the accreting neutron star, and sometimes #sofathange are often readily
observable through the X-ray pulsation$fening insight into the angular momentum flow in the
system. Spin-up of the neutron star can take place if theewtimatter has an angular momentum
due to orbital motion. In the case of disk accretion, thersipig-up torqueKspin-up Can be presented
as the flux of angular momentum transfered from the disk atihgnetospheric boundary, close to
Ra (Pringle & Rees 1972):

Kspin-up = M VGMRa. (2.13)
The narrower the transition zone in which the accreting ena#t decelerated, the better is this
estimate.

Matter falling onto the surface of the neutron star emitgiigs/itational energy in the form
of radiation so that the luminosity of the accreting sta, is proportional to the mass accretion rate
M. Using this relation as well as the equatithw/dt = Kgpin-yp (I is the moment of inertia of the
star,w is its angular frequency) it can be shown that in this rougbr@mation

~Popin o LY. (2.14)

A more realistic description would require a detailed moafetlisk-field interaction. Such a de-
scription should also take into account torques that terslaww down the rotation of the neutron
star. Such spin-down torques result mainly from the inteyacof the field lines with parts of the
accretion disk outsid®., (where the field lines move faster than the matter). Againetaitkd
model is needed to specify these torques. A detailed digcussin be found in Ghosh & Lamb
(1979); Wang (1987); Lipunov (1992).

2.4.3 X-ray spectrum

The energy spectrum of an X-ray pulsar is of a thermal natisenentioned above, most
of the X-ray radiation in accreting pulsars is produced irmmegions around the magnetic poles
of the neutron star, where accreted matter hits the starfacgl This matter fills a subset of the
magnetic dipole field lines close to the poles, in a configoinaivhich is more or less azimuthally
symmetric about the pole. This region is restricted on thside by a roughly column-shaped sur-
face which is usually referred to as the “accretion columviegzaros 1992). When the luminosity
is in excess of~ 10%"erg s1, a radiative shock close to the surface will form where méshe
radiation is produced (Basko & Sunyaev 1976). At lower lupsities the inflowing material is
thermalized either by Coulomb interactions at the surfabesgaros et al. 1980; Nelson et al. 1993)
or by a collisionless shock (Langer & Rappaport 1982). Thaeiflity of a collisionless shock in
a 102 G magpnetic field (typical for X-ray pulsars) is unknown, sostealculation have been con-
centrated on Coulomb interactions. Beaming along the niagfeld lines due to the anisotropy
of the photon-scattering cross-section in a strongly mizgr plasma (see e.g. Basko & Sunyaev
1976) is responsible for the observed deep modulation oKty flux with the spin period of the
neutron star.
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The observed X-ray spectra of accreting pulsars are clegized by a flat power law with
a photon indexJ", of 1.0-2.0 up to a high-energy ctit@at 10-25 keV, above which the spectrum
decays more steeply. Such a shape of the spectrum indibatetmptonization plays an important
role (see e.g. Rybicki & Lightman 1979). The spectrum abdwsehigh-energy cutd Ecuir, IS
often approximated by the function exBl(i«t — E)/Eioiq], WhereEsqyg is thee-folding energy (see
e.g. White et al. 1983). Typical values fBe ¢ andE;qq both lie in the range 10-25 keV. A soft
excess is sometimes seen below 1 keV, which may representahemission from hot material in
the magnetosphere (e.g. Her X-1, McCray et al. 1982).

The Teragauss magnetic field at the magnetic poles of theamestiar can fiect the X-ray
spectral continuum of the escaping radiation. The kinatgrgies of the plasma electrons in such
a strong B-field are quantized perpendicular to the fieldslinediscrete Landau levels (Meszaros
1992; Daugherty & Harding 1986):

Ec = mecz(,/l+2nB£_t —1), (2.15)
Cri

whereme is the electron rest massjs the speed of light, anBei; = €2c3/(eh) ~ 4.4 x 1013 G —
the critical field strength when the de Broglie radius of aspia electron becomes comparable to
its Larmor radius. FOB << Byt the energy spacing between these levels is given by

Ec ~ hﬁ%’ ~ 116% KeV. (2.16)
Photons with energies of nE. (n = 1, 2, 3...) undergo resonant scattering with the Landau elec-
trons. These photons are trapped in the dense plasma of ¢hetian column, being absorbed,
re-emitted or spawned and absorbed again by the LandauoglectThe trapped photons may es-
cape once their energy has changeflicgently from the resonant Landau energies. As a result
line-like features arise in the observed X-ray spectrum millaar close to the Landau line energies
E. (the fundamental), E. (first harmonic), & (second harmonic) etc. The observed line energy is
subject to gravitational redshift such that the magnetic field strength may be estimated by

(1+2ELPS)
Bip~ ———>—— 2.17
127 T116keV (2.17)
whereB;, = B/10' G. The gravitational redshift at the neutron star surfa@pjgoximately
1
2GM\ 2
z=(1-—| -1, 2.18
( = ) (2.18)

whereM andR are the mass and radius of the star.

The discovery of the cyclotron feature in the spectrum of Xidrin 1976 (Trimper et al.
1978) provided the first “direct measurement” of the magrfid strength of a neutron star, in the
sense that no other model assumptions are needed. Onginakidered as an exception, cyclotron
features are now known to be rather common in accreting Xptdgars, with more than a dozen
binary pulsars now being confirmed cyclotron line sourcesb(€n et al. 2002; Heindl et al. 2004).

Many X-ray pulsars exhibit the Fe Kfluorescent emission line at6.4 keV. Such a line
is believed to be produced when the optically thick matexidghe inner edge of an accretion disk is
externally illuminated by hard X-rays from the central smu(Basko 1980).
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Her X-1/HZ Her: intermediate mass
X-ray binary

3.1 System overview

Hercules X-1 is one of the first X-ray pulsars discovered teylthuru satellite in 1972
(Tananbaum et al. 1972; Giacconi et al. 1973), and sincerdraains one of the most studied X-ray
sources. The basic phenomenological picture of Her X-1 \gtabshed soon after its discovery:
a close binary system consisting of an accreting magnetieetron star with a 1.24 s spin period
and a stellar companion HZ Her (first suggested by Liller 3942 main sequence star of the
spectral type AF (Crampton 1974). The mass of the optical companiorisl, which places the
system in the middle between high and low mass X-ray binafiée orbital period of the system
is ~1.7 days. The binary orbit is almost circular and has annatibni ~ 85— 88 (Gerend &
Boynton 1976). Since we see the orbit nearly edge-on, thayXsource is regularly eclipsed by
the optical companion fox5.5 h once per orbital revolution. The X-ray luminosity oéthource
is Ly ~ 2x 10%7ergs? for a distance of-7 kpc found by Reynolds et al. (1997). Assuming that
the radiative #iiciency of the accretion is10% L ~ 0.1Mc?), suchLy corresponds to a mass
accretion rate to the neutron stelr ~ 2 x 107 gs L. The optical companion, HZ Her, provides a
classical example of theflectioneffect — strong orbital modulation in the optical range caused b
a powerful illumination of the part of the normal star atmlosge facing the X-ray source (Bahcall
& Bahcall 1972; Cherepashchuk et al. 1972).

Already, the very firsthuruobservations of Her X-1 revealed the presence of a long-term
~35 d periodicity which manifests itself mainly through theemation of so-calleen (high X-ray
flux) andoff (low X-ray flux) states (see Fig. 4.15). The 35 d cycle corgaivoon states — thenain-
on (~7 orbital periods) and thehort-on(~5 orbital cycles) — separated b5 orbital cycles. The
maximum X-ray flux of the main-on is roughly five times highkan that in the maximum of the
short-on. Sometimes Her X-1 exhibits so-calletbmalous low stateshere X-ray flux is strongly
reduced and 35 d variability is seen only marginally (Paretal. 1985; Vrtilek et al. 1994; Parmar
et al. 1999). The maximum X-ray flux during the anomalous Iatesis only 1-3% of the main-on
flux.

The long-term periodicity in Her X/HZ Her is usually attributed to the counter-orbitally
precessing tilted and warped accretion disk around therarestar (see e.g. Gerend & Boynton

14



Her X-1/HZ Her: intermediate mass X-ray binary 15

1976; Howarth & Wilson 1983; Shakura et al. 1999). Since tiadination of the binary orbit is
close to 90, we see the orbital plane nearly edge-on. The precessingedalisk, therefore, covers
the central X-ray source during a substantial portion of¥hd precessional cycle. The anomalous
low states are most probably due to the reduction of theftilh® outer disk to the system orbital
plane, such that the X-ray source is permanently blockeds Aypothesis is supported by the fact
that the amplitude of optical pulsations of the normal comiga is only slightly reduced during
anomalous low states, indicating that the X-ray illumioatiof the companion persists (Vrtilek
et al. 1994). The mass accretion onto the neutron star ftnereloes not stop during these states.

As one can see, Her X-1 experiences strong variability op gdferent time scales and
has many intriguing properties. Below we discuss in moraitigthe most remarkable observational
features of the system which are related to this work.

3.2 Observational properties

3.2.1 35d period

The 35d periodicity is one of the most enigmatic features ef M-1. As mentioned
above, it manifests itself mostly through the modulatiothef X-ray light curve of the source (see
Figs. 4.5 and 4.15). The sharp transition from djfestate to the main-on state is called X-tayn-
on of the source and is usually used to count 35 d cycles. Trangiom theoff state to the short-on
state is sometimes callegcondaryX-ray turn-on. Each observation hence can be charactebiged
the 35 d phasepfecessionaphase). Phase zero is usually assumed to correspond to themhof
turn-on of the source. The 35d periodicity is also seen itesyatic changes of the shape of 1.7 d
optical pulsations (see e.g. Boynton et al. 1973; Gerend §nBm 1976) and of the 1.24 s X-ray
pulsations (Trimper et al. 1986; Soong et al. 1990b; Dexttgl 1998; Ketsaris et al. 2000, see also
Section 3.2.3).

The 35d period is not stable. Already after a few turn-onshiesh observed by HURU
it was noted that the source always turns on in two bands dafabybhases:¢on ~ 0.2 and 0.7
(Giacconi et al. 1973). As a result, the duration a of 35 deyglalways a half-integer number of
orbital cycles. Observations show that the 35d period sistitally changes from cycle to cycle
and in most cases is equal to ZO%ZOr 21 orbital period®qr, (Staubert et al. 1983; Shakura et al.
1998a).

The behavior of the 35d period is usually explored by meanfefso-called @ — C)
diagram which shows theftierence between the observed and calculated times (assamamgtant
period) of the turn-on as a function of time (or 35 d cycle nemblt is, therefore, a representation
of the history of the 35 d period. Figure 3.1 shows part of tisehical (O — C) diagram of Her X-1.

A straight line on this diagram would correspond to a corispaniod. The value of the period
would be determined by the slope of the line (going up meaasgel turn-on period, going down
— shorter). Almost all observed turn-ons of Her X-1 fall omgil horizontal lines separated by
0.5 x Pgrp, reflecting the fact that the time interval between turn-ans ihalf-integer number of
orbital cycles. Since the time interval between two sudeegsarn-ons is always 20, %Oor 21 (see
above), the “wandering” of@ — C) is in such a way, that it never jumps by more thah % Py
from one cycle to the next. The cycle counting as well as the peint of (O — C) are arbitrary.
In our work the zero point is chosen to be the turn-on at MJB211501149. We assign to the
corresponding 35d cycle the number 5 (in Staubert et al. 3188 zero point of @ — C) was
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chosen to be at MJ: 42409849, close to the turn-on of the cycle No. 31 anffais from our
(O - C) by 15 X Porp, so that QO — C)staubert(1983= (O — C) — 1.5 X Porp).

It has been shown that that the observed behavio®ef C) can be described byran-
dom walkmodel with all three possible periods being about equalbpable (Staubert et al. 1983;
Ogelman 1987; Baykal et al. 1993). The average long termdarperiod in such a model would be
identical to 206 x P, implying some sort of physical lock over long time betwees 3% d period
and the orbital period. However, with todays data base oftuns, almost three times as long and
more densely populated (especially in the last 10 yearsa@BATSE CGROand theASM RXTE)
this model has to be modified. The modulation @+ C) appears not to be entirely random but
follows quasi-periodic variations with the period of sealeyears (Staubert et al. 2006). We now
believe that the global long-term developments@n~C) cannot be explained by a random walk.
They probably involve quasi-periodic variations in masssfer from the normal companion.

3.2.2 X-ray dips

Even more interesting features observed in Her X-1 are suddereases in X-ray flux
accompanied by significant spectral changes — X-ray dipsey Flave been observed by many
satellites:UHURU (Giacconi et al. 1973; Jones & Forman 1976ppernicusandAriel V (Cooke &
Page 1975; Davison & Fabian 197Ayriel VI (Ricketts 1982)0S0O-7, OSO-8(Crosa & Boynton
1980), HEAO-1, (Gorecki et al. 1982 enma (Ushimaru et al. 1989)EXOSAT, (Reynolds &
Parmar 1995)Ginga (Choi et al. 1994; Leahy et al. 1994; Leahy 19®RXTE, (Shakura et al.
1998a; Scott & Leahy 1999). X-ray dips are usually separattedthree groupspre-eclipse dips
which are observed once per orbital cycle and march from @i@oslose to the eclipse toward
earlier orbital phase in successive orba#spmalous dipswvhich are observed at orbital phagg, =
0.45- 0.65 during the first one or two orbits after turn-on (of the mainas well as of the short-on)
and post-eclipse recoverigsvhich are occasionally observed as a short delay (up to entews)
of the egress from the X-ray eclipse in the first orbit aftentan. Examples of all three types of
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Figure 3.2 Anomalous and pre-eclipse dips observe®G® RXTE during a main-or{left panel)
and post-eclipse recoveries observedMi¢CS BeppoSAXduring a short-or(right panel) The
pictures are taken from Kuster et al. (2005) and Oosterbebek (2000), respectively.

dips are shown in Figure 3.2. The transition into a dip takasepquite sharply (at times as short
as tens of minutes), similar to the transition into eclipgdewever, the X-ray flux can have a finite
value within the dip. The duration of the dips is on the averafjithe same order as the eclipse
duration, but can vary from one dip to another. The dips atalysinterpreted as being due to
absorption of X-rays by intervening gas. This interpretais based on the spectral data: during the
dips the X-ray spectrum shows significant low-energy aligmrpwith the typical column density
of 1073 atom cn1? (Giacconi et al. 1973).

Several physical models have been proposed to explain tpegres of the X-ray dips.
For example, in many models (Crosa & Boynton 1980; Gorechil.e1982; Leahy 1997; Schandl
1996) the dips are caused by thickening of the outer rim o&tiveetion disk due to interaction with
the accretion stream; Vrtilek & Halpern (1985) suggested tie dips are produced by the accretion
stream which is thicker than the disk (see also Bochkarev &itslaia 1989). However, these
models made various assumptions about the disk paramé&ersxaémple, in the original model
by Crosa and Boynton the disk size was uncomfortably largexfdain the X-ray dip marching
behavior). In our model, first elaborated by Shakura et 899}, pre-eclipse dips and some of the
anomalous dips are produced by the accretion stream thatsyomt of the system’s orbital plane.
Most of the anomalous dips and all post-eclipse recoveresaused by the wobbling outer part of
the disk. We describe this model in more detail in SectioBsa8d 4.4.2.

3.2.3 X-ray pulse profiles

The basic features of X-ray pulsations in Her X-1 like in oteray pulsars are normally
explained by the oblique rotator model (Lamb et al. 1973)h&ray emission comes from two
magnetic poles of a highly magnetized rotating neutron sthose rotation axis does not coincide
with the magnetic axis. The detailed shape of the X-ray potteéle, however, is quite complicated
and can be decomposed into several distinct componentso(afght). Like in many other X-
ray pulsars, the X-ray pulse profile of Her X-1 is energy-aefemnt. Diferent components of the
profile vary with energy in a dierent way. Thus, the energy-dependence can be used totsepara
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Her X-1 X-ray pulse profile
1 in the 9-13 keV energy range
] obtained withPCA RXTE during
1 a main-on state. The picture is
taken from Kuster et al. (2005).

|
|
|
|
|
: Shoulder

|
|
|
|
|
| |
| |
| |
11 Main Pulse '
Interpulse:

00 05 ~10 05 1
Pulse Phase

components. A typical X-ray pulse profile of Her X-1 with atlegh nomenclature for flierent
features is shown in Figure 3.3.

Soon after the discovery of the source it was noted that theepgurofile experiences
systematic variations with time (respective to the 35d phase Fig. 3.4). Such variations have
been found in data frotWlEAO-1 (Soong et al. 1990b-XOSAT (Trumper et al. 1986; Kahabka
1989), Ginga (Deeter et al. 1998; Scott et al. 200RXTE (Scott et al. 2000). Two basic models
have been proposed to explain these variations. Trimr €986) interpreted them in terms of
a freely precessing neutron star. In the course of the meresiewing conditions of the magnetic
poles on the star surface change giving rise to the systemvatiation of the pulse profile. Scott
et al. (2000); Sheer et al. (1992), however, argued that not free precessigrrather progressive
occultation of the X-ray source by the inner edge of the @®iog accretion disk is responsible.

3.2.4 Cyclotron line

The X-ray spectrum of Her X-1 is characterized by a power lantiouum with exponen-
tial cut-of and an apparent line-like feature, which was discovere®#6XTrimper et al. 1978).
This line is now generally accepted as an absorption featuecto resonant scattering of photons
off electrons on quantized energy levels (Landau levels) inTéragauss magnetic field at polar
caps of the neutron star. The feature is therefore oftemreafdo as acyclotron lineor cyclotron
resonant scattering featuf®€RSF). As described in Section 2.4.3, cyclotron lines pl@wa direct
method of measuring the magnetic field strength at the sitkeoémission of the X-ray spectrum:
B2 = (1 + 2)Egyc/116 keV, whereB1; is the magnetic field strength in units of #05, z is the
gravitational redshift, an&cy is the measured energy of the cyclotron line centroid. HdrWas
the first neutron star for which the direct measurement ofsthength of the Teragauss magnetic
field was obtained. The line was observed-40 keV. This gave an estimate of the field strength of
B~ 3x10%G.

Repeated observations of Her X-1 wiXTE and BeppoSAXhave shown that the line
energy (pulse-averaged) was relatively stablB%) since 1996 (Gruber et al. 2001; Dal Fiume
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Figure 3.5 The centroid energy of the phase averaged cgaltitre in Her X-1 since its discovery.
Dashed lines are mean cyclotron line energies before aadEi01 (see Staubert et al. 2007b, and
references therein).

et al. 1998). When these data are compared to the previoesvaltisns (including historical data
reaching back to the discovery of the line in 1976), howearrapparent jump in the line energy
from ~34 to~42 keV appears somewhere between 1991 and 1993 (Fig. 3thpulyh a comparison

of measurements from ftierent instruments is flicult because of systematic uncertainties due to
calibration and analysis technigues, we believe that tige ldiference o5 keV between the mean
values and the relative internal consistency within the ¢aups of data most likely indicate real
physics.

Since the early observations, it has been known that theplinemeters and (to a lower
degree) the spectral continuum parameters are varialethngtl.24 s pulsation phase (Voges et al.
1982; Voges 1985; Soong et al. 1990a). This variability isallg attributed to the change of viewing
direction of the complex emitting region (formed by the metgmfield including higher multipole
components) with the rotational angle of the neutron staresponding to the 1.24 s pulse phase.
The pulse phase resolved spectra had, however, relativelygtatistics, especially at higher ener-
gies.
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Figure 3.6 Panoramic view of the disk as seen from the newudtan The outermost disk ring
is identifiable by a fuzzy band. The horizontal dashed linenghthe position of the observer at
different moments in the 35d cycle. Easily identifiable featamesthe main-on state (A-B), the
short-on state (C-D), andfestates (B—C and D—A). Low-energy absorption is expecteenithe

outermost ring crosses the dotted line (points A and C). Tttene is taken from Petterson (1977).

3.3 Model and open questions

Despite the fact that the general properties of the HeybXZIHer system are understood,
we are far from having a final picture available. For examglen the basic question about the na-
ture of the driver of the 35 d cycle is yet to be answered. Bel@exescribe the model of the system
which we adopted at the beginning of our research. Our maitsgeere to improve and to test
different aspects of this model by analyzing the X-ray data obtawithRXTE andINTEGRAL.

As mentioned in Section 3.1, the main ingredient of the magl¢he counter-orbitally
precessing tilted and warped accretion disk around theomgtar. The 35d modulation of the
X-ray light curve is believed to be caused by periodic obstan of the X-ray source by the disk.
The main-on state starts when the outer disk rim opens tkedlirsight to the source (Fig. 3.6).
Subsequently, at the end of the main-on state the inner paneadisk (that may be surrounded
by a hot rarefied corona) covers the source from the obsefés. picture seems to be confirmed
by spectral analysis. The opening of the X-ray source israpemied by notable spectral changes
including evidence for the presence of a strong absorptitiereas the decrease in X-ray intensity
occurs more slowly and without appreciable spectral chauri@éacconi et al. 1973; Kuster et al.
2005, see however Oosterbroek et al. 2000).

The fact that X-ray turn-ons always occur near orbital peagg ~ 0.2 or Q7 has been
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explained by Levine & Jernigan (1982) and Katz et al. (198Rese authors assumed that the disk
undergoes a wobbling twice the synodal orbital period duéltd torques. Calculations show that
due to the wobbling the angle between the disk plane and theradr’s line of sight apor, ~0.2
and 0.7 changes most rapidly.

The origin of all three types of X-ray dips was successfultplained by Shakura et al.
(1999). In their model pre-eclipse dips occur when the ditorestream crosses the observer's
line of sight before entering the disk. This can happen ohthe stream is not coplanar to the
system’s orbital plane. The reason for the stream to movefilte orbital plane is nhon-uniform
X-ray heating of the optical stars atmosphere by the X-ray@® which produces a temperature
gradient near the inner Lagrangian point. The non-uniftyrmi the heating comes from the partial
shadowing of the optical star surface by the accretion dizkthermore, such a stream forces the
outer parts of the accretion disk to be tilted with respecthi orbital plane. The tidal torques
cause the disk to precess in the direction opposite to th&brbotion. Due to tidal torques and
the dynamical action of the accretion stream the outer péittse disk develop a notable wobbling
motion twice the synodal orbital period. For an observes,Xhray source can be screened by the
outer parts of the disk for some time during the first orbieathe X-ray turn-on. This causes
anomalous dips and post-eclipse recoveries.

Acting alone, tidal forces would result in a precessionaiqaeof the disk somewhat
shorter than observed. To explain the observed preces$gierad (about 20.B,,p), braking torques
must be added. According to the stream-disk coupling madghaekura et al. (1999), the motion of
the outer parts of the disk is driven by the joint action ohtifbrces and dynamical pressure induced
by the impact of the gas stream on the accretion disk. Therdia action of the gas stream over
one binary period is opposite to the tidal force so the steeeam slow down the tidal precession to
the observed value.

As mentioned in Section. 3.2.3, the observed shape of 1.8ks profile is quite com-
plicated and asymmetric. In addition, it shows apparenesyatic variations with 35d phase. The
variations seen towards the end of the main-on state hagattgdeen studied by Scott et al. (2000)
and explained by obscuration of the emitted X-ray beams &\t inner part of the accretion disk.
There is, however, a severe problem with this interpratatibrequires an extremely small radius
of the (absorbing) inner part of the accretion disk whichesgp to be inconsistent with estimates
for this radius from accretion torque theory. In this work agopt the alternative explanation of
the pulse shape variation, which assumes free precessitbe atutron star (Kahabka 1987, 1989;
Prokhorov et al. 1990; Shakura et al. 1998b; Ketsaris et0l02Wilms et al. 2003). According to
our current understanding, the observed pulse profilesameed by a superposition of pencil-beam
type emission components from the spots at the magnetis pslevell as from arc-like structures
around the poles (the latter are due to higher-multipole pmrents of the star's magnetic field).
As we sweep through pulse phase (corresponding to theaw#torientation of the NS) fferent
emission components add up to give the local flux at any pHaseng free precession of the star
viewing conditions of dierent emission regions are changing giving rise to the syaie variations
of the observed pulse profile with 35 d phase.

If a rotating neutron star is not spherically symmetric Bigitgly elongated or contracted
along a particular direction which is neither parallel nergendicular to its spin axis then it will
undergo free precession. Figure 3.7 illustrates the gagnoéthe freely precessing neutron star
adopted for Her X-1.w shows the angular momentum of the neutron star which alnuastides
with its spin axis. In addition to the spin motion with the ijper of 1.24 s the star slowly rotates
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Figure 3.7 The schematic representation of the precessinggam star geometryw is the angular
momentum of the neutron st&R indicates the principal axis of inertia around which the stawly

precesses with the period e85 days (see text). The indicated values for the angles sireated
from the preliminary modeling of Her X-1 pulse profiles permf®d by the Moscow group.

around its axis of symmetry (marked 63). The orientation of the symmetry axis with respect to
the spin axis is characterized by the nutation adgl€he magnetic pole (black spot in Figure 3.7)
rotates around the axis of symmetry with the period of freecgssion {35d). The phase of the
precession is characterized by the angleThe preliminary modeling of Her X-1 pulse profiles
observed withRXTE performed by the Moscow group (K. Postnov, priv. comm.) stabhat the
spin axis of the neutron star is almost perpendicular toitteedf sight, the nutational angie~ 55°,
and the angular distance from the symmetry axis to the magpete is~ 30°. The inclination of
the spin axis to the orbital plane cannot be found from the ehoth the picture it is arbitrarily
chosen to be- 40° — 50° in the plot.

The anglep represents the precessional phase of the neutron stdr it$e$ phase can
be diferent from the 35d phase defined by turn-on moments (i.e. dptécession of the accre-
tion disk) and represent a rather stable clock. Accordingutomodel, the precessing neutron star
is coupled to the inner part of the accretion disk whose taiten is dfected by the neutron star
magnetosphere. During the precession of the star the atie@mtof the inner disk rim changes.
This produces systematic variations in the shadow patterth@ irradiated atmosphere of the nor-
mal companion. The shadowffect the temperature gradient near the inner Lagrangiart pnih
therefore, the direction of the accretion stream (see gboMee stream, in turn, governs the pre-
cession rate of the accretion disk. This coupling is reddyivoose allowing the disk to “wander”
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in phase with respect to the uniformly precessing neutran East modeling of the Her X-1 X-ray
pulse profiles has shown that the precessional phase of tinestar determined from the profiles
indeed changes with respect to the precessional phase afthetion disk determined by turn-ons.
This fact provides further support to the model of free pss@. For an alternative model see
Schandl & Meyer (1994).

The described picture is not complete and has a numbeffafudiies. Although the pres-
ence of free precession has been reported for a number afrp(Grab, Vela, B1642-03, B1828-11;
see Jones & Andersson 2001, for a review), there are straugdtical arguments against free pre-
cession of neutron stars. The superfluid interior of a nagatieutron star is thought to be pinned
with the crust nuclei (Anderson & Itoh 1975). The pinningieetively suppresses free precession
(Shaham 1977; Sedrakian et al. 1999). AnotHEgat is the strong interaction of the core’s vortices
and magnetic flux tubes, which also should shorten free pséme periods (Ruderman 2001). The
hypothesis of free precession, therefore, needs furthegreational confirmations.

The idea of the accretion stream — disk coupling proposedhak@a et al. (1999) also
needs to be tested. This can be done for example by explarmeglations in the long-term behavior
of (O — C) and spin period of the neutron star (Section 4.3.4). Thearigal model of the disk
wobbling presented by Shakura et al. (1999) should be mddifierder to account for the new
data obtained by thASM RXTE (Section 4.4).

A number of open guestions are related to the X-ray spectifudepX-1, especially to
the cyclotron absorption feature around 40 keV. A negatireetation between the pulse averaged
energy of the cyclotron line and X-ray luminosity has retgebeen reported for a number of tran-
sient sources (Mihara et al. 1998; Tsygankov et al. 20067200-or Her X-1, however, so far no
clear relation between the cyclotron line energy and X-nay @if any kind had been found (see e.g.
Mihara et al. 1998; Gruber et al. 2001). In this work we re@ogositive correlation of the two
values in Her X-1 (see Section 4.3.5 and Staubert et al. 20@@hange of the viewing angle due
to rotation of the neutron star around the axis which is negli to the B-field axis should cause not
only a change in flux (pulse profile) but also a change in thé&iposand shape of the CRSF. This
effect, although has been observed earlier on in Her X-1 (seeahtweeds further study using the
new instruments with higher sensitivity and spectral nesoh, such asNTEGRAL andRXTE. We
also note that free precession (if it takes place in Her X-dlilek modulate the pattern of changing
of the CRSF position and shape across the pulse phase witlp@gati. This can be potentially
verified by pulse-resolved spectroscopy performed féigantly large number of 35d phases. Any
new observation allowing pulse-resolved spectral amalysuld essentially contribute to this study.
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RXTE observations of Her X-1

Her X-1 was repeatedly observed by tRessi X-ray Timing Explorer (RXTEh 1996—
2005. The observations provided high-quality X-ray sgend timing data. Thall Sky Monitor
(ASM) aboard the satellite performed almost uninterrupted rodang of the 2—-12 keV flux of the
source. In this Chapter we use these data to probe varioestasy the system.

4.1 Ross XTE: mission overview

The Rossi X-ray Timing Explorewas launched on December 30, 1995. The satellite is
designed to explore the variability of X-ray sources usisggood time resolution in combination
with moderate spectral resolution. Time scales from ma&roads to months are covered in a
wide energy range from 2 to 250 keV. Originally designed faequired lifetime of two years
with a goal of five,RXTE has passed that goal and is still performing well. The miss@&rries
two pointed instruments, th@roportional Counter ArrafPCA, Jahoda et al. 1996) which covers
the lower part of the energy range (3-20 keV), and tthgh Energy X-ray Timing Experiment
(HEXTE, Rothschild et al. 1998) covering the upper energy rangeZ88 keV). These instruments
are equipped with collimators yielding a FWHM of one degrde.addition, RXTE carries an
All-Sky Monitor (ASM, Levine et al. 1996) that scans about 80% of the sky every,aldwing
monitoring at the shortest time scales of 90 minutes (angdon Data from thé?CA and theASM
are processed on board by the Experiment Data System (ED&}pgacecraft is operating in a low-
earth circular orbit at an altitude of 580 km, correspondimgn orbital period of about 90 minutes.
This allows half-an-hour uninterrupted pointed obseoratiseparated by Earth occultations. The
RXTE spacecraft allows extremely flexible observations, oftexkimg more than 20 discrete and
scientifically motivated pointings within a day. The datades are selectable, allowing compression
which is required for bright objects (due to downlink bandthi to be performed in a user selected
way. A diagram of the spacecraft is shown in Figure 4.1.

4.1.1 Proportional counter array

The Proportional Counter Array aboard tRessi XTE consists of 5 nominally identi-
cal proportional counter units (PCUs) designed to perfotreeovations of bright X-ray sources
with high timing and modest spectral resolution. Each PCH daet geometric collecting area
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Figure 4.1 Diagram of th&XTE spacecraft, with instruments labeled.
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of 1600 cn?. With a 1°-collimator (FWHM) and well modeled background, tREA is limited at
fluxes of~ 4x 102 erg s in the 2—10 keV band for an observing time oPX)approximately 0.3
count sect PCUl). The detectors consist of a mechanical collimator, an adized mylar window,

a propane filled “veto” volume, a second mylar window, and aoftefilled main counter. There are
three layers of Xenon cells, and each layer is divided in byalfonnecting alternate cells to either
the “right” or “left” amplifier chain. The “left” and “right”chains are in mutual anticoincidence.
The division of each layer is significant for data screening hackground suppression. Every
event, whether due to background or a cosmic source, iszethlyy EDS which applies a time-tag
and performs event selection and (multiple) data compressiBasic instrument characteristics of
PCA are summarized in Table 4.1.

4.1.2 HEXTE detectors

The HEXTE instrument consists of two independent clusters of detectéach contain-
ing four Nal(TlyCsl(Na) phoswich scintillation counters collimated by adehoneycomb. Both
clusters can rotate to eithed.5° or +3° about the nominal source-pointing directionRXTE. The
two clusters are oriented such that the axes of their rockiotions are mutually orthogonal. This
enables the sampling of four background positions aboutsdliece pointing. The net open area
of the eight detectors is 1600 cnt, and each detector covers the energy range 15-250 keV with
an average energy resolution of.4% FWHM at 60 keV. The cluster organization for tREXTE
instrument permitsféective immunity to systematic background variations thgfothe use of con-
tinuous gain control, chopping of the source signal, anccamicidence shielding of charged par-
ticle events. The energy, time of arrival, and pulse shapedcated with each detected photon are
measured and digitized. For sources weaker than the CrabléNelll of this information may be
telemetered to the ground. For very bright sources the psaréhas two binned analysis modes to
permit considerable flexibility in data formatting and caegsion in order to achieve the timing and
energy resolution requirements for source observationsisignt with icient data recovery. The
HEXTE instrument is sensitive to X-ray fluxes on timescales frorlisaconds to days, limited
only by the telemetry and the source intensityEXTE is capable of measuring a typical, weak
(~1 mCrab) X-ray source to 100 keV or greater ir? 1@e seconds, i.e., it has ar3sensitivity of
10-%photons cm?s1keV~! in a 20 keV band at 100 keV (for an observing time of ). Basic
instrument characteristics 6fEXTE are summarized in Table 4.1.

4.1.3 All sky monitor

The ASM instrument consists of three Scanning Shadow Cameras [$%&isited on a
motorized rotation drive. Each SSC contains a one-dimea#lio position-sensitive proportional
counter (PSPC) that views the sky through a one-dimenswo@dtd mask. The PSPC is used to
measure the displacements and strengths of the shadownpattest by X-ray sources within the
field of view (FOV) and thereby to infer the directions to antensities of the sources. Each PSPC
contains eight resistive carbon-coated quartz fiber anoslash end of which is connected to a
dedicated electronic measurement chain. An X-ray everttkd in the volume surrounding one of
these anodes yields a pair of pulse heights, which are ussmhipute the event energy and position
(i.e., the coordinate along the one-dimensional coded jnéaskhe charge-division technique. The
achieved position resolution is 0.2—0.5 mm, depending atqvhenergy. Each PSPC also contains
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Table 4.1 Instrument characteristicsP€A and HEXTE.

| Property | Description (PCA) | Description (HEXTE) |
Energy range 2—60 keV 15-250 keV
Energy resolution < 18% at 6 keV 15% at 60 keV
Time resolution 1 microsec 8 microsecond
Spatial resolution collimator with * FWHM | 1° FWHM
Detectors 5 proportional counters | 2 clusters of 4 NdCsl
scintillation counters
Collecting area 6500 cn? 2 x 800 cn?
3o sensitivity for 0.1 mCrab 1 mCrab
an observing time of T
Background 2mCrab 0.2 Crab per HEXTE cluster

Table 4.2ASM instrument parameters.

| Property | Description
Energy range 2-12 keV
Time resolution 80% of the sky every 90 min
Spatial resolution I x1y
Number of shadow cameras 3, each with 6 x 90 degrees FOV
Collecting area 90 cn?
Detector Xenon proportional counter, position-sensitive
Sensitivity (for one 90 s “dwell”)) 30 mCrab

12 metal anodes that are used to veto events caused by chrdietes. Event data are normally
compressed within the twASM Event Analyzers (EASs) in the EDS and relayed to the spadecraf
for insertion in the telemetry stream. The analysis prosdgdcomputing intensities for sources
listed as active in a master catalog and then by searchirenfibiocating additional sourcedASM
results are being used to alert observers to the appearati@msients and to other time-variable
phenomena and to record long-term intensity histories ighbiX-ray sources. Basic instrument
characteristics oRSM are summarized in Table 4.2

4.2 Refining system orbital ephemeris

Using theRXTE data we refined the orbital ephemeris of Her X-1 by exploringa)X
pulse profiles of the source. It was found that the ephemenigged by Deeter et al. (1991) do not
fit well the RXTE observations (1996—2005). Using the historical d&takucho, Tenma, Ginga)
and theRXTE observations we found a new orbital solution that providgsad fit to all the data.
We confirm the secular decrease in the orbital period of Hdr (Mitially found by Deeter et al.
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1991) over the time period ef30 years and update the valueRyyp. In Section 4.2.1 we describe
our method. Then, in Section 4.2.2 we apply it to RETE data. In Section 4.2.3 we analyze all
historical timing data of Her X-1 and derive the new orbitghemeris.

4.2.1 Phase-connection method

The accuracy of commonly used period search technics, suelga Fourier transform
or epoch folding (Leahy et al. 1983), is usually not enouglsttaly pulse period variations due
to orbital motion in the binary or intrinsic spin-tgpin-down of the neutron star. It is possible,
however, to significantly increase precision of the pulséopedetermination by comparing X-ray
pulse profiles obtained atféierent times. The idea of the method is to identify detailsiGedent
pulse profiles and to assume that these details correspdhd same rotation phase of the neutron
star. By counting pulse cycles from one observation to thé aee can follow the pulse period
development with an accuracy which is orders of magnitudgken than that provided by e.g.
epoch folding. The only necessary conditions are: (1) ttepslof the pulse profile has to be
stable enough for the common details offelient pulse profiles to be identifiable and (2) the time
separations of the profiles should be small enough to makesgiple to maintain the counting of
pulse cycles through the entire period of observationsoB@le describe our method step-by-step.

As a first step the photon arrival times must be translatetidasblar system barycenter
in order to exclude the influence of the Earth’s orbital motid hen the data must be divided into
groups with the number of cyclesfigiently large for the pulse profiles to reacHistient statistical
quality for each group. To construct the pulse profiles omefold the data with some rough pulse
period found e.g. by epoch folding (if the length of the gragipmall the uncertainty of the folding
period dfects the shape of the profile only little). Depending on theifg period, the zero epoch,
and the behavior of the actual pulse period the profiles vpflear to be shifted in phase with
respect to each other. By measuring the value of the shift (@y template matching or using a
well determined feature of the profile) one can determineatttaal pulse period. If the period is
changing with time, one can use a numerical model to preldicatmount of the shift for each pulse
profile. Minimizing the diterence between the observed and predicted shifts one Gmdst the
parameters of the model and hence the time evolution of tingpspiod. We applied this method to
the RXTE data of Her X-1.

4.2.2 RXTE data

Her X-1 was repeatedly observed BXTE in the period 1996-2005 (see e.g. Gruber
et al. 2001; Staubert et al. 2007b). The archive of the obsens is accumulated and maintained
at IAAT (Tubingen). For our analysis we used the data oleiwith the PCA which allow to
construct high-quality pulse profiles in the energy rangewwe-20 keV. We have chosen the data
from main-on states of 35d cycles No. 257, 303, 313, and 3@X(ding to the cycle counting
provided in Appendix A) which are most densely covered bydhservations (see Section. 3.2.1
for details of cycle numbering). All the data have been dididnto groups containing between
one and thre®RXTE orbits depending on statistics. For each group we consulutie 1.24 s pulse
profile by folding the data with a roughly estimated periodypical profile is shown in Figure 4.2.
The obtained pulse profiles exhibit systematic pha$sets due to the time delay caused by the
orbital motion of the pulsar. Thesdfsets were studied by measuring absolute arrival times of the
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sharp decay after the soft trailing shoulder of the maing(gsown by the solid line in Figure 4.2).
This stable sharp feature provides a good phase refererich wdn be measured with fairly high
precision in each pulse profile. From now on we will call the@tved time of this feature thpailse
arrival time. In case of a circular orbit with the radigsmeasured in light seconds, inclination
orbital frequencywor, = 27/Porp, @and an epoch of mean upper conjunct‘lltzzn(the time when the

mean orbital longitude of the neutron star is"PBuccessive pulse arrival times can be predicted
using the following simple analytic formula:

t" = i, + asini cosworn(t — Tx)], 4.1)
wheret{l is the intrinsic time of the reference featurenith 1.24 s cycle notféected by the orbital
motion. In case of a constant spin period of the neutron star

whereti(r’]t is the intrinsic time of the feature corresponding to sonfierezce cycle. In some obser-

vations (namely, in 35d cycle No. 324) the data indicate tiesgnce of a non-zero spin-up. In this
case the intrinsic times of the phase reference are givehebfotmula:

th = t2, + NPspin + %n2 - PspinPspin. (4.3)

For all constructed pulse profiles we performed a fit of thesgurrival times with the
cosine model 4.1. If we fix the orbital parameté’r;zs worh, @andasini to the values calculated from
the ephemeris of Deeter et al. (1991) the residuals of thédivsystematic deviations correlated
with the orbital phase. This means that the orbital coroects not satisfactory. The ephemeris,
therefore, need to be updated. This can be done if Wethdse)orb, andasini as fit parameters.
By doing so we obtained the new set of orbital parameters fochwthe fit residuals of the pulse
arrival times are flat. Figure 4.3 shows the result of ourysialfor the 35 d cycle No. 314. The top
panel shows the relative shift of the pulse arrival timeal$p shift”) caused by the orbital motion
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Table 4.3 Orbital parameters of Her X-1 determined frBXTE observations during 35d cycles
No. 257, 304, 314, and 324. The uncertainties in parentl{é88s6) refer to the last digit(s).

| 35d cycle| 257 | 314 | 304 | 324 \
Pspin 1.23773946(2) 1.23776700(1) 1.23777022(2) 1.23776166(1)
Ts 50290.659200(18) 52242.451319(16) 51893.917025(44) 52599.486465(17
Porb 1.700167387 1.700167289 1.700167307 1.700167272
asini 13.1847(12) 13.1824(10) not constrained 13.1825(10)

of the source fitted by our model. The middle panel shows thigluals of the fit using the orbital
parameters of Deeter et al. (1991). The systematic denmtimrrelated with orbital phase are
clearly seen. The bottom panel shows the residuals in casgirgg our best-fit orbital parameters.
The results for 35d cycles No. 257, 304, and 324 look similar.

The found orbital parameters for each of the four 35d cyctesliated in Table 4.3.
The orbital periodPq, cannot be constrained using individual observations. kcheycle we
fixed it to the values calculated from the global soluti®,§ and Pop,) provided by Deeter et al.
(1991). The fits are not very sensitive to slight changeRjg since the data cover only a couple of
orbital revolutions in each cyclasini found from theRXTE data is consistent with that provided
by (Deeter et al. 1991). The values B are significantly dterent from those calculated using
the global solution of Deeter et al. (1991). This discrepacmuses systematic deviations in the
residuals shown in the middle panel of Figure 4.3. The rea$timese deviations is the fact that the
global solution for the orbital period provided by (Deeteak 1991) is not accurate enough to be
valid over the time period of 30 years including the histakicbservations of Her X-1 and the new
RXTE observation. The main source of uncertainty is the valué,gfwhich needs to be updated.
In the next Section we will find the new global solution for thrbital period Pqrp and Porb) using
all available observations of the source.

4.2.3 Orbital ephemeris

Using our new values oT:_Zr and the historical data from previous missions (Deeter.et al
1981, 1991; Wilson et al. 1994) it is possible to find an imgawalue for the time derivative
of the orbital periodPo“O and, therefore, to construct the new orbital ephemeris aofXd#& valid
for the whole 30year period of observations of the sourcedéfing of all T; values (historical
observations pluRXTE data) by a linear ephemeriBgy, = 0) results in very poor fit)(rzed =482
for 26 d.o.f. Thus, the linear ephemeris can clearly be tegecFigure 4.4 shows the residuals of
Tz after subtracting the linear part of the quadratic bestgiiteaneris. For the quadratic ephemeris
(Porb # 0, shown by the solid curve in Figure 4.4) the fit giuesq = 2.3 for 25 d.o.f. The best
fit parameters for the quadratic ephemeris are listed ineTakt. P[)er[) is the orbital period at the
reference timd@ . For any particular observatiorTsE andPg, can be found using the following
formulae: i

Porb(t) = Pgy, + Porn(t = TE), (4.4)

1 .
T7_2r (n) = Tr%ef + nP(r)er[J + Enzporbporb; (4.5)
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Figure 4.3 Delays of the pulse arrival time in Her X-1 due $odtbital motion fitted by the cosine
formula 4.1 for the 35 d cycle No. 31tbp panel) the residuals of the fit using the orbital parameters
from Deeter et al. (1991)middle paneland using our best-fit parametgt®ottom panel)
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Figure 4.4 Residuals dfz after subtracting the linear part of the quadratic bestgiiteaneris. For
RXTE observations analyzed in this work 35 d cycle numbers ailiedtetl. The dashed line shows
a fit by the linear ephemeris with a sudden jump of the orbigaiqul around 1983. The filled circle
corresponds to the questionable value obtained witlTémenasatellite.

wheren is the orbital cycle numben(= 0 corresponds t@'c").

Following the suggestion of Deeter et al. (19912) of a congidrital period with a sudden
change in 1983 (MJDB-45000), we performed a separate fit of the data before and1£f&3 with
a linear ephemeris (the dashed lines in Figure 4.4). Thevi#sgieq = 4.0 for 26 d.o.f. which is
about two times larger than for the quadratic ephemeris. alletberefore, reject the sudden change
of the orbital period in 1983.

The filled circle in Figure 4.4 corresponds to the data olethioy theTenmasatellite. The
linear solution with the jJump oy, around 1983 is mainly driven by this data point which dewate
from the quadratic fit by more tharr3 Removing thelfenmapoint from the analysis improves the
fit of the quadratic ephemeris, givingeq = 1.8 for 24 d.o.f. The linear fit with the sudden jump
in Porp givesyreg = 4.2 for 25 d.o.f. Thus, without th@enmapoint the data strongly favour the
solution with a gradual decrease of the orbital period @poading to the quadratic ephemeris.

4.3 Measuring parameters of individual 35d cycles

The All Sky Monitor aboardASM) RXTE provides almost uninterrupted monitoring of
X-ray fluxes for several hundred bright X-ray sources. Thehige contains X-ray flux measure-
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Table 4.4 Quadratic ephemeris of Her X-1 determined fromnaron fit of the historical observa-
tions andRXTE data. The uncertainties in parentheses (68%) refer to sheligit(s).

T [MJD(TDB)] 46359.871938(6)
2

Pref [days] 1.700167591(2)

Porp [d/d] —4.74(9)x 10711

ments in the 2-12 keV band, averaged ov@0s. The monitoring began in February 1996 and
continues up to date. Th&SM data of Her X-1 analyzed in this work contain some 70000 iideliv
ual flux measurements and cover more than hundred 35 d cykesise these data to analyze the
long-term behavior of the Her X-1 X-ray light curkeThe accuracy of the light curve is limited:
the ASM count rate for Her X-1 isc 10 count st (the maximumUhuru count rate from Her X-1
was about 100 count'd). Nevertheless, for cycles with no gaps in the data, one nmyaearly
distinguish around which orbital phase, 0.25 or 0.75, egclkedurned on.

By analyzing theASM data we would like first to measure the characteristics aviddal
cycles, such as the time of turn-on and the maximum flux of taefan (we use the latter as a
measure of the intrinsic X-ray luminosity of the source,lseglew) and second, to construct averaged
X-ray light curves by superposition of many 35 d cycles (tiisws to explore the common details
of the light curve which are not seen in individual 35 d cydee to low statistics). In this Section
we study the parameters of individual 35d cycles. The awstagray light curves are analyzed in
Section 4.4.

4.3.1 Preliminary processing

Before measuring characteristics of individual 35 d cyelegperformed preliminary pro-
cessing of théASM light curve. The goal of this processing is the reductiorhefdispersion of the
flux through rebinning and removal of X-ray dips and eclipsesulting in a smoothed light curve.
First, we removed all data points falling into X-ray eclipsessuming the eclipse duration of 5.5h
(Giacconi et al. 1973). Then, we combined consecutive daitstpinto groups such that the time
spread of the points inside each group did not exceed 0.05 déne group has been centered to the
mean time of the points inside it. The observed count raigsywere averaged inside each group
with a weight inversely proportional to the variam:%

n
Y, Cy/o
k=1

C= “n _
> 1/0'E
k=1

, (4.6)

wheren is the total number of individual points in each group. Thearece of the aver-
aged count rat€ was determined by the formula:

We use results provided by the ASM RXTE teams at MIT and at tX@lR SOF and GOF at NASA's GSFC.
httpy/xte.mit.edyASM_lc.html
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Figure 4.5Left: Her X-1 ASM light curve sample.Right: the same light curve after preliminary
processing (see text).

n __
18 L kZl(C - Cw)?/ok
2_ 1 2 =
7 _nsz:;(rkJrn—l 1702 : (4.7)
k1 K

Then we removed data points falling into X-ray dips. We udwesl éphemeris of dips
provided by Shakura et al. (1998a). As a result we obtainadaoth light curve which contains
only flux variations related to the alternation of on- afidstates. The left panel of Figure 4.5 shows
an example of the origineASM light curve. The right panel represents the same light cafier
processing.

4.3.2 Turn-on times and(O — C) diagram

The ASM light curve processed by the method described above wasuezhto deter-
mine the turn-on time of each 35d cycle. This was done in theviing way. First, we divided all
cycles into two groups: (1) the cycles where the main-orestahtains a gap (or gaps) longer than
one day (we call them “bad” cycles) and (2) the cycles witleugh gaps in the main-on (“good”
cycles). The main-on of each "good” cycle was fitted with aalgiical function of the following

form: L f A
M= ot oplt—AD/Ad (1 Y )
wheret is the time, Ay, .., A4 are the fitting parameters. This function consists of two ciimed
“steps”, the first representing the beginning of a main-amestthe second representing the end of
the main-on. Figure 4.6 shows an example fit of a main-on staderved byASM with the above
analytical function. For the “good” cycles the turn-on waswmed to happen at the time where
the fitted analytical curve rises to 30% of its maximum vallibe error range of the turn-on time
was determined by the closest data point with the signabise ratioC/o < 3 on the left side

(4.8)
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and the closest data point wi®/oc > 3 on the right side§ and o are determined by Eqgs. 4.6
and 4.7). For the “bad” cycles turn-on moments were detexthin a diterent way. The analytical
curves obtained from fitting “good” cycles were used as a tatafibrary, assuming that each “bad”
cycle can be well described by one of these analytical curi7es a given “bad” cycle we find a
corresponding curve from our library that fits it best in teraf y?, and we determine the turn-on
time from this curve. The errors of the turn-on times werewaled in the same way as for the
“good” cycles.

The resulting list of determined turn-on times can be foumd\ppendix A The corre-
sponding O-C) diagram is shown in Figure 4.7. Horizontal lines on the chagwould correspond
to the 35d period of 28 x Pq,. The zero-point is arbitrarily chosen to be at M1501.149 (the
turn-on moment of the cycle No. 5, see Section 3.2.1). Twaretous low states that took place
since the beginning of th&SM monitoring are indicated by shaded areas.

4.3.3 Maximum main-on flux

One of the most important parameters of the system is theyXurainosity Lx which
reflects the mass accretion rate onto the neutron\étar

Lx ~ gMc?, (4.9)

wherep is the radiative fiiciency of accretion usually assumed to be of the order of 1D%e to

high orbit inclination the view to the X-ray source in Her Xslblocked (or partially blocked) by the
accretion disk during a substantial part of the 35d peridie X-ray flux measured at a particular
time, therefore, is subject to modulation by variable apsoryshading by the accretion disk and
cannot be directly used to deducg. In our model we assume that the source is not screened by the
accretion disk near the maximum of the main-on state (F&). 3 hus, we used the main-on state
maximum flux as a measure b%.
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We used two ways of measuring the maximum main-on flux: (1nftbe analytical
function described in Section 4.3.2 (simply taking its nmaxm), and (2) calculating the average
ASM flux from the data points close to the maximum of the main-aest The results obtained
with both methods are consistent with each other and showigure 4.8. To be specific we will
use the second method in the following. The resulting listefermined main-on fluxes can be
found in Appendix A

4.3.4 Correlations betweer(O — C), maximum main-on flux, and the pulse period

In this Section we explore correlations betweén{C), Lx (measured through the max-
imum main-on flux), and 1.24 s pulse period. The methods @rdehing turn-on times and maxi-
mum main-on fluxes on the basisAEM RXTE data are described in previous Sections. Historical
data of the pulse period (befoRXTE andBATSE era) are taken from a compilation of Kunz (1996)
which is mainly based on the collection by Nagase (1989) anty&ev et al. (1988). Additional
data are fromMIR-HEXE (Kunz 1996) and several highly accurate values from poiotezkrva-
tions by RXTE. BATSE data were added as follows: the publicly available pulsecbedata were
taken and “screened”, that is extreme valuegl§ different from the mean) were removed and for
each on-state an averaged pulse period and a weightedaintewere calculated. The historical
turn-on times are also taken from a compilation of Kunz (399hich is largely based on papers
by Staubert et al. (1983) ar@gelman et al. (1985). For determination of the turn-on sifinem the
BATSE data publicly available occultation data of Her X-1 wered&e

A comparison of the spin period development with< C) immediately shows that the
large features in the development of the two values are yi@lniti-)correlated (see top and middle
panels of Figure 4.9). The anticorrelation becomes claamare subtracts a linear spin-up trend
dPspin/dt = 1.1 x 1013 g/s (shown by the dotted line on the top panel) from the pulseg@eThe
residuals after the subtraction are shown in the bottomlpaihe following global features appear
simultaneously: (1) maxima in pulse period residuals, esponding to (relative) spin-down, (2)
minima in © — C) (going into the minimum means a short turn-on period, se®i@e3.2.1), (3)
the appearance of Anomalous Low States (ALSs, shaded ameas)d these extrema.

We should note that the next to last ALS (MJD 51300-51800)sedseng that one cannot
unambiguously extend the 35d cycle counting from the baggto the end of the state. In other
words, we cannot say for sure how many cycles took place glitie ALS. Two solutions are
possible: (1) the first turn-on after the ALS is the beginnihg 17-th cycle since the start of the
state, which corresponds to the averaged over the ALS 35iddpef 209 x Pqp; (2) the first
turn-on after the ALS is the beginning of the 18-th cycle amel average period during the ALS
is 197 x Porp. The first solution is used in Figures 4.7 and 4.9 since itdsel to the averaged
duration of the 35d cycle over the whole data seR0.5 x Py, However, the second solution
is more consistent with the observed anti-correlation betwQ — C) and Pgpin: the huge spin-
down occurred during the ALS would correspond the largeetess in © — C). Another argument
in support of the second solution is the general observdhiahthe 35 d period is always shorter
(~ 20x Pgrp) when approaching an ALS (see e.g. Fig 4.9). Coming out oAttfein 2000, it is still
short for several cycles before it changes to a higher vaheegasing © — C)). So, the 35 d period
is likely to remain low (or decrease further) inside the Al&e © — C) diagram corresponding to

2The data are provided by tHBATSE Instrument Team at the Marshall Space Flight Center
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Figure 4.8 The maximum main-on flux of Her X-1 measured bynfitteach main-on state with
an analytical curve defined by Eq. 4®(), and by averaging thASM data points close to the
maximum of main-onshotton). Shaded areas mark two ALS.



40

Chapter4

820

800

780

Ppin — 1.237s [ 1 sec]
~
D
o

740

(O-C) [binary cycles]

(S |
o o

I
o

30

20

10

Ppin — lin. trend [ 1 sec]

-10

1975

1980

1985

1990

1995

2000

2005

I

I

I

I

I

[ I

L1 1
APON—LO—=-MNWNMNITTO N ®O

R

e
LA A A O A A A Y B |

|

|

|

|

|

|

42000

44000

46000

48000
Time (MJD)

50000

52000

54000
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(middlg. The anti-correlation between the two values is clearen#é subtracts a linear spin-up
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residuals after the subtraction. Shaded areas mark anoslaly states.
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Figure 4.10 The same as in the middle and bottom panels ofd-iy®@ but assuming aftierent
counting of 35d cycles during the ALS at MJD 51300-51800.
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Figure 4.11 The® — C) diagram (solid curve) for the time period MJD: 48500-5120he dotted
curve represents inverted, shifted and stretched vdytipalse period residuals (after subtracting
the linear spin-up trend) (Staubert et al. 2006).

the second solution is shown in the top panel of Figure 4.10.

There is also clear anti-correlation on shorter time sd@dew hundred days), as shown
in Figure 4.11 (see Staubert et al. 2006, and referencesitfheilhe pulse period residuals shown
by the dotted curve are inverted, shifted and stretchedcadiyt in this plot. We note that this kind
of correlation has been seen earlier®gelman et al. (1985) on the basis of smaller sets of data.
The data in Figure 4.11 are due to the dense samplirgARSE CGRO

We have also searched for the correlation of the spin-upofdtee neutron star and the X-
ray luminosity. Such a correlation for an accreting pulsagenerally expected in accretion theory
(see e.g. Lipunov 1992), where an increase of the mass @ccrateM leads to an increase of the
rate of change of the neutron star’s angular momentum:

d(lw) _ 2
o = MVGMR: - (4.10)

wherel is the moment of inertia of the neutron starjs the angular frequencRa is the Alfvén
radius, M is the mass of the neutron starjs its magnetic momeng. is the corotational radius,
andx is the numerical cd@icient of the order of unityM is proportional to the X-ray luminosityx
(Eqg. 4.9). Such a correlation has been observed in many atoeeting pulsars (see e.g. Bildsten
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etal. 1997, for a review). In Her X-1, however, the corr@ativas so far questionable (see however
Wilson et al. 1994). In this work we use the maximum main-ox ths a measure dfy (see
Section 4.3.3). To check the correlation we used the timervat MJD 50000-51200, where the
data sets from th8ATSE CGROand ASM RXTE are overlapping. The first one provides good
pulse period measurements while the second is used to direvaaximum main-on flux for each
35d cycle. In order to reconstruct pulse period derivatl?g,ﬁ, from the pulse period data we used
the following method. For each pulse period data point (pikéar the first and the last point) we
performed a linear fit of this point with the two adjacent {l@hd right) data points (see the top
panel of Figure 4.12)|.'35pin was determined from the slope of the fits (shown in the middleepof
Figure 4.12). The bottom panel shows the maximum main-ordflug corresponding 35 d cycles.
An indication of an anti-correlation betweé?gpin and the flux can already be seen in Figure 4.12.

In Figure 4.13 we plot the pulse period derivati?gpin as a function of the maximum
main-onASM flux. The dashed line is from a linear fit, taking uncertamiid both variables into
account (see e.dNumerical Recipes, 15)3and it defines a slope of (2%5)x 10~° gday. Pearsons
linear correlation ca@cient is—0.35 (corresponding to the probabilities to find the correlatby
chance of~ 2%). We consider this correlation as rather poor. This issuoprising because, as
pointed out in Section 2.4.1, the interchange of the angulamentum between the accretion disk
and the neutron star can be much more complicated than beddsiy Eq. 4.10. Also the maximum
main-on flux might still be not a perfect indicator bf. However, in Discussion (Section 8.1.3)
we will show that the found dependence of the maximum maifitonion Pspm is in aquantitative
agreement with the prediction of the accretion torque mddetloped by Ghosh & Lamb (1979)
for parameters of Her X-1. This agreement suggests thabtidfcorrelation is real.
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Table 4.5 Recent cyclotron line energy measurements in HeEb)XRXTE. Uncertainties are at the

68% level.
Observation 35d Center Line Energy max. Flux
monthiyear cycle MJD keV ASM cis
July 96 257 50029.75 412+055 737+0.34
Sep 97 269 50707.06 42+049 749+0.73
Dec 00 304 51897.69 407+031 604+0.47
Jan 01 305 51933.67 IB+055 K72+0.34
May 01 308 52035.48 393+0.63 715+0.50
June 01 309 52071.16 3B+052 693+0.20
Dec 01 314 52245.09 4 +0.22
Aug 02 321 5249296 401+029 719+0.26
Nov 02 324 52599.32 481+0.13 764+0.30
Dec 02 325 52634.01 480+041 755+0.34
Oct 04 344 53300.95 3B1+051 450+0.24
July 05 352 53577.35 3@+052 512+0.37

4.3.5 Correlation between the CRSF energy and the maximum nig-on flux

As mentioned in Section 3.2.4 the X-ray spectrum of Her Xatluding CRSF has been
measured by many instruments since its discovery. Staiftomy 1996 the source was repeatedly
observed by th&kXTE pointing instrumentsPCA and HEXTE. This allowed a coherent analysis
of the X-ray spectral data spread over the period of ten y@&6—-2005). The measured centroid
of the cyclotron lineEyq, is shown in Figure 3.5 along with other historical obsepra (Staubert
et al. 2007b). A comparison of the line centroid energy bahavith the maximum main-on flux
(2—10 keV, see Section 4.3.3) from the 35 d cycles correspgrnd the pointedRXTE observations
shows that there is a significant positive correlation betwthe two values. If we take the locally
measured fluxes (e.g. from our spectral fits) we find that thegktthe maximumASM flux quite
well and they show the same correlation Wi, However, we prefer the main-on state maximum
flux as the better information on the accretion state of threcsg since, as we mentioned above, the
locally measured flux is subject to modulation by variableaaptiorishading by the accretion disk.

For a quantitative analysis of this correlation we restaagtselves to the results from
RXTE data only (see Table 4.3.5), because thffgrathe advantage of maximum comparability
due to a uniform analysis of data from the same instrument§idure 4.14 we plot the cyclotron
line centroid energ¥cyq as a function of the maximum 35 d main-on statM flux. The dashed
line is from a linear fit, taking uncertainties of both vatesbinto account, and it defines a slope of
0.66 + 0.10 (68%) keV(ASM ctgs). Pearsons linear correlation @gent is 0.90, the Spearman
Rank correlation cd@cient is 0.85 (corresponding to the probabilities to findstheorrelations by
chance ok 6x107° and< 4x 1074, respectively. We consider this correlation as highly sigant.

Its physical implications are discussed in Section 8.1.4.

We also point out here, that the apparent decreagggf(and the correlated SM count

rate) with time after 1991, seen in Figure 3.5, is an artifluet to the general variability of the source
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and the random way by which the data happened to be taken,caredsecular decrease. Despite
strong short-term variability thASM light curve of Her X-1 does not provide any indication for a
long-term & 5yrs) change of the mean X-ray luminosity.

4.4 AveragedASM light curves

Using theASM RXTE (with ~5 ctgs from Her X-1 in the main-on) details cannot be ex-
plored in individual 35 d cycles. However, through supeipms of many 35 d light curves common
details (e.g. X-ray dips, post-eclipse recoveries) becmuoegnizable. This approach has been used
by Shakura et al. (1998a); Scott & Leahy (1999); Still & Bop®04). TheASM archive, however,
has grown considerably, allowing to construct averagdu kgrves with smaller dispersion than in
previous works.

To construct the averaged light curves we used the origiisdWl data (without processing
described in Section 4.3.1). As mentioned above, in mogtscasn-ons occur near orbital phases
0.2and 0.7. Thus all 35 d cycles have been divided into twogge- with the turn-on nea,, = 0.2
and neaor, = 0.7. Inside each group the light curves were superposed amdgad after shifting
them in such a way that the eclipses coincided. The supeaipigbe curves are shown in Figure4.15.

In the averaged light curve corresponding to the turn-om pgg = 0.7 (upper panel) one
can see that the flux starts to increase already ¢jwgg= 0.2 and then is is suppressed by a strong
anomalous dip aroungl,, = 0.5. This is due to the fact that some cycles classified to tarnear
dorb = 0.7 actually turned on neafy, = 0.2, but this cannot be recognized in the individual light
curve due to low statistics. This shows some limitationsatédmining the turn-on times fro&ASM
data.

4.4.1 Evidence for a change in the disk tilt during the 35d cyle

In the short-on state complicated dip patterns can be oéderAnomalous dips near
dorb = 0.5 are present on two (or even three) successive orbits aftdpgginning of the short-on
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Figure 4.15 Averaged 35ASM RXTE light curves of Her X-1 for the cycles with turn-ons around
dorb = 0.7 (top) and for the cycles with turn-ons aroumpgy, = 0.2 (bottom) Arrows mark anoma-
lous dips (A) and post-eclipse recoveries (PE).
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state. This is also seen on an individual short-on light edaken with the®CA during a pointed
RXTE observation (Fig. 4.16).

The fact that during the short-on state of Her X-1 more algorpdips appear on the
X-ray light curve (the anomalous dips and post-eclipseveges during two successive orbits of
the averaged short-on as well as in an individual short-asecied by thePCA (Figs. 4.15 and
4.16) suggests that the angldetween the disk and the line of sight remains close to zeroglu
the first two orbits after the turn-on in the short-on statkisTs in contrast to the main-on state,
where such features are observed only during one orbit @fteron. This observation implies a
generic asymmetry between the beginning of the main-on bod-sn states. This asymmetry can
take place only if the tilt of the diskg, changes with precession phasg.. Indeed, the angle of
the plane of the disk with the line of sight is

sine = cosi cosf + sini siné CoSppre, (4.11)

wherei is the binary inclination angle. So with constar@ndé, |de/dgprel ~ | SiNngprel, the same
for precession phases with= 0 (i.e. at the beginning of the bottn-states), although the line
of sight to the X-ray source lies nearer to the plane of thk diging the short-on state. As the
binary inclination angle could not change over the precession period, the only wagdover the
asymmetry is to suppose thais a function ofppe. The physical reason of this is discussed below.
The tilt of the disk is generally determined by the actionafious torques acting on the disk. These
include (1) the tidal torque from the optical star, (2) thenayical torque caused by gas streams,
(3) the viscous torque, (4) the torque caused by the radigtiessure and possibly (5) a disk wind
torque, (6) magnetic torque at the inner rim of the disk frdma beutron star’'s magnetosphere.
The joint action of these torques determines the shapeted ##nd twisted accretion disk (see, for
example, calculations of the stationary disk shape for ibk @ind model in Schandl & Meyer
1994). However, if the mass transfer rate through the inrmgrange point into the disk changes
with the precession phase, so will the tilt of the disk. Faaraple, if free precession of the neutron
star is ultimately responsible for the 35-day cycle in Hell Xsee Section 3.3) the conditions of
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X-ray illumination of the optical star's atmosphere willrlically change with the precessional
phase. This in turn will lead to changes in the velocity congaus of the gas stream in the vicinity
of the inner Lagrangian point and hence in the matter sumtbyto the accretion disk.

As a first approximation the periodic change of the tilt of diek with precessional phase
can be parameterized in the form

where wpre is the 35d precessional frequenay,is the phase delay, aralandb are numerical
constants. The phase delayis zero for the observer whose line of sight is perpendictdaihe
disk’s node line at the extrema of the disk #lt which is quite improbable. So in general one
expectsA # 0. The dfect of the disk tilt changing with the angkeis shown in Figure 4.17 for
different phase delays = 0, 30 and 60. It is seen that in a fairly broad range sfthe possibility
appears foke to be close to zero during several orbits in the short-ore stat

4.4.2 The model for reproducing the behavior of dips

In this section we qualitatively describe our model for meprcing the observed anoma-
lous dip behavior, which is based on the model of Shakura €1299). The detailed numerical cal-
culations can be found in Appendix C and Klochkov et al. (30@%& mentioned in Sections. 3.2.2
and 3.3, the anomalous dips and post-eclipse recoveriebecatiributed to the wobbling of the
outer parts of the accretion disk. The wobbling of the ouiek dim occurs twice during the or-
bital binary period and is primarily caused by the tidal torg (Katz et al. 1982; Levine & Jernigan
1982). The tidal torque vanishes when the companion crdksasode line of the disk, so a wob-
bling appears as a sine-like component with one half of tmodig orbital period on top of the
mean disk tilt. This explains, in addition to the occurrent¢he turn-ons at the preferred 0.2 and
0.7 binary phases, the appearance of anomalous dips dienfir$t orbit after the turn-on both
in the main-on and in the short-on states. The appreciatiéd wobbling (with the amplitude of
order of one degree) can be experienced by the disk with ttex cadiusrq ~ 0.3a (a is the binary
separation). In our model the accretion stream (which iscwnplanar with the orbital plane, see
Section 3.3) exerts a torque tilting the disk, which cousadances the viscous torque and therefore
limits the tilt of the disk (Bardeen & Petterson 1975). Sodler regions of the accretion disk are
normally kept tilted at some equilibrium angle defined byjthiet action of viscous and dynamical
torques. This model allows to successfully reproduce tlesglibehavior of pre-eclipse dips as the
result of regular screening of the X-ray source by the ottheforbital-plane. The accretion stream
also exerts a torque which reduces the precession rate digkéo the observed value (the period
of the tidal precession is shorter than®®,,, see Section 3.3 and Shakura et al. 1999).

Our calculations show that the gas stream impacts the tligddeeply inside its outer
radius at distancesyp ~ 0.1a from the neutron star. Assuming the standard accretion thskvis-
cous time from the impact region to the disk center is arouhdalys, and scales a¥2. However,
the region of the disk beyong,,, where there is no matter supply (called the “the stagnaioe”)
and which mediates the angular momentum transfer outwardsctretion to proceed, can react to
perturbations induced by the stream impact much fasterdhahe viscous time scale. Indeed, in
a binary system, tidal-induced standing structures caragp the outer zone of the accretion disk
(see e.g. Blondin 2000, and references therein) and pattans of angular momentum can propa-
gate through this region with a velocity close to the sourekddwhile the matter will accrete on the
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Figure 4.17 The fect of changing tilt of the disk on the angiebetween the line of sight and the
outer plane of a flat disk (solid lines) forftirent phase delays= 0, 30 and 60. The phase delay
causes the asymmetry in the short-on and main-on statedaifjeeA, the more asymmetric is the
changing ofe. The dashed sine-like curve shows the changingfof the inner parts of the twisted
disk.

much slower viscous time scale!). Recent analysis of bixsad} variability of SS 433 (Revnivtsev
et al. 2006) suggests that such a picture is realized in ttreten disk in that source.

The physical picture of the change of the disks tilt adoptext fis as follows. The rate of
mass transfeM supplied by HZ Her (which for a given moment can b#etient from the accretion
rate of the neutron star because the viscous time scale fes tmansport through the disk both
delays and smoothes the mass flow) changes periodicallytbggorecession cycle in response,
for example, to changing illumination of the optical stamasphere due to free precession of the
neutron star as well as the changing shading by the disk ifBe¢ stream’s action causes the outer
disk to precess slower than it would do if only tidal torquesvaating, and it also changes the outer
disk tilt on the dynamical time scale of about 10 days (seevbelwhich is stficient to explain
periodic disk tilt variations over the precession cycleeTWobbling of the outer disk is mainly due
to tidal forces (the dynamical action of the stream providsor contribution). The viscous time
scale in the “stagnation zone” is much longer, so the vistougies cannot smooth out the external
disk variations.

In Appendix C we present details of the calculation of th& eisbbling under the action

of tidal and stream torques, and the result is shown in Figut8 for the standard accretion disk
semi-thicknes$1/R = 0.04. In these calculations, there are two characteristic the outer radius
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Figure 4.18 he angle between the direction from the center of the neutron stardmbserver and
to the outer parts of the accretion disk with non-zero théden The dashed sine-like curve shows
schematically the angle for the inner accretion disk regions which eclipses the Xsaurce at
the end of on-states. The vertical dashed lines mark ceotdr®e binary eclipses. Arrows mark
anomalous dips (A) and post-eclipse recoveries (PE). Tiharpisystem inclinatiom, parameters
6o andA of the disk tilt change (Eqg.4.12) and twisting angle of thekddetermining the location of
the inner disk regions in this figure) are chosen such thapgooduce the observed durations of the
main-on and short-on states and the observed behavior ofaloos and pre-eclipse dips.
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of the diskrqy: ~ 0.3a which determines the tidal wobbling amplitude, and tffeative radius
rer ~ 0.18a which determines the mean precession motion of the disk.v@he of this &ective
radius is found from the requirement that the net precegsaiod of the entire disk be equal to
the observed value 2(Pg, and the dynamical time scatg = Mg/ M (which characterizes the
dynamical action of the stream) be 10 days. This value fodir@mical time is chosen to be of
order of the viscous time from the impact radit8.1a to meet (quasi) stationary conditions: at
largerty the disk would rapidly empty out, at smalligrthe matter would be stored in the disk. We
emphasize again that the changing tilt of the outer parteefitsk (atro) occurs very rapidly (on
the sound velocity time scale!), while the precessionaliomodf the entire disk changes on much
longer dynamical time scatg in response to th& variations.

Figure 4.18 shows the result of the calculations (see ApgeDdof the angles between
the direction from the center of the neutron star to the aleseand to the outer parts of the accretion
disk with non-zero thickness. The complex shape of the digksbling is clearly seen. The sine-
like dashed curve shows schematically the aedte the inner accretion disk regions which eclipses
the X-ray source at the end of on-states. The horizontaliditiee observer’s plane and the vertical
dashed lines mark centers of the binary eclipses. The nmand short-on states are indicated.
The source is screened by the disk when the observer is ifn#ued area or between this area and
the inner disk line. It is seen that the wobblingjeets can be responsible for the observed (several)
anomalous dips and post-eclipse recoveries at the begimfithe short-on state. These additional
dips become more pronounced with the disk tilt decreasimgpmssibly we see them as unusual
anomalous dips and post-eclipse recoveries at the end shdreon preceeding the anomalous low
state observed bBeppoSAX(Oosterbroek et al. 2000) aXTE (Still et al. 2001).
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INTEGRAL observations of Her X-1

5.1 INTEGRAL observatory: mission overview

The INTE rnationalGammaRay Astrophysicd.aboratory (NTEGRAL) was launched
on 17 October 2002 on a highly eccentric orbit with the peabd3 days. Itis a 15 keV — 10 MeV
gamma-ray observatory mission with concurrent source toong in the X-rays (3—35 keV) and
in the optical range (V, 500-600 nm). The scientific goal$NdoFEGRAL are attained by high res-
olution spectroscopy with fine imaging and accurate pasitig of celestial sources of gamma-ray
emission. ThdNTEGRAL payload consists of two main gamma-ray instruments: thet8pa-
eter, SP| and the ImagefBIS. Each of them has both spectral and angular resolution,Hayt t
are diferently optimized in order to complement each other and héesie overall excellent perfor-
mance. These instruments are supported by two monitoumsints which provide complementary
observations in the X-ray and optical energy bands: X-RapikoJEM-X and Optical Monitoring
CameraDMC. The Spectrometer, Imager ad8M-X share a common principle of operation: they
are all coded-mask telescopes. The overall view ofRHEEGRAL is given at Figure 5.1. The main
characteristics of the X-ray instruments are summarizédhiie 5.1.

Three types of scientific observation strategies are djsighed foINTEGRAL:

e The first type uses the method of dithering: in order to suggBystematicfeects on spa-
tial and temporal background variations in the spectrom(@&Pl) detectors, a controlled and
systematic spacecraft dithering (Raster Scan) manoewagabdity is required. Such ma-
noeuvres consist of severatgointings of the spacecraft pointing axis from the target.

e The second type of observation covers the “Galactic Plaraa’ScAt weekly intervals, a
saw-tooth-path scan inclined at2Wvith regard to the galactic equator is employed. Each
scan consists of a series of individual exposures of 965s. &dwe individual exposures are
separated by%along the scan path.

e The third type of observation is called “Galactic Centre RadDeep Exposure”. This one

is concentrated on the observation of the galactic centgomdor an accumulated time of
about 46 daygyear.

53
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Sta_r trackers

Service modunle

Figure 5.1 ThdNTEGRAL spacecraft with the payload module on the top of the servicduhe.
The coded masks faiBIS and JEM-X are located 3.2 m above the detection plan&lS and
JEM-X detectors are inside the payload module structure.
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Table 5.1 Main characteristics of tiTEGRAL instruments.

| Property | SPI | IBIS | JEM-X \
Energy range 20 keV-8 MeV 15 keV-10 MeV 3 keV-35 keV
Detector 19 Ge detectors 16384 CdTe detectors Microstrip
cooled to 85K (ISGRI) 4096 Csl Xe/CHy-gas
detectors (PICsIT) detector (1.5 bar
Detector area (cA) 500 2600 (CdTe), 2 x 500
3100 (Csl)
Spectral resolution 2.3keV 1.3 MeV 9 keV 100 keV 1.2 keV 10 keV
(FWHM)
Field of view 16°(corner to corner) 9° x 9° 4.8°
(fully coded)
Angular resolution 2.5° (point source) | 12 3
(FWHM)
Source location (radius) < 1.3° <l < 30”7
Absolute timing 129us 92us 122us
accuracy (3)

5.1.1 IBIS

The Imager/BIS provides diagnostic capabilities of fine imaging (12 arcfRiWHM),
source identification and spectral sensitivity to both oantm and broad lines over a broad (15
keV — 10 MeV) energy range. The Imager exploits simultanigowith the other instruments on
INTEGRAL celestial objects of all classes ranging from the most caingalactic systems to
extragalactic objects. A tungsten coded-aperture maskt@d at 3.2 m above the detection plane)
is optimized for high angular resolution. Asfidaction is negligible at gamma-ray wavelengths,
the angular resolution obtainable with a coded mask tefest®limited by the spatial resolution
of the detector array (the scale of the coding pattern of thskms equally important but it is
usually chosen according to the detector resolution). Tieger design takes advantage of this
by utilizing a detector with a large number of spatially deged pixels implemented as physically
distinct elements. The detector uses two planes: one 268Gront layer of Cadmium-Telluride
(CdTe) pixels, each (4x4x2) mm (width x depth x height); an8180 cn? layer of Caesium-
lodide (Csl) pixels, each (9x9x30) mm. The CdTe arrB§GR/) and the Csl arrayRICsIT) are
separated by 90 mm. The detector provides the wide energye ramd high sensitivity continuum
spectroscopy required fdNTEGRAL. The two-layer structure allows the paths of the photons to
be tracked in 3D, as they scatter and interact with more tharetement. Events can be categorized
and the signal to noise ratio improved by rejecting thosectwvlaire unlikely to correspond to real
(celestial) photons, e.g. towards the high end of the enexgge. The aperture is restricted by
a lead shielding tube and shielded in all other directiongibyactive Bismuth Germanate (BGO)
scintillator veto system. Additional information abd®/S can be found in Ubertini et al. (2003).
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5.1.2 SPI

The spectromete6EPI performs spectral analysis of gamma-ray point sources &nd e
tended regions in the 20 keV — 8 MeV energy range with an ermragplution of 2.2 keV (FWHM)
at 1.33 MeV. This is accomplished with an array of 19 hexabbigh purity Germanium detectors
cooled by a Stirling cooler system to an operating tempegaiti85 K. A hexagonal coded aperture
mask is located 1.7 m above the detection plane in order tgenege regions of the sky (fully
coded field of view is 1§ with an angular resolution of°2 In order to reduce background radia-
tion, the detector assembly is shielded by a veto (antitdémce) system which extends around the
bottom and side of the detector almost completely up to tledonask. The aperture (and hence
contribution by cosmic diuse radiation) is limited to 30 A plastic veto is provided below the
mask to further reduce the 511 keV background. Additioni@rmation aboutSP/can be found in
Vedrenne et al. (2003).

5.1.3 JEM-X

The Joint European X-Ray MonitatEM-X supplements the mailNTEGRAL instru-
ments and plays a crucial role in the detection and identidicaof the gamma-ray sources and in
the analysis and scientific interpretationIMTEGRAL gamma-ray dataJEM-X makes observa-
tions simultaneously with the main gamma-ray instrumealiseit with a narrower field of view,
and provides images with arcminute angular resolution én3h35 keV prime energy band. The
baseline photon detection system consists of two idenkicgl pressure imaging microstrip gas
chambers (1.5 bar, 90% Xenan10% Methane). Each detector unit views the sky through its
coded aperture mask located at a distance of approximatiyn &bove the detection plane.

Due to unforeseen problems with eroding anodes, detectedlafinch, the high voltage
inside the twaJEM-X detectors had to be lowered, reducing the gain by a factorfof 3EM-X
1 and a factor of 2 fodEM-X 2. As additional safeguard measure, odiyM-X 1 is operated for
normal observations at the time of writing whild&M-X 2 is being kept in a safe state. Additional
information about the instrument can be found in Lund et200Q).

5.2 Observations and data reduction

5.2.1 Summary of observations

Her X-1 was observed bNTEGRAL on July 22 — August 3, 2005 (MJD 53573-53585)
in response to the proposal by N. I. Shakura et al. The olbsengainclude~5 orbital revolutions
of the satellite: revolutions. 338, 339, 340, 341, and 34# ibtal exposure time is630 ksec. The
observations were performed in the “dithering” mode (sedi&e 5.1). Due to a strong solar flare
during the revolution 341 a part of the low-energy datgN/-X) was rejected. The total exposure
times for each of the three X-ray instruments are listed bld&.2. TheeNTEGRAL observations
are made of many pointings of about 30 minute2 Ksec) separated by slews. Each pointing and
slew, or a part of them if they are too long, is calleB@ence WindoScW). Only pointing ScWs
are usually used to extract useful scientific informatiorne Her X-1 observations contain 205
pointing ScWs.



INTEGRAL observations of Her X-1 57

Table 5.2 Summary of observations.

Instrument Total good time (s)
ISGRI 440867
SPI 523263
JEM-X 410668

5.2.2 IBIS/ISGRI data processing

As mentioned in Section 5.1.1, thBIS telescope is a device based on a coded aperture
imaging system. Below we briefly describe the working conodéguch instruments. More details
can bee found in e.g. Caroli et al. (1987) or Skinner & Ponni®94). Any coded mask camera
consists of (1) a coded mask, i.e. a plate with areas thatamsgarent or opaque to photons with
energies in a certain range and distributed in a pre-detechpattern, and (2) a position-sensitive
detector, whose spatial resolution igfatiently matched to the mask-pattern grid size. The priecipl
of the camera is straightforward: photons from a certaiaafion in the sky project the mask onto
the detector; this projection has the same coding as the paitrn, but is shifted relative to the
central position over a distance uniquely correspondettitealirection of the photons. The detector
accumulates the sum of a number of shifted mask patterngppaach source in the sky (individual
photons are measured). Each shift encodes the positionisasiiength encodes the intensity of the
sky at that position. It is clear that each part of the deteptay detect photons incident from
any position within the observed sky. After a certain illmaiion period, the accumulated detector
image —shadowgram- may be decoded to a sky image using the method described. b&lwe
mask chosen folBIS is based on a cyclic replication of MURA (Modified UniformlyeRundant
Array) of order 53, expanded to 95 pixels. Such a patterniesamarkable property that its cyclic
autocorrelation gives a delta function. The decoding fpiacis the following. Representing the
mask with an arrayM of “1” (open elements) and “0” (opaque ones), the detectaydd will be
given by the convolution of the sky ima@:by M plus an unmodulated background array td8m

D=SxM+B (5.1)

Let us define the decoding arr&yas inverse tM whereG = 2M -1 (i.e.,G = +1forM = 1 and
G = -1 for M = 0). With the help of arrays we can reconstruct the sky:

S =DxG=S+Bx*G. (5.2)

whereS’ differs fromS only by theB x G term, which for a flat arra is a constant level that can
be measured and removed.

For the analysis of théBIS/ISGRI data we used the version 8Jjline Science Analysis
(OSA) software distributed by ISDC (Courvoisier et al. 2D0Bhe processing pipeline is divided
into the following steps:

e COR - Data CorrectionTags noisy pixels of the detector, corrects energy of theqgotsofor
different dfects, transforms channels to energy.



58 Chapter5

e GTIl — Good Time HandlingGenerates, selects, and mer@sod Time Interval§GTI) to
produce a unique GTI that is then used by the software totsgtex events.

e DEAD - Dead Time CalculationCalculates the total dead time during which incoming pho-
tons may be lost due to the processing of the previous events.

¢ BIN_I — Event Binning for ImagingSorts data into energy bins. For each energy range, the
intensity shadowgram and a correspondifiicncy map are created.

¢ BKGL_I — Background CorrectionCreates rebinned maps for background and absorption of
support mask corrections. Corrects fdii@ency and subtracts background.

e CAT.I - Catalog Source Selection for Imagingelects from the given catalog a list of sources
in the Field of View matching the criteria defined by scriptgraeters, and creates an output
list with location and expected flux values of the selectadses.

¢ IMA — Image ReconstructionShadowgrams are deconvolved, a source search is performed
in the single images as well as in the mosaic (combinatioriféérént images) and a list of
detected sources is created.

e BIN_S — Event Binning for Spectr&reates rebinned maps for background and absorption of
support mask corrections. Sorts data into energy bins. &r energy range the shadowgram
and a correspondingticiency shadowgram is created.

e SPE — ISGRI spectra extractioffor each source of interest, one PI§ produced. Spectral
extraction is done for all catalog sources with the use cfa¢HelFs.

¢ LCR - source light curve extractiorfor all sources from the input catalog light curves are
extracted.

For the pulse-phase-resolved spectroscopy we also usadfthare developed at IASF,
Palermo (Mineo et al. 2006).

One of the main goals of our observations was the preciseuriegof the position of
the cyclotron line in the spectrum of Her X-1 (see Section43.2As this measurement is mainly
based on théSGRI data, it requires a reliable energy scale of the instrumbBmtheck the energy
calibration we constructed the energy spectra of all evdatected during each pointing. The
spectra are completely dominated by the instrumental badkgl (see Fig. 5.2). It was found that
the tungsten fluorescence line which is most prominent (shioyvthe thick arrow) is shifted to
lower energies by-1.5 keV with respect to its nominal position, 59.3 keV. Weipreted this shift
as a result of a non-corrected time-dependent gain shifiefristrument. To correct thidfect
we modeled the background spectrum of each ScW by the sumafergaw continuum with an
exponential cut-fi and five gaussians representing the background emissies lifhis allowed
us to determine the energy of the tungsten line which we tlsewl to calculate the gain for each
ScW. Figure 5.3 shows the measured energy of the line forabaution 339. In order to apply
the corresponding energy correction we stopped the OSAipgat the COR level, updated the
energies of all events according to the calculated gain eshned the analysis.

IPIF is a number between 0 and 1, which expresses the thedmigree of illumination of each detector pixel for a
given source in the sky.
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5.2.3 SPIdata processing

The spectrometeSP/ is also a coded mask instrument. It has, however, lower angul
resolution as it mostly optimized for spectral study of smsr The principles of image reconstruc-
tion are similar to those ofSGRI (see above). The analysis of the Her X-1 observations is done
using the standard pipe-line of OSA 6.0 without any add#lozorrections. An overview of the
successive steps of the standard pipe-line is given below:

e CAT.L: Extracts from thelNTEGRAL reference catalogue information (position and flux)
about known sources lying in the field-of-view.

e BIN_I: Extracts the stafdtop times and the&P/ attitude for all pointings included in the
observation, and stores the results. On request, thisgorogan access a list of bad pointings
(usually of order of 1-2% of the total) and exclude them frwm further analysis.

e BKG.I: Defines the energy bins. Performs on-the-fly energy comecgvent binning, and
derivation of the dead times. Computes background modats lifferent indicators.

e IMA/SPELCR: Carries out image reconstruction (IMA), spectral ext@tt{SPE) or timing
analysis (LCR) depending on the chosen “mode”. This is thetrdifficult and critical step.
If the pulse phase binning has been selected (e.g. for arpuddlaphase bins are processed
independently in turn. Creates the appropriate RMF respomatrix required for XSPEC
spectral fitting.

5.2.4 JEM-X data processing

JEM-Xis based on the same principle as the two gamma-ray insttsraeiNTEGRAL.
The processing of thdEM-X data was also done with the OSA 6.0 pipe-line provided by ISDC
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Figure 5.3 Tungsten fluorescence
| line energy in thelSGRI back-

w{ | ground spectrum during the rev-

}{ 4 olution 339. The nominal energy

w{ of the line is 59.3 keV.
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without additional corrections. The data analysis stepsvary similar to those ofSGRI (see
Section 5.2.2).

5.3 Timing analysis

5.3.1 Light curve

Figure 5.4 shows light curves of Her X-1 obtained wiBGR/ (20-100 keV, top) and
JEM-X (3—20 keV, bottom). The observations partially cover a rairstate of the source, 35d
phasegpre ~ 0.0-0.11 and 020-0.28 (ppre = 0 corresponds the turn-on moment of the source). As
one can see the turn-on occurred at MJ335747 and orbital phaséqm, ~ 0.7. The solid curve
on top of theJEM-X light curve is theASM RXTE light curve averaged over many 35d cycles
with turn-ons aroun, ~ 0.7 (see Section 4.4) and stretched vertically to match theframe
JEM-X. As mentioned above, allEM-X data from the revolution 341 were rejected due to a strong
solar flare. The data points with high count rate during thiveltgion 342 in the bottom panel of
Figure 5.4 are probably due to a underestimated backgroamsed by the flare. It is seen that the
light curve is quite typical for Her X-1. The characteristletails such as X-ray eclipses (marked
by vertical dashed lines) and pre-eclipse dips (sharp dseref the flux just before the eclipse, see
Section 3.2.2) marching to earlier orbital phases at canis&corbits are clearly seen.

5.3.2 Pulse profiles

To construct 1.24 s pulse profiles of the source all times wanslated to the solar system
barycenter and corrected for orbital motion in the binatye ®rbital parameters used for the binary
correction were calculated using the orbital ephemerierdghed in Section 4.2:
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Figure 5.4 X-ray light curve of Her X-1 obtained witltsGRI (top panel)and JEM-X (bottom
panel) The solid curve in the bottom panel shows &@&M RXTHight curve averaged over many
35d cycles. Satellite revolution numbers are indicated.
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Figure 5.5 Energy-resolved X-ray pulse profiles of Her X-1h& beginning of the main-on (left
column) and at the end of the main-on (right column).

Pob =1.700167233d,
Ts =53571.982111 (MJD),
asini =131831light sec.

As a folding period for constructing pulse profiles we usesl fileriod obtained with the standard
epoch folding methodPspin = 1.23775836(10) s.

It was found that the pulse profiles do not change signifigaditing the beginning (rev-
olutions 339 and 340) and during the end (revolution 341)hefmain-on state. Therefore, we
constructed the pulse profiles separately for these twovailte without further splitting in time.
We excluded the data falling inside X-ray eclipses, préssel dips or located outside the main-on
state (during thefi-state the data are very noisy and show only marginal skeeplilsations). The
resulting energy-resolved pulse profiles are shown in EiguUs. It is seen that the profiles change
significantly from the beginning to the end of the main-ortestalThe main peak is stronger and
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narrower at the end of the main-on. The interpulse almosipgisars. This behavior is typical for
Her X-1: analogous pulse profiles were observedRTE at different times (see e.g. Kuster et al.
2005). We also studied the energy-dependence the pulsofr&determined as:

_ Imax — Imin (5 3)

- >
Imax + Imin

wherelmax and Iyin are background-corrected count rates in the maximum andmaim of the
pulse profile respectively. It is clearly seen (Fig. 5.6 tine@ pulse fraction increases with energy.
The structure of the profile is also energy-dependent, giimg a double-peaked shape at lower
energies to an almost single-peaked at higher energiesmaire peak becomes narrower toward
higher energies.

5.3.3 Pulse period behavior

To explore more precisely the intrinsic (noffected by the orbital motion in the bi-
nary) spin period of the neutron stBgpin during theINTEGRAL observations we used the phase-
connection method described in Section 4.2.1. Figure Sowstthe observed pulse arrival times
minus calculated using a constant pulse period. The ling@artfie data corresponding to a constant
pulse period (dashed line) givg%ed = 1.9 for 23 d.o.f. while the quadratic fit corresponding to the
presence of a non-zemin re_sults ianzed = 1.0 for 22 d.o.f. We conclude, therefore, that the neu-
tron star is spinning up with Pspin = (5.8 £ 1.5) x 1013g/s. This value is significantly higher than
the averaged spin-up trend of Her X-1 which~isl.1 x 10712 g/s (see Section 4.3.4 and Fig. 4.9).
This shows strong local variability of the pulse period oa time scale of a few days.
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Figure 5.7 Observed pulse arrival times of Her X-1 minuswated using a constant pulse period.
The dashed line shows a linear fit corresponding to a congtzlse period while the solid line
shows a quadratic fit corresponding to a non-zeJg..

5.4 Spectral analysis

The spectral analysis of the observations has been perfousiag theXSPEC v.11.3.2|
spectral fitting package (Arnaud 1996). For the beginninghefmain-on the data from all three
X-ray instruments have been used. The fit, however, is mairlyen by JEM-X (< 20 keV) and
ISGRI (= 20 keV) data. The spectra obtained w8P/ (> 22 keV) have much lower statistics. For
the end of the main-on only the higher energy part of the spercis available since th&EM-X data
were rejected due to a solar flare (see above). Following OS# Manual$, we added systematic
errors at a level of 2% to allEM-X andISGRI spectra in order to account for uncertainties in the
response matrices of the respective instruments.

5.4.1 Pulse averaged spectrum.

For constructing the pulse-averaged spectrum, we usedthdrdm revolutions 339 and
340 (the beginning of the main-on state, see Fig. 5.4). [Qutiis interval the data from all three
X-ray instruments are available. Eclipses and dips wertudgd from the analysis. To model the
broad band spectral continuum we used a power law with annexpi@l cutdf (highecut model
of XSPEQ):

(5.4)

ET. exp(—E‘E'f;‘;“f), if E > Ecutat,

| o« {E_F, if E < Ecutar
cont

2httpy/isdc.unige.ctindex.cgi?Softdownload



INTEGRAL observations of Her X-1

65

0.01 0.1
\

normalized counts/sec/keV
10
\

IBIS/ISGRI

b bl L o g
I"I 'iii ] il i
PR m pHEE PR, Hﬁ

channel energy (keV)

Figure 5.8Top: The pulse-averaged X-ray spectrum of Her X-1 obtained duravolutions 339

and 340 (beginning of the main-omitiddle: residuals after fitting the spectrum with the continuum

model described by Eqg. 5.4 without introducing the iron emois line and cyclotron absorption line
(to avoid confusion thesPI data are not shown in this panel, their statistics is Idvgttom: the

residuals after inclusion of the iron and cyclotron lineshie model.
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Table 5.3 Best fit spectral parameters of Her X-lr(@8%)-uncertainties for one parameter of
interest are shown.

Parameter Value

r 0.91+0.01
Ecutar [keV] 255702
Etold [keV] 9.0723

Ere [keV] 6.57°011
ore [KeV] 0.5@8:%
Eoe 3823
Ocycl 93f8§

Teycl 0-63i8182
Faem-x 1.0 (fixed)
FisGRI 0.8170:0
Fspi 0.96+ 0.02
x2 d.of. 1.19207

whereE is the energy of the photonF;, Eqat, andEsgq are model parameters. A Gaussian line
is added to model the iron emission line~&8.5 keV. The cyclotron absorption feature is firmly
observed and modeled with a Gaussian absorption lir@812 keV. So, the final spectral function

| is the following:

_ 2 _
| = lcont- exp{—rcyd exp[—w}} + K exp(—w), (5.5)

2
O—cycl 2O—Fe

whereEgy andoyq are the energy and width of the cyclotron lirig;e and o are the energy
and width of the iron emission line, arkis the numerical constant, describing the strength of the
iron line. The count rate spectrum is shown in Figure 5.8. fiigdle panel shows the residuals
after fitting the spectrum with the continuum model withdwe tron emission line and the cyclotron
absorption line. Systematic features around 6 and 40 ke¢leagly seen.

To account for large systematic uncertainties in the absdlux measured by the instru-
ments we introduced in our models a free multiplicative dadbr each instrumentF sgri, Fspi
and Fjemx (for JEM-X the factor was fixed to 1.0). The best-fit parameters withesponding
10(68%)-uncertainties are listed in Table 5.3. The positibtthe cyclotron line (3&*) 2 keV)
is consistent with that measured BXTE at a similar time (see Table 4.3.5) and, therefore, sup-
ports the found anti-correlation between the cyclotroe Emergy and the maximum main-on flux
(Section 4.3.5).

We have checked the presence and the centroid energy ofdlogron line using dierent
continuum models (such as e.g. Fermi-Dirac fitdanaka 1986) as well as usingfdrent line
profiles (e.g. Lorentzian profile). It was found that the pree and the energy of the feature
are independent of the choice of the continuum and the linBl@model. Thehighecut model
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Figure 5.9y*-maps for diferent pairs of parameters. The position of the minimyﬁqn() is marked
by the cross. For each pair of parameters three contourhianens (2. + 1.0), (v2,. + 2.71), and

2 min min
2. +6.63).
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was found to provide a better description of the spectraliconm in Her X-1 with respect to other
models. Additionally, it allows to compare our results wptievious observations of the source, most
of which were analyzed using the ghecut model (see e.g. Gruber et al. 2001). A discontinuity of
the first derivative of the spectral functionB&i,or ~ 25 keV (which can be noticed in the residuals
in Fig. 5.8) is far from the cyclotron line energy and doesattect the line parameters.

We also explored the pulse-average spectrum obtainedgdiiminrevolution 341 (end of
the main-on). The continuum spectral parameters are paorigtrained in this case due to the
absence of the low-energy (20 keV) part of the spectrum. However, the found positionhef t
cyclotron lineEcyc = 37.3j:§ keV is consistent with that measured in revolutions 339 at@l 3

Since the cyclotron line characteristics are of particuigrest, we check their possible
dependencies on the continuum parameters by constrygtingaps for pairs of parameters. The
maps are shown in Figure 5.9. The position of the minimmﬁ]\no is marked by the cross. For
each pair of parameters three contours are showfy. ¢ 1.0), (v2,. + 2.71), and £2. + 6.63).
Projections of these contours onto the parameter axesspomd to the 68%, 90%, and 99% con-
fidence intervals respectively. It is seen that in some ctmemodel parameters are significantly
correlated Ecyci — Ecutat, Ecycl — Efold). HOwever, they?-minimum is well defined in each case
and the projections of the 68%-contours to the parameter @econsistent with the uncertainties
of the respective parameters quoted in Table 5.3 (also &xetiparameters which show significant
correlation with the others).

5.4.2 X-ray dips

In the X-ray light curve taken witiHNTEGRAL one can see pre-eclipse dips on three
subsequent orbits after the turn-on (Fig. 5.4). The turefcthe source can be considered as egress
from an anomalous dip &k, ~ 0.5 (according to our model, the source is partially screeryetthd
outer accretion disk rim in both cases: during the turn-othefsource and during anomalous dips).
Thus, the light curve obtained withhTEGRAL contains three pre-eclipse dips and one anomalous
dip. Using theJEM-X data we calculated the ratid = Ig_2gkev/|3-gkev, Wherelg_opkey and
I3_gkev are the count rates in the respective energy ranges. TloeHadis a function of time is
shown in the bottom panel of Fig. 5.10. It can be seen kthatcreases during X-ray dips most
probably indicating the low-energy absorption by the coltter in the accretion stream (during the
pre-eclipse dips) and in the outer rim of the disk (duringahemalous dip).

To check the absorption hypothesis we constructeEd-X and ISGRI spectra corre-
sponding to the dips and compared them with those obtaineideuhe dips. To fit the spectrum
from the dips we used the approach of Kuster et al. (2005).a assumed that a combination of
direct and absorbed radiation is observed during the dipsis,Twe used a partial covering model
which combines both, absorbed and non-absorbed specttahe fiata during the dips. We used
the same continuum maodel as in the previous section. Thedjeaitral model can be written as

I(E) =A-[1+a(E) - lcond, (5.6)
wherelont is the continuum model described in the previous sectiot, an
a(E) = B - g NHowi(8), (5.7)

whereoi(E) is the photoabsorption cross-section per hydrogen atermédter of cosmic abun-
dances (Batucifska-Church & McCammon 1992) used iptabs model of XSPEC andNy is the
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Figure 5.11 Examples of pulse-averaged spectra of Her X+t the dips (lower curve) and outside

the dips (upper curve). Theftirence of the spectral shape at lower energies caused bg-phot

absorption inside the dips is clearly seen. The step-likéufe at~7 keV in the spectrum from the

dips corresponds to the iron K-edge.

equivalent hydrogen column density. A larger valueBamplies a larger degree of absorbed flux.
From the fit of the spectrum from the dips we fouBek 0.24+0.03 andNy = (11178 x 1072 cm2,
The best-fit parameters of the spectral continugyy are consistent with those found from the spec-
trum outside the dips (Table 5.3). To compare this result thi¢ spectrum outside the dips, the latter
was also fit by the partial covering model. Both spectra di@sind outside the dips) are shown in
Figure 5.11 For the spectrum outside the dips (the upper thed)l; parameter was found to be
consistent with zero and th&factor, consequently, was not restricted. We concludestbes, that
the X-ray data of Her X-1 during the dips are consistent wlith partial absorption by the outer
parts of the accretion disk afud by the accretion stream (see also Section 8.1.7).

5.4.3 Pulse-phase-resolved spectra

It is well known that the X-ray spectrum of Her X-1 varies wittP4 s pulse phase (see
Section 3.2.4). So, we have performed a separate analys$ie afpectra accumulated infiir-
ent pulse phase intervals. Figure 5.12 shows an examplelsd pesolved spectra of the source.
Variability of the continuum and the cyclotron line is cllyaseen.

Since the shape of the pulse profile is changing significgnbiyn the beginning of the
main-on (revolutions 339, 340) to its the end (revolutiod 34ve analyzed the data from these two
intervals separately. The phase binning in each case wa®iho provide a similar statistics of



INTEGRAL observations of Her X-1 71

0,76-0.85

10

keV (keV/cm® s keV)
0.1

0.01
\

A L ‘ ‘ ‘ ‘
5 10 20 50
channel energy (keV)

Figure 5.12 Examples of pulse resolved X-ray spectra of Hérdaring revolutions 339 and 340.
Phase intervals are indicated (the pulse phase zero isrteasin Figure 5.5).

the spectrum in each bin. The phase zero is the same as ireFdur The X-ray spectrum from
each phase bin was fitted with the spectral model describ8edtion 5.4.1. Figures 5.13 and 5.14
show the best-fit spectral parameters as functions of treeahase for revolutions 339 and 340
(left) and the revolution 34{right). Vertical error bars correspond to-68%)-uncertainties. The
dotted line shows the corresponding pulse profile. The splguarameters in lierent pulse phase
bins are also listed in Table 5.4. SincedteM-X data for the revolution 341 are available the power
law photon indexX” could not be restricted by the fit in this case. The iron line &t keV was
detected only in the phase bin 1-0.54 corresponding toftRputse interval. The data from other
phase intervals do not require inclusion of the line in thecsal model to obtain a good fit. For
the data corresponding to revolutions 339 and 340 it is desnall continuum and the cyclotron
line parameters are highly variable with the pulse phasethieorevolution 341 the picture is not so
clear due to the absence of the low-energy20 keV) part of the spectrum. Also the total exposure
time and the average flux of the source in this interval ardlenthan those during revolutions 339
and 340. The changing of the spectral parameters with trse midase is discussed in Section 8.1.8
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and 340; right: revolution 341).
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Table 5.4 Best fit spectral parameters of Her X-1 iffetent pulse phase intervals.o(68%)-
uncertainties)‘(ﬁ]in + 1) for one parameter of interest are shown.

Phase bin r Ecutar Efold Ecycl Oeycl Teycl
Revs. 339 and 340

0.02 0.7 0.43 0.9 0.93 0.11
0.10-0.54 2700, 258%7¢ 6357055 2967 2 6.86°537 0.67777
0.54-0.64 J()Gig;g% 24.3f8:§ 10.11f8:§g 39.6jé;$ 4.323;83 0.428:82
0.64-0.70 37092 24302 959030 407+0% 484072 0.6659°
0.70-0.76 ;8 8:83 23.2J_r8::2,) 9.48" 8:%2 40.8f8:2 5.69f8:2§ 0.98" 882

0.04 0.8 0.28 0.4 0.74 0.06
0.76-0.85 9o 252706 990755  37.775c 530754 071702

0.04 0.6 0.47 1.3 1.48 0.14
0.85-0.95 @7 5oe 262752 7.867555 329'77 963757 071717
Rev. 341

0.3 0.18 0.1 0.60

0.00-0.56 — 22%5, 8237 3357 ; 0187777 =10
0.56-0.64 — 2408 11457038 427707 952+t 1394013
0.64-0.72 — 2&j8:§ 9.68f8§§ 39.5j8§ 5.67j8:§g 0.928:8?
0.72-0.79 — 2£Bf8:g 9~54i814213 36.9j8:‘2‘ 5.828:22 1.04j8:82
0.79-1.00 — 2304 814030  __ — —

-0.5 -0.35
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EXO 2030+375: Be X-ray binary

6.1 System description

Be/X-ray binaries are the most common type of accreting X-raggrusystems. They
consist of a pulsar and a Be (or Oe) star, a main-sequencefstpectral type B (or O) that shows
Balmer emission lines (see e.g. Slettebak 1988, for a rgvi&he line emission is believed to be
associated with an equatorial outflow of material expelieanfthe rapidly rotating Be star that
probably forms a quasi-Keplerian disk its equator the Be($tanuschik 1996; Quirrenbach et al.
1997). If the disk reaches a radius comparable to the pmraseparation, then disk gas accreted
by the neutron star can power a significant (and usually eatjsX-ray source. B&-ray binaries
typically show two types of outburst behavior:

(1) Normal (or type 1) outbursts. They are characterizeddbgtively low X-ray luminosi-
tiesLx ~ 10°6-10%" erg s and low spin-up rates (if any), and reccurence at the orpiebd (or
its multiples). Such outbursts last for days to weeks an@sseciated with the periastron passages
of the neutron star.

(2) Giant (or type Il) outbursts. They are characterized lghér X-ray luminosities
Lx > 10°” erg st and high spin-up rates. Such outbursts occur irreguldry tast several weeks
and are not correlated with any particular orbital phase tfhical recurrence time is of the order of
several years. Giant outbursts are thought to be due to aatimexpansion of the disk surrounding
the Be star, leading to the formation of an accretion diskiaiche compact object.

The number of known B&X-ray binaries is growing fast and, due to the transient nreatu
of their emission, itis likely to continue its fast growthtime future. At present, there are no doubts,
that such systems dominate the population of the massivayXinaries. Comprehensive reviews
of the properties of B&X-ray systems can be found e.g. in Coe (2000) and ZiolkowZki2).

The transient accreting X-ray pulsar EXO 283075 is one of the best studied members
of the described class of X-ray binary systems. It was diswith theEXOSAT mission during
a giant outburst in 1985 (Parmar et al. 1989b). The opticadgamion of the pulsar is a BO Ve star
identified by optical and infrared observations of EB8§OSAT error circle (Motch & Janot-Pacheco
1987; Janot-Pacheco et al. 1988; Coe et al. 1988). The lopeitemd and eccentricity of the system
are~ 46d and~ 0.42, respectively (Wilson et al. 2002). The period of X-raysptions is~ 42s.
There were two giant outbursts in the history of observatiohEXO 2033-375. During the first
one in 1985 (when the source was discovered) the X-ray lusitinof the source reached a value of

75
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L1-20 kev ~ 2x10°8 erg s1 (assuming a distance of 7.1 kpc Wilson et al. (2002)). Thefpguency
of the pulsar changed dramatically, with a spin-up timeese&)/P ~ 30 yr indicating the formation
of an accretion disk around the neutron star. After the asttthe source was nearly continuously
monitored by the Burst and Transient Source ExperimBATSE) on the Compton Gamma Ray
Observatory CGRO) and later by the All Sky MonitorASM) on the Rossi X-ray Timing Explorer
(RXTE, see Section 4.1). The second giant outburst took placene=R&eptember 2006 (Corbet &
Levine 2006; Krimm et al. 2006; McCollough et al. 2006) andsvagain accompanied by a strong
spin-up of the neutron star. The X-ray luminosity at the maxin of the outburst was slightly
lower than that during the 1985 giant outburkk_»o kev ~ 1.2 x 10°8ergs?! (Wilson & Finger
2006). During the 2006 giant outburst the source was obdeagea Target of Opportunity by the
INTEGRAL and Swift satellites (see Section 5.1 for thf§TEGRAL and Sect 7.1 for th&wift
missions descriptions). We performed the analysis of tbbservations. The results are presented
in Klochkov et al. (2007) and described in the next Chapter.

6.2 X-ray and optical monitoring

As mentioned above, since the discovery EXO 20316 was a subject of a comprehen-
sive multiwavelength monitoring campaign. The 1985 gianmbarst and the subsequent normal
outburst were recorded yXOSAT which provided detailed timing and spectral informatioaq(s
Parmar et al. 1989b). The most extensive X-ray observatbitise source between the two giant
outbursts were made with the Large Area Detectaly s) of BATSE onboardCGRQ From its
launch in 1991 April untiiCGRO was deorbited in 2000 Jun8ATSE provided nearly continu-
ous coverage of EXO 203375 providing the X-ray flux and pulse period informationatihg
from 1996 March normal outbursts of the source were reguldetected with theASM onboard
RXTE. Apart from the long-term monitoring there were severahpei observations of the system
performed byRXTE, INTEGRAL, and Swift which provided detailed information about the X-ray
properties of the source, such as X-ray spectrum and emesgjved pulse profiles (also during the
second giant outburst in 2006, see the next Chapter). Seenitsfdiscovery EXO 2036375 was
incorporated into the Southampgdalencia Universities long-term monitoring campaign of Be
ray binaries (Coe et al. 1993; Reig et al. 1997) providinggdamount of optical and infrared data
on the normal companion of the source.

Below we briefly describe the main results of the X-ray andoapbbservations of EXO
2030+375 available by today.

6.2.1 Pulse period and X-ray flux history

Since April 1991 (launch o€GRO) normal outbursts of EXO 20375 were detected
at most periastron passages and continue to be detectedh@ikSM RXTE and INTEGRAL.
The typical peak luminosity of these outbursts i8 2 10°” < Ly < 3x 10° erg s*. Figure 6.1
shows the light curve of the source obtained with &8V RXTE. The dotted vertical lines mark
periastron passages of the source. One can see that the umakimminosity of normal outbursts
varies by a factor of several, probably reflecting changeakdrBe disk density. The giant outbursts
are not shown in the picture. Their luminosity is an order @igmtude higher than that of normal
outbursts (see above).
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Figure 6.1ASM RXTE light curve of EXO 20368 375. The dotted vertical lines denote predicted
time of periastron passages. The right Y-axis shows the Re®0X-ray luminosity assuming the
distance of 7.1 kpc (Wilson et al. 2005).

The intrinsic spin period of EXO 20375 changed dramatically during the 1985 giant
outburst, with a characteristic spin-up timescale/P ~ 30 — 40 yr (Parmar et al. 1989b). We
found a similar spin-up rate during the 2006 giant outbufshe source (see the next Chapter and
Klochkov et al. 2007). Between the giant outbursts, duringsihof the normal outbursts of the
system the pulse period was measured BBATSE. There were also several pointed observations
made withRXTE which also provided pulse period information (a compilatid these data can be
found in Wilson et al. 2002, 2005). The historical pulse freacy behavior of EXO 203€B75 is
shown in Figure 6.2. Strong spin-up during the 1985 and 2@ gutbursts are clearly seen. The
large triangles correspond to our pulse frequency measmesm The other data points are taken
from Wilson et al. (2002, 2005) The pulse period remainedyhdyuconstant for about a year after
the beginning of the monitoring BBATSEin 1991, followed by 2 years of relatively slow spin-up
and 6 years of slow spin-down. After 2002 a transition to @glspin-up along with an overall
brightening of the normal outbursts was reported by Wilsoal.62005) (see also Fig. 6.1).
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6.2.2 Type | X-ray outbursts

As mentioned before, the normal (type 1l) outbursts of EXGB®@B75 were detected
at most periastron passages of the neutron star. Howeeegxtct orbital phase of the peak of
the outbursts varies by several days. Figure 6.3 shows thialophase of the outbursts versus
time as presented by Wilson et al. (2005). The dashed lirdisate the intervals of orbital phase
when pulsations were detected wBATSE One can see that the outbursts prior to MJD 50000
(1995 October) peaked at a very regular orbital phase oftabalays after periastron passage.
The outburst just after MJD 50000 peaked at a much earliétabrihase, 4 days before periastron
passage, and then gradually shifted to earlier orbitalgdhas

The shape of the outbursts light curves is also non-trivial. initial sharp spike before
the main outburst and a possible second spike during theydddhe outburst were reported by
Camero Arranz et al. (2005) during the normal outburst oteskewith INTEGRAL in December
2002 (Fig. 6.4). They also argued that evidences of the sp@ke also present in tHATSE and
RXTE light curves. A sharp initial spike was also observed duangormal outburst of another
Be/X-ray binary, A 0535262 (Caballero et al. 2007). Thus, such sharp spikes migatdmnmon
feature in this type of binary systems.

6.2.3 OpticalIR observations

OpticalIR observation of EXO 2038375 were obtained as part of the Southampton-
Valencia monitoring campaign, using mainly the 1.5-m Cafi@nchez Telescope (Teide observa-
tory, Tenerife). Details can be found in Reig et al. (1998he Hoal of these observations was to
monitor the magnitude of the optical companion in the irddabands JHK) and the equivalent
width of H,, line in the optical spectrum of the source. It is known thasth characteristics may
serve as indicators of the size and density of the circutasteisk around the Be companion (see
e.g. Negueruela et al. 2001; Miroshnichenko et al. 2001).
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A comparison of the OpticAR observations with X-ray measurements suggests a rela-
tionship between the OptigdR behavior and the X-ray activity. At approximately the satime
when the peak flux of the normal outburst dropped dramajiéalthe BATSE data, the K-band
infrared flux from the companion also dropped, indicatingeardase in density of the Be star’'s
disk. Brightening of the X-ray outbursts as observed byAlB#1 RXTE appeared to approximately
coincide with the brightening of the Be disk, indicatingtthize disk density had again increased.
Thus, on the long term the Be disk density appears to driveXtray flux of the normal outbursts.

6.2.4 X-ray pulse profiles

First X-ray pulse profiles of EXO 20375 were obtained witlEXOSAT (< 20 keV)
during the 1985 giant outburst (Parmar et al. 1989b). Thpesb&the profiles was found to depend
strongly on luminosity (Fig. 6.5). At higher luminositieset pulse profile consisted of a smooth
asymmetric main pulse separated by180C in phase from a small interpulse. As the luminosity
decreased by a factor efL00 the relative strength of the two pulses reversed, wihriterpulse
becoming the dominant pulse. 2—-10 keV pulse profiles werergbd with thePCA RXTE during a
normal outburst of the source in July 1996 (Reig & Coe 1998k profiles were consistent with the
EXOSAT profiles observed at low luminosity. Reig & Coe (1998) exptbthe energy dependence
of the pulse profile but their analysis was restricted by thredtatistics above 20 keV.

The first high energyX 20 keV) pulse profiles of EXO 203@75 during a giant outburst
were obtained witHNTEGRAL during the 2006 outburst. The analysis of these data is piede
in the next Chapter.

6.2.5 X-ray spectrum

The X-ray spectrum of EXO 20375 during the 1985 giant outburst observedaX-
OSAT (2-25 keV) was similar to that of other accreting pulsarsait be represented by a power
law modified at lower energies by significant absorption ankigher energies by an exponential
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cutaf (Reynolds et al. 1993). An iron emission line a6.5 keV was observed. The spectrum
showed a significant evolution during the decay of the owtbuks the luminosity decreased by a
factor of~100, the X-ray spectrum became harder with the photon indesedsing from 1.8 to 1.3.
In addition, the high energy cutadecreased from 20 to 10 keV.

A normal outburst of EXO 2038375 was observed in 1996 July wilXTE. The spec-
trum was shown to agree with that froEXOSAT when an extrapolation at low luminosities is
realized (Reig & Coe 1999). A black body component (with ~ 1.2 keV and the emission ra-
dius of ~1 km) was observed at the low-energy part of the spectrum. alitieors for the first
time explored the hard X-ray spectrum (17-65 keV) of EXO 268(b obtained withHEXTE
(high-energy detector onboaRIXTE), although the data were scarce. They found an evidence of a
possible cyclotron feature a6 keV. The first broad band spectrum (3—-300 keV) of the sowitte
good statistics was obtained witRTEGRAL during a normal outburst in December 2002 (Camero
Arranz et al. 2005) who found a hard X-ray component whichlwadescribed by a nonattenuated
power law with the photon index2. The authors also added a black body componentkilitk 8
keV to describe the low-energy part of the spectrum.

6.3 The model and open questions

In Section 6.1 we described the main physical propertiesXs 2030+357. Below we
will try to explain how these properties cause the obsenatthbior of the system according to the
presently accepted model. We will also outline the main lemls in understanding of the source’s
physics, mainly focusing on thos&ected by our work.

As mentioned above, the key feature of/Beay binaries is the circumstellar gaseous
disk (Be disk) around the optical companion. According ® thrrently accepted model (see e.g.
Lee et al. 1991; Porter 1999; Okazaki 2001) the viscosityighs disk transports material outward,
so that it moves in quasi-Keplerian velocity with low radvalocities. It was shown (Negueruela
et al. 2001) that such a disk cannot reach a steady state digalt@and resonant interaction with
the neutron star, and it is truncated at some radial distafsceording to the modeling of Okazaki
& Negueruela (2001), the Be disk in EXO 208875 is likely truncated at the 4:1 resonance radius
(i.e. where the orbital period of the matter in the disk isrfomnes shorter than the orbital period of
the binary). This is close to the radius where matter can pticad by the neutron star close to the
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Figure 6.5 1-10 ke\EXOSAT pulse profiles of EXO 2038375 showing the evolution of the shape
during the 1985 giant outburst. The picture is taken fromaret al. (1989b). The indicated 1-20
keV luminosities are corrected assuming the updated distah7.1 kpc (Wilson et al. 2002) with
respect to those, provided by Parmar et al. (1989b) who u&ed.5

periastron passage and form a transient accretion diskwyghimvides a reasonable explanation of
normal outbursts.
A possible explanation of the orbital phasing of the normabarsts (see Section 6.2.2)
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is a density perturbation (global one-armed oscillatian)hie Be disk. Evidence of these density
perturbations is seen in th, line profiles for several BX-ray binaries (see e.g. Negueruela et al.
2001; Okazaki & Negueruela 2001). If the pulsar interacthwiregion of the diskféected by the
perturbation, more material would be available for acoretiSlow propagation of the perturbation
through the disk possibly causes a shift in outburst phadso the fact that the Be disk is not
necessarily lies in the orbital plane (as it is assumed ire@kia& Negueruela 2001) may lead to an
additional shift of the outburst’'s phase with respect togagastron.

Since many flux and pulse period measurements are availabEXO 2036-375 (Sec-
tion 6.2.1), one can study the correlation between the flukspmn-up rate predicted by the simple
accretion theory (Pringle & Rees 1972). Such a correlasoexpected if an accretion disk forms
around the pulsar. In the giant outburst observed WMOSAT, such a correlation was clearly seen
(Parmar et al. 1989b; Reynolds et al. 1996). During norm#ébwgts the correlation (albeit not
so clear) was also reported by Wilson et al. (2002), baseBAFSE observations. The measured
correlation is inconsistent with the power law index ¢f fredicted by the simple accretion theory.
In order to discriminate between more complicated acanati@dels, additional measurements of
the pulse period at various luminosity levels are needed.

As mentioned in Section 6.2.3, optidd observations provide information about the
density of the Be disk. From the observations it follows ttied Be disk was fairly stable and
roughly constant in density from near the end of the initiahg outburst until MJD 49,000 (1993
January). The pulsar was spinning up for most of this pemalicating disk accretion. Then the
density of the Be disk began to decline. Since the Be disk wasrhing less dense, the reservoir
of material available to the pulsar near periastron passageslowly reduced. The X-ray flux
observed b\BATSE responded to the lower density Be disk and dropped drantigtiédter MJD
49400 (1994 February) the pulsar begun to spin down. In 2B023-the infrared data indicated
that the Be disk intensity had again increased (Wilson 2G02). This was also accompanied by
the brightening of normal outbursts. This increase propksgul to the 2006 giant outburst caused by
a dramatic expansion of the Be disk. The opfi€albbservations are, therefore, in agreement with
the described model.

The strong luminosity dependence of the pulse profile of thece observed during the
1985 outburst (the almost 188witch in phase of the main pulse, see Section 6.2.4) is stigge
of a major change in the beaming direction in the pulsar'taser Parmar et al. (1989b) suggested
that the basic beaming mechanism switches from a fan to dlmamfiguration as the luminosity
decreases. They noted, however, that their simple model nlateprovide formally acceptable fits
and is only used to illustrate the overall trends. Anothessiulity to explain the changes in the
pulse profile with the luminosity is that the pulsar's magméeld is more complex than a simple
dipole and that a dfierent magnetic pole becomes active as the luminosity clsaridere sophis-
ticated modeling of the pulse profiles taking into accoueirtenergy dependence is necessary to
reveal the geometry and physics of the radiation at the oewtiar's surface.

In Section 6.2.5 we mentioned that the X-ray spectral cootim of EXO 203@-375 is
similar to those of other accreting pulsars (see also Se2th3). Since the beginning &XTE and
INTEGRAL operation, broad band spectra (including the high-eneagt; 20 keV) are available
for the source. Some unusual features in the spectrum and {@ug. a black body component with
the unusually high temperatukd ~ 8 keV, see also the next Chapter). At the moment there is no
generally accepted model for the broad band spectrum of EG@D+B75. There is also no clear
interpretation of the luminosity dependence of the contimyparameters found by (Reynolds et al.
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1993). The question of the cyclotron line in the spectrumhefdource is not clear. So, the open
guestions related to EXO 203875 addressed in this work can be summarized as follows:

1. Study of theLy — Ppu|se relation. Which accretion mechanism is at work?

2. Origin of the pulse profiles and their dependence on theggrand luminosity. Pencil or fan
beam configuration?

3. Origin of the broad band X-ray spectrum of the source.

4. Possible cyclotron feature in the X-ray spectrum of these.
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INTEGRAL and Swift observations of
EXO 2030+375

In June—-September 2006 EXO 2@3&Y5 entered into a giant (type Il) outburst (Corbet
& Levine 2006; Krimm et al. 2006; McCollough et al. 2006). $hs the second giant outburst
since the discovery of the source. The X-ray luminosity atrieximum of the outburst reached
a value ofL1_og kev ~ 1.2 x 10%8erg st (Wilson & Finger 2006). Based on th& TEGRAL and
Swift data, we investigated the pulse period and the spin-up fatesource (Section 7.3.1) and
constructed X-ray pulse profiles forfiirent energy ranges and time intervals (Section 7.3.2). To
characterize the broad-band spectral behavior we pertbithie spectral analysis of pulse-phase
averaged spectra of the source (Section 7.4).

7.1 Swift satellite: mission overview

Swiftis a first-of-its-kind multi-wavelength observatory deatied to the study of gamma-
ray bursts (GRBs). The mission was launched into a low-Earth orbit on Novemier2R04. The
hardware was developed by an international team from theetdiStates, the United Kingdom, and
Italy, with additional scientific involvement of Francepda, Germany, Denmark, Spain, and South
Africa. A comprehensive review can be found in Gehrels 28l04). The overall view oSwift is
given at Fig 7.1. The main mission objectives 8wift are the following:

¢ Determine the origin of GRBs.
o Classify GRBs and search for new types.
e Use GRBs to study the early universe.

e Perform a hard X-ray survey of the sk¥0-30 times more sensitive than the HEAO A-4
survey).

1Gamma-ray bursts are presumably the most powerful expissio the Universe since the Big Bang. They are
observed as brief (milliseconds to a few hundred seconds)ntense, flashes of gamma radiation, sometimes followed
by longer and softer afterglows.

84
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Figure 7.1Swift satellite. BAT — Burst Alert Telescope (15-150 keV)XRT — X-ray Telescope
(0.3-10 keV);UVOT — UV/Optical Telescope (170—650 nm).

The payload ofSwift is comprised of three instruments: tBerst Alert Telescope (BAT)
with large field-of-view (2 steradians) and 15-150 keV egpeange; theX-ray Telescope (XRT)
providing high resolution images and spectra in the 0.3-e\) énergy range; and thgV/Optical
Telescope (UVOTihat takes images and spectra in the optical band 170—-650 nm.

Although the main focus oBwift are GRBs, the mission is also used to study other
sources of X and gamma-rays, such as compact X-ray binabbservations of such sources can
be triggered by some unusual event or behavior (for exarbglght flares or outbursts). In this case
the source can be observed akagget of Opportunitf TOO).

Below we provide a brief description of tH8AT and XRT instruments which were used
for the observations of EXO 203375 analyzed in this work.

7.1.1 BAT

The Burst Alert Telescope (BAT) is a highly sensitive, lafgeld of View (FOV) in-
strument designed to provide critical GRB triggers andetran positions. It is a coded aperture
imaging instrument with a 1.4 steradian field-of-view (hatfded). The energy range is 15-150
keV for imaging with a non-coded response up to 500 keV (sethBlany et al. 2005, for a review).
The BAT has a two-dimensional coded aperture mask and a large digéatate detector array. Its
coded aperture field-of-view always includes tKRT and UVOT fields-of-view. Table 7.1 sum-
marizes the main instrument characteristics. The data B4l can produce a sensitive hard X-ray
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Table 7.1BAT instrument parameters. Table 7.2XRT instrument parameters.
| Property | Description \
| Property | Description |
Focal Length 3.5m
Aperture Coded mask Effective Area 110 cnf at 1.5 keV
Detecting Area 5200 cnt Telescope PSF 18 arcsec (HPD)
Detector CdznTe at 1.5 keV
Detector Operation| Photon counting Detector EEV CCD-22,
Field of View 1.4 sr (partially- 600 x 600 pixels
-coded) Detector Operation Imaging, Timing,
Detection Elements 256 modules of and Photon-counting
128 elements Detection Element| 40 x 40 micron pixels
Detector Size 4x4x2mm Pixel Scale 2.36 arcseipixel
Telescope PSF 17 arcmin Energy Range 0.2-10 keV
Energy Range 15-150 keV Sensitivity 2x 10 erg cnr2 st
Sensitivity 2 mCrab in 16 hours in 10* seconds

all-sky survey and X-ray transients monitor over the coafs8wift’s two year missiort.

The BAT runs in two modes: (1) burst mode, which produces burstipasit and (2)
survey mode, which produces hard X-ray survey data. In theegunode the instrument collects
count-rate data in 5-minute time bins for 80 energy intexv#hen a burst occurs it switches into a
photon-by-photon mode with a ring-fiar to save pre-burst information.

7.1.2 XRT

Swift's XRT is designed to measure the fluxes, spectra, and light cufvesay sources
over a wide dynamic range covering more than 7 orders of nadmiin flux. The instrument
parameters are summarized in Table 7.2. For a more detaNgsiwr see Burrows et al. (2005).

The instrument is designed as a grazing incidence Woltetesdepe with a 110 cfn
effective area. A set of X-ray mirrors focuses X-rays onto a CQictv consists of an image area
with 600 x 602 pixels (40 x 40 microns) and a storage regiorD6f6602 pixels (39 x 12 microns).
The FWHM energy resolution of the CCDs decreases frdii0 eV at 10 keV to~50 eV at 0.1
keV.

The XRT supports three readout modes to enable it to cover the dgnamge and rapid
variability of X-ray sources (expected in case of GRB aftesg), and autonomously determines
which readout mode to use. Thmaging Modeproduces an integrated image of the sources in
the field-of-view and does not permit spectroscopy. Timaing Mode sacrifices position infor-
mation to achieve high time resolution and bright sourcectspscopy through rapid CCD read-
outs. ThePhoton-countingMode uses sub-array windows to permit full spectral andisipet-
formation to be obtained for source fluxes ranging fromX#fT sensitivity limit of 2x 107 to
9x 10 %rg cnr? s,

2The data of theBAT Hard X-ray Transient Monitor are available at
httpy/heasarc.gsfc.nasa.gdecgswift/resultgtransients
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Table 7.3 Summary of observations.

Obs. Instrument Obs.time Mean Mean ASM
(ks) MJID  flux (mCrab)
OBS1 ISGRFIEM-X 62 53942.9 500
OBS2 ISGRIIEM-X 140 53967.6 500
OBS2  XRT+ BAT 6.3 53967.3 500
OBS3  XRT+ BAT 6.4 54002.5 160

7.2 Observations and data reduction

7.2.1 Summary of observations

EXO 2030+375 was observed bINTEGRAL (see Section 5.1) on 27 July and 19-21
August 2006 and bywift (see Section 7.1) on 19-20 August and 23-25 September 2006uF
analysis we used the data obtained with the instrum@&i&/ISGRI(20-300 keV, see Section 5.1.1)
and JEM-X (3—-30keV, see Section 5.1.3) onbodNITEGRAL as well asXRT (0.2-10keV, see
Section 7.1.2) an®8AT (15-150 keV, see Section 7.1.1) 8Wwift.

Table 7.3 contains the summary of the observations analyrélis work. A part of
the ASM light curve of the source including three normal outbursid he 2006 giant outburst is
shown in Figure 7.2. The observations analyzed in this week@arked by solid lines and consist of
three sets of pointings. The first set was donéMJEGRAL. The second set contains simultaneous
observations byNTEGRAL andSwift. The last set of observations was performedift. These
three sets will be referred to as OBS1, OBS2, and OBS3 thautghis Chapter. OBS1 and OBS2
observations were made when the source was at approxintatelsame luminosity level, before
and after the maximum of the outburst. These observationsr @broad energy range from 0.2 to
200 keV. Data form OBS2 allowed to derive cross-calibratodfticients between thtNTEGRAL
and Swift instruments which were then used to compare the source Xtmaosity in all three
observations. OBS3 was made during the decay of the outivhiest the luminosity of the source
dropped by a factor of3. This observation contains only the low-energy part ofsiectrum £10
keV) since theBAT data £15 keV) have poor statistics.

7.2.2 IBIS/ISGRI and JEM-X data processing

For processing of the data taken with tINTEGRAL instrumentdSGRI/ andJEM-X the
Off-line Science Analysis (OSA, version 5.1) developed bylttiegral Science Data Centavas
used (Courvoisier et al. 2003). The data reduction proesdurcase of EXO 203875 are mostly
the same as those used to analyze the HelMTEGRAL data (see Sections 5.2.2 and 5.2.4). Here
we only point out two dierences with respect to the Her X-1 data analysis.

1. Apart from EXO 2038375, two other bright X-ray sources fell into the field of view
of the INTEGRAL instruments during the observations: Cyg X-1 with the X-lax comparable
to that of EXO 20368375, and Cyg X-3 that was10 times fainter. All three sources were in-
cluded in the extraction catalogs 8GRI/ andJEM-X in order to account for their reciprocal flux
contaminations.

2. In the case of EXO 20375 we did not perform the additional gain correction of the
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Figure 7.2 TheASM light curve of EXO 2038375. The times ofNTEGRAL (INT.) and Swift
observations analyzed in this work are marked by solid lines

photon energies which was applied in the Her X-1 data aralySince the precise measuring of
the energy of spectral features is not the main goal of thegmteanalysis (in contrast to Her X-1),
additional systematic uncertainty of 1.5-2 keV in the posibf lineg”bumps’/cutdf related to this
does not fiect our results significantly.

7.2.3 BAT data processing

Reduction of theBAT data was done with the standaf#t ADAS package (version 6.0.4)
which contains all necessary routines and calibration. dektee rawBAT data of EXO 2038375
taken from theSwift archivé are accumulated isurvey modésee Section 7.1.1) and consist of
so-called survey detector plane histograms (DPHs) — ttiireensional data cubes with 80 x 286
x 173 elements. The first dimension corresponds to the nuofbemergy channels (80 faBAT
surveys). The second and third dimensions indicate the ggmntocation of the detector in the
BAT array plane. Each DPH contains data accumulated 886 sec. Therefore, no timing anal-
ysis is available with time resolution better thaB00 sec. The reconstruction technique involves
cross-correlation (or matched filtering) of the detectedint® with the mask aperture pattern for all
possible locations on the sky (see Section 5.2.2). For tighte and spectral analysis of previously
known sources, it is possible to bypass most of the recasigirusteps. We useBAT sky images
to check the presence and significance of the source.

EXO 20306+375 was observed witBBAT in OBS2 and OBS3 (see Table 7.3). It was
found, however, that statistics of the data taken in OBS8irfduthe decay of the outburst) is too
low to obtain useful spectra. So, we used only the data frons2BThe source spectra in the

3The archive is available at htffheasarc.gsfc.nasa.gogi-biryW3Browsegswift.pl
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Table 7.4 Pulse period development. The uncertaintiesreanglaeses (68%) refer to the last digit(s).

Obs. MJD P —dP/dt _ Flux (3-10 keV)
[s] [108gs] [10°ergcm?s]
OBS1 53942.7714 487958(2) 293(12) 9.61(6)
OBS2 53967.4260 481706(5) 229(19) 10.41(4)
OBS3 54002.3877 445954(4) 067(10) 3.25(3)

range of 15-80 keV were produced with tHEEADAS tool batbinevt from the DPHs using the
known position of EXO 20368375 in the sky. The corresponding detector response matneee
generated witthatdrmgen also provided byHEADAS. Since the pulse period of EXO 208875
(~42 sec) is smaller than the typical accumulation time of DP+B0 sec), timing analysis of the
BAT data is not possible.

7.2.4 XRT data processing

Reduction of theXRT data was also done with the standd&i&EADAS package. The
observations of EXO 203875 were performed iwindowed timing modeThis mode is obtained
by compressing 10 rows in the serial register of the CCD irgimgle row, and then reading out only
the central 200 columns. It covers the central 8 arcmin offitdd of view and one-dimensional
imaging is preserved. For our observations (OBS2 and OB&3wift archive already contained
processed events files which can be directly used to extrgloehlevel products such as images,
light curves and spectra.

X-ray spectra and light curves of the source were extractat the events files using
XSELECT provided byHEADAS package. For the spectral analysis the latest (versionsprese
matrix (RMF) and the corresponding ancilliary responsetiam (ARF) provided by th&XRT team
were used. The energy range for the spectra was chosen talbek8V as advised by th¥RT
team.

7.3 Timing analysis

For the timing analysis we translated all times to the sglatesn barycenter and corrected
for orbital motion in the binary (the orbital ephemeris ofl8dn et al. 2005 were used). For deter-
mining the pulse period and constructing pulse profiles 0OE230+375 the light curves with the
time resolution of 0.3 sec extracted WRRELECT from the event files were used.

7.3.1 Pulse period behavior

The pulse periods and associated derivatives were detednfiin each of the three obser-
vation periods individually. The results are shown in Tabk. These values were found by em-
ploying initial epoch-folding and a subsequent phase cammeanalysis similar to that described in
Section 4.2.1 using well defined pulse profiles from flisiently large number of pulses. Variation
in pulse shape inside each observation is marginal and daeffect our method.



90 Chapter7

OBS2

300

ISGRI |
20-150 keV 4

200

Figure 7.3 X-ray pulse profiles
obtained with/ISGRI (top pane)
and JEM-X (bottom panél dur-
ing OBS2 (MJD- 53966), near
the maximum of the outburst.
Phase 0.0 was arbitrarily chosen
to be defined by the dip-like fea-
ture before the main peak.

100

Count/sec

150

100

L L L L L L L L L L L L L L
0 0.5 1.0 1.5
Pulse phase

Figure 6.2 displays our points together with the historipalse period development as
presented by Wilson et al. (2002, 2005). The three data setsoasistent with a global solution
(valid between MJD 53943 and MJD 54003) with the followinggraeters:P = 41.47268(6) s,
P=-1627(5x108 g/s andP = 4.058(25) 1075 571 for the reference MJD 53992.25 (TDB). The
uncertainties in parentheses (68%) refer to the last d)gitChe characteristic spin-up time scale,
—P/P, is ~40 years, somewhat longer than during the first giant outbi¥e also note that the
appears to be linearly correlated with the X-ray luminogstye last two columns in Table 7.4). The
slope from a linear fit is 36 2 (s s1)/(erg cnm?s™1), although it is based on only three data points
(see Figures 8.4nd 8.5 Section 8 for detailed discussion).

7.3.2 Pulse profiles

Using the determined values BfandP (Table 7.4) we constructed pulse profiles for each
observation. Pulse profiles from OBS1 and OBS2 are found t@hesimilar. This can be expected
considering that the luminosity of the source during thdseovations was approximately the same.
The results are shown in Figures. 7.3 and 7.4. We do not shtsg pwofiles from OBS1 since they
are similar to OBS2. Figure 7.4 shows the 0.2-10 keV pulsélgsmbtained withXRT. One can
see that the pulse profile obtained in OBS3, during the dettyeoutburst, appears significantly
different from that obtained in OBS2 when the luminosity was éigh

The 3-20 keV pulse profile from OBS2 and the 0.2-10 keV pulsdélerfrom OBS3
are similar to the correspondirlgXOSAT profiles from the 1985 giant outburst obtained when the
source was at similar luminosity levels (see Fig. 6.5).

7.4 Spectral analysis
For OBS1 pulse averaged X-ray spectrd®6RI and JEM-X were analyzed. For OBS2

spectra fromlSGRI, JEM-X, XRT and BAT were fitted simultaneously. In order to account for
small scale uncertainties in the response matrices of gpeotive instruments systematic uncer-
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tainties were added at a level of 1% (8GRI and 3% forJEM-X and XRT. For BAT we used
energy-dependent systematic errors provided byBAE team. We note that there are additional
global systematic uncertainties with the instrumentd dNREGRAL (e.g. the canonical spectrum
of the Crab is not reproduced). The stated uncertaintieg. (g Tables 3 and 4) are therefore to be
taken as lower limits. In the 15-80 keV range these errorsiaadevel of~4%.

To fit the broad band spectral continuum of the source we useabgsorbed power law
with an exponential cutd (XSPEChighecut model, see Eq. 5.4). An iron emission line~d.5
keV was observed during OBS2 (which has the largest totalbeuraf counts) and modeled by a
Gaussian emission lindEM-X data revealed an additional feature in 10—20 keV range,wdoald
be explained by a Gaussian emission modelE-15 keV (a “bump”). Alternatively, following
the suggestion of a cyclotron line-al0 keV by Wilson & Finger (2006), we equally well fitted the
spectra adding two Gaussian absorption lineslft and~20 keV to the broad band continuum. As
in the case of Her X-1, to account for large systematic uagdiés in the absolute flux measured
by the instruments we introduced in our models a free midtfive factor for each instrument:
Fiscrl, FxrT, andFgar (for JEM-X the factor was fixed to 1.0). The best fit spectral parameters
for OBS1 and OBS2 are listed in Table 7.5 (for the model wittbaip”) and Table 7.6 (for the
model with two absorption lines). The broad band spectrun®BS2 fitted withhighecut is
shown in Figure 7.5a. Figures 7.5b, 7.5c and 7.5d show theuas after fitting the spectrum by
the highecut model without additional features between 10 and 20 ke\h witbump” around
15 keV, and, alternatively, with two Gaussian absorptioesi
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Figure 7.5 The broad band spectrum of EXO 26305 from simultaneous fits GNTEGRAL and
Swift data of OBS2 witthighecut (a) and residual plots after fitting it without additionaafares
(b), adding a “bump” around 15 keV (c), or alternatively imtihg two absorption lines at10 and
~20 keV (d).
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Table 7.5 Best fit spectral parameters of EXO 20305 using the model with a “bump” around 15
keV (see text). &(68%)-uncertainties for one parameter of interest are ahow

53943(0BS1) 53967(0BS2)

Time of observation ISGRI, ISGRI, JEM-X
(MJD)/ Instruments JEM-X XRT,BAT
r 1.93+0.01 193_*8:8%
Ecutar [keV] 25.9702 264*52
Efolg [keV] 26.1+0.2 269+0.2
Ere [keV] — 6.6+0.1
ore [KeV] — 12+01
Ebump [keV] 15.3+0.2 134+02

o bump [KeV] 27+02 41733

Ny [10%%cm™2] 3.1+02 34+0.1
Fiem-x 10 (flxed) 10 (flxed)
FISGRI 1.20+ 0.01 120+ 0.01
FXRT — 0.926+ 0.004
FBAT — 0.91+0.01

x2gd.of. 1.259 1.3937
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Table 7.6 Best fit spectral parameters of EXO 20305 using the model with two absorption lines
at~10 and~20 keV (see text). &(68%)-uncertainties for one parameter of interest are show

53943(0OBS1) 53967(0OBS2)
Time of observation ISGRI, ISGRI, JEM-X
(MJD)/ Instruments JEM-X XRT,BAT
r 179+ 0.01 178+ 0.01
Ecutat [KeV] 198+04 195+ 0.3
Eroid [keV] 242+0.2 24701
Ere [keV] — 6.51+ 0.03
ore [keV] — 0.32004
Eist line [KeV] 10.0f8:§ 10.6f8:%
o 1st line [KEV] 1.6°34 07+02
E2nd tine [k€V] 20.7+0.3 206+ 0.3
0 2nd line [KEV] 1.3+03 ZOJ_rg:g’
Ny [10%%2cm™2) 22+02 31+0.1
X2, 4d.of. 1.3256 1.3934
Fiem-x 1.0 (fixed) 10 (fixed)
FisGri 125+ 0.01 120+ 0.01
FxrT — 0.926+ 0.004
FBAT — 0.90+0.01
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Discussion

8.1 Her X-1

8.1.1 Secular change of the orbital period

The precise timing analysis of tHeXTE observations in combination with the historical
data (Section 4.2) allowed us to explore the secular chafipe @rbital period in Her X-HZ Her
originally reported by Deeter et al. (1981). As a result, wpioved the value 0Py, which is
found to be—4.74(9)x 10°! g/s. This is slightly smaller in absolute value thigg, determined by
Deeter et al. (1981)-6.16x 10711 g/s.

In order to connect the found value of the secular variatiotin® orbital period with the
physical parameters of the system we will consider a veryp#fied model, in which the two stars
comprising the binary are treated as point masses and dritaleeingular momentum is considered.
We will neglect the angular momentum of the accretion disk accretion stream as well as their
dynamic action on the stars. Although it is known that thisuagption can stronglyfgect the final
result (see e.g. D'Souza et al. 2006), a proper calculatidthese &ects would require an explicit
numerical modeling of the mass transfer which is beyond tiopes of this work. In our simple
model in case of a circular orbit the total angular moment@ith@system] is given by expression:

2 2
J = worbl' psMns + worbroptMopt, (8.1)

whereMps andrys are the mass of the neutron star and the radius of its orbpieatively;Mqp: and
I'opt are the mass and the radius of the orbit of the optical coropanespectivelyiory = 2/ Por
is the orbital angular frequency of the system. Using Képléird law, wgrb(rns+ ropt)3 = G(Mps+
Mopt), and taking into account thill,sfopt = Moptfns (from the definition of the center of mass) we
arrive at
J= I\/|ns|\/|optGZ/3
(Mns + Mopt)l/S(Ugg.

HereG is the gravitational constant. Taking the natural loganithf both sides and fferentiating
them with respect to time we obtain the expression for thegaaf the angular momentum of the
system:

(8.2)

J Mns+ Mopt 3 I\-/lns'*‘ I\-/lopt + If’orb
J Mps Mgt 3(Mns+ Mopy) 3Porb’

(8.3)

95
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In case of the conservative mass transfer 0 andMps = —Mgp (all matter lost by the optical
companion is accreted by the neutron star). Equation 83fmams to

Mns Mns Ii)orb
- +

—fs_ s, 9B _p 8.4
Mns IVlopt 3Porb ( )

In this idealized case, usingns = 1.4My, Mgyt = 2.2M,, and the found value Porp = —4.74%
1011 g/s, we obtain a mass accretion rate of the neutronMtar~ 6 x 107 g s'1. This value is
smaller than that found by Deeter et al. (1981) but still fdughree times higher than the accretion
rate necessary to provide the observed X-ray lumindsity~ 2 x 10*” erg s assuming that the
radiative dficiency of accretion is-10%). To explain this Deeter et al. (1981) suggested that the
mass transfer is not conservativé {s # —Mopt) and matter may leave the system in the form of
magnetically channeled wind from the X-ray heated surfd¢heocompanion star (Ruderman et al.
1989) carrying away angular momentum. Thus, only part ofnifagter provided by the normal
companion is accreted by the neutron star providing theraeddevel of X-ray luminosity. We
argue, however, than the model used for conservative massfér is very approximate and may
provide only very rough estimate ®,s. The obtained discrepancy, therefore, cannot rule out the
conservative scenario.

As an alternative to the solution with continuous decredsie orbital period Deeter
et al. (1981) proposed a solution assuming a con$tggtwith a sudden jump around 1983 (the
dashed lines in Figure 4.4). It was motivated by the unuguafig Anomalous Low State (ALS)
of the source that took place in 1983-1984. Deeter et al.1(198ggested that if the change in the
orbital period is confined to the ALS then both phenomena eaexbplained by a sudden temporary
increase in the rate of mass transfer from the normal coropanithe neutron star. Following this
suggestion, Stelzer et al. (1997) performed a fit of the tjndiata of Her X-1 available at their time
using both models. They found that the model with a suddem jaround 1983 provides a better
2 than the model assuming continuous decreade,@f and hence cannot be rejected. However,
taking into account the late®XTE data analyzed in this work, the possibility of a sudden jump i
Porb can be ruled out (see Section 4.2.3). Thus, we can claimtbatécrease of the orbital period
of Her X-1/HZ Her originally discovered by Deeter et al. (1981) is dua tonstant negativey,
and is not confined to any short time interval (like a jump a®983). We also note that from our
disk—stream coupling model (see the next Section) we expdetrease of the mass transfer to the
neutron star during ALSs rather than an increase. This iirooed by a spin-down observed during
most of ALSs (see Fig. 4.9). We argue, therefore, that the probable explanation of the secular
decrease in the orbital period of Her X-1 is a continuous nrassfer from the normal companion
to the neutron star in a conservative or non-conservatigaasio.

The foundPqp, along with the values of'*" and P[)er[J determined in Section 4.2.3 (see

Table 4.4) comprise a new orbital ephemeris of Her X-1 thatloa used to calculate the orbital
period, Por, and the timeT z, where the mean longitude is9@or any particular observation. This
allows to perform a precise correction of the photon artivaés for the orbital motion in the binary
for a subsequent timing analysis. In Section 5.3 the newraphie was used in the timing analysis
of the INTEGRAL observations of Her X-1. We repeat the new ephemeris below.
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T'®" [MID(TDB)] 46359.871938(6)
2

Prel [days] 1.700167591(2)
Porb [d/d] ~4.74(9)x 10711

8.1.2 The disk—stream coupling model

In Section 4.4.2 we described the numerical model which veel us reproduce the ob-
served anomalous dip behavior. As mentioned before, thteimeas elaborated by Shakura et al.
(1999) and further developed by Klochkov et al. (2006). Theailled numerical calculations are
provided in Appendix C. It should be noted that our model ghhyi idealized. Although detailed
numerical calculations of precessing twisted accretiskglincluding viscous forces have been pre-
sented by several authors (e.g. Bardeen & Petterson 19#Brgem 1977), only simplified models
have been used to account for the wobbling motion of the toordisk (see e.g. Levine & Jernigan
1982, where only tidal wobbling is considered). Thus, itasdtly now possible to check our model,
where both tidal forces and dynamical actions of the aammediream are included, by numerical
simulations. However, even this simplified model explairsshproperties of the averaged X-ray
light curve of Her X-1: the duration of the main-on and shamtstates, the appearance and behavior
of pre-eclipse dips and of anomalous dips and post-eclgsaveries (see Fig. 4.18).

In our calculations we ignored viscous torques exerted erptiier regions of the disk.
Taking them into account complicates the model and can antjome introducing new assumptions
about the shape of the twisted and tilted accretion disk inXi&. We expect that thefiects of
the viscosity will be the following: The viscosity alwaysntis to reduce the tilt of the disk. It
counterbalances the dynamical action of the stream tendingstore the tilt, so at any given time
there is an equilibrium tilt angle. Weakening the streamr @rwample, by decreasing the mass
transfer) would ultimately result in a smaller tilt of thesklj which we believe is the physical reason
for the appearance of ALSs.

To account for the observed behavior of the anomalous diggest-eclipse recoveries,
we have to assume a change of the tilt of the outer parts ofishendth precessional phase. In the
short-on state the tilt is three times smaller than in thenroa state. As mentioned in Section 4.4,
this change can be due to variation of the accretion streansity with 35 d phase. Such a variation
is expected in the model assuming free precessing of theamestar. X-ray illumination of the
optical companion’s atmosphere caused by the precessugonestar will periodically change
with precessional phase. We mention here that the authairiergly working on the modeling of
the optical light curves of HZ Her (the work is in its final séagnd the results will be published
elsewhere). This analysis shows additional evidence obagd of the disk tilt with 35 d phase in a
similar way as suggested in the described model.

Below we demonstrate that the disk-stream coupling modedguted here is able to ex-
plain the observed correlation between the 35 d period andpin period of the neutron star found
in Section 4.3.4. As one can see in Figure 4.9, @e C) (which is used to explore the 35d period
of the disk precession) and the neutron star spin pe?igg are anti-correlated. If we assume that
the mass transfer ratd increases due to some reason this would cause an incredsearfdretion
stream intensity. As the stream, according to our modetjgda slow down the disk precession
(see Section 4.4.2 and Shakura et al. 1999), the increasginfansity (i.e. the mass transfer rate
through the stream) will result in a slower precession ofdis&. The O — C), therefore, will go up
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in the middle panel of Figure 4.9. On the other hand, an isgredithe mass accretion rate will spin
up the neutron star. The spin period shown in the upper pdigoire 4.9 hence will go down. The
observed anti-correlation o®&(- C) andPspin, therefore, confirms the described physical picture.

8.1.3 Correlation of X-ray luminosity with spin-up rate

In Section 4.3.4 we found evidence for a positive corretabietween the spin-up rate of
the source+ Pspin) determined from th8ATSE CGRCOdata and the X-ray fluky derived from the
maximum main-on flux measured with tWeSM RXTE. Such a correlation is predicted by basic
accretion theory (Pringle & Rees 1972) which assumes tleatitigular momentum of the infalling
matter is transferred to the neutron star at the magnetaspbeundary (see also Section 8.2.1).
This simple model does not take into account spin-down tsgin Her X-1, however, episodes of
spin-down on top of the mean spin-up trend are clearly oleske(see the top panel of Figure 4.9).
A more realistic accretion torque model, therefore, hastaded. To fit our values afy and Pspin
found in Section 4.3.4 we used the model developed by Ghosla&l_(1979) which takes into
account spin-down torques. According to this model the-spimate of the neutron star depends on
the X-ray luminosity in a following way:

If’spin =-5X% 10_5/1567”(%)31(Pspinng)z S yr_l, (8.5)

whereusg is the magnetic moment of the neutron star in units 3 @cn?, Ls7 is the luminosity

of the source in units of Ferg s, S; is a structure parameter depending on the mass, equation
of state, and dynamical response of the neutron stais the so-called fastness parameter defined
as the ratio of the stellar angular velocity and the Kepleaagular velocity at the magnetospheric
boundary, anth(ws) is the dimensionless torque introduced by Ghosh & Lamb $L9As ws
increasesn(ws) decreases, eventually reaching zero at a critical fastmé®re the spin-up and
spin-down torques exactly balance each other. We have deapy using the approximation given
by Eq. 16 in Ghosh & Lamb (1979), amfws) using that given by Eq. 10 in Ghosh & Lamb (1979).
We used the value @&; = 0.87 determined from Eq. 17 of Ghosh & Lamb (1979) for a neuttan s
with a mass of %M, radius of 16 km, and a moment of inertia of 49g cn?. Fitting our values

of Pspin andLy (calculated from the maximum main-on flux) determined int®ec4.3.4 by the
formula (8.5) we obtain for Her X-1 a value for the magneticrnemt (the only fit parameter of the
model)u ~ 0.6x10°° G cn?. This corresponds to the magnetic field strerf§jth 1.2x10'2 G which

is a factor of~2.5 lower than the value derived from the cyclotron line gpdsee Section 3.2.4).
However, taking into account uncertainties in the modehpeaters (e.g. radiativeffectiveness of
accretion and the complicated magnetic field structurecasitie of the line formation) the fierence

by only a factor of 2.5 of the B-field strength obtained usiogpletely independent methods can
be considered as a good agreement. We argue, therefor¢hehatrrelation between the spin-up
rate of the neutron star and its X-ray luminosity in Her X-irfid in this work is consistent with the
magnetic fieldB ~ 10*2 G found from the energy of the cyclotron line.

8.1.4 Correlation of the cyclotron line energy and the X-rayluminosity

Shifts of cyclotron line energiegy have been found to occur with changing X-ray
luminosity in a number of high luminosity transient sourc¥s0332+53 (Tsygankov et al. 2006;
Mowlavi et al. 2006), 4U 011563 (Nakajima et al. 2006; Tsygankov et al. 2007b), Cep X-hivi
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et al. 1998). These correlations are negatikgy is reduced whery increases. Mihara et al.
(1998) have interpreted this as due to a change in heighedatibck (and emission) region above
the surface of the neutron star with changing mass accregienM. As shown by Burnard et al.
(1991), the height of the polar accretion structure is tiedrngly to M. If the accretion is in the
local super-Eddington regime (when the radiation presbemes important and the radiative
shock forms) one expects that an increase in accretion gatis[to an increase in the height of
the scattering region above the neutron star surface, artbth to a decrease in magnetic field
strength and hendg. In Her X-1, however, we report a positive correlationgfc with Lx (see
Section 4.3.5, Staubert et al. 2007b). We have found thateh&oid energy of the CRSF changes
by ~5% in energy for a factor of two in luminosity. We suggest thmthis source the X-ray
luminosity at the magnetic poles of the neutron star is sné#tlan the local Eddington luminosity,
i.e. the accretion is in the sub-Eddington regime. The mlaygiicture of accretion in this case was
discussed by Nelson et al. (1993). They assumed that in ¥héulminosity X-ray pulsars one can
neglect the possibility for the formation of a collisiordeshock and the accreting protons lose their
kinetic energy in an electron-proton atmosphere due tod@wvhldrag and collective plasm#éects.

An increase oM in this case will &ectively push down the electron-proton atmosphere andehenc
the emission region closer to the neutron star surface wherenagnetic field strength is higher.
This will lead to a positive correlation betweég (which is proportional tdvl) and Ecyel (Which is
proportional to the B-field strength). The detailed caltiataperformed by Staubert et al. (2007b)
shows that for a change of a factor of twolig the expected fractional change in the cyclotron line
energy isAEcyci/Ecycl = 0.03, which is very close to the observed value of 5%.

As one can see, the decisive parameter which determinesgihefsthe correlation be-
tweenEgy andLy in an accreting pulsar is the local Eddington rate at thernautar. Its value
depends on the area upon which accretion proceeds, so péstex to vary from pulsar to pulsar.
In transient pulsars, such as 4U 0383, we may already have evidence for a transition from lo-
cal super- to sub-Eddington accretion (Tsygankov et al7Bp0lakajima et al. 2006; Terada et al.
2006) at the decline of the outburst when the luminosity giloglow~ 5 x 10" erg s*. The sharp
jump in the observed cyclotron line energy in 4U 0168 reported by Tsygankov et al. (2007b)
could be a sign of an abrupt change in the structure of theteonrcolumn during such a transition.

It is conceivable that long-term variations in the accretiate exist also in the persistent
X-ray pulsar Her X-1. If so, we also speculate that the abjupip in the cyclotron line energy in
Her X-1 noticed in the early 1990s (see Fig. 3.5) might be@aged with a transition of this pulsar
from super-Eddington to sub-Eddington accretion.

8.1.5 Pulse profiles

In Section 5.3.2 we constructed 1.24s X-ray pulse profileslaf X-1 using the data
obtained with theNTEGRAL instruments. The shape of the profile was found both enemyy- a
time-dependent.

At higher energies the main peak becomes narrower and tlsegdiaction increases
(Figs. 5.5 and 5.6). Such a dependence of the profile on ernernyyical for accreting pulsars
(see e.g. Tsygankov et al. 2007a). It can be understood m@espurely geometrical picture: if the
rotation axis of the neutron star is inclined with respe¢haxis of its magnetic field, it is expected
that the upper part of the accretion column emitting softestpns is seen during a larger part of
the neutron star spin period while the emission region adéaphotons, “footstep” of the accretion
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column, is screened by the neutron star surface during nawsbpthe spin period. Additionally,
the emission diagram of harder photons is believed to bewarrthan that of softer photons (see
Basko & Sunyaev 1976, see also discussion in Section 8.1.8).

The diference of the pulse profiles in the left and right columns gfuFé 5.5 (corre-
sponding to the beginning and the end of the main-on stapeotively) shows the evolution of the
profiles with 35 d phase. As mentioned in Section 3.2.3, twdel®have been proposed to explain
these variations. Scott et al. (2000) suggested that thagehaf the profile from the beginning to
the end of the main-on state is due to a “resolved occultatibthe emitting regions on the neutron
star by the precessing accretion disk. According to thisehdtie disk progressively occults the
neutron star towards the end of the main-on. In the modelesf firecession of the neutron star
the observed behavior of the profile is explained assumiagtkie emission region on the star sur-
face has a complex shape (due to the presence of higher alellipmponents of the neutron star's
magnetic field). Changing the viewing conditions of the éngtregion with the phase of the free
precession causes the observed variation of the pulseep(sée Section 3.3 Ketsaris et al. 2000;
Wilms et al. 2003). In pulse profiles obtained wWitfiTEGRAL and presented in this work one can
see that the count rate at the maximum of the main peak ishajliee end of the main-on than that
during the beginning of the main-on (Fig. 5.5). In case of@pessive occultation one would only
expect a decrease in the intensity of any feature in the prifivards the end of the main-on. In the
model of free precession, however, viewing conditions fitdént parts of the emission region may
change with the precessional phase of the star in such a waththintensity of particular features
of the profile (e.g of the main peak) will increase towardsehd of the main-on. We argue, there-
fore, that thelNTEGRAL observations analyzed in this work lend some support to theetof a
freely precessing neutron star as an explanation of theuamation of the pulse profile in Her X-1.

8.1.6 Short-time scale variations of the pulse period

In Section 5.3.3 we determined the time derivative of thansic (not dfected by the
orbital motion in the binary) pulse period of the neutrorr $taHer X-1 during theINTEGRAL
observation. The pulsar was found to spin-up with the Fef'tgpin = (5.8 + 1.5) x 10 3s/s. This
value is more than five times larger than the mean spin-ugl tefrHer X-1 (~ 1.1 x 10713 g/s)
and consistent with the variations Bfpin between subsequent 35 d cycles seeBATSE data
(Fig. 4.12). Along with the maximurmASM count rate measured during the corresponding main-on
state, thdNTEGRAL measurement cf?spinturn out to be in line with the found correlation between
the spin-up rate in the maximum main-on flux (see Section8&id 4.3.4). Figure 8.1 shO\ngin
versus the maximum main-on flux (the same as in Fig. 4.13)ewveradded thétNTEGRAL data
point (marked with thick error bars). We stress that infiEEGRAL observation the pulse period
derivative was measured using the data within one mainatie sthile for other data points it was
determined using the pulse period values measured in adjaw@n-ons. We conclude, therefore,
that the short-term variation of the pulse period in Her Xr& mainly related to the variations in
the mass accretion rate (which the X-ray luminosity is propoal to).

8.1.7 Absorption during X-ray dips

In Section 5.4.2 we have shown that the X-ray spectrum of Hé&robtained during X-
ray dips can be modeled using a so-called partial coveringemehich assumes that the observed
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spectrum is a combination of direct and absorbed radiatuth a combination has already been
observed in Her X-1 during X-ray turn-ons (Davison & Fabi&@YZ; Becker et al. 1977; Parmar
et al. 1980; Kuster et al. 2005).

According to our model (Section 3.3), most of the X-ray dips produced by the occul-
tation of the X-ray source by the cold matter in the accretiteam that moves out of the system
orbital plane. If the stream is not continuous but consi$tblmbs” of material then the source
will be screened during some time intervals within a dip.viBstn these intervals the source will be
opened or seen through less dense material. This pictunesgeebe confirmed by the complicated
behavior of the light curve inside the dips (Fig. 5.10). Im analysis, in order to construct an X-ray
spectrum of acceptable quality we have to accumulate thediluxg complete dips. The spec-
trum in this case will contain a superposition of the absdréed non-absorbed flux. The fact that
our partial covering model fits the spectrum from the dipsdveghan the simple absorption model
reflects the describedtect.

8.1.8 Pulse-phase variability of the X-ray spectrum

It was shown in Section 5.4.3 that the spectral parametekeoiX-1 are highly pulse-
phase dependent. The spectral changing with pulse phaseommmon feature in X-ray pulsars
(see e.g. Kreykenbohm et al. 2004, and references therginjis usually attributed to the change
of the viewing angle of the accretion region on the neutran stirface. Below we show that the
pulse-phase variability observed in Her X-1 is basicallgsistent with this interpretation.

As one can see in Figure 5.13, the power law photon ifdeymmetrically decreases
during the main peak. It ranges frorl.0 in the df-pulse to~0.5 close to the maximum of the
main peak. Thisfect reflects the sharpening of the peak with energy whichsemied in energy-
resolved pulse profiles constructed in Section 8.1.5 (FR). 5The spectral hardening in the main
peak can be explained by the dependence of the optical depthecangle between the line-of-
sight and the magnetic field lines (Pravdo et al. 1977). Tbsetlthe viewing direction is to the
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magnetic axis, the deeper we look into the emission regicgr&vharder photons originate. Since it
is generally accepted that the main peak corresponds tadhetion from one of the two magnetic
poles, the viewing direction is closest to the magnetic dxisng the main peak which causes the
observed ffect.

The exponential folding energl;,g reaches its maximum around the main peak. In
comptonized X-ray spectra (which are normally observedhfexcreting pulsars) this parameter
is believed to be proportional to the plasma temperature ¢sg. Rybicki & Lightman 1979). As
already mentioned, during the main peak we see the emissiom Hiigher optical depth. This
means that the observed radiation originates closer toostep of the accretion column where
the plasma temperature is higher.

The cyclotron line centroid enerds also increases towards the main peak of the profile
with a relative amplitude 0£25% (Fig. 5.14). As argued from and E¢g, during the main peak
we see X-rays that originate closer to the neutron staraeyrfae. where the magnetic field strength
is higher. The increase iRy during the main peak is, therefore, qualitatively consistgith
this picture. If one assumes that the radiation comes frowngpact accretion column located at
the magnetic pole of the neutron star with a pure dipole fiedhtthe change in the height of the
observed emission region necessary to produc@5®o variation of the magnetic field strength is
~1.1 km (for a neutron star radius of 10 km). However, as it weswvé by Staubert et al. (2007a),
the height of the emission and line forming region in caseeaf X1 is most probably much smaller,
~ 10* cm. Thus, a changing height of the emitting region above ¢heron star cannot explain the
observed variability of the cyclotron line energy with mifshase in this source.

Another possibility for the line energy variability is tosasne a complicated structure of
the magnetic field at the site of X-ray emission. As shown bgi@ha et al. (1991) and Panchenko
& Postnov (1994), the complex shape of the observed puldéga Her X-1 suggests that such a
complicated field structure including higher multipole qmments is indeed present in the source.
In this case, at dierent rotational phases of the neutron star we will obsamigssgon coming from
the regions corresponding tofidirent sub-structures of the non-dipole magnetic field wéhyv
different field strengths. Furthermore, the numerical modaeadiniger X-1 pulse profiles observed
with EXOSAT performed by Panchenko & Postnov (1994) suggests that tigeetia field stength
at the ring-like structure on the neutron star’s surfaceesmonding to the quadrupole component
of the field (which was introduced in the model) is indeedJ2y% lower than that at the magnetic
pole. Thus, a complicated magnetic field structure on thiaserof the neutron star can cause the
observed 25%-variation dc with pulse phase.

8.2 EXO 2036+375

8.2.1 X-ray luminosity — F’Spin relation: probing the accretion theory

As mentioned in Section 6.3, if an accretion disk is preseiaini accreting pulsar system,
one expects a correlation between the rate of change of tbe period and the observed X-ray flux.
This correlation can be used to companatient accretion torque models and to determine physical
parameters of the system such as luminosity and magnettedipoment of the neutron star (see
e.g. Rappaport & Joss 1977; Henrichs 1983; Joss & Rappa@®d) 1Figure 8.2 (Joss & Rappaport
1984) shows the empirical relation between the fractioat of change of the pulse peride|/P,
and the parametetirsz/7 for several X-ray pulsars. The solid line shows the relagimdicted by the
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Figure 8.2 The empirical relation between the fraction& @f change of the pulse periof/P,
and the paramete}?Li/7 for several X-ray pulsars. The units BfP, P, andLy are yrl, s, and
10%" erg s, respectively. The solid line is the relation expected fritw simple accretion theory,
—P « M%7 (Pringle & Rees 1972). The figure is adopted from Joss & Rapp#p984).

simple accretion theory (Pringle & Rees 1972) for some ‘tad” set of neutron star parameters
(mass, radius, dipole magnetic moment). Variation of tipsameters betweenfiirent systems
causes some scattering of the data points in the plot.

The giant outburst of EXO 20375 in 1985 allowed for the first time to study the
dependence of the spin-up rate on the X-ray flux in a singleceou.e. for the same neutron star
parameters (Parmar et al. 1989b; Reynolds et al. 1993).idnmbrk we compare the luminosity
- Pspin relation observed b¥EXOSAT in 1985 with that measured wittNTEGRAL in 2006 (see
Section 7.3, Table 7.4). Figure 8.4 shows the spin-up ratefasction of the 1-20 keV flux for
both outbursts. It is clearly seen that during the 2006 asti{squares in the plot) the dependence
is steeper than during the 1985 outburst. This might indieadiference in the configuration of the
accretion disk andr the neutron star's magnetosphere in the two outburstis. Wauld result e.g.
in a different radiation pattern on the surface of the neutron stalirlg to a change of tHeeaming
factor which is used to convert the observed X-ray flux into lumibyosi

We fit the data from the two outbursts separately using twaeetion torque models:
(1) the “simple” model with-P « M®7 developed by Pringle & Rees (1972) and (2) the model
described by Ghosh & Lamb (1979) which takes into accoum-dpivn torques due to interaction
of the accretion disk with the neutron star’'s magnetospheyend the Alfvén radius. As mentioned
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Figure 8.3 The dimensionless accretion torgus neutron stars of selected periods as a function of
the mass accretion raid, in units of 137 g s%, or the luminosityLx, in units of 13” erg s1. Each
star is assumed to have a magnetic moneatl0°° G cn? and a mas$/ = 1.3M,,. The period of
each star is written on the corresponding curve. The figuaeapted from Ghosh & Lamb (1979).

in Section 8.1.3, the torque in the first model is calculatzliening that the angular momentum of
the infalling matter is transferred to the neutron star atrttagnetospheric boundary determined by

the Alfvén radius:
2 27
Ra = (—) , 8.6
2M V2GM (8.6)

whereM is the mass of the neutron starjs its dipole magnetic moment, aM is the accretion
rate. The equation determining the change of the angularantum of the neutron star in this case

has the form dl
% = M+/GMR, (8.7)

wherel is the moment of inertia of the neutron starjs the angular frequency. This leads to the
following dependence of the spin-up rate of the neutronatdts X-ray luminosity:

Pspin = —1.7 x 105 P2 | LT syr ™. (8.8)
The model of Ghosh & Lamb (1979) is described in Section 8(E® 8.5) where it was used
to fit our data of Her X-1. The dierence between Equations 8.8 and 8.5 is the presence of the
dimensionless accretion torguen the model of Ghosh & Lamb (1979) (see Section 8.1.3) taking
into account the interaction of the accretion disk with tle@tnon star's magnetic field beyond the
corotational radius which tends to slow down the neutron 3tae dependence of this torque on the
mass accretion raté or luminosityL is shown in Figure 8.3 (according to the approximation given
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Figure 8.4 Spin-up rate of the
neutron star in EXO 2036875 as
a function of 1-20 keV flux mea-
sured during the 1985 outburst
(small diamonds, Parmar et al.
1989b) and during the 2006 out-
burst (squares, Klochkov et al.
2006). The solid and dashed lines
show fits by the “simple” accre-
tion model-P o« M®7 of the data
from the 2006 outburst and from
the 1985 outburst respectively.

Figure 8.5 The same as in Fig. 8.4
but using the fit by the model de-
scribed in Ghosh & Lamb (1979)

by Egs. 10 and 16 in Ghosh & Lamb 1979). One can see that foMd#e torque can be negative
which means that the neutron star will spin down. The intobidm of this dimensionless torque
leads to a steeper dependence of the spin-up rate on thedsitgiwith respect to that predicted by
the “simple” accretion theory.

We fit the values oP andLy (derived from the X-ray flux) in the two giant outbursts by
formulae (8.8) (“simple” model) and (8.5) (model of Ghosh &rhb 1979). As before, we used the
value ofS; = 0.87 determined from Eq. 17 of Ghosh & Lamb (1979) for a neuttanwith a mass
of 1.4M, radius of 16 km, and a moment of inertia of 9g cn?. n(ws) was computed using the
numerical approximation given by Egs. 10 and 16 in Ghosh & h#&®®79). The solid and dashed
curves in Figure 8.4 show the fit by the “simple” accretion eiaaf the data from the 2006 outburst
and from the 1985 outburst respectively. Here we use a lpleainstead of logarithmic because the
model of Ghosh & Lamb (1979) predicts negative spin-up ridetow fluxes. The free parameter
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of the fit is the magnetic dipole momemt Both data sets clearly deviate from the model showing a
steeper dependence ofR) on the X-ray flux. Figure 8.5 shows the fit of the two data sdth the
model of Ghosh & Lamb (1979) which shows better agreemetht thi data (again, the only fitting
parameter ig). For the 2006 outburst the data are in a good agreement hattheoretical curve,
but it can be due to poor coverage of the outburst (only threesurements are available). For the
1985 outburst the data at higher fluxes seem to show steependience with respect to the model
prediction. Generally, taking into account spin-down terdthe model of Ghosh & Lamb 1979)
leads to a better agreement with the data with respect tcsthgpfe” accretion theory of Pringle &
Rees (1972) in both giant outbursts.

Considering the uncertainties in the model parameters, inatdels provide a rough es-
timate of the neutron star's magnetic dipole moment in thegeaof ~ (3 — 20) x 10°°G cn?,
which translates into the magnetic field strength of a fewetim@? to 10 G. This would be
consistent with a fundamental cyclotron line energy in thegeEcy, ~ 10— 100 keV Ecyc =
116-(B/102G) x [1 + 7 keV, wherez s the gravitational redshift which was assumed to be 1.2
in our calculations).

8.2.2 Pulse profiles

As it was shown by Parmar et al. (1989a), the general shaperal Yulse profiles of
EXO 2030+375 is qualitatively consistent with the simple geometrimd®l where axially symmet-
ric fan and pencil-beams are emitted from two magnetic pofea rotating neutron star. However,
the increasing amount of observational data, includinghibb energy data obtained withNTE-
GRAL (this work), requires more detailed modeling of the profildsch should take into account a
number of geometrical physicaffects, such as e.g. gravitational bending and the non-dgtape
of the neutron star's magnetic filed.

As mentioned in Section 7.3.2, the low-energy40 keV) X-ray pulse profiles observed
with INTEGRAL during the 2006 giant outburst are consistent with BROSAT pulse profiles
observed during the 1985 giant outburst at the correspgrdiminosity levels (see Figs. 7.3, 7.4
and 6.5). We repeat here that we corrected the X-ray luntinothe source measured BXOSAT
according to the updated distance to the sourdekpc, Wilson et al. 2002). Th¥RT pulse profile
obtained at the maximum of the 2006 outburst when the lunitinegas ~ 1.2 x 10%8erg s looks
similar to the profiles observed witEXOSAT during the 1985 outburst at a luminosity level of
(1.12-1.48)x 10°8erg s. The profiles observed during the decay of the 2006 outbunstvthe
luminosity of the source dropped by a factor~8 look similar to theEXOSAT profiles taken at a
luminosity level of (24-5.6)x10%" erg s1. This confirms that the pulse profile of EXO 20&¥5 is
mostly determined by the X-ray luminosity of the source eatihan by geometricfiects resulting
from e.g. a precessing neutron star (like in case of Her XHwever, a contribution of such
geometric €ects cannot be completely ruled out on the basis of our oasens. The high-energy
(> 20 keV) pulse profile is remarkablyftirent with respect to the low-energy one. The main peak
at higher energies is more prominent and the pulse fraciidnigher. This energy-dependence is
similar to that of Her X-1 as discussed in Section 8.1.5.
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8.2.3 Broad band X-ray spectrum

In our observations for the first time the broad band X-raycspen of the source (in-
cluding energies above25 keV) during a type Il outburst is analyzed. The generapshat the
continuum is typical for accreting pulsars: a power law rfiediby photo-absorption at lower en-
ergies and by an exponential cut-at higher energies. Several conclusions and comments can be
made concerning the open questions posed by previous Xbsgneations of EXO 2036875. It
is seen that the exponential rolff@f the spectrum starting at 25 keV continues at higher eegrgi
and, therefore, cannot be interpreted as a cyclotron afisofeature as suggested by Parmar et al.
(1989a) on the basis &XOSAT spectra £ 25 keV). Using our observations we cannot confirm
the presence of a cyclotron line @86 keV reported by Reig & Coe (1999). The interpretation of
the feature around 10 keV as a cyclotron line provided by Wil& Finger (2006) is also doubtful:
inclusion of the broad emission componentab keV leads to flattening of residuals arountid
and~20 keV (see Fig. 7.5). From the accretion torque models (@eé&2.1) the magnetic field
strength on the surface of the neutron star can be as high!dss1@his would place the funda-
mental cyclotron line at+100 keV where the statistics of our spectra is rather pooe diiserved
broad emission feature atl5 keV (a “bump”) may correspond to the broad component obser
by Camero Arranz et al. (2005) during a normal outburst of E2030+375. Camero Arranz et al.
(2005) modeled the feature by a disk black body radiatiom whe unusually high temperature,
KT ~ 8 keV. The origin of the “bump” is not clear. A preliminary el phase resolved analysis
shows that the spectrum is highly variable with pulse phal#s means that any interpretation
of the phase averaged spectrum should be made with cautioredvkr, residual features around
25 keV may hint at calibration uncertainties.
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Summary and conclusions

In this work we analyzed the multi-instrument X-ray obséitwas of two accreting pul-
sars, Her X-1 and EXO 203@75. The analysis includes the data from R¥TE, INTEGRAL,
and Swift satellites. The results were used to check and to improvexisting theoretical models
of the two binary systems. Below we list the main results ofwark.

Her X-I

¢ Using theRXTE observations of the source along with the historical timilaga, we con-
structed a new orbital ephemeris of the system. The valueaflar decrease of the orbital
period has been improved (with respect to that found by Dexttal. 1991). The possibility
of a sudden jump of the orbital period during the long Anormalbow State in 1983-1984
instead of a continuous changing has been ruled out.

¢ Using the data fromRXTE ASM and CGRO BATSEwe studied the long-term behavior of
the 35d period, 1.24s pulsation period, and X-ray lumiyosst well as their correlation with
each other. A positive correlation between the spin-up oatthe source and its intrinsic
X-ray luminosity was found. The dependence between the aligeg is consistent with the
magnetic field strength & ~ 10'2 G, in agreement with the value found from the position of
the cyclotron line in the X-ray spectrum of the source. An-aatrelation between the 1.24s
period and 35d period was found on long as well as on short sitakes and interpreted in
terms of the accretion disk—stream coupling model.

e A positive correlation of the cyclotron line energy with teray luminosity of the source
is found. It is argued that such a correlation is expectedhéncase of local sub-Eddington
accretion when an increase of the mass accretionMaleads to a decrease of the height of
the emission region.

e Averaged 35d X-ray light curves were constructed using tia dlom RXTE ASM. The
anomalous dips and post-eclipse recoveries present irnvéraged light curve are success-
fully reproduced using a numerical model of disk—strearerenttion (coupling). The data
require a variation of the accretion disk tilt with 35 d phase
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e A strong spin-up is found during theNTEGRAL observations. The value of the spin-up
rate and the X-ray luminosity measured during N EGRAL observations are found to be
consistent with the correlation between these two valuessored on the basis of the data
from RXTE ASM and CGRO BATSHEsee above).

e Spectral changes during X-ray dips are studied. The X-ragtspm of the dips was modeled
by a partial covering model which assumes that the obsenedrsim is a combination of
direct and absorbed radiation. It is suggested that theuoipgcmatter (accretion stream) is
not continuous but rather consists of blobs of material.

e Energy-resolved X-ray pulse profiles as well as the vamatiocyclotron line and continuum
parameters with 1.24 s pulse phase were explored. The apeltanges with pulse phase are
shown to be qualitatively consistent with those expectenhfthe variable viewing conditions
of the complex emitting region with rotational phase of tleeitnon star.

Conclusion:Most of the observed properties of Her XHE Her can be explained in terms
of a single, although highly idealized, qualitative modgiiet includes a precessing, wobbling ac-
cretion disk interacting with the accretion stream, andeelfr precessing neutron star. There are,
however, observational features of Her X-1 that requiréhfrstudy and modeling.

EXO 2036-375

e For the first time the broad band (3—200 keV) X-ray spectrurthefsource during a giant
outburst was studied. The presence of a cyclotron featparted earlier by some authors is
not confirmed. A broad “bump” is found arourd.5 keV.

e The X-ray pulse profiles are found to be highly luminositypeledent and consistent with
those obtained witlEXOSAT during the 1985 giant outburst at corresponding luminosity
levels.

e The dependence of the spin-up rate on the X-ray luminositinduhe 2006 giant outburst
is measured and compared with that observed during the 1885 gutburst. There is an
indication of a possible change of the configuration of thema star's magnetosphere amd
accretion disk between the two giant outbursts. The depeads modeled using filerent
accretion torque models.
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Appendix A

Turn-On times and maximum main-on
fluxes

Below we provide parameters of individual 35d cycles deteeth on the basis of the
ASM RXTE data (Sectiom 4.3).

Cycle | Turn-on | lower error | upper error| (O-C) maximum error
No. MJD days days orbital | main-on flux| ASM ctg's
periods| ASM ctg's
253 | 50146.22 0.32 0.34 0.8 6.7 0.2
254 | 50181.27 0.01 0.05 0.9 6.0 0.3
255 | 50216.46 0.32 0.07 1.1 6.7 0.2
256 | 50251.71 0.29 0.64 1.3 6.5 0.3
257 | 50285.49 0.63 0.56 0.7 6.4 0.4
258 | 50321.03 0.36 0.73 1.1 6.7 0.1
259 | 50355.63 1.09 0.45 0.9 5.7 0.3
260 | 50390.68 0.49 0.51 1.1 6.7 0.3
261 | 50425.41 0.08 0.05 1.0 7.5 0.2
262 | 50460.59 0.20 0.21 1.2 7.9 0.2
263 | 50496.44 0.21 0.06 1.8 7.3 0.2
264 | 50530.87 0.15 0.84 15 6.9 0.3
265 | 50565.73 0.22 0.07 15 7.5 0.2
266 | 50601.16 2.06 0.88 1.9 7.2 0.2
267 | 50636.66 0.55 0.25 2.2 6.8 0.3
268 | 50670.89 0.10 3.21 1.9 5.8 0.5
269 | 50705.18 0.24 0.49 15 7.3 0.3
270 | 50738.87 0.37 1.43 0.9 4.5 0.2
271 | 50773.32 0.29 0.71 0.6 4.6 0.4
272 | 50808.36 1.64 1.29 0.7 4.4 0.3
273 | 50842.36 0.38 0.41 0.2 6.2 0.3
274 | 50877.59 0.51 0.21 0.4 7.2 0.2
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Cycle | Turn-on | lower error | upper error| (O-C) maximum error
No. MJD days days orbital | main-on flux| ASM ctg's
periods| ASM ctys
275 | 50912.64 0.02 0.44 0.6 6.0 0.1
276 | 50947.11 0.46 2.28 0.3 5.9 0.2
277 | 50981.83 0.00 0.26 0.3 7.0 0.2
278 | 51016.29 0.13 1.49 0.0 5.1 0.2
279 | 51050.84 0.43 0.16 -0.1 5.7 0.6
280 | 51085.78 0.01 0.05 -0.1 6.7 0.1
281 | 51120.33 0.36 0.71 -0.3 6.7 0.3
282 | 51154.65 2.78 0.15 -0.6 6.0 0.2
283 | 51188.79 0.31 0.83 -1.0 5.4 0.2
284 | 51223.64 0.09 0.91 -1.0 1.8 0.3
301 | 51826.35 0.32 0.21 5.0 4.2 0.6
302 | 51860.31 0.55 0.11 4.5 5.2 0.3
303 | 51894.86 0.79 1.07 4.3 6.2 0.6
304 | 51929.41 0.18 0.75 4.1 6.0 0.3
305 | 51963.28 0.21 0.85 3.5 6.2 0.2
306 | 51996.70 0.37 2.05 2.7 5.3 0.2
307 | 52033.00 0.19 0.47 3.5 7.1 0.4
308 | 52068.05 0.84 0.16 3.6 6.8 0.2
309 | 52102.64 0.05 0.95 3.5 7.5 0.3
310 | 52138.98 0.37 0.03 4.4 8.3 0.2
311 | 52175.05 0.99 0.01 5.1 6.0 0.2
312 | 52208.88 0.19 0.21 4.5 7.5 0.2
314 | 52279.18 0.44 1.01 4.8 7.3 0.5
315 | 52314.45 0.41 0.12 5.1 7.2 0.2
316 | 52349.15 0.12 0.01 5.0 7.5 0.1
317 | 52384.29 0.06 0.67 5.1 5.2 0.2
318 | 52419.40 0.85 0.07 5.3 7.2 0.4
319 | 52454.23 0.68 0.25 5.3 6.9 0.3
320 | 52489.84 0.34 0.06 5.7 7.1 0.3
321 | 52525.11 0.18 0.34 6.0 6.1 0.3
322 | 52559.64 0.40 0.45 5.8 7.1 0.4
323 | 52595.00 0.24 0.61 6.1 7.5 0.4
324 | 52630.18 0.38 0.35 6.3 7.3 0.2
325 | 52666.23 1.37 0.47 7.0 5.1 0.4
326 | 52701.90 1.82 0.08 7.5 5.7 0.3
327 | 52735.83 0.48 0.37 6.9 6.9 0.3
328 | 52770.96 0.72 0.75 7.1 7.7 0.6
329 | 52806.38 0.40 0.12 7.4 7.1 0.3
330 | 52842.17 0.15 0.63 8.0 6.5 0.2
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Cycle | Turn-on | lower error | upper error| (O-C) maximum error
No. MJD days days orbital | main-on flux| ASM ctg's
periods| ASM ctys
331 | 52876.71 0.25 0.74 7.8 4.5 0.2
340 | 53193.40 0.09 0.64 9.6 4.6 0.4
341 | 53226.99 0.29 1.16 8.8 5.5 0.2
342 | 53262.86 0.05 0.02 9.4 4.8 0.3
343 | 53297.03 0.09 0.11 9.0 4.1 0.4
344 | 53330.28 0.30 5.81 8.1 0.0 0.0
345 | 53365.13 0.11 1.72 8.1 5.1 0.3
346 | 53400.05 0.20 0.46 8.1 6.0 0.4
347 | 53434.76 0.62 0.07 8.0 6.2 0.4
348 | 53470.50 0.12 0.19 8.5 6.7 0.4
349 | 53504.62 0.39 0.19 8.1 7.6 0.4
350 | 53539.27 0.50 2.25 8.0 7.7 0.6
351 | 53575.71 0.12 0.60 8.9 4.9 0.3
352 | 53609.87 0.19 0.14 8.5 5.8 0.3
353 | 53644.65 0.30 1.07 8.5 4.8 0.2
355 | 53714.58 0.20 0.53 8.6 5.2 0.5
356 | 53749.31 0.00 0.13 8.5 5.6 0.3
357 | 53784.16 0.15 0.90 8.5 4.4 0.4
358 | 53818.72 0.37 0.95 8.4 4.7 0.3
359 | 53852.98 0.82 0.10 8.0 6.9 0.4
360 | 53887.04 0.29 0.73 7.5 5.1 0.4
361 | 53922.69 0.06 0.01 8.0 6.4 0.3
362 | 53958.50 0.42 0.16 8.6 7.3 0.3
363 | 53994.05 0.55 0.24 9.0 7.4 0.3
364 | 54029.50 0.45 0.01 9.3 6.2 0.7
365 | 54063.41 0.57 1.00 8.8 5.6 0.3
366 | 54099.59 0.09 3.14 9.6 4.9 0.3
367 | 54133.65 0.36 0.58 9.1 3.4 0.3
368 | 54167.62 0.01 1.35 8.6 5.1 0.5
369 | 54202.62 0.52 0.58 8.7 6.0 0.4




Appendix B

Spin period

Below we provide the pulse period of Her X-1 measured Iffedent satellites (see also
Staubert et al. 2007a, and references therein). We useel dlés in Section 4.3.

time P-1.237s| error satellite
MJD usec usec

41259.369| 820.644 | 0.051 Uhuru
41295.072| 820.104 | 0.044 Uhuru
41312.075| 819.521 | 0.340 Uhuru
41329.076| 820.577 | 0.007 Uhuru
41364.779| 820.592 | 0.010 Uhuru
41400.483| 820.005 | 0.008 Uhuru
41434.486| 818.866 | 0.030 Uhuru
41470.190| 817.019 | 0.021 Uhuru
41504.193| 815.472 | 0.011 Uhuru
41539.897| 815.046 | 0.009 Uhuru
41573.900| 815.121 | 0.013 Uhuru
41607.903| 818.111 | 0.017 Uhuru
41643.607| 817.817 | 0.045 Uhuru
41675.910) 816.601 | 0.024 Uhuru
41711.613| 815.339 | 0.018 Uhuru

41745.0 | 814.2 0.2 Uhuru
42482.5 | 796. 8. Ariel
42623.15 | 808.25 | 0.080 SAS
42653.506| 806.541 | 0.006 0SO
42901.83 | 803. 3. Ballon-HEXE
43176.7 | 813. 5. Ariel
43356.93 | 799.1 0.4 SAS

43389.679| 796.600 | 0.004 0SO
43390.49 | 796.3 0.7 Ballon-HEXE
43564.722| 793.725 | 0.004 HEAO
43738.213| 794.019 | 0.007 HEAO
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time P-1.237s error satellite

MJD usec usec
43774.0 | 794.14 0.45 HEAO
43949.034| 791.325 0.006 Einstein
44368.45 | 790. 4, Ballon-HEXE
44370.45 | 792. 1. Ballon-HEXE
44507.44 | 791. 2. GBall
44767.05 | 792. 3. Ariel
45135.5 793.9 0.1 Hakucho
45478. 794.22 0.01 Tenma
45761. 797.3 0.3 Astron
45778.56 | 792.00 0.05 EXOSAT
45798. 792.3 0.2 Astron
45864. 791.1 0.3 EXOSAT
45938. 791.5 0.17 Astron
46145. 785. 1. EXOSAT
46180. 787. 2. EXOSAT
46218. 781.1 0.2 EXOSAT
46988.95 | 768.0 1.4 HEXE
47021.70 | 773.1 0.2 HEXE
47303.02 | 773.0 14.0 HEXE
47367.68 | 766.5 1.4 HEXE
47404.2 765.884 0.002 Ginga
47441.87 | 765.0 0.3 HEXE
47646.0 | 757.973 0.007 Ginga
47663.7 757.758 0.013 Ginga
47682.4 | 759.653 0.003 Ginga
48014.7 751.400 0.260 Ginga
48100.5 750.046 0.004 Ginga
48120.3 749. 1. ROSAT
48478.9 744.060 0.090 Ginga
48516.5 742.86 0.05 OSSE
48653. 745.5 0.7 OSSE
48895.80 | 746.212 0.003 BATSE
50008.00 | 736.57668| 0.52537818 BATSE
50047.00 | 737.01001| 0.37324405 BATSE
50080.00 | 740.35285| 0.38823252 BATSE
50114.50 | 739.50999| 0.39539538 BATSE
50149.00 | 738.55664| 0.60371996 BATSE
50183.00 | 738.17668| 0.45860901 BATSE
50217.50 | 736.41501| 0.61583280 BATSE
50256.00 | 738.27800[ 0.45985215 BATSE
50289.00 | 739.47572| 0.30115424 BATSE
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time
MJD

P-1.237s
usec

error
usec

satellite

50290.66
50325.00
50360.00
50393.50
50429.00
50464.00
50498.00
50536.00
50569.00
50601.50
50637.00
50674.50
50708.50
50741.00

739.511

737.46429
737.93667
736.93001
734.91999
733.47430
731.46667
732.05001
733.13890
731.50000
732.41333
732.09998
729.31625
732.88400

0.019
0.42046621
0.66236947
0.37674593
0.33541323
0.30563750
1.4640127
0.47450559
0.38243535
1.0816654
0.71050060
0.92195445
0.32230857
0.56961390

RXTE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE
BATSE




Appendix C

Numerical model of disk wobbling in
Her X-1

Below we describe our quantitative model for reproducirggahserved behavior of anoma-
lous dips and post-eclipse recoveries in Her X-1 (Sectiods444.2). We argue that in order to
explain the observations, the tilt of the outer regions ef disk should regularly change over the
35d cycle. The physical reason for this can be a decrease ofidlss transfer ratd
supplied by the optical component as is expected in our nufdefreely precessing neutron star as
the underlying clock mechanism for the 35 d cycle in Her X-tidi@ura et al. 1999).

To quantify this behavior, we calculated the net wobblingha disk produced by tidal
forces and the accretion stream. In contrast to Schandl &mMEWR94), we ignored the viscous
torques on the twisted accretion disk (see discussion itiddet.4.1).

To account for the tidal torques, we approximated the ol a&s a solid ring of radius
rq In the quadrupole approximation, the ring precesses arthendrbital angular momentum with
the frequency

3r3/% cosg

T Nave

whereg = My/M;p =~ 0.64 is the binary mass ratio aag, = 2r/Py, is the orbital binary frequency.
We denote the precession angle of the disl¢lfgounting along the orbital rotation) and

the tilt angle of the disk by. The tidal wobbling of the disk on top of its slow precessianation

in the leading order iw;/(2wp + w;) < 1 can be described as (Levine & Jernigan 1982)

Wt (C . 1)

do 2wy
9 o sing—22 sin 26 — dure) (C.3)
dt - 2wp + Wy b= Jpre) '

wheregy, is the orbital phase angly. is the precessional phase.
Let us now discuss the dynamical action of the stream in metaild The angular mo-
mentum of the outer parts of the diklg are changed by the stream according to the equation
dKy

e M[r x v], (C.49)
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\ Figure C.1 The reference frame
\ connected to the disk. The origin
of the frame is at the center of the
- neutron star. The vector of the an-
gular momentunkK of the disk al-
ways lies in thez — x plane.

\

wherer andv are the distance from center of the disk to the impact poitlh@stream and the gas
velocity at the impact point, respectively. They dependhariiinary phase. In our modkl is also a
function of the orbital phase because the matter supplygirehe inner Lagrangian point depends
on its position relative to the shadow produced by the tiiad twisted disk in the atmosphere of
the optical star.

We will use the right-hand Cartesian reference frame nygminnected to the accretion
disk and consider it as non-rotating (this assumption ified by the relatively slow precessional
motion of the disk). The origin of the frame is at the centethef neutron star, theaxis is normal
to the orbital plane and theaxis lies in the orbital plane and is directed such that thlestangular
momentum vector always lies in tlae- x plane (see Fig. C.1):

Kg = (Kqsing, 0, Kq cosh) . (C.5)

Then the change of the disk momentdiy = (dKy, dKy, dK;) can be written through the change
in its components as

dKg = dK, sing + dK; cosd,
Kg0 = dK; cosd — dK; sing, (C.6)
Kqsinfdg = dKy .

The time evolution of the disk angular momentum compondags(C.4)) in this frame now can be
written in the form:

dK, -

d—tx = Mvigla(yv; — 2y) ,

dK, .

5t = Mviera(z% - xvz). (C.7)
dK,

e MVrea(Xvy — Y),
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wherex, y, zare dimensionless coordinates of the stream impact paininits of binary separation
a) andvy, vy, v, are the components of the velocity of the stream at the inypzinot (in units of rela-
tive velocity of binary componentge|). For computing ballistic trajectories of the gas streaomifr
the Lagrangian point we used the primed right-hand referdraomex’, y’, Z rigidly rotating with
the binary system. The origin of the frame is at the centehefrieutron star, thg-axis is normal
to the orbital plane and thé-axis is pointed to the center of the normal component. Taesition
from that frame to the one of the precessing disk is made bal eswrdinate transformation:

X=X cos® -y sin®,
y=Xsin® +Yy cosd, (C.8)
z=7,

Vx =V COSD — V[ Sin® — A (X2 + (y)2sind,
Vy = Vg SIN® + , cosP + (X)2 + (y')2 cosd, (C.9)

VZ:\/;9

and for velocities:

where® is the angle between the coordinate axesdx'.
It is convenient to rewrite all equations in a dimensiontiesm. The angular momentum
of the disk can be written as
Kal = yMgwkr5; , (C.10)

wherery is the dfective disk radius (see Section 8)q is the mass of the disk ang, = /G Mx/rgf
is the Keplerian frequency at théfective radius ang is a numerical ca@icient accounting for
the surface density distributiag(r); for example, in the standard Shakura-Sunyaev accretgin d
(Shakura & Syunyaev 1973) « r=3/4 andy = 5/7.

Now, from equations (C.6) and (C.7)) and making use of thelét&p3rd law, we arrive
at the following equations for the change of angleandd with the synodic angle = tws (ws =

wpre+wb)
_ do M [My+M, [a
sing— = —[z% — xV],
dT ’de(US MX rd[ \6( Z]
M [M+M, [a
b Zlco ~7v)- c.11
= e | ey leost, — 24) 1)

= SiNO(Xvy — yw)] .

Using these equations, we calculated the change in angladd (A¢ andAd) step by step and sum
them up to find their behavior over one precessional cycle. ifitial components of the velocities
Vi, W, v were chosen as a function of the synodic pithse the way described in detail by Shakura
et al. (1999).

The free parameters are the mass of the accretionMiiskhe maximal disk tilg and its
change, the disk semi-thicknekgry at the outer boundary and the binary inclination anglé/e
fixed the angle = 886 and the disks semi-thicknebgry = 0.04 (corresponding to a disk opening
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angle of about 9. The disks tilt was allowed to change with precessionakphaccording to the
Eq. (4.12).

The anglefy = 20° and numerical cdécients @ = 0.6, b = 0.4 andA = 15°) in Eq.
(4.12) were chosen to reproduce the observations. Now wealaolate the angle between the
line of sight and the outer parts of the disk making use of Bd.1).

In contrast to the case with constant éiltonsidered earlier by Shakura et al. (1999), the
change ok with precessional phase is determined also by the chande ¢ifttd(¢pre) [EQ. (4.12)].
The dfect of the phase delay is illustrated by Fig. 4.17: the largée¥ is, the more asymmetric is
the changing ot The results are shown in Fig. 4.18.
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