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Abstract

Neutron stars are compact objects, characterized by10 — 14 km radius,M ~
1.4 Mg mass and extremely high central densifies 105gcm3. If they are part
of a binary system, a flow of matter can take place from the @ignm star onto the
neutron star. The accretion of matter onto neutron stareésod the most powerful
sources of energy in the universe. The accretion of matkesstplace under extreme
physical conditions, with magnetic fields in the ranBe~ 108~1° G, which are
impossible to reproduce on terrestrial laboratories. &foge, accreting neutron stars
are unique laboratories to study the matter under extremeitons.

In this thesis, X-ray observations of the accreting Be/X-bgnary A 0535+26
during a normal (type I) outburst are presented. In thisesgstthe neutron star
orbits around the optical companion HDE 245770 in an ecientbit, and some-
times presents X-ray outbursts (giant or normal) assatiaith the passage of the
neutron star through the periastron. After more than elergars of quiescence,
A 0535+26 showed outbursting activity in 2005. The normabatst analyzed in
this work took place in August/September 2005, and reachedbamum X-ray flux
of Fx ~ 400 mCrab in thes — 100 keV range. The outburst, which lasted for30
days, was observed with tHRXTE andINTEGRAL observatories.

We have measured the spectrum of the source. In particuarabsorption-like
features, interpreted as fundamental and first harmoniotrgo resonant scattering
features, have been detectedrat~ 46keV andE ~ 102keV with INTEGRAL
and RXTE. Cyclotron lines are thenly direct way to measure the magnetic field
of a neutron star. Our observations have allowed to confienntlagnetic field of
A 0535+26 at the site of the X-ray emission toBev 5 x 102 G.

We studied the luminosity dependence of the cyclotron liné 9535+26, and con-
trary to other sources, we found no significant variationhef tyclotron line energy
with the luminosity. Changes of the cyclotron line energytwvihe X-ray luminosity
are thought to be related to a change in the height of the tmeci@lumn as the mass
accretion rate varies.

A detailed timing analysis has been performed, and we findhferfirst time the
onset of a spin-up, at a phase close to the periastron paskage a normal outburst,
providing evidence for an accretion disk around the neustan Energy-dependent



pulse profiles of the source have been studied and compahésiadical observations.

During the rising part of the outburst a series of flares wérseoved.RXTE ob-
served one of these flares, and we found during the flare thgyeokthe fundamental
cyclotron line shifted to a significantly higher positiomapared to the rest of the out-
burst. Also, the energy-dependent pulse profiles durindldéine were found to vary
significantly from the rest of the outburst. These diffeesbave been interpreted in
terms of a theoretical model, based on the presence of nagpiedric instabilities at
the onset of the accretion.

We applied a decomposition method to A 0535+26 energy-digrdpulse profiles.
Basic assumptions of the method are that the asymmetry\aduser the pulse pro-
files is caused by non-antipodal magnetic poles, and thagriission regions have
axisymmetric beam patterns. Using pulse profiles obtaired RXTE observations,
the contribution of the two emission regions has been disgyi¢d. Constraints on the
geometry of the pulsar and a possible solution of the beatenpadre given. The re-
constructed beam pattern is interpreted in terms of a geaaktodel that includes
relativistic light deflection.
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CHAPTER1

Introduction

1.1 History of X-ray astronomy

X-ray astronomy is a relatively young science. X-rays aédhe Earth were mea-
sured for the first time in 1946, when using detectors mouate®2 rockets Fried-
man et al. (1951) discovered X-rays from the Sun. The firgiaselar X-rays were
discovered by Giacconi et al. (1962)ith Aerobee rockets. The experiment was
intended to detect solar X-rays reflected from the surfadgb@Moon. Instead, an
extrasolar source emitting in X-rays was discovered: Sdg Xz the Scorpius con-
stellation (see Fig. 1.1).

Due to the absorption of X-rays by the Earth’s atmosphersgy<astronomical ob-
servations must be performed from balloons or satellitbss fact is a limiting factor
in the weight and dimensions of the instruments used, comatarground based ex-
periments. The attenuation of the electromagnetic rauidti the atmosphere as a
function of the energy is shown in Fig. 1.2.

Since the discovery of Sco X-1, several balloon flight experits between 1963
and 1970 discovered up to 40 extra-solar X-ray sources. iWghaunch of the first
X-ray satellite Uhuru (Giacconi et al. 1971b), operating between 1970-1973, the
number of extra-solar X-ray sources increased to more t@n Several other X-
ray missions in the following years contributed to the disry of X-ray sources,
like Ariel V2 (Smith & Courtier 1976), SAS-3 (Mayer 1975) 6iEAO-1 (Peterson
1975) among others. In 1978, theénsteinobservatory (Giacconi et al. 1979) located
up to 7000 X-ray sources in the sky, which increased to 125Gf®the German
RoentgensatellitROSAT (Triumper 1984). With the modern X-ray satellit¥8/M-

1Riccardo Giacconi was awarded the Nobel Prize in physic®2Zor "for pioneering contributions
to astrophysics, which have led to the discovery of cosmia)sources”. The Royal Swedish Academy
of Sciences cited Herbert Friedman, Riccardo Giacconi andd@Rossi as pioneers in X-ray astronomy.

2The Ariel V catalog gave name to a large number of sources, including38€%%. Note that
A 0535+26 is referred to as 1A 0535+262 in the Astronomicabbase SIMBAD.
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Figure 1.1: Discovery of first extrasolar X-ray emissionnfr&co X-1 (Giacconi et al. 1962).
The azimuthal distributions of measured counts from tway&etounters are shown.

Newton (Jansen et al. 2001) andhandra(Weisskopf et al. 2002), the number of
X-ray sources is, as of September 2007, of the order of 55(éltbiano et al. 2007,
Barcons et al. 2007), and about a million X-ray sources apeebed to be discov-
ered by 2010 (sourcéxt t p: / / heasar c. gsf c. nasa. gov/ docs/ heasar c/
headat es/ how_many_xray. htm)

The X-ray observatorieRXTE (1995-present, Bradt et al. 1993) aBdppoSAX
(1996-2002, Boella et al. 1997) provided for the first timeda-band coverage from
~ 1keV up to~ 200 keV, with unprecedented timing resolutioRXTE) and spec-
tral resolution BeppoSAX). Both missions allowed (witlRXTE still performing
well today) the study of X-ray sources with unprecedentaditieln the following,
the current X-ray and gamma-ray missions operating at the &if writing are briefly
described.ChandraWeisskopf et al. 2002) andMM-Newton (Jansen et al. 2001),
launched in July and December 1999 respectively, focusyXup to~ 10 keV by us-
ing grazing incidence reflection. THRTEGRAL observatory (Winkler et al. 2003),
launched in October 2002, makes use of coded-mask teleseopeallows to obtain
images of the X-ray and gamma-ray sky, providing coveradgkearbroad band from
~ 3keV up to~ 10MeV. Suzaku(Mitsuda et al. 2004), launched in July 2005,
allows to perform broad-band-Q.4-600keV) high-resolution spectroscodywift
(Gehrels et al. 2005) is a gamma-ray burst dedicated misi&onched in Novem-
ber 2004. It contains three instruments that provide c@esia the optical, X-ray
(0.3 —10keV) and gamma-rayl6 — 150 keV) regimes. More recently, in April 2007,
AGILE (Tavani et al. 2008) was launched. It performs obsiowa in the hard-X-ray
and gamma-ray sky, covering th& — 60 keV and30 MeV — 50 GeV energy ranges.
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Figure 1.2: Attenuation of electromagnetic radiation ia farth’s atmosphere as a function
of the wavelength and the energy. The solid line represétsltitude by which half of the
radiation from space has been attenuated. (Figure fromr8e&&harles 1995).

The most recent launch was that of Fermi (formerly Glastz Rital. 2007), in June
2008. Itis observing tha0 MeV — 300 GeV sky, and has a gamma-ray burst monitor
sensitive in the& keV — 30 MeV energy range. The X-ray and gamma-ray missions in
orbit cover almost entirely the wide energy range from a feW kip to~ 300 GeV.
Monitoring instruments have played a major role in the depeient of X-ray as-
tronomy. They allow to discover transient sources thatmifse could not be de-
tected, and permit to study long-term behavior of sourcdse first monitoring in-
strument, in orbit between 1977-1979, wdSAO-1 A4 (Peterson 1975). After that,
for more than ten years there were no monitoring instrumieising at the X-ray
sky, until theCGROwas launched in 1991, carrying on bo&dTSE (Fishman et al.
1989). BATSE performed a very important mission for more than 9 years,itoon
ing the X-ray and gamma-ray sky in tRé keV — 1 MeV band. Since the launch of
RXTE in 1996, its monitoring instrumem®SM (Levine et al. 1996) is scanning 80%
of the (2 — 10) keV sky every 90 minutes. Another monitoring instrumentrently
operating isBAT (Barthelmy et al. 2005) on board ti&wift satellite, which since
2005 monitors thé15 — 50) keV sky. Both missions provide almost real time light
curves from the X-ray sources observed in the’sRihese light curves are of crucial
importance to detect transient phenomena in the X-ray skiytarstudy long-term

3The ASM andBAT light curves are available &t t p: / / xte. mi t. edu/ andhttp://swift.
gsfc. nasa. gov/ docs/swi ft/results/transi ents/ respectively
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Figure 1.3: Discovery of pulsations from an X-ray source: Xaray binary Cen X-3, identified
as an X-ray pulsar (Giacconi et al. 1971a). A sinusoidal fihtodata is overplotted.

behavior of sources.

A very important finding in X-ray astronomy was the discovefypulsations of
Cen X-3 withUhuru(see Fig. 1.3), leading to the identification of the sourcaraX-
ray pulsar (Giacconi et al. 1971a). Pulsars are rotatingroestars that emit beams
of radiation, and are therefore observed in the Earth asafudssources. Neutron
stars were theoretically predicted in 1934 by Baade & Zwidg34), only two years
after the discovery of the neutron (Chadwick 1932). It tdodrt more than 30 years
until neutron stars were experimentally discovered, thhaihe detection of radio pul-
sations from PSR 1919+21 by Jocelyn Bell (Hewish et al. 19@8)h the discovery
of X-ray pulsars, a new field of research rapidly developedyipgling new insights
into the physics of matter under extreme conditions.

1.2 Thesis outline

This thesis is based dRXTE andINTEGRAL observations of the accreting pulsar
A 0535+26 in outburst. In Chapter 2 an introduction to X-rayeny systems is given,
and basic properties of neutron stars are reviewed. Thagshgbaccretion, which
is the main source of energy of X-ray binaries, is introduc&bservations of X-
ray binaries containing a neutron star are reviewed, wittcisph emphasis on the
cyclotron line features some of these sources presentiirsihectra. Chapter 3 gives
a review the accreting pulsar A0535+26. Historical obstona and the physical
picture that has emerged from them are presented.

Chapter 4 provides an overview of tRXTE andINTEGRAL observatories, with
a brief description of the instruments on board both s&slliThe observations sub-
ject of this thesis are presented in Chapter 5. Technicalldain the data analysis
are also given in this chapter.
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In Chapter 6, results from spectral and timing analysis ef itmin part of the
outburst are presented. We dedicate special attentioretoyttiotron lines present
in the A 0535+26 photon spectrum, as well as to the pulse genml pulse profile
evolution. Chapter 7 focuses ®XTE observations of a flare that was observed on
the rising part of the outburst. These observations reveainzxpected behavior of
the source, which we interpret in the context of magnetosphrestabilities.

In Chapter 8 a decomposition analysis is applied to the A ®#38%nergy depen-
dent pulse profiles. Based on symmetry considerations,ssuh@ng an offset-dipole
magnetic field, the method allows to reconstruct the vissieletions of the beam pat-
tern and to extract information on the geometry of the syst@npossible solution
for the beam pattern of A0535+26 and its geometry are giveah tlae reconstructed
beam pattern is interpreted in terms of a model that includlegivistic light deflec-
tion.

Chapter 9 contains a summary and conclusions of the presesmtd and an out-
look to the future work.



CHAPTER 2

Accreting X-ray pulsars

2.1 Introduction

2.1.1 X-ray binaries

Stars end their life as compact objects. Depending on thialimass of the star, they
will follow different evolutionary tracks. If the initial mss of the star i8.8 Mg <
M < 11 Mg it will end its life as a white dwarf. If the initial massl Mg < M <
40 Mg, it will end its life as a neutron star. And for an initial maks = 50 M, the
star will collapse completely and form a black hole. (Sealb891, Iben & Tutukov
1997, Iben 1998).

X-ray binaries are binary systems consisting of a neutranata black hole and
an optical companion (Liu et al. 2007). Roughly, the basatyve of X-ray binaries
is the following: the compact object accretes matter formm¢bmpanion, and as a
result of the gravitational energy released X-rays aretethit

According to the nature of the donor star, X-ray binarieslvaclassified as High-
Mass X-ray Binaries (hereafter HMXBs) or Low-Mass X-Ray &iies (hereafter
LMXBs). HMXBs have a young optical companion of spectraldyp or B and mass
M > 5Mg. These systems have high magnetic figlls- 10'2 G. LMXB systems
have older optical companions, with masses in genkfak 1 M. and lower mag-
netic fieldsB ~ 10°~1° G. X-ray binaries are numerous objects in the Galaxy. There
are 114 HMXBs in the Galaxy (Liu et al. 2006) and 128 HMXBs ie tlagellanic
Clouds (Liu et al. 2005), and 187 LMXBs in the Galaxy and Méygt Clouds (Liu
et al. 2007). The distribution of X-ray binaries in our Gataas of 2002 is shown in
Fig. 2.1. A detailed description of these systems can beddoninstance in Frank
etal. (1992), Longair (1994), Lewin et al. (1995) and in teeant review from Lewin
& van der Klis (2006).
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Figure 2.1: Distribution of X-ray binaries in the Galaxy. BBIXBs (hollow circles) and 51
HMXBs (solid circles) are shown. There is a higher conceéiumnaof LMXB in the Galactic

Bulge and HMXB towards the Galactic plane. More recent \alare 242 HMXBs and 187
LMXBs in the Galaxy and the Magellanic Clouds. (Figure fromn@n et al. 2002).

2.1.2 Neutron star basic properties

This thesis is based on observations of an X-ray binary systih a neutron star as
compact object. Before entering into details of these systé¢he basic properties of
neutron stars are reviewed.

The canonical values for the mass and radius of a neutrormsgd! = 1.4 Mg,
R = 10km. The density in the surface js ~ 10°g/cm?, and increases up to
p ~ 10'% g/cm?® in the center. The equation of state (EOS) of neutron staesiam
(i.e., the relation between the pressure and the densityhkieaown. There are dif-
ferent models for EOS. Each of them is parametrized in terintiseocentral density.
Therefore, if the mass and the radius of a neutron star cauttebermined simultane-
ously, the EOS and therefore the internal composition cbaldonstrained. Different
EOSs yield to different mass-radius relations. A very commepresentation of the
different EOSs is the radius-mass plane, as shown in FigS2e Lattimer & Prakash
(2007) for a recent review of neutron star properties.

Neutron star masses can be measured very accurately isiagligystems. From

Kepler’s third law,
Py, ? Qns + Astar
= 2.1
( 27 ) G(Mns + Mstar) ( )

the mass function is

M3, sin®i Py, K3
s Mn<,M< ar) = ns — T star 22
f s( s sta ) (Mstar +Mns)2 27TG ( )
whereP,,, is the orbital period of the binary system,s andag,, are the distance
from the neutron star and the companion to the center of nfagge ®systemG is
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Figure 2.2: Different mass-radius relations for typicalEJblack curves). The blue and green
regions are excluded by causality and GR. The notation cdouwe in Lattimer & Prakash
2001 (a detailed discussion of the different neutron staf Eput of the scope of this work).
(Figure from Lattimer & Prakash 2007).

the gravitational constani\/,,; and M., are the neutron star and companion star
masses; is the inclination of the binary plane to the plane of the sd K., is the
radial velocity amplitude of the companion star.

By measuring the radial velocity, determining the Doppléftof the X-ray pulse
period, and if the inclination of the system is known, it isspible to determine the
neutron star mass with high accuracy. Figure 2.3 shows ateoepilation of mea-
sured neutron star masses. See also Thorsett & Chakratb889) van der Meer
et al. (2007).

Contrary to the mass, the radius of the neutron star can benlel constrained.
The only measurements of the radius have been performedray Xursters, ob-
served in LMXBs (see Strohmayer & Bildsten 2003 for a revieWhese systems
host an old neutron star that accretes material from a coiopan a close orbit,
and builds layers of material on the surface. Once the maskeofurface layer
has reached a critical value, it will undergo a thermonudiesh. The basic con-
cept of the method is the following: during the burst, thetrau star radiates like
a spherical black body, and thl$,,;st = Lilackbody. The standard black body ra-
diation Lijackbody = 4mR20T*, whereR is the radius of the neutron star,is the
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Figure 2.3: Measured masses of neutron stars. (Figure fiatimer & Prakash 2007).

Stefan-Boltzmann consténiand is the temperature. The luminosity of the burst
Luwst = 4wd?F, whered is the distance to the source afdthe measured flux.
The distance of these systems is typically well known (theeyreormally located in
globular clusters), the flux and temperature can be obtdnoea the burst spectrum,
and it is therefore possible to obtain an estimate of theusadli the neutron star. For
instance, Shaposhnikov et al. (2003) obtained a narrowti@nsfor the radius of
the neutron star in the LMXB 4U 1728-34, in the rarfjé — 9.7 km. The recently
discovered relativistically broadened iron lines in nentstars (Piraino et al. 2000,
Bhattacharyya & Strohmayer 2007) can be a powerful tool terdgne the neutron
star radius. First estimates (using a “diskline” model friéafian et al. (1989), which
is not completely adequate since it does not include résaitiviight bending) pro-
vide an upper limit for the neutron star radius of 14.5-1605kr a 1.4 M, neutron
star (Cackett et al. 2008). However, more appropriate nsoalel necessary to deter-

lo = 12;:3’22 = 5.670 x 1075 ergcnm 2 K—* s~ wherek is the Boltzmann’s constant ardis the

Planck’s constant




10 Chapter 2: Accreting X-ray pulsars

mine the radius with better accuracy. The next generatiofrafy observatories (like
Simbol-X, Ferrando et al. 2006) will allow to measure simultaneokkly QPOs and
relativistically broadened Fe lines, allowing to constriaoth the mass and the radius
of the neutron star. In general today, observational evidémat points to harder EOS
in neutron stars and therefore larger radius around 13-1i4 lgrowing (Ozel 20086,
Lattimer & Prakash 2007).

Due to the strong gravitational field around a neutron saradiation will appear
red-shifted to a distant observer. The gravitational réd&ir a neutron star can be
calculated assuming the Schwarzschild metric:

z= - 1 (2.3)

~ V1-Rs/R
wherers is the Schwarzschild radius, given by (see Misner et al. 1973

2GM
Rg = 2 (2.4)

A measurement of the gravitational redshiffor a neutron star provides a direct
constraint to the mass-radius relation. Cottam et al. (RB@%e measured the grav-
itational redshift for the LMXB EXO 0748-676, identifyingbaorption lines in the
X-ray spectrum during X-ray bursts. They obtain a gravitadl redshift ofz = 0.35,
and this result excludes several models of EOS for exotitendike quark stars).
They derived a radius o = 9 — 12km for a neutron star mass in the range
M = 14 — 1.8Mg. Rauch et al. (2008), using local thermodynamic equilitoriu
(LTE) and non-LTE neutron star atmosphere models, were Ioletta confirm the
line identification made by Cottam et al. (2002). They artve different value for
the gravitational redshift of = 0.24, which yields to a larger neutron star radius in
the rangek = 12 — 15km for a mass rang#/ = 1.4 — 1.8 Mg,

Neutron stars are the result of a supernova Il explosionugsg that the mag-
netic flux® = 47 R?B is a conserved quantity, before and after the supernovaexpl
sion:

RianS = R2 Bstar (25)

star

Taking the canonical neutron star raditg; = 10km, a stellar radius?, ~
700000 km, and a stellar magnetic field, ~ 100 G (typical pre-supernova magnetic
field) gives a magnetic field for a young neutron star of thesoaf B, ~ 10'2 G.
This is actually of the order of magnitude of the magneticf@served directly from
cyclotron lines or indirectly derived from accretion the@see below).

Neutron stars can be isolated or in binary systems. The sswfeenergy that can
power the emission from neutron stars are accretion (seo8et1.3), rotation or
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magnetic field decay. In this work we will focus on neutronrstaowered by accre-
tion. Below the other two power mechanisms for neutron stegdriefly described.
The most famous example of a rotation powered pulsar is tab ulsar (Staelin
& Reifenstein 1968), characterized by a rotation periodPgf, ~ 33ms. Rota-
tion powered pulsars have a rapidly changing magnetic mo@»idreich & Julian
1969). The change in the rotational energy produces a chiartlge neutron star spin
period. The loss of energy due to the rotation of the neutrancain be estimated by:

Lot = dgft = d(it w) _ 4#21% (2.6)
whereF.. is the rotational energy, is the moment of inertiay is the frequency and
P is the pulse perio® = 27/ w.

The magnetic radiation from the neutron star can be estaretsuming a rotating
magnetic dipole (Gold 1968). The amount of magnetic dipatgation is (Landau &
Lifshitz 1977):

2 1% sin” 4
——w 2.7
5 3 (2.7)
wheref is the angle between the rotational axis and the magnetatedgxis andu
is the magnetic dipole moment of the neutron star:

BR?

2
with R the neutron star radius argithe surface magnetic field.

Assuming that the loss of rotational energy from the neustanequals the amount
of magnetic dipole radiation, the following expression foe magnetic field as a
function of the period and spin-down rate emerges (makirg90 °):

Ldipole =

p= (2.8)

31 Y2 10/ pHy1/2
= < 2RGPP) ~3.2x 10"7(PP)"/*G (2.9)
where the numerical coefficient is obtained using the caradnalues of the neu-
tron star mass and radius and a moment of indrtia 10*°g/cm?, and P is given
in seconds (Bhattacharya & van den Heuvel 1991). Making figki® expression,
measurements of the rotational period and period der&atwn be used to derive the
magnetic field of the neutron star.

The population of pulsars, according fand P, is plotted in Fig. 2.4, in which
constant magnetic field lines and constant pulsar chaisiiteage r = P/P are
shown. Young pulsars are located in the upper left area dfghee.

2The true age of the neutron star can be approximated by theatbestic age assuming that the initial
spin-down is much smaller than the present period
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It is believed that the magnetic fields of pulsars decay with age (Ostriker &
Gunn 1969, Bhattacharya & van den Heuvel 1991). The evalwfgulsars is typi-
cally visualized in theP — B diagram (Fig. 2.5). The “graveyard” is the region for
which old radio pulsars are expected to switch off their oagtnission. Millisecond
pulsars (with spin-periods of the order of millisecondsyébow magnetic fields, of
the order ofB ~ 10819 G. They represent the oldest population of pulsars, and are
often referred to as “recycled pulsars”. Such high spinaipg can be reached when
the neutron star is in a later stage of its evolution, and leas lspun-up to the “grave-
yard”. The evolutionary expansion of the optical compamy cause mass transfer,
causing the accretion of matter by the neutron star and Xamagsion. The system is
then observed as an X-ray binary. In agreement with the yhao1998 an accreting
millisecond pulsar was discovered with tRXTE observatory: SAX 1808.4-3658, a
LMXB with ~ 2.5 ms pulsations (Wijnands & van der Klis 1998). Since then,aip t
ten other millisecond accreting pulsars have been diseova.MXBs (Burderi et al.
2008). See Wijnands (2006), Galloway (2007), Falanga (Rfid8ecent reviews.

Another class of pulsar are the magnetars. They are yowwlysiotating neutron
stars, observed in X-rays and gamma-rays, historicallyged in two categories,
Anomalous X-ray Pulsars (AXPs) and Soft Gamma RepeaterR$prGMagnetars
possess extremely high magnetic fielBs; 10'4~15 G, and show no radio emission.
These isolated neutron stars are thought to be powered blgtas of their huge mag-
netic field (Duncan & Thompson 1992). They can produce buvits luminosities
as high asl.(10_100) kev10*?~*? ergs . A review of magnetars is given in Woods
& Thompson (2006).

Very recently, the Fermi Gamma-Ray Space Telescope (Ritiz2006) has discov-
ered a new class of pulsaggmma-ray-only pulsar@bdo et al. 2008, Saz Parkinson
et al. 2009). Further investigation and observations &f tigw class of pulsars will
lead to a better understanding of the physics of neutros.star

2.1.3 Accretion

Accretion is the physical process responsible for the domissf X-rays from X-ray
binaries. It consists of the conversion of gravitationargry into kinetic energy. Itis
a very powerful source of energy in binary systems. This eagdsily seen estimating
the energy released when a massalls from infinity into a body with masd/ and
radiusRk:

Face = GMm/R (2.10)

whered is the gravitational constant. Assuming canonical valeesfneutron star,
M =1.4Mg andR = 10 km, the energy released when a massof 1 g falls onto
the surface of the neutron star from infinity is

Face ~ 10 erg (2.11)
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Figure 2.4: Pulsar population iR — P diagram. Constant magnetic field lines and constant
pulsar characteristic age lines are drawn. (Figure frondidgr& Lai 2006).

We can compare this value to the energy released in nuclsi@nfuin the conver-
sion of hydrogen to helium:

4H — He* + Amc? (2.12)
The energy released per gram of hydrogen converted to h&ium

Frue ~ 6 x 108 erg (2.13)

From the estimates above it can be easily seen that accig@most~ 20 times
more efficient than nuclear fusion reactions. Accretiorhis ost effective way to
produce energy for astrophysical sources. Therefore ttgrsources are between
the most luminous ones in the Universe.

The energy released by an accreting object is proportiandft R (Eq. 2.10).
Therefore the more compact the object is, the more effetiza@ccretion will be.

The luminosity produced by an accreting object is given by
_ dBacc _ GM dm M

L
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Figure 2.5: Pulsar population i — B diagram, with magnetic fields derived from radio
pulsars measurement (x v PP, see text). The “Hubble line” represents a spin-down age
7 of 101 yr for a pulsar. The “spin-up line” represents the minimunmsperiod to which
such a spin-up may occur in an Eddington-limited accretidhe “death line” delimits the
“graveyard” (region for which old radio pulsars are expddteswitch off their radio emission).
The arrowed lines show the evolutionary paths for “recytieilisecond pulsars. (Figure from
Bhattacharya & van den Heuvel 1991).

wherern is the mass accretion rate. For a given accreting objedgcitsetion lumi-
nosity will only depend on its accretion rate. The higher &oeretion rate is, the
higher the luminosity will be. But there is a limit on the lumisity that an accreting
body can reach, referred to as Eddington luminosity. Therigddn luminosity can
be obtained by balancing the gravitational force pulling thatter inwards and the
pressure of the radiation outwards. The gravitationaldacts on electron-proton
pairs:

M Mm
Fgrav = GT_Q(mp + me) ~G 2 P (215)
The radiation force acts on electrons due to Thomson sajter
O'TL
Fra = 7 5 2.16
4T Amr2e ( )

whereor is the Thomson scattering cross-section.
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Equating these two terms (Eq. 2.15 and Eq. 2.16) leads todd&&ton luminos-
ity:
Lgad = amGMmye 1.3 x 1038£erg st (2.17)
aTrT M@
This is the maximum luminosity an accreting object can hagsuming spheri-
cally symmetric accretion and steady flow. However, thistlican be exceeded in
non steady cases like supernova explosions, or assumiiegetif geometries for the

source (see below for more details on Eddington luminasity)

2.1.4 Mass transfer mechanisms in X-ray binaries

In order to understand how the transfer of matter occursnaryisystems, one has
to study the gravitational potential of the binary systeme #&n calculate the orbit
of a test particle under the gravitational field of two massdbjects orbiting their
common center of mass. Lét/; and M, be the masses of the two bodigsthe
position vector of the test particle angl, 3 the position vectors of the two stars. The
equipotential surfaces of the system are given by:

DR (1) = ?M}, ?Mi - 1(@' A 7)? = constant (2.18)
|F—ri|  |F—ra 2
known as the Roche potential (Roche 1873). The first two teaks into account
the gravitational potential of each star, and the third taotounts for the centrifugal
potential associated with the binary motiafi.= we, with w the angular velocity of
the binary system ané a unity vector normal to the orbital plane. The motion of
a particle at a large distance from the system (distance raugbr than the binary
separation) will be circular: the particle will see the gystas a point mass. The same
will happen to a particle close to the center of each of theltedies, it will move in a
circular orbit around the massive object. The equipotéstidaces ofbr are plotted
in Fig. 2.6. There is a critical surface which connects btdlss called th&oche lobe
of the system. The two lobes connect atitieer Lagrangian poinf.;. At this point
matter can freely go from one lobe to the other.

The size of the lobes around each star are a limit to their Hitlee star grows and
exceeds its Roche lobe matter will be transferred to the eavop through the inner
Lagrange point (see Frank et al. 1992, Longair 1994 for metaild).

Three different ways of accretion can take place in X-rayahas, (or a combina-
tion of them): Roche lobe overflow, wind accretion and adorein Be/X-ray binary
systems.

2.1.4.1 Roche Lobe overflow

It takes place when the donor star fills its Roche lobe, whibplens when the star
evolves and expands (Iben 1991). When this happens, themeatteeding the Roche
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Figure 2.6: Equipotential surfaces of the Roche potentldl. and M represent the masses
of the two objects, with a mass ratid; /M, = 0.2. S represents the center of mass of the
system. The Inner Lagrangian Point and the other turning points in the value of the potential
Lo, L3, Ly and L5 are labeled. (Figure from Kretschmar 1996).

lobe is no longer gravitationally bound to the star and cacdmptured by the compact
object through the inner Lagrange point. Due to the rotadidihe donor star, the ac-
creted matter has a large amount of angular momentum, ateéhef being accreted
directly into the compact object, the matter will form an mton disk. Details on
disk accretion are given in Sec. 2.2.2. Roche Lobe overflpicaly takes place
in LMXBs. A binary system with accretion via Roche Lobe overflis drawn in
Fig. 2.7.

2.1.4.2 Wind Accretion

Normal stars have a weak stellar wind, but in the case of O astéiB it can be very
intense. The mass loss rate can be as hig!%[a;gd ~ 10~*Mg,/yr. If these stars are
in a binary system, the compact object typically orbits tphtaal star at a distance
from the surface of the optical companion of less than orlastadius. The compact
object is thus deeply embedded in the stellar wind, and caretecmatter from the
wind. Most of the material of the wind passing within a cykmaef radiusr,.. from
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Figure 2.7: Artist's impression of binary system with aditme via Roche Lobe overflow.
(Source: NCSA-University of lllinois).

the compact object will be accreted:

2GM
Tace = fz ! (2.19)

rel

with 02, = 02, + v ~ vZ, ,, Wherevyina andv,s are the wind and neutron star
velocities (typically the velocity of the wind is much hightban that of the neutron
star). Assuming that the wind is emitted over a solid afiglmplies an accretion rate

of:
7T72

25 Myina (2.20)

M ~

wherea ~ 10 x'2cm is the binary separation. Typically, in X-ray binariestzning

O or B stars the winds are isotropi@ (~ 47), having high velocitie® ying ~ 1 —

2 x 10>m/s . Therefore, we obtain,.. ~ 10'° cm, much smaller than the binary
separation, and only a fraction of the wiggd10~* will be accreted. But the very high
accretion rates from the wind maké high enough to power X-ray emission from the
compact object. Details can be found in Davidson & Ostrik&7@) and Frank et al.
(1992). An accretion wake is formed (Fig. 2.8), that focusaggnificant fraction of
the stellar wind (Davidson & Ostriker 1973). In some casesaecretion disk will
form. The archetypical wind accretor is Vela X-1 (Kreykehboet al. 2008).
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Figure 2.8: Schematic representation of wind accretioowghg streamlines of stellar-wind
material. The relative dimensions are not to scale. (Fifrara Davidson & Ostriker 1973).

2.1.4.3 Be/X-ray binary systems

A large fraction of X-ray binaries (abo@0% of the HMXBs) falls in the category of
the Be/X-ray binary systems. They consist of a neutron stdraaBe star as optical
companion, and present quite eccentric orbits. Recengwesvcan be found in Coe
(2000), Ziolkowski (2002) and Negueruela (2004a,b). Besstae early type stars
(mostly B-type and also late O-type) which present emis$iimgs in their spectra.
The emission lines are originated in a disk of material thatainds the equator,
formed due to the mass loss of the Be star. See Porter & R#&/{2i003) for a recent
review of classical Be stars.

Be/X-ray binary systems are transient sources and prasesa different luminos-
ity states:

e Giant or Type Il outbursts (classification according to l&tet al. 1986): they
present strong X-ray luminositiebx > 103" ergs ', becoming one of the
brightest X-ray objects in the sky for several weeks. Giartborsts are not
necessarily associated with the periastron, and are thaodie due to an in-
crease of activity of the companion star, leading to an esjoarof its envelope
and making it possible for an accretion disk around the oeustar to form
(Coe 2000, Ziolkowski 2002). Quasi-periodic oscillatiq@@Os) have been
observed during giant outbursts, confirming the formatibaroaccretion disk
around the neutron star.

e Normal or Type | outbursts: they are weaker than type Il orghuwith lu-
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Figure 2.9: Schematic view of a Be/X-ray binary system. (Fégfrom Kretschmar 1996).

minositiesLx ~ 10337 ergs!. They are connected to the passage of the
neutron star through the periastron of the binary orbit. @be shorter than
type Il outbursts, lasting from days to weeks. Some sourcesept type | out-
burst at most periastron passages (e.g. EXO 2030+375,Wtsal. 2002), and
other sources present type | outbursts much less frequékélyA 0535+26.

e Quiescent states: some Be/X-ray binary systems presemnsiateat low X-ray
luminosity Lx < 1036 ergs !, and others are not visible at all in X-rays.

Fig. 2.9 shows a sketch of a Be/X-ray binary system. Moreildaia these systems
will be given in Chapter 3, dedicated to the Be/X-ray binargtem A 0535+26.

2.2 Neutron star X-ray binaries
2.2.1 Accretion geometry

Independently of the accretion being by Roche lobe overflawd accretion or Be
accretion, at a closer distance to the neutron star the tamtie dominated by the
strong magnetic field® ~ 10'2G).

According to the theory of accretion, the strong magnetid fi@ound the neutron
star disrupts the accretion disk, and the plasma is forcedltow the field lines.
The matter forms accretion funnels that go towards the nmagpeles of the neutron
star. This model was first elaborated by Ghosh & Lamb (197&],later revisited
in Lovelace et al. (1995), Wang (1996) and Wang (1997). Thgmatc field of a
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Figure 2.10: lllustration of the lighthouse effect: as tleitmon star rotates, flashes of light
are periodically directed towards the observer, produ@ngeriodic signal. (Figure from
Wikipedia).

neutron star can be approximated by a multipole of otier
By =~ By(Ro/R)**2, (2.21)

with By the surface magnetic field strengtRy the neutron star radius and the
distance from the neutron star. In early models, the nedian's magnetic field was
assumed to be a pure dipole, with= 1 (Inoue 1975, Ghosh & Lamb 1979a,b, Ca-
menzind 1990). Magnetohydrodynamic (MHD) simulations afymetospheric accre-
tion confirmed many predictions, and also revealed newIdeifthe accretion onto
a compact object assuming a dipole magnetic field (see e.gnaRova et al. 2002,
2003, 2004). Under the assumption of a pure dipole field -aiskgnetospheric inter-
actions have been investigated numerically in Miller & S¢h997), von Rekowski
& Brandenburg (2004) and theoretically in Lovelace et 8098). Higher multipole
terms in neutron stars have been considered in Lipunov &¥aékura et al. 1991 and
Panchenko & Postnov 1994. MHD simulations of accretion tmeawith non-dipolar
magnetic field have been performed in Long et al. (2007, 2008)

If the rotation axis is inclined with respect to the magnetes, the observer will
periodically see flashes of light (lighthouse effect, sag Eil0).

Before entering in details of how the flow of matter takes eJdn the following
important geometrical considerations, under the asswmpfia dipole field configu-
ration, are described.
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The Alfvén radius or magnetospheric radius is defined asigtaree at which the
magnetic pressure and the ram pressure are equal:

12

Rnag = 8’7’(’7 (222)
(2GM)Y/2 N
Pram = W (223)
Equating these two terms gives:
e = 2.9 x 108M,/"R; /L2 " u*/ Tem (2.24)

where M is given in units ofl M, Rg is given in units ofl0% cm andLs; is the
luminosity in units of103” ergs'. The co-rotation radius is the radius at which
the angular velocity of the magnetosphereand the Keplerian velocity of the disk

/GMx /r are equal,
1/3
Teo = <GMX) (2.25)

w?

This scenario is depicted in Fig. 2.11. Accretion will takage when the neutron
star angular velocity is smaller than the disk Kepleriamoe#y, wr < /GMx /7o
orrm < re. If the neutron star rotates faster than the disk, the naterinot
able to follow the magnetic field lines and a centrifugal leararises, preventing
the accretion of matter onto the compact object. This isedalhe propeller effect,
described in lllarionov & Sunyaev (1975).

2.2.2 Disk accretion

If the angular momentum of a particle is too high, it will natlfdirectly onto the
compact object. The particle will tend to stay in the orbittd lowest energy for its
angular momentum: a circular orbit. Assuming the partideginot lose any angular
momentum, it will stay in an orbit with the following circuiaation radius:
J2

RCII‘C - GMX (2'26)
whereJ is the specific angular momentum of the accreted matterldpdhe mass
of the compact object (Pringle 1981).

A particle in such an orbit will experience a dissipative ggsses (like viscosity,
which is one of the major uncertainties in accretion dislothiesee Shakura & Syun-
yaev 1973, Pringle 1981), and it will lose angular momentlimill then sink deeper
into the gravitational potential of the compact object tooalbit with smaller radius.
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Figure 2.11: Sketch of the magnetically threaded disk mfvdet Ghosh & Lamb (1978). The
Alfvén radius and co-rotation radius are shown. Accretoodntrifugally permitted when the
magnetosphere rotates slower than the disk< ... (Figure from Kuster 2004).

Accretion will take place along a series of circular orbitishagradually decreasing
angular momentum forming an accretion disk.

For an accretion disk to form, the circularization radiuswitl be larger than the
effective size of the accreting object. This will always pap if accretion takes place
via Roche lobe overflow, and not always if wind accretion tgilace.

The main mechanism for the transport of matter across thenatagphere is the
Rayleigh-Taylor instability. This has been studied in As@& Lea (1976), Elsner &
Lamb (1977), Scharlemann (1978). Recently, Romanova €2@08), Kulkarni &
Romanova (2008) have performed 3D MHD simulations that contine basic fea-
tures of the disk-magnetospheric interaction, revealvg possible regimes for ac-
creting neutron stars: stable or unstable. (These simaktiave been performed for
quite small magnetospheres, applicable to millisecondgrg). In Chapter 7 further
details on the accretion regimes and on how the transportattemin the magneto-
sphere takes place are given.

2.2.3 Torque theory

According to the theory of accretion, fluctuations in the snascretion rate produce
fluctuations in the accretion luminosity and in the accretiorque. In the case of
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accretion from a disk, it exerts a torque onto the neutrontbte causes a spin-up in
the neutron star. Therefore, the measurement of a spin-am@utron star provides
evidence for an accretion disk.
In the case of a spin-up, the torque onto the neutron stavéndiy
dZ d(Iw) .
— = = MRQ 2.27
dt dt ’ (2.27)

where.Z is the angular momentum of the digkthe moment of inertiay the angular
velocity and R the neutron star radius. Combining Eq. 2.2 \&Qy. 2.14 and after
some algebra (the details can be found in Ghosh & Lamb 1978aton between
the spin-upP and the X-ray fluxfx or X-ray luminosity .x = 4wd” Fx) emerges:

—P =5.0 x 107° 42 n(we) S (M)(PLL)? (syr™ ), (2.28)

whereyps, is the magnetic moment in units o° G cm?, w, is the fastness parameter
or dimensionless stellar angular velocity definedvas= s/Qk (r0), with Qg (o)
the Keplerian angular velocity at = o (see Fig. 7.7)n(ws) is a dimensionless
torque defined in Ghosh & Lamb (1979b) that depends on thedastparameter,
S1(M) is a structure function that depends on the mass, equatistatefand dynam-
ical response of the neutron st&¥js the pulse period in seconds ahgf, is the X-ray
luminosity in units oft 037 ergs .

Fitting the observed values of the spin-up as a functione@iray flux to Eq. 2.28
allows to estimate the dipole magnetic momeand the distance (related to the flux
via Lx = 47d*>Fx) . This method, based on Ghosh & Lamb (1979b), is described il
Lipunov et al. (1992) and Popov (2000).

2.2.4 Accretion into the polar caps

We will study now the motion of the matter close to the neustar surface, where
it is completely dominated by the magnetic field. This will inedependent of the
accretion regime far from the magnetosphere. As seen inZS2d., matter is chan-
neled onto the magnetic poles by the magnetic field linediagefunnels. Accretion
columns are formed , and the X-ray emission is produced meané¢utron star sur-
face. This is sketched in Fig. 2.12. The radius of the acugetpot is small compared
to the neutron star radius; 0.1 R, giving an area of the accreting spot of the order
of ~ 1km? (Davidson & Ostriker 1973).

The hydrodynamics of this process was studied in the piamgarork of Basko &
Sunyaev (1976). The flow of matter will be different for lowdamigh accretion rates.
A critical luminosity is defined,

L =272 x 10372210 2 grys! (2.29)
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Figure 2.12: Schematic representation of an accretionefunear the surface of the neutron
star. (Figure from Davidson & Ostriker 1973).

whereor is the Thomson scattering cross sectiofp,ando the scattering cross-
section of photons propagating either parallel or perpardr to the magnetic field,

ro is the polar cap radius, and and R denote the stellar mass and radius (see also
Becker & Wolff 2007).

For low accretion ratedx < L*, matter will fall freely almost until the neutron
star surface, causing the breaking of the plasma by a hydeodical shock close to
the neutron star surface. The X-ray emission will then be &blescape vertically
along the accretion column (the so called “pencil beam”gpaitsee Fig. 2.13 right
panel). The flow of matter is in the sub-Eddington regime.

At high accretion rates, the radiation pressure is muctelditan the gas pressure.
The flow is in the super-Eddington regime. The infalling gal vse almost all its
kinetic energy in a radiation dominated shock (Riffert & Mass 1988). The shock
rises above the surface of the neutron star as the accretiergrows. Below the
shock, the gas slowly sinks, and the emission of photons faleee sideways (the so
called “fan beam” pattern, see Fig. 2.13 left panel).

2.2.5 Spectral formation

Numerous authors have made attempts to derive the shapeayfpltlsar spectra ana-
lytically or numerically (Nagel 1981a, Nagel 1981b, Meszaet al. 1983, Meszaros
& Nagel 1985, Burnard et al. 1988, Burnard et al. 1991, Bed&é98, Becker &
Wolff 2005). However no self-consistent, general modelligpple to X-ray sources
has been established, due to the complexity of the physicaégses that take place in
the accretion column and in the magnetosphere. The spsltpé of the radiation, or
“standard” X-ray continuum (White et al. 1983), is a powerla the~ (5 — 20) keV
energy range with an exponential cutoff at energief20 — 30) keV (Coburn et al.
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Figure 2.13: Simplified emission patterns in the polar cdpanoaccreting neutron star. Left
panel: “fan beam” pattern. For high accretion rates, a tamtiadominated shock is formed,
with a slowly sinking plasma below the shock. The emittedatoh from the surface of the
neutron star will escape sideways. Right panel: “pencinidgaattern. For low accretion rates,
matter falls directly almost onto the neutron star surféekotons are then emitted vertically.
(Figure from Kretschmar 1996).

2002). Additionally, fluorescence FeoKlines are produced in the circumstellar ma-
terial, and cyclotron absorption lines also modify the gmnim emission (see below
for more details). Observers use phenomenological modetiescribe the X-ray
continuum. The most commonly used models are described apt€h6, Sec. 6.4.
Only recently, Becker & Wolff (2007) have developed a modelthe continuum
formation (averaged over all rotational phases) that sssfaly reproduces the spec-
tral shape of Her X-1, Cen X-3 and LMC X-4. In this model, segttg takes place
via bulk and thermal Comptonization. A radiation dominasedck is formed in the
column (see Fig. 2.14). This model applies to high luminositurces. The seed pho-
tons are emitted at the base of the column (black body radiatand in the column
(bremsstrahlung and cyclotron emission). The transfenefgy from the gas to the
photons is generally dominated by bulk Comptonization. rirteé Comptonization
transfers energy from high energy to lower energy photamstributing to the cutoff
observed in the spectrum and to the flattening observed at lemergies. In Fig. 2.15,
a theoretical spectrum computed for Her X-1 compared BeppoSAXobservation
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Figure 2.14: Schematic view of accretion column in a neustanaccording to Becker & Wolff
(2007). A radiation dominated shock is formed. The seedgtsare emitted from the base of
the column and via bremsstrahlung and cyclotron emissi@utfhout the column.

is shown. Ferrigno et al. (2009) have implemented the maod#ie standard X-ray
fitting packageXSPEC (Arnaud 1996), making the model available for direct com-
parison with observational data. In their work, the modelpgplied to the accreting
X-ray pulsar 4U 0115+64.

2.2.6 Magnetic fields
As matter falls onto the neutron star surface along the nagfield lines, the elec-
trons are subject to the Lorentz force. The radius of gynatibthe electrong? =
mcv/eB (in classical physics) is close to the de Broglie wavelergjtthe electron
Ade Broglie = 1i/muv, and therefore quantum mechanics becomes important (Luanda
& Lifshitz 1977).

The basic energy quantum for an electron is the cyclotrorggne

eB

MeC

Eeye = hw = h—— = 11.6keVB, (2.30)

where B, is the magnetic field in units df0'2 G. The energy of the electrons per-
pendicular to the magnetic field is quantized into the Laridaels:

2
B
E, = meCQ\/l + ( P ) +2n (2.31)
meC Bcrit
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Figure 2.15: Theoretical spectrum of Her X-1 comparedBgppoSAX observation of the
source (Becker & Wolff 2007).

wheren is the principal quantum numbet & 0, 1,2, ...), p is the momentum of the
electron parallel to the magnetic field afy,;; is the magnetic field strength where

the energy of the electron equals.c? (see Harding & Lai (2006) and references
therein):
mgc3

eh

When a photon with energif = E.,. interacts with an electron in the plasma,
the electron will be raised to an excited state, “absorbthg”photon. For plasma
temperature&?’ << E.y., the life time of the Landau levels is short compared to
the time for collisional de-excitation. Thus, the elecsan an excited state > 1
almost instantaneously return to the ground state by emittiresonant photon. This
excitation-de-excitation process is similar to a resosaattering process rather than
absorption. The only possibility for photons with energies= E.,. to leave the
plasma is that inelastic scattering processes slightihgbaheir energy. Conse-
guently, this process produces absorption-like featurdélse photon spectrum at en-
ergieskl = nk.y. (in the non-relativistic approximation), designated aIGon
Resonance Scattering Features (CRSFs, or simply cyclttes).

Since the cyclotron energy is directly related to the magrietid (Eq. 2.30), mea-
surements of cyclotron lines in the spectra of highly maigedtaccreting X-ray pul-
sars are a very powerful tool to determine magnetic fieldseotmon stars. It is the
only direct way to determine the magnetic field of a neutron star.

Beyit = =4.414 x 10 G (2.32)



28 Chapter 2: Accreting X-ray pulsars

For B ~ B..i, relativistic corrections become important and the cyoloenergy
further depends on the anglebetween the primary photon and the magnetic field

axis:
MeC? \/ B
E, = —= 1+42n sin?6 — 1 2.33
sin’ 0 < Berit ( )

The cyclotron line energy is extremely sensitive to the arggtween the line of
sight and the magnetic field axis.

Since in X-ray binaries the strong gravitational energyglan important role, the
apparent cyclotron energy will be gravitationally redfsd (see Eq. 2.3):

Feye 2GM
142 —9° Re?

cyc,obs — (234)

Assuming canonical values of the neutron sfas= 10km andM = 1.4 Mg, the
gravitational redshift i = 0.3. For a higher value of the radiug = 14 km, and
M =1.4Mg, z = 0.19.

2.3 Observations of neutron star X-ray binaries

2.3.1 Cyclotron lines

The first cyclotron line in an X-ray spectrum was discovere¢ier X-1 with a bal-
loon flight experiment from a MPE/AIT collaboration (Trueerpet al. 1978). The
spectrum of the discovery is shown in Fig. 2.16. Since thgolotron absorption
features have been discovered in more than a dozen accxetmgpulsars (HMXBs,
LMXBs, transient or persistent sources), most of them whith X-ray observatories
Ginga(Turner et al. 1989)RXTE (Bradt et al. 1993) an8eppoSAX(Boella et al.
1997). These sources are listed in Table 2.1, with the engfrgiye cyclotron line
and the discovery instrument given. Sources for which tlesgmce of a cyclotron
line is not clear are also listed. The galactic distributiddthese sources is shown in
Fig. 2.17. Except Her X-1, they all more or less lie in the gtitplane. The cyclotron
lines imply for the accreting sources a magnetic field of tlteoof B ~ 10'2G. Sev-
eral sources exhibit a fundamental line plus harmonice, Mi0332+53 (Pottschmidt
et al. 2005). The record holder is 4U 0115+64, showing up ®diclotron lines in
its spectrum (Santangelo et al. 1999b, Heindl et al. 1993 [&8g. 2.18).

All the values of the cyclotron energy given in Table 2.1 hbgen obtained using
phenomenological models (Gaussian or Lorentzian profiteshe cyclotron absorp-
tion features (see Coburn et al. (2002) and Chapter 6 Sed.)6Monte Carlo sim-
ulations of the propagation of photons through a low densi#gma assumed to be
threaded by an uniform magnetic field, have revealed thaCBR8Fs are expected to
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Figure 2.16: Discovery of a cyclotron line in Her X-1. (Trupen et al. 1978).

vary in shape, depth and width over the pulse phase (Araya&ikig 1999, Araya-
Gochez & Harding 2000, Schénherr et al. 2007). This is shawhRig. 2.19. A

complex line profile has also emerged from observationgnfance in V 0332+53
(Pottschmidt et al. 2005). Recently, a code based on the Innbdeaya-Gochez &

Harding (2000) calleg¢ycl ont has been implemented XSPEC(Schonherr et al.
2007). First fits to real data have been performed to Cen Xe@H et al. 2008).
cycl ont is a self-consistent model, which can fit up to four lines dtameously,

reprocessing the continuum flux with a special convolutiod eterpolation model.
This model allows to extract physical information from thelotron lines, like the

electron temperature in the plasma and the magnetic field.

2.3.1.1 Evolution of the cyclotron line energy with the Inosity

As shown in Sec. 2.2.4, for high luminosity sources it is gealtg believed that an
increase in the mass accretion rate (or increase in luntinasiuses an increase in
the height of the accretion column (Basko & Sunyaev 1976).

Burnard et al. (1991), based on Basko & Sunyaev (1976), ptedlitheoretically
an increase of the height of the accretion column with ingirepluminosity:

htop ~ LX
Rns L%fgdHL

(2.35)
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Figure 2.17: Galactic distribution of sources that exhtjgitlotron lines in their spectrum. They
are divided into HMXBs, LMXBs, transients and persisteist of them lie in the galactic
plane.

This relation was experimentally confirmed wiBlingaobservations of 4U 0115+64
(Mihara 1995, Mihara et al. 2004, Nakajima et al. 2006).

Assuming a dipole magnetic field3 oc 1/7*), and assuming the cyclotron line to
be formed at a heiglit. above the neutron star surface, we can write:

1 1
(Rpos +hy)3 142

(2.36)

Eeye o<

Taking z = 0, we obtain the following relation between the relative reswce
heighth, /R and the cyclotron energy:

hy Eoye —1/3
~ (—— -1 2.37
Rns (Ecyc,O ) ( )

with E.y. o the cyclotron energy at the neutron star surface.

Cyclotron line observations allow to calculdi¢ Rys as a function of the X-ray
luminosity and to compare with the theoretical predicticonf Burnard et al. 1991
(Eq. 2.35). This has been done wiBingaand RXTE observations of 4U 0115+64
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Figure 2.18:BeppoSAXspectrum of 4U 0115+64, showing up to four cyclotron linesntan-
gelo et al. 1999b).
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Figure 2.19: Simulated cyclotron line profiles as a functibthe angle (left panel) and optical
depth (right panel). The variation of the line profiles isdarnit. The line profiles have been

calculated using a cylinder geometry, for a “fan beam” patt€Figure from Schonherr et al.
2007).
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Table 2.1: List of sources with cyclotron line(s) signifilgrdetected in their spectrum, up-
dated from Makishima et al. (1999) and Heindl et al. (2004he Tyclotron line energy, the
discovery instrument and reference are given. For the tast$ources listed there is weak
evidence for a cyclotron line but this has not been firmly comdid.

Source Ey cye (keV) Discovery Reference
Her X-1 41 Balloon Trumper et al. (1977)
4U0115+64 14,24,36,48,62 HEAO-1 Wheaton et al. (1979)
V 0332+53 26,49,74 Ginga Makishima et al. (1990)
Cen X-3 28.5 RXTE Heindl & Chakrabarty (1999
BeppoSAX  Santangelo et al. (1998)
4U 1626-67 37 RXTE Heindl & Chakrabarty (1999
BeppoSAX  Orlandini et al. (1998)
XTEJ1646+274 36 RXTE Heindl et al. (2001)
Cep X-4 28 Ginga Mihara et al. (1991)
A 0535+26 46,100 HEXE Kendziorra et al. (1992)
MXB 0656-072 36 RXTE Heindl et al. (2003)
Vela X-1 24,52 HEXE Kendziorra et al. (1992)
4U 1907+09 18,38 Ginga Makishima & Mihara (1992)
4U 1538-52 20 Ginga Clark et al. (1990)
GX301-2 37 Ginga Makishima & Mihara (1992)
X Per 29 RXTE Coburn et al. (2001)
EXO02030+375 117? RXTE Wilson et al. (2008)
637? INTEGRAL Klochkov et al. (2008a)
OAO 1657-415 367 BeppoSAX  Orlandini et al. (1999)
LMC X-4 100? BeppoSAX LaBarberaetal. (2001)
GS 1843+00 207? Ginga Mihara (1995)

(Mihara 1995, Mihara et al. 2004) af®RXTE observations of 4U 0115+64 (Nakajima
et al. 2006, Tsygankov et al. 2006) and V 0332+53 (Tsygankal, 2007).

A negative correlation between the cyclotron line energy e X-ray luminosity
has been found for 4U 0115+64 and V 0332+53. Under the asgumgpita change
in the height of the line forming region with the luminosignd assuming a dipole
magnetic field configuratichfor a relative change in the fundamental cyclotron line
of 60%, Tsygankov et al. (2007) find a relative change in then&dion height of
20%, corresponding to a change of 2 km for 4U 0115+64. For \2833, the relative
change in the cyclotron line energy is 17%, that gives ab&ut&riation in the stellar
radius, about 500 m.

3B ocr~? andB « E gives 52 oc —358
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Figure 2.20: Negative correlation between the cyclotror Bnergy and the X-ray luminosity.
Left panel: 4U0115+64 (Tsygankov et al. 2006). Right pahe0332+53 (Tsygankov et al.
2007).

For low luminosity sources in the sub-Eddington regime, feedént behavior is
expected. Staubert et al. (2007) found for Her X-1 a positmeelation between the
cyclotron line energy and the luminosity (see Fig. 2.21)eyfind a change in the
cyclotron line of 5% for a luminosity variation &AL /L ~ 1.

For low luminosity sources, no radiation dominated shoexfgected to form in the
accretion column. Based on Basko & Sunyaev (1976) and Nelsaln(1993), where
the physics of accretion in low-luminosity sources is stadiStaubert et al. (2007)
find the following relation between the cyclotron line eneaagd the luminosity:

AFEqy. l. AL

Foye 3R T (2.38)
wherel, is the height of the scattering region above the neutrorssidace and is
the neutron star radius. F&xLL/L ~ 1, this implies a change 0£3%, very close to
the 5% obtained from the Her X-1 observations.

Another evidence for a positive correlation between thdatyen line energy and

the luminosity was found for GX 301-2 by La Barbera et al. @0@owever this was
based just on two observations and at low significance).

2.3.2 Pulse profiles

Accreting X-ray pulsars exhibit very different pulse pre§iltypically showing more
complex shapes at low energies and simpler shapes at highienePulse profile
modeling is very complex, far from being completely undeost Many processes
contribute to the complex shapes we observe. Pulse profiésept variations with
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Figure 2.21: Positive correlation between the cyclotroe knergy and the X-ray luminosity
for Her X-1 (Staubert et al. 2007).

the source luminosity (e.g. EXO 2030+375, Klochkov et aD2and variations with
the energy (e.g., VelaX-1, see Fig. 2.22). Individual psilgsually show significant
pulse to pulse variations, while average pulse profiles aneerstable (Staubert et al.
1980).

Several authors have worked in modeling pulse profiles. iFuisides modeling
the emission regions, specifying the local emission patt&oth emission regions
(when considering a dipole field) contribute to the formatid the pulse profile that
a distant observer would see. A proper model calculatiomlshimclude relativis-
tic light deflection, which can have a significant effect ie thulse shape (Riffert &
Meszaros 1988). In Fig. 2.23 the importance of relativigjbt deflection in pulse
profile model calculations is shown. Comparison of modedwations with observa-
tions has been performed for instance in Wang & Welter (198Eszaros & Nagel
(1985), Leahy (1991).

The ray tracing method of computer graphics (Foley et al.01%&s been gen-
eralized including relativistic light deflection in order ¢alculate beam patterns and
pulse profiles (Nollert et al. 1989), and can be applied tdray geometric shapes of
the emission region. This method has been applied to differeometries, like filled
columns or hollow columns (Kraus 2001). Due to the strongitptional field around
the neutron star, X-rays are observed at red-shifted ezergor slowly-rotating neu-
tron stars, the metric around a neutron star can be appreedhbg the Schwarzschild
metric (Kraus 1998).

An alternative method to analyze pulse profiles is to starhfthe observed pulse
profiles, and based on symmetry considerations obtain antfgasition of the pulse
profile into single-pole contributions. This is then traorsfied into the visible section
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Figure 2.22: Example of energy dependent pulse profiles laf X/ from Kreykenbohm et al.
(2002). The low energy profile show a complex pattern, whiebdmes simpler at higher
energies.

of the beam pattern. This method has been successfullyeaiiplCen X-3 and Her X-
1 (Kraus et al. 1996, Blum & Kraus 2000) and is applied in thisko A 0535+26.
More details are given in Chapter 8.
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Figure 2.23: Pulse profile formation. In both figures, the Ikinaet (top right) shows the
computed pulse profile. The vertical line indicates thetioteal phase of the neutron star
shown in the figure. Left panel: pulse profile formation withéaking into account relativis-
tic light deflection. The neutron star is in a rotational ghas which one pole points away
from the observer, and therefore no emission from that pokeén. Right panel: pulse pro-
file formation including relativistic light deflection. Treame rotational phase is shown, with
one pole pointing away from the observer, illustrating tiffeat of light bending. Figures
from Ute Kraus, available with animation at t p: / / ww. spaceti netravel . org/
xpul sar 06/ xpul sar06_5. ht .



CHAPTER3

The Be/X-ray binary system A 0535+26

3.1 Overview

The Be/X-ray binary A0535+26 was discovered by Ariel V (Snét Courtier 1976)
during a giant outburstin 1975 (Rosenberg et al. 1975). Tinerp system consists of
the pulsating neutron star A 0535+26 and the optical congquatdDE 245770 (Hudec
1975). It lies in an eccentric orbit @f = 0.47 with an orbital period ofP,,;, ~ 111
days. The estimated distance of the system is 2 kpc (Steele et al. 1998), and its
equatorial and galactic coordinates are- 05" 38™ 54.5720°%, § = +26° 18’ 56.822
(J2000.0) and = 181.4450°, b = —02.6435° respectively (Perryman et al. 1997).
Table 3.1 contains the orbital ephemeris of the binary sys#n extensive review of
the system is given in Giovannelli & Graziati (1992).

The optical companion HDE 245770 has been classified as [@9(@iangrande
etal. 1980) or BO llle star (Steele et al. 1998). It has a lwsity of L ~ 0.7x10° L,
and the effective temperature lies in the rafige = 26000 — 28000 K (Giovannelli &
Graziati 1992). The mass, radius and mass-loss rate aneastst! to bel/ ~ 14 Mg,

R ~14Ry, M ~ 10~8Mg yr—! (de Loore et al. 1984).

The neutron star pulsates with a spin periodrofv 103 s. Its surface magnetic

field, derived from cyclotron line measurementsBs~ 4 x 10'2G. A0535+26

Poig (days | 111.14+0.3
Tperiastron MJD 53613.0 + 1.3
asini (It-seq | 267 + 13

we (°) 130+ 5

e 0.47 £0.02

Table 3.1: A0535+26 orbital ephemeris from Finger et al9@)9 P,,bit andTperiastron WEre
updated with new observations from 2005 (Finger et al. 2006)
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presents quiescence states with luminosifigs< 10 x 103¢ ergs™!, interrupted by
normal (type I) outbursts, generally associated with theéag&on passage, where a
luminosity Lx ~ 1036—37 ergs! is reached, and giant (type 1) outbursts, where the
luminosity Lx > 10%7ergs™!. In Fig. 2.9 a schematic view of such systems was
shown.

3.1.1 History of outbursts

Since its discovery in 1975 during a giant outburst (Rosemkeal. 1975), five gi-
ant outbursts have been detected in October 1980 (Nagasel®8a), June 1983
(Sembay et al. 1990), March/April 1989 (Makino et al. 198®bruary 1994 (Finger
et al. 1994b) and May/June 2005 (Tueller et al. 2005). Unfaately, due to Sun
constraints the 2005 giant outburst could not be observemdst instruments. An
overview of the history of giant outbursts of A0535+26 isegivin Table 3.2. The
time of periastron, calculated with the updated ephemeuiw fringer et al. (2006),
is also given. As can be seen from the table, almost all of taetg@utbursts are
associated with the periastron time. This is not always #s®dn Be/X-ray binary
systems.

Associated with the periastron, the source shows sometimoresal outbursts. Be-
tween March 1993 and September 1994 a sequence of six distiuese detected,
spaced by theé>,,;, ~ 111days orbital period. One of these was the giant outburst
in February 1994, and the rest of them were normal outbuFstgyér et al. 1996).
Fig. 3.1 (top panel) shows the light curve of the giant anadwaroutbursts in 1993—
1994.

3.1.2 The source in quiescence

A 0535+26 shows a persistent low X-ray emission outsidewstb. In most of the
observations performed during those quiescent stategy>pulsations have been
detected, indicating that the source still accretes metteng quiescence.

A 0535+26 was observed g XOSAT between 1985 and 1986 at a luminosity
level of L(1_s0)kev = 2.5 x 10** ergs . Pulsations were detected during two ob-
servations, with pulse periods ¢t = 103.36 + 0.06s at MJD 46331 and® =
103.290 + 0.07 s at MJD 46479 (Motch et al. 1991).

Two observations during quiescence were performed WXTE between 1998
August and 1998 November (Negueruela et al. 2000), wheresdliece was de-
tected at a luminosity level of >_0)kev = 0.029 x 10%° ergs ' and L (5_s0) kev =
0.043x10%° erg s~! respectively. The observations were systematically échity the
contribution of the diffuse emission from the Galactic diglulsations at- 103.5s
(> 50 significant) were detected during the November 1998 obsenjawvhile in
August a weak indication< 3 o) was found for periodicity aP’® ~ 103.0s. During



MJD Periastron Flux (Crab) E(keV) Experiment Reference

April 1975

42515-42531 42503.0 ~2 3-7 Ariel V Rosenberg et al. (1975
October 1980

44521-42522 44502.8 ~ 1.5 1-22 Hakucho Nagase et al. (1982)
June 1983

45503-45505 45502.7 ~2 32-91 SMM Sembay et al. (1990)
March/April 1989

47616 47613.6 0.45 1-20 Ginga Makino et al. (1989)
47617 0.49 1-20 “ “

47620 0.6 1-20 “ “

47620 24405 23-52  balloon “

47624-47625 4.31 16-26  Mir-Kvant “

February 1994

49386 49391.2 0.4 20-40 CGRO-BATSE Finger et al. (1994b)
49387 0.9 “ “ “

49388 14 “ “ “

49389 1.9 “ “ “

49390 2.2 “ “ “

49391 2.7 “ “ “

49392 3.1£0.2 “ “ Finger et al. (1994c)
49395 5.6 +0.2 “ “ “

49397 6.2+0.2 “ “ “

49401 8 “ “ Wilson et al. (1994)
49409 4 ! “ !

May/June 2005

53506 535019 >3 15-195 Swift-BAT Tueller et al. (2005)
53533 4.5 30 RHESSI Smith et al. (2005)
53544 2.4 30 “ “
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Figure 3.1: Top panel: light curve of A 0535+26 during thengiand normal outbursts in 1994.
Bottom panel: pulse frequency evolution during the outtsufiSinger et al. 1996).

those observations the optical companion of A0535+26, HEEZZ0, showed no
evidence of a circumstellar disk.

Observations during quiescence were also performedBéfhpoSAXin Septem-
ber/October 2000 and March 2001 at luminosifigs_»9)kev = 0.015 x 10* ergs™!
andLs_og) kev = 0.044 x 103° ergs™! respectively (Orlandini et al. 2004). During
these observations, a circumstellar disk around the dptarapanion was detected.
Pulsations ofP = 103.40 + 0.02s at MJD 51973 were measured. The pulse pro-
files are noisy but rather indicate a broad single peakedtstreL A soft excess was
clearly detected in the LECS data. The same observatiorsdisw been analyzed by
Mukherjee & Paul (2005) with very similar results. They ntitat a soft component
is required for the third observation, the only in which @tisns are clearly detected.

Between 1994 and 2005, during a long quiescence 3$féT&s GRAL observed the
source in October 2003 during an “unexpected” brief brigtmg of ~6 ks (Hill et al.
2007). The luminosity level reached Wag;s_100) kev = 3.8 x 10*ergs™!, and a
pulse period of” ~ 103.7 +£ 0.1 s (MJD 53615.5137) was determined.

3.2 Timing properties
3.2.1 Pulse period evolution

Figure 3.2 shows the pulse period history of A0535+26 siteeiscovery in 1975
until 2003, and the period measurements that have beemeltiiom observationsin
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Figure 3.2: Pulse period history of A0535+26 since its discy in 1975 until 2003. The
hollow squares indicate the observations performed digiigscence. A spin-up is observed
during outbursts, and a spin-down trend is observed dunmgsgence.

quiescence are indicated. In 1975 the pulse periodivas104.14 s (Rosenberg et al.
1975). During quiescence periods, the pulsar behaviorappe be consistent with

a spin-down trend (Finger et al. 1994a, Hill et al. 2007),le/kduring giant outbursts

a spin-up trend has been observed. In the June 1983 gianirsyth spin-up of

v ~ 0.6 x 107" Hzs™ ! was measured (Sembay et al. 1990), and in the Februar
1994 giant outburst a spin-up of~ 1.2 x 10~ Hzs~! was also measured. From
1994 to 2005 no X-ray outbursts have been detected.

In quiescence, the system is expected to be in the centlijughibited regime
(INarionov & Sunyaev 1975). An estimate of the co-rotati@uius and magneto-
spheric radius using thBeppoSAX observations (Mukherjee & Paul 2005) gives
rm ~ 10'°cm andre, ~ 3 x 10°cm. Withr., > r,, a centrifugal barrier, prevent-
ing the accretion of matter onto the neutron star, shouikari

Nevertheless, all historic observation campaigns havaedqulsations in at least
part of their data, indicating that matter is still beingrated along the magnetic field
lines.

3.2.2 QPOs

QPOs were discovered in the 1994 giant outburst (Finger. t%l6), confirming
the presence of an accretion disk. The QPO was observed fday3 It was ini-
tially detected a7 mHz, reaching’2 mHz at the peak of the outburst and falling to
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25 mHz during the decay of the outburst. The QPO frequency wgtsyhcorrelated
both with the X-ray flux and the spin-up rate, revealing thet QPO was mostly
controlled by the mass accretion rate. Two models are ysuaéd to explain the
QPOs observed, the beat frequency and the Keplerian fregjueodels. In the beat
frequency model, the QPO center frequengyo = vk — vns, Wherevk is the Kep-
lerian orbital frequency of the material at the inner edgthefaccretion disk and,s
the spin frequency of the neutron star. In the Kepleriandeggy model, the QPO
center frequency is the the Keplerian frequency at the iadge of the accretion disk,
vgro = vk. The A0535+26 observations were compared with the predisiof the
beat frequency and the Keplerian frequency QPO models igefFiet al. (1996), and
it was found that both models agree with the data.

3.2.3 Pulse profiles

Energy dependent pulse profiles of A0535+26 were obtainéd avballoon exper-
iment during the 1980 giant outburst (Frontera et al. 198&) HEXE during the
1989 giant outburst (Kendziorra et al. 1994) and WBATSE during the 1989 gi-
ant outburst (Bildsten et al. 1997). These profiles are shiowfig. 3.3. Exclud-
ing the BATSE profiles at low luminosity L(20_100)kev = 4 x 109 ergs?), the
pulse profiles obtained in the different outbursts showlsingieneral features. Above
E ~ 20keV they show a relatively simple double peak profile ugite- 45 keV. At
higher energies the second peak is significantly reducetth & balloon experiment
pulsations were measured upfo~ 130 keV, andHEXE measured pulsations up to
E ~ 110keV.

3.3 Spectral properties

The X-ray spectrum of A0535+26 can be phenomenologicalldeted by an ab-
sorbed power law with a high-energy cutoff. In the March/ihp889 giant outburst,
two cyclotron resonance scattering features were detedtéd,.; ~ 45keV and
Ecyc.2 ~ 100keV (Kendziorra et al. 1994). The spectrum of the discoveighiown
in Fig. 3.4. In the February 1994 outburst the presence oftthdamental line at
E ~ 45keV could not be confirmed because @5SEs low-energy threshold at
E ~ 40 — 50keV (Grove et al. 1995). The presence of the fundamentaldine
Ecye,1 ~ 45keV has been confirmed during the August/September 2005usith
with INTEGRAL (Kretschmar et al. 2005)RXTE (Wilson & Finger 2005) and
Suzaku(lnoue et al. 2005) observations.
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Figure 3.3: Top left panels: energy dependent pulse pradiiés0535+26 during its October
1980 giant outburst (Frontera et al. 1985). Top right pandlSXE energy dependent pulse pro-
files obtained during the 1989 giant outburst (Kendziorrale1994). Bottom panels: energy
dependent pulse profiles obtained at different luminositels during the 1994 giant outburst
(Finger et al. 1996).

3.4 Optical observations

The binary system A 0535+26 does not show X-ray outbursteeageriastron pas-
sage. This is due to the fact that the optical companion HCE 2@ does not always
present a disk around it which provides the fuel for the raustar.

In Coe et al. (2006), ten years of optical monitoring of A 0536 were presented.
Their results clearly show that the optical star HDE 2457 dwthrough a period in
which the circumstellar disk reached a minimum in 1998, duechta dramatic recov-
ery of the disk took place. This was most probably the causkeoK-ray outbursts
observed in 2005.
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Figure 3.4: Right panelHEXE spectrum of A 0535+26 from the discovery of the cyclotron
lines atFcyc,1 ~ 45keV and Ecyc,2 ~ 100keV. The upper panel shows the spectrum and
best fit model, and the lower panel shows the residuals of atfibwt including in the model
absorption features, in which the two lines can be apprediéfendziorra et al. 1994). Left
panel: spectrum and residuals of the Crab, which was obdsimaultaneously.

In the circumstellar disk around the optical companioa,ltde forms in emission.
The total flux is closely related to the size of the disk. Thenitaring of this line
during more than 10 years for A0535+26 is shown in Fig. 3.5.leaicevolution of
the Hu line can be seen. It went from emission, through an almostpbete loss
of the disk in 1998, and then evolved progressively to steorgnission until 2005,
coincident with the strong X-ray outburst observed. The 18&8A line shows a
similar pattern, also shown in the figure, with a complets lafthe emission in 1998
and a recovery of the emission in 2005. Grundstrom et al. {p606tained similar
results from an independent monitoring of the khe of HDE 245770.
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Figure 3.5: Evolution of the H and He | lines profiles of A0535+26 from 1996 until 2005.
The emission lines are related to a circumstellar disk atdhe optical companion, which
almost disappeared in 1998 and progressively reappedredjrsggy a maximum emission in
2005 coincident with the X-ray outburst. (Figure from Coale2006).



CHAPTER4

RXTE and INTEGRAL observatories

4.1 RXTE

The Rossi X-ray Timing ExploreRXTE? (Bradt et al. 1993) was launched on De-
cember 30 1995, and is still operational today. It providesiaprecedented time
resolution together with moderate spectral resolutidowaihg to study the variabil-
ity of X-ray sources in timescales from milliseconds to nitRXTE covers the
~ 2 — 250keV range with two co-aligned instruments, the Proportid@aunter
Array PCA (2 — 60 keV) and the High Energy X-ray Timing ExperimeREXTE
(20 — 250keV). It also has an independent instrument, the All-Sky MonASM
(2—-10keV), which scans about 80% of the X-ray sky in evenjtorRXTE was
launched into a low-earth circular orbit at an altitude o0%&, with an orbital pe-
riod of 90 minutes and 23inclination. See Fig. 4.1 for a schematic view of the
satellite.

4.1.1 The Proportional Counter Arra§CA

Proportional counters are based on photoelectric effegrofportional counter con-
sists of a cell filled with gas (typically noble) with a wirermoected to a high voltage.
The wire is coupled via a capacitor to a charge sensitivenppéifier. X-rays enter-
ing the cell interact with the gas via photoelectric effegtd an ion-electron pair is
produced, which will go to its corresponding cathode-anddes detector enters the
proportional counter mode when a sufficiently large eledigld is applied, so that
the electronsionize the atoms in the gas by collisions andgge a charge multiplica-
tion, which is proportional to the original charge. The meas pulse is proportional
to the original X-ray photon energy.

The PCA on boardRXTE consists of five proportional counter uniB¢U) filled
with xenon gas. Each detector has an effective area a800 cn?, giving a total

INamed in honor of the cosmic ray and astrophysicist Brunod@sR
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XTE Spacecraft

Solar-power array

Figure 4.1: Schematic view of tHRXTE spacecraft. The three instrumefR€A, HEXTE and
ASM are labeled. (Credit: NASA).

effective area of- 6250 cn?. In order to limit the field of view and to reduce the
background that such a large collective area has, a collimator of bierylcopper is
used. It blocks the X-ray radiation that comes from a diffiéidirection than that of
the source of interest. The background signal is furthaeneed with an efficient anti-
coincidence system. The primary detector, which is origétdehe target and shielded
from other directions, is surrounded by a secondary date&tsignal measured from
the primary detector is only accepted when it is not accongobby a coincident
detection in the secondary detector.

The Experiment Data System (EDS) pre-analyzes and congxéssPCA data
before its transmission to the groun®CA basic performance characteristics are

2The sensitivity of an X-ray detector is the minimum flux thabde distinguished from the background.
The background is made of two components: a diffuse cosmigyXbackground, of astrophysical origin,
(discovered by Giacconi et al. 1962), and an internal bamkui associated with the detector

The area of the detector plays an important role in the geitsitNon-focusing instruments in X-rays
have larger detection areas, and therefore the intern&igbmend associated with the detector is larger.
This results in a lower sensitivity. See e.g. Peterson (L9%&ser (1989) or Longair (1992) for more
details. A comparison of sensitivities for different X-rayssions can be found in Tenzer (2008).
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Table 4.1:RXTE performance parameters, from Jahoda et al. (1996), Ralthisthal. (1998)
and Levine et al. (1996).

PCA HEXTE ASM
Energy Range 2 — 60 keV 15 — 250 keV 2 —10keV
Detector Xe proportional Nal(TI), Csl(Na) Xe-G®SPC
counter array scintillator counters
Sensitive Area 6250 cn? 1600 cn? 90 cr?
Energy resolution <18%@ 6 keV <17%@ 60 keV -
Time resolution 1 us 7.6 us 1.5h
Sensitivity 0.1mCrab (10min) 1mCrab (1055) 30mCrab (1.5 h)
Field of View 1° x 1° 1° x1° 6° x 90°

summarized in Table 4.1. See Fig. 4.2 (left) for a schema¢ie wf the PCA assem-
bly. A detailed description of the instrument can be foundahoda et al. (1996).

4.1.2 The High Energy X-ray Timing ExperimefEXTE

In X-ray astronomy, for energies abové5 keV inorganic scintillator counters can be
used. They consist of a scintillating crystal, coupled tdatpdetector. An incident
X-ray interacting with the detector generates scintitlatlight in the optical range.
This optical light is converted into charge by a photomuikip Common scintillation
detectors used in X-ray astronomy are thallium activatetiuso iodide Nal(Tl) or
caesium iodide activated with sodium, Csl(Na) or thalliugi(Tl). Scintillator detec-
tors are used in the phoswich (or phosphor sandwich) corafiigurin order to reduce
the internal background of the detector. It consists of tralzination of two different
scintillators, a main one and a shielding one, opticallyated to a single photomul-
tiplier tube. The two scintillators have different fluoresce decay times allowing
to distinguish events generated in only one crystal froomts/generated in both. A
common combination used is Nal(Tl) as main detector (deioagt = 0.23 S) and
CsI(TI) (- = 0.68p.s) or Csl(Na) ¢ = 0.464 S) as shielding detectors.

The HEXTE on boardRXTE consists of two independent clusters, each with 4
detectors. Each detector consists of a scintillator cauiel(TI) crystals), coupled
to a photomultiplier through a Csl(Na) crystal. Each detebias a collimator, and
they are all co-aligned on source, providing an angularugism of 1°. See Fig. 4.2
(right) for a schematic view of thelEXTE.

The two clusters can rotate eitherl.5° or +3.0 ° around the pointing position,
and their rocking axis are orthogonal. This allows to obtaur different background
measurements around the source-pointing direction. Fallsummarizes the basic
performance characteristics BIEEXTE. A detailed description of the instrument is
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Figure 4.2: Left: schematic view of theCA assembly. (Credit: NASA). Right: schematic
view of the HEXTE clusters. The phoswich detector assemblies are labeladuré~from
UCSD).

given in Rothschild et al. (1998).

4.1.3 The All Sky MonitoASM

The ASM consists of three rotating cameras (Scanning Shadow Cam8g&C),
which scan80 % the X-ray sky in the(2 — 12) keV band in everyRXTE revolu-
tion. Each of the SSC cameras has a one-dimensional mask pé8qsee Sect. 4.2
for details on coded masks) and a position-sensitive ptagya counter PSPC con-
taining a 95% Xe— 5%COmixture. Basic performance characteristics of A&V
are given in Table 4.1. A detailed description of the camarakthe detectors can be
found in Levine et al. (1996).

The ASM allows to detect transient sources and other time-varighémomena,
and provides long term light curves of bright X-ray sourcese ASM /RXTE team?®
providesASM lightcurvesahtt p://xte. mt. edu/ ASM | c. ht m ,updated
on a near-weekly basis. The data is processed on board byDBe \ihich also
controls the rotation of the SSC cameras.

4.2 INTEGRAL

The International Gamma-Ray Astrophysics LaboratdTEGRAL (Winkler et al.
2003) was launched on October 17, 2002. Its main scientifidsgare to perform
high-resolution spectroscopy with fine imaging and aceupatsitioning of gamma-
ray emitting sourcesINTEGRAL's fine imaging capability as well as large field of
view provide an ideal instrument to discover soft-gammgasraurces. Its instruments

3at MIT and the Goddard Space Flight Center SOF and GOF
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Star trackers

JEM-X coded masks b

/

Service module

Figure 4.3: Schematic view of tHi TEGRAL spacecraft. ThéBIS andJEM-X coded masks
are labeled (located 3.2m above the detection plane), dsawehe spectromete$Pl, the
optical monitorOMC and the star trackers. Overall dimensions of the spacegraf mx
6 m, excluding the solar arrays. (Image source: ESA).

cover a broad energy range from 3keV up to~ 10MeV. It carries two main
gamma-ray instruments, the spectrom&gf (20 keV— 8 MeV) and the imagelBIS
(20keV — 8 MeV), as well as two monitoring instruments in the X-ray argfical
rangesJEM-X (3 — 35 keV) andOMC (V-band). See Fig. 4.3 for a schematic view
of the payload and service modules.

INTEGRAL has been launched into a high eccentric orbit, taking theges ¢or
one revolution around the Earth. The orbit was chosen in athayminimizes the
background noise due to protons trapped in the radiatiandred has the advantage
that it allows to perform long uninterrupted observations.

4.2.1 Imaging withNTEGRAL

The X-ray and gamma-ray instruments on bo&N@EGRAL make use of the coded
mask technique to obtain images of the sky. Below 10 keV it is possible to focus
X-rays using grazing incidence. However, ab@ve- 10 keVV nowadays the only pos-
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Figure 4.4: Basic illustration of coded-mask imaging. Tl from two sources is recorded in
the detector coded by the mask. A deconvolution has to bésajiol the shadowgram recorded
in the detector to reconstruct the image from the sky. (Figrom Caroli et al. 1987).

sibility to obtain images is to use the coded mask technigueoded mask consists
of a plaque with opaque and transparent elements placed dhewdetector plane.
The basic concept behind a coded mask is the pinhole canmeopague plaque with
one transparent element or hole, placed between the sondcthe detector plane,
which produces an image on the detector plane. In a codell-telascope, X-rays
coming from the sources in the field of view are coded troughntfask, and a shad-
owgram is recorded on a position sensitive detector. Intagiith coded-masks is
a two-step process, since after obtaining the shadowgratacanvolution process
has to be applied in order to obtain the image of the sky. Betai this process are
given in Chapter 5, Sec. 5.2.3. Fig. 4.4 illustrates thedesncept of coded-mask
imaging. Fig. 4.5 shows the Point Spread Function (PSF) dedemask telescopes,
which is, in contrast to classical imaging systems, sprdlamvar the detector. Two
different fields of view are defined in coded-masks telessppelly Coded Field of
View (FCFQV), for which all the source flux is modulated by thask, and Partially
Coded Field of View (PCFQV), for which only a fraction of theusce flux is coded
by the mask (see Fig. 4.6). Details on the design of optimudedenask telescopes
can be found in Proctor et al. (1979). Further details on dedask telescopes can
be found for example in Caroli et al. (1987) or Skinner & Ponn(a994), and at
http://ww. sron.nl/~jeanz//cail.

Coded mask telescopes have an advantage compared to fp&usay telescopes,
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Figure 4.5: Left panel: Classical focusing system and its.IRgjht panel: coded-mask system
and its PSF spread all over the detector. (Fig. from Skin684p

and that is their large field of view. Even if the angular regioh of coded mask
telescopes is worse than that of focusing X-ray telescangs<{arcsecond foXxMM-
Newtonor Chandracompared tevarcminutes foINTEGRAL IBIS, see below), the
field of view is much larger (for instance t6or INTEGRAL SPIcompared to 30’
for Chandraor XMM-Newton), allowing to discover new X-ray sources or transients
which otherwise would not have been detected.

An advantage of imaging X-ray telescopes is that the backygtds measured si-
multaneously with the source. In non-imaging instrumetits,background can be
modeled (e.g. ilPCA) or measured with rocking instruments (e.gHEXTE).

In the following sections, brief descriptions of the foustiruments on boartNTE-
GRAL are given.

422 SPI

The SPItelescope operates in thé keV — 8 MeV range. It provides medium angu-
lar resolution together with high energy resolution, allogvto resolve astrophysical
lines and to perform spectroscopy.

The coded mask has a HURA pattern (Hexagonal Uniform Rechirktaay, see
Cook et al. 1984), and the opaque cells are made of tungstdrasla 75 % trans-
parency at? = 35keV, and reaches 85 % transparencyat 300 keV.

The position sensitive detector 8P/ is made of the semi-conductor germanium
(Ge). During many years the workhorse in gamma-ray astrgnioave been Nal
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Detector

Figure 4.6: lllustration of Fully Coded Field of View and Rally Coded Field of View in a
coded mask telescope. (Figure from Caroli et al. 1987).

scintillator detectors. However, Ge detectors have thamtdge to offer a very high-
energy resolution, but have the inconvenient that theyirequoling down tal" ~
90 K. Details on Ge and other detectors used in gamma-ray astrpican be found
in Gehrels et al. (1988).

The detector irSPlis an array made of 19 germanium detectors, with an hexagon:
shape in an area of 508 éniThe detector is cooled down &t~ (85 — 90) K with a
cryogenic system.

The mask is much larger than the detector, with only 1.7 mrseipa, which gives
the wide field of view of 16 (see Fig. 4.7). Basic instrument characteristics are
summarized in Table 4.2. A detailed description3#®/ can be found in Vedrenne
et al. (2003).

4.2.3 IBIS

ThelBIS telescope operates in th& keV — 10 MeV range, and is optimized for high
angular resolution. The detection system is formed by twiejgendent detectorks-
GRI andPICsIT. ISGRIis optimized for low energied5 keV—1 MeV, andPICsIT*

is optimized for higher energie2)0 keV — 10 MeV.

The coded mask is based on a cyclic replication of a MURA (MediUniformly
Redundant Array, see Gottesman & Fenimore 1989) of orddt &3an arrayl 064 x
1064 x 16 mm? made 0f95 x 95 individuals cells. Approximately 50 % of the cells
are opaque to photons.

4Due to limitations of the public software available to aralyNTEGRAL data (Off-line Science
Analysis OSA, available in the Integral Science Data Cel8&C, Geneva), at the momeRICsIT is
limited to very strong sources and will not be used in thisihe
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Table 4.2: SPI and IBIS performance parameters, from Vedrenne et al. (2003) andtidbe
etal. (2003). Continuum sensitivity in unitsph cm =2 s~ ! keV ™, line sensitivity in units of
phem 2571, for a 3¢ detection and 0° s observation.

SPI IBIS
Energy Range 18keV—-8MeV  15keV — 10 MeV
Sensitive Area 508 cn? Ge 2600 cn? CdTe

2890 cn? Csl

Energy resolution (FWHM) 3keV@ 1.7MeV 8keV @ 100 keV
Continuum Sensitivity @100keV 5.5 x 10~6 6x 1077
Line Sensitivity @100 keV 3.3x107° 1.9 x 1075
Fully Coded Field of View 16 (diameter) g x9°
Angular Resolution (FWHM) 2.5 12’
Point Source Location Accuracy 10’ 30~
Absolute timing accuracy <200 us <200 us

ISGRI is made of CdTe semiconductor detectors. The small sizeeofi¢tectors
(2 mm thick,4 x 4 mm) allows to obtain a pixelated image with high spatial hetson.
Each CdTe detector is read out by its own dedicated elecoriihere are in total
16384 detectors (128128), in a total area oR600 cm?. Basic instrument character-
istics are summarized in Table 4.2. A detailed descriptibtihe instrument can be
found in Lebrun et al. (2003).

424 JEM-X

The Joint European Monitor for X-rays operates in 3he 35 keV range. Operating
simultaneously withBIS andSPI, JEM-X provides low energy data complementary
to the gamma-ray data. Its spacial resolution is higher thane gamma-ray instru-
ments, which helps in the identification of sourcéM-X consists of two identical
telescopesJEM-X1 and JEM-X2, each with its own mask, detector and associated
electronics.

The coded mask is a hexagonal array (HURA pattern, Hexadém&rm Redun-
dant Array, see Cook et al. 1984) made of 22 501 elements 25ithh open area.

The JEM-X position sensitive detector is a microstrip gas chambercrddirip
detectors were developed to replace the wires on propatt@unters, and contain
narrowly spaced conductor strips. See Oed (1988) for dataiimicrostrip detectors.
Multiwires proportional counters consist of a large gridtoh anode wires on a flat
plate placed between two large flat plates with cathode wiigisg This is placed
inside the gas detector, and allows to localize the eveatsiihthe detector in two di-
mensions. The gas is a mixture of 90% xenon and 10% methaheé(bar pressure),



Chapter 4.2: INTEGRAL 55

Table 4.3:JEM-X andOMC performance parameters, from Lund et al. (2003) and Masé1es
etal. (2003). Continuum sensitivity in unitsph cm =2 s~ keV ™, line sensitivity in units of
phem 2571, for a 3¢ detection and 0° s observation.

JEM-X omMmcC
Energy Range 4 keV-35keV 500 nm—600 nm
Sensitive Area 500 cm? CCD
(eachJEM-X unit) 2061x 1056 pixels
Energy resolution (FWHM) 2.0kevV @ 22keV -
Continuum Sensitivity @6 keV 1.2 x 107° -
Line Sensitivity @100 keV 1.9 x 107° -
Fully coded field of view 4.8 (diameter) 5 x5°
Angular Resolution (FWHM) 3’ 25”7
Point Source Location Accuracy 15”7 6"
Absolute timing accuracys(o) <200 us >1s

with 500 cm? sensitive area. A detailed description#M-X can be found in Lund

et al. (2003). The basic instrument characteristics arevzanized in Table 4.3.
Currently only JEM-X1 is operated, because at the beginning of the mission

gradual loss in sensitivity in bothEM-X units took place due to the erosion of the

microstrip anodesJEM-X is operated at a lower voltage and therefore at a lowel

gain, to reduce the anode damage rate.

4.25 OMC

The Optical Monitoring Camera on boafdTEGRAL provides simultaneous V-band
photometry (centered at 550 nm) of the gamma-ray sourcesngdxs with SP/ and
IBIS. It allows to identify optical counterparts of high-energgurces discovered
with the gamma-ray instruments. TH2VIC has refractive optics, focused onto a
CCD detector. The basic performance parameters are sumedani Table 4.3. More
details can be found in Mas-Hesse et al. (2003).

4.2.6 Dithering

The four instruments on boaldNTEGRAL have very different fields of view, as
shown in Fig. 4.7. In order to reduce the systematic effectspatial and background
variations, dithering observation modes are used. Theiity consists of several
off-pointings with respect to the target in steps df Zhere are two dithering patterns
in INTEGRAL : rectangular and hexagonal. The hexagonal pattern is wigdicsfor

single known gamma-ray point sources. The rectangulaeiais more appropriate
for crowded fields of view, for sources with unknown posi@md for diffuse sources.
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Figure 4.7: Fully coded field of view and dithering patternddl instruments on boartNTE-
GRAL. (Figure from Jensen et al. 2003).

These patterns are shown in Fig. 4.7.



CHAPTERS

A 0535+26 observations withRXTE and INTEGRAL

5.1 Overview of the August/September 2005 outburst.

A 0535+26 remained in quiescence for more than 11 yearse $iec1994 giant out-
burst until 2005 (see Chapter 3). In May/June 2005 (MJD 53838650) a giant (type
II) outburst took place, associated with the periastrorsags of the source. The out-
burst unfortunately could not be observed by most astrocalrsatellites due to Sun
constraints (Tueller et al. 2005). Two subsequent normgpé(t) outbursts took place
in August/September (MJD 53605-53625) and December 2006 ®8720-53740),
in the successive periastron passages. FXEE ASM andSwift BAT light curves
of A0535+26 (MJD 53480-53750) showing the three outburstpktted in Fig. 5.1.
During the giant outburst, the highest value of the flux meagwith ASM was
Fia_10)kev ~ 1.58 Crab andF(5_s0)kev ~ 5.7 Crab measured witlswift BAT?.
During the August/September normal outbusEM registered a maximum flux of
Fla_10)kev ~ 173 mCrab andSwift BAT F15_50)kev ~ 0.88 Crab. The weaker nor-
mal outburst in December 2005 reachi&d_ ) kev ~ 110 mCrab in theASM and
Fii5—50)kev ~ 0.44 Crab inSwift BAT .

The normal outburst in August/September 2005 was observbd/NTEGRAL
andRXTE through the activation of darget of Opportunitprogram. The timetable
of the observations is summarized in Table 5.1, and all tiwithual RXTE pointings
are listed in Appendix A. ThASM andBAT light curves relative to the type | out-
burst of August/September (MJD 53600-53640) are showngn3R. In the same
figure the times of theRXTE and INTEGRAL pointings are indicated. A sketch
of the 111.1 day orbit of the neutron star around the optioatfganion is shown in
Fig. 5.3, with the section of the orbit in which tieTEGRAL andRXTE observa-

1The Crab is typically used in X-ray astronomy as calibratimurce and as a unit of measure for
the flux. 1 Crab in the (2-10) keV energy range correspondsfloxaof approximatelyF_ 20y kev ~

2.3 x 10~ 8 ergcnm 25~ 1. The Crab nebula flux is about Z&SM countss! (2 — 10 keV) and 0.2263
Swift BAT counts cnm2s! (15 — 50 keV).

57
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tions were performed highlighted. The200 ks INTEGRAL observation is divided
in 56 science windowgsee Sec. 5.2.3), and the140 ks RXTE observation consists
of 44 pointings.

2005 2006
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Figure 5.1: Top panelRXTE ASM light curve @ — 10keV) of A0535+26 showing the
giant outburst and subsequent normal outbursts in 200%oBqianel:Swift BAT light curve
(15 — 50 keV) during the same time interval. The vertical dotteddinedicate the periastron
passages (ephemeris from Finger et al. 2006).

From the analysis of thASM light curve of the August/September 2005 outburst
the presence of a flare is detected in the rise to the peakavdthiation ofrf;q.. ~1
day. TheSwift BAT light curve reveals that the flare seen wikiSM s just one of
a collection of flares occurred before the periastron passafier that, the outburst
presents a smoother evolution. A detailed analysis of treemfations during the
main outbursis presented in Chapter 6 while the analysis of the obsemnatf the
pre-outburst flardés described in Chapter 7.
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Figure 5.2: Top panelRXTE ASM light curve of A0535+26 during the normal outburst in
August/September 2005. The start and stop times of/ TUEGRAL observation are indicated,
as well as each of the individuRIXTE observations and the periastron passage. Bottom pane
Swift BAT light curve during the same outburst. The flare during the tisthe peak of the
outburst seen in thdASM light curve is one of a collection of flares seen in tBAT light
curve (ephemeris from Finger et al. 2006).

Table 5.1: Log of the observations used in this work. The nlagion 1D, start and stop time
and total observation time are given. Appendix A contaihthal RXTE pointings.

Obs.ID start-stop time (MJD)  duratior
INTEGRAL 03200490001 53613.46-53615.89 ~ 200 ks
(56 scws)
RXTE P91085, P91086 53608.7-53638.8 ~ 140ks
(44 pointed obs.)
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Figure 5.3: Sketch of the 111.1days orbit of A0535+26 arotimel optical companion
HDE 245770. The red line indicates the fraction of the orhitig which theINTEGRAL
and RXTE observations were performed, with an arrow indicating tinection of motion of
the neutron star. The periastron time is represented witjuare (ephemeris from Finger et al.
2006).

5.1.1 Optical light curve wittOMC

The binary system A0535+26 happens to be in INREEGRAL FOV of the rou-
tine observations of the Crab source performed for calitmgburposes. No X-ray
emission from A0535+26 was observed (except during a flar20BB, Hill et al.
2007), while the optical companion HDE 245770 has been giadly monitored
with the OMC. The evolution of the visual magnitude for the availableastations
of A0535+26 withOMC? is shown in Fig. 5.4 (in Chapter 6, Fig.6.3, tt/C light
curve corresponding to tH&'TEGRAL observation in 2005 is shown). A decline in
the optical brightness of the star is observed in the Au§egtiember 2005 outburst,
reaching a minimum ofn, = 9.570 4+ 0.012. After that, the optical magnitude has
increased again, reaching, = 8.881 + 0.012.

As observed by Lyutyi et al. (1989) and Lyuty & Fseva (2000) in past giant
outbursts of A 0535+26, the optical magnitude of HDE 2457&€rdased prior to the
observed giant outbursts, and increased during the owitblilss was also seen in

2Based on data from th@MC Archive at LAEFF (http://sdc.laeff.inta.es/omc/indep), pre-processed
by ISDC
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Figure 5.4: Top panelOMC light curve of A0535+26 using all availabl&l TEGRAL obser-
vations. Bottom:ASM (2 — 10 keV) X-ray light curve for the same period of time.

V 0332+53: X-ray outbursts were preceded by optical brigimgin 1983, 1989 and
2004 (Kiziloglu et al. 2008). The same behavior is seen iMAMLC light curve, with
an increase of the optical flux before 2005 reaching a minin@im., = 9.036 +
0.012 in March 2004.

5.2 RXTEandINTEGRAL data analysis

5.2.1 X-ray spectral analysis

The spectral analysis ®XTE andINTEGRAL data was performed with the X-ray

Spectral Fitting PackagéSPEC v11.8 (Arnaud 1996), provided by the HEASARC
The count rate observed with an X-ray detectd(/) (photon counts per instru-

ment channel) is not the actual spectrum of the soyifég). The actual spectrum of

Shtt p:// heasarc. gsfc. nasa. gov/ docs/ xanadu/ xspec/ xspec11/ i ndex. ht n
4NASA's High Energy Astrophysics Science Archive Resear@mt€rhtt p: / / heasar c. gsfc.
nasa. gov/ docs/ sof t war e/ ft ool s/ ftool s_nenu. ht m
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Table 5.2: CriticalAx? to calculate confidence regions for the cases used in this (values
from Avni 1976).

Ayx?
Confidence level (%) No. of interesting parametels
1 2
68 % (10) 1.00 2.30
90 % 2.71 4.61
99% (30) 6.63 9.21
the source relates to the observed spectrum in the followang
o(I) = / f(E)R(I, E)dE (5.2)
0

whereR(I, F) is thedetector instrumental respongeroportional to the probability
that a photon of energ¥ is detected in the channél Inverting this equation will
give the spectrum of the source. But this inversion is nojuei The usual approach
to solve this problem is to define a modé( E), and calculate an observed spectrum
C,(I) by convolving f’(E) with the respons&(I, E). We then fit this calculated
spectrum with the observed one until we obtain a “good mabgtiveen the con-
volved model and the measured data. Typicafystatistic is used, which assumes a
Gaussian distribution for the spectral channels. Yheés defined as:

NI (L)

T (5.2)

wherec (1) is the error for channel. If y? exceeds a critical tabulated value, the
model used is not appropriate. The redugéds defined as¢2, = x?/dof, where
dof is the number of degrees of freedom. Generaffy; ~1 indicates a good fit (see
Bevington & Robinson 1992), but does not imply that the maslgheonly possible
one. In general a model will be acceptableff, ~ 1 is obtained together with an
acceptable physical explanation for the model.

Once a best fit model is obtained, confidence limits for the ehpdrameters can
be obtained. The method used here is described in Avni (1&T&jmplemented in
XSPEC. This is done varying the parameter value until {ffeincreases by a particu-
lar amount above the best fit value. The critidg}?, or amount thag? is allowed to
vary, depends on the confidence level required and on the ewofiparameters that
are being varied. Typical values for the critical? for one and two parameters of
interest are given in Table 5.2.

In order to perform spectral fitting, the instrumental resg® R (1, E) in Eq. 5.1)
has to be known. The response, as described above, is awmmifunction ofF,
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proportional to the probability that a photon of energy E ésedted in a channdl.
The continuous function is converted into a discrete fumgtthe response matrix
Rp(I,J), such as:

Ey
Ro(1.0)= [ RULEME/(E; - Er) 5.3)
E; 1
The response matrix includes non-linearities of the detetike escape peaks
or Compton scattered photons. The effective area and thetwumeefficiency as a
function of the energy are usually taken into account via ailiary response file,
ARF, that must be multiplied bR (I, J).

5.2.2 RXTE data extraction

RXTE data were extracted using tHe€TOOLS v6.3.# package provided by the
HEASARC. Information on theRXTE data extraction is available dhe ABC of
XTE andThe RXTE Cook Bookboth available at th@XTE GOF’. Specific scripts
mainly developed at AIT and at the University of Erlangenr&tuberg were used for
the data reduction. A description of these tools is avadlatht t p: / / pul sar.
sternwarte. uni-erlangen.de/w | ns/research/anal ysis/rxte/.

The selection of the data, and creation of good time inter¢@lTIs), were per-
formed according to the following criteria, following tHeXTE GOF recommenda-
tions: observations performed within 30 min of the SoutraAtic Anomaly passage
were rejected. The minimum source elevation above the tlwailowed was 10 to
avoid X-ray contamination from the Earth’s limb. And fBCA we excluded data for
which the electron ratio was higher than 0.1 in at least ortb®fetectors. This is
a measure of the electron contamination, given by a cer&tio of veto rates in the
detector (Wilms et al. 1999). With those GTls, using the appateFTOOLS v6.3.1
for each task, we extracted high resolution spectra and tigives, performed the
modeling of thePCA background and generated the response matrices.

Pulse phase resolved analysis has been performed withkfrees ebi n tool based
onfasebi n from FTOOLS v6.3.1 which takes the¢dEXTE dead time correction

5The detection of photons is mainly due to photoabsorptiothkydetector gas. As a consequence of
the photoabsorption, a characteristic fluorescence ph@toan Auger electron) is emitted. In most of
the cases, this fluorescence photon is reabsorbed nearténaction site. However, in some cases (for
instance if the photoelectric absorption takes place reastirface of the detector) the X-ray can escape
the detector. In this case, the energy deposited in the tdetiscsmaller by an amount of energy equals
to the original X-ray photon energy minus the characteriXtiray energy. This produces a peak in the
response function or “escape peak” (Knoll 2000).

6http:// heasarc. gsfc. nasa. gov/ docs/ sof tware/ ft ool s/ ft ool s_menu. ht m

"Guest Observer Facilitiit t p: / / heasar c. gsf ¢. nasa. gov/ docs/ xt e/ xte_1st . ht ni

8South Atlantic Anomaly (SAA): dip in the Earth’s magnetospéathat produces a higher particle flux
in that region, that can contaminate the observations
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into account (Kreykenbohm 2004). Dead time correctioHiX TE data is necessary,
because the movement of the cluster while rocking is treasedkad time in the off-
source data, and without this correction the backgrounttaciton would be wrong.

We included 0.5% systematic errors f&CA data. For most of our observations the
PCA count rate is large and the uncertainty is dominated by satie uncertainties
and not Poisson errors. In the caseHEXTE, the uncertainty is dominated by the
Poisson error of the data, because the count rate at higbggies and the effective
area of the detector are smaller. We therefore included stesatic errors in the
HEXTE data.

5.2.3 INTEGRAL data extraction

The INTEGRAL data analysis was performed wiSA, the INTEGRAL Off-line
Scientific Analysis software (available at ISB)Gollowing the instructions from the
JEM-X, IBIS and SPI cookbooks. For all thétNTEGRAL instruments, the analysis
is made of several steps, in which corrections are appligdeaata, the image re-
construction is performed and the spectra and light curiesxdracted. A detailed
explanation of these steps is given in theoduction to thelNTEGRAL Data Anal-
ysisavailable at ISDC.

Due to the dithering pattern (see ChapterlB)TEGRAL observations are made of
many pointings 0f~30 minutes separated by slews. Each of these pointingdésical
science windowthat are grouped inbservation groups

As was mentioned in Sec.4.2.INTEGRAL makes use of the coded mask tech-
nigue. In the following the basic concept in deconvolvinged mask data, relevant
to INTEGRAL analysis, is summarized.

Let S be the sky image, M the mask array and B the backgroune. nfdsk is
made of 1 (transparent) and 0 (opaque) elements. The shaalowgcorded on the
detector will be given by the convolution of the sky imagehititte mask array plus
the background,

D=S®M+B (5.4)

By building an array G such @& ® G = ¢ (whered is the Dirac’s delta function),
the deconvolved image S’ on the sky can be obtained:

S=D®G=S+B®G (5.5)

One problem of coded mask instruments, compared to foctsliagcopes, is that
the source of interest can be contaminated by bright soimdhs field of view. Con-
tamination can occur using thEEM-X standard spectral extraction tool (deeown
issuesof the OSA software atht t p: / /i sdc. uni ge. ch/ ?Sof t +downl oad).

9INTEGRAL Science Data Centtet t p: / /i sdc. uni ge. ch/ i ndex. cgi ?
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Therefore we checked that thiiEM-X A 0535+26 spectrum is not contaminated by
the Crab, that was observed simultaneously. We extracteésBBtR6JEM-X spec-
tra for all the science windows, and also excluding the sg@emindows which were
pointing closer to the Crab (dithering pointings 2 and 7)e Tlax of both spectra is
the same, so we are sure that the Crab is not contaminatingFrX A 0535+26
spectra. The Crab is a very well known source typically useccélibration (Toor
& Seward 1974, Kirsch et al. 2005). Systematics of 3 %JBM-X were evaluated
from the Crab spectrum in the same observation.

We have made use of alternative calibration files providedNAf-IASFPa to
extract/BIS (ISGRI) data. Instead of the standard LUT2 (look up table) file preslid
with OSA, we used a LUT2 which corrects the Charge Loss effect thatiges a
better energy correction of thBIS (ISGRI) events. We used ARF files provided by
the IASF-Pa group calibrated with the simultaneous Craledagions. Details are
given in Mineo et al. (2006) and the alternative calibratiites can be downloaded
fromhttp://ww. ifc.inaf.it/~ferrigno/integral/.

High resolution light curves were extracted using the alévei i _| i ght tool,
because this is not possible with the standa& tool. The ISDC cookbook recom-
mends the use afi _| i ght to analyze temporal behavior only within one science
window. OSA builds shadowgrams for each requested energy and time prodoice
the light curves, whilé i _| i ght makes use of the Pifto create the light curves.
This alternative method has been successfully used inétrdk (2006) and Kreyken-
bohm et al. (2008). The last author performed tests on alipatailable data of the
Crab pulsar up to revolution 464 and checked that!| i ght produces count rates
consistent with those obtained with the stand@$lA software for sources with an
off-axis angle up to 14 Since A0535+26 lies in the fully coded field of view in our
observations, the use bf _| i ght is justified.

10p|F: pixel lluminated Fraction, number between 0 and 1 tearesents the theoretical degree of
illumination of each detector pixel for a given source in shg
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The main outburst

In this chapter we present results from the timing and spkatralysis of the ob-
servations of A 0535+26 during the August/September 20@Buost performed with
RXTE andINTEGRAL. These results will be then compared to those obtained dur-
ing thepre-outburst flaren Chapter 7. As we will see, there is observational evidence
of a change during the flare compared to the rest of the outburs

During the data extraction process, an image has been pddaceach science
window. An/BIS mosaic image adding all the science windows in shown in Eiy. 6
in which A 0535+26 and the Crab can be seen.

6.1 Overview:RXTE andINTEGRAL light curves

We extractedNTEGRAL andRXTE light curves of all the A 0535+26 observations.
An overview of the outburst is given in Fig. 6.2, which sholws+ 3 — 30 keV PCA
light curves of the 44RXTE pointed observations, extracted with 128 s resolution
[MJD 53608.7-53638.8]. In this chapter we focus on the olagEms of the source
during themain outburst With main outburstwe refer to all observations except
the ones performed during thpre-outburst flaregfMJD 53610.595-53610.755], as
indicated in the figureJEM-X andIBIS light curves of thd NTEGRAL observation
[MJD 53613.46-5361989], near the peak of the outburst,fawe/s in Fig. 6.3. Those
light curves have also been extracted with 128 s resolufibie. OMC light curve of
the samedNTEGRAL observation is also plotted in the figure. A variability ireth
optical flux in seen during the observation, with short flaxéth a time scale of the
order of 10ks, and a change in the optical magnitude ufgito~ 0.7. Trunkovsky
(1995), from more than ten years of monitoring the opticahpanion, reported of
rapid changes in the optical variability with similar timea¢es, sometimes correlated
with the X-ray pulsar outbursts. The author proposed thett sptical variability may
be caused by irregular activity of the unstable gaseouslepeearound the Be star
(see also Lyuty & Zaseva 2000).

66
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Figure 6.1:20 — 40 keV IBIS mosaic image. Left panel: intensity mosaic image of A 053b+2
The white boxes show the catalog sources. Right panel:feignce mosaic image. The green
boxes show the detected sources (A 0535+26 and the Crab).

6.2 Pulse period determination

The first step of the analysis is the determination of thegplriod of the neutron
star. In the 1975 giant outburst, Rosenberg et al. (1976pdered pulsations of the
neutron star with a period of 8 ~ 104 s. As seen in Chapter 3, the source shows
an overall spin-down trend during quiescence, while dugiagt outbursts a spin-up
has been observed. We determined the pulse period WSIRGGRAL and RXTE
data and studied its evolution during the outburst. In Set16a first estimate of the
pulse period fromMNTEGRAL data using theepoch foldingtechnique is given. A
more accurate determination of the pulse period using BOTEGRAL and RXTE
data follows in Sec. 6.2.2.

6.2.1 First estimate: epoch folding

The pulse period can be obtained using époch foldingtechnique, described in
Leahy et al. (1983). The basic steps of this method are thasfilg: photon arrival
times are barycentric corrected to eliminate the effechefrhovement of the satellite
around the Earth and the Earth around the Sun. These ames aire then corrected
for the movement of the neutron star on the binary orbit. Tdletlcurve is folded
with a range of trial periods, andy@ maximization method is applied, calculating
the deviation of each profile from a flat distribution. Theltegt value of¢? will give
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Figure 6.2:PCA light curves of all available observations during the Augsisptember 2005
outburst. This chapter is dedicated to the analysis ofrthm outbursishown in black), while
in Chapter 7 a dedicated analysis of gire-outburst flarggray in the figure) will be presented.

the best estimate for the period.

We applied the epoch folding technique/BIS andJEM-X light curves, extracted
with At = 1s time resolution. We performed barycentric correctionh® photon
arrival times, as well as the binary correction using theated ephemeris from Finger
et al. 2006 (given in Table 3.1). To produce the trial pulsefifgs we used 100
different trial periods in the rangg,i.1 € [103 — 103.45] s and 80 phase bins for
the profile. The energy range used 8IS is 25 — 35 keV and5 — 35 keV for JEM-
X. The result is shown in Fig. 6.4. As best value for the pulséopewve take the
maximum of they? fitted to a Gaussian. The FWHM of the distribution gives an
upper limit for the uncertainty, and can be calculatedPdst, approximating the
distribution by an isosceles triangle (wheleis the best period anti the elapsed
time). We obtained the following value for the pulse periadhowith JEM-X and
IBIS: P = (103.39 + 0.05) s.

6.2.2 Phase connection method

A more accurate value for the pulse period has been obtasied thephase connec-
tion method (Fritz et al. 2006, Ferrigno et al. 2007). The firsp sitthe method is
to divide the barycentric and binary corrected light curnve intervals, each of them
with good enough statistics to reproduce the pulse profile. each light curve, a
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Figure 6.3: OMC (top panel),JEM-X (middle panel) andBIS (bottom panel) A0535+26
light curves of the~ 200 ks INTEGRAL observation. The observation was performed shortly
before the peak of the outburst.

pulse profile is produced using as first estimate for the petie one obtained from
epoch folding. A stable feature of the pulse profile is seléas reference, and this
reference phase is converted to absolute pulse arrival tifimem the differences of
those times for the different pulse profiles, the number ofeybetween the different
profiles (very close to an integer) can be determined.

The absolute pulse arrival times can be calculated usingplfeving expansion
(Lyne & Graham-Smith 1990):

1 .
T:T0+nP+§7L2PP+... (6.1)

where n is the number of cycleB, the pulse periodP the period derivative and,
a reference time. Excluding higher order terms, the valtig3 and P are modified
in an iterative process, until the difference between theeoked and calculated pulse
arrival times is minimized.

The final values o and P are determined by fitting the valuesBf— T; vsn to
a second order polynomial. The coefficients of the polyndaiiaw to obtainP and
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figures.

P (comparing with Eq. 6.1) and their correspondent uncetiesn

6.2.2.1 Phase connection WitNTEGRAL IBIS

We first applied th@phase connectiomethod to thdBIS data. We extracted th&IS
(ISGRI) 15 — 60 keV light curve withAt = 1 s resolution and divided it into 27 light
curves oft ~ 6 ks each (grouping every 2 science windows). For each of tligise
curves we produced a pulse profile, using the period obtdimmed epoch folding.
We then selected a reference phase, and calculated theitogolse arrival time of
that reference phase. The reference phase used from thegrofdes is shown in
Fig. 6.5 (left panel). We used the mid point of the sharp eddbe pulse profile. We
performed a linear fit using the pulse profile data pointsesponding to the edge,
and determined the mid point. The number of cycles betweasetheference phases
is then counted.

Eq. 6.1 allows to calculate the absolute pulse arrival tingisag the number of
cycles. An iterative process is applied to determine thegpkriod. The result is
given in Table 6.1. The pulse period evolution of A0535+2&siits discovery in
1975 until 2005 is shown in Fig. 6.6.

Table 6.1: Pulse period measured WNTEGRAL IBIS (ISGRI), and formal (non-significant)
value for the spin-up.

P = (103.39315 + 0.00005) s for MID 53614.5137
P=(=37+20) x 10 %ss!
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Figure 6.5: Left paneliBIS example pulse profile used in tp@ase connectiomethod. The
vertical line crossing the mid-point of the sharp edge iat#is the phase used as reference.
Right panel:PCA example pulse profile. The phase used as reference is alsatied, calcu-
lated in the same way as f&BI/S data.

1975 1980 1985 1990 1995 2000
0 3 e A L A

104.0—

,%D ¢gﬂ

0 B :
b 103.5 i . % \

2005
T

_mm
u

—R
i

103.0—

102.5 i I I I I I
44000 46000 48000 50000 52000
MJD

Figure 6.6: Pulse period history of A0535+26 since its distp in 1975 until 2005. The last
point (star) is ouINTEGRAL IBIS measurement.

6.2.2.2 Phase connection WilXTE

We applied the same method to determine the pulse period BXTE data. For
each available observation, we extracted barycentricected PCA and HEXTE
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Figure 6.7: The solid line represents the pulse period é&eolwf A 0535+26 during the out-
burst (right axis). The diamonds represent the — 30 keV PCA mean count rate for each
available observation during the August/September 20@buost (left axis), and the dotted
line connects these points. The mean was obtained averegafgindividual light curve. The
error bars represent the standard deviation of the disimibéor each observation. The vertical
dashed line indicates the time of periastron.

light curves and corrected the photon arrival times for th#tal motion. We then
produced pulse profiles using as trial period the one obdaivith the INTEGRAL
observations. For botPCA and HEXTE we determined a reference phase in the
pulse profiles. As phase reference we selected the midpbansbarp edge present
in the pulse profiles, an apparently stable feature (seeFgight panel).

The pulse period is approximately constant during theahipire-outburst flare,
and a significant spin-up is measured after periastron. €hieghevolution after the
periastron can be described by a third-order polynomiale figsults of the fit are
provided in Table 6.2. The period at any time during the orgbis well-described
using those functions, ant 5 ms is a conservative estimate of the uncertainty. It is
consistent with the period measured usiNgEGRAL data within uncertainties. The
function describing the period evolution is plotted in Fégz. It should be noted that
the sharp change of the pulse period at periastron is arcatiféature of the model
used, the real transition is smoother. The best valuesradutdor the pulse period are
given in Appendix B.
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Table 6.2: Formal function describing the pulse period @voh during the outburst. The
reference for the third order polynomial fit is MJD 53618. irMJD 53629 on the period is
essentially constant.

MJD 53608.70 — 53613 53613 — 53629
P(s) 103.3960(5) 103.3883(5)
P(10~8s/s) - —~1.69(4)
P(10~s/e?) - 0.9(3)

A3 P/dt3(10~2s/s%) - 2.5(9)

6.3 Pulse profiles

Applying the measured pulse period and its derivatives l lfight curves, we stud-
ied the energy dependent pulse profiles both WWREGRAL and RXTE. Fig. 6.8
shows the pulse profiles obtained wilkM-X and IBIS (left panel) andPCA and
HEXTE (right panel), from~ 3 keV to up to200 keV. Two pulse cycles are shown
for clarity. TheRXTE observation was performed relatively near to INGEGRAL
observation, at a similar luminosity level, and the energpehdent pulse profiles
with INTEGRAL and RXTE as expected do not show significant differences. Sim.
ilar to other accreting pulsars, the source shows a complEiein the low energy
range ¢ 2—20keV). A simpler double-peak profile is observed frégm~ 20 keV to

E ~ 45keV. At higher energies the second peak is significantlyceduThe source
is observed to pulsate up 0 ~ 120 keV, while aboveF ~ 120 keV no modulation
is detected.

We also studied th&XTE pulse profile evolution during the outburst. A selection
of pulse profiles at different luminosity levels during thettaurst has been made, and
several similar observations have been grouped to incteastatistics. An overview
of the evolution of the energy dependent pulse profiles duttiie outburst is given
in Fig. 6.9. The pulse profiles during the main part of the atébdo not show
dramatic differences. They do show some differences (eejwden phases 0.8—-1
between groups 2 and 3 in Fig. 6.9), but they evolve slowlyaieig very similar
for days. The individual pulse profiles of the |RIXTE pointed observations are
shown in Appendix C.

We wish however to mention that the light curve presentsangtpulse to pulse
variation, which disappears when averaging over sevetakpuThis can be seen in
Fig. 6.10, where théCA light curve is shown overplotted with the pulse profile for
several cycles.

The pulsed fraction from a pulse profile in a given energy esisglefined as:
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Fmax - Fmin
PF = —7———, 6.2
Fmax“v‘ Fmin ( )
whererly, .« andF,;, are the maximum and minimum values of the flux in the pulse

profile.

The pulsed fraction of A0535+26 as a function of the energpgu$#CA and
HEXTE data has been calculated. As an example, the pulsed frdotiome RXTE
observation using all phases is shown in Fig. 6.11 (left paéove £ ~ 20 keV
the pulsed fraction increases with the energy. Howeverceedse of the pulsed frac-
tion with increasing energy below ~ 20KkeV is observed. At low energies, the
photospheric absorption plays an important role. We hagealcalated the pulsed
fraction removing the phases corresponding to the sharpmigent in the low en-
ergy pulse profiles (phases 0.05-0.15 in the right panel@f6=B). As can be seen
in Fig. 6.11 (left panel), the decrease of the pulsed fractiith increasing energy
is caused by this sharp dip. The dip, which is an extremeblyistieature along the
whole outburst, can be due to a strong absorption, and i@negge for the change



Chapter 6.3: Pulse profiles 75

MID
53610 53615 53620 53625 53630 53635

w

@ 800|— —

f=

=]

3

S 400~ -

O

a

o
Group 1 Group 2
450 A 800
3501 1/ pca 1.75-4.22keV | 600 || PCA 1.75-4.22keV -
450 = b 900 K A
3501 1| pca 422-6.28keV | 700t |[ pca 4.22-6.28keV |

. T00: 4 15001 —

2 soop |[ pca 6.28-10.42keV - 11001 |] PCA 6.28-10.42keV |

=]

8  700f 4 15004 4
500 PCA 10.42-20.45keV - 1100- Y PCA 10.42-20.45keV 1
300fF ] 00 |
2005 § HEXTE 20.44-44.69keV 4500 [ HEXTE 20.15-44.53keV

60 b 110+ 8
300/ HEXTE 44.69-91.10keV 50L./ HEXTE 44.53-91.19keV
0.0 05 1.0 15 2.0 0.0 05 1.0 15 2.0
Group 4
300F 4o b
200L I PcA 1.75-4.63keV 30" pca 1.75-4.62k&
200} g 22t —
1501 ) pca 4.63-6.28keV | 160" PcA 4.62-6.27keV

,  400¢ 8 s 7

g 300 || PCA 6.28-10.41keV | 25 PCA 6.27-10.41keV Wy

3 400 g 18- |
300kA] pca 10.41-20.45keV 12 pca 10.41-20.44keV
ol D % Rt st VAR |
1000.) HEXTE 20.15-44.53keV 8 HEXTE 20.44-44.69keV ' |

L o Rt a sl
o™ HEXTE 44.53-91.19keV | S exTe 44.69-91.10keV
0.0 05 1.0 15 2.0 0.0 05 1.0 15 2.0
Phase Phase

Figure 6.9:PCA and HEXTE energy dependent pulse profiles at four different lumirydsit-
els during the August/September 2005 normal outburst. Fpemupanel contains theCA
light curve, and the different observations that have beenpged are labeled. The four panels
below the light curve show the pulse profiles for the différgroups. (Groups 1,2,3,4 corre-
spond to observations 7-10, 16-21, 26—29 and 34-39 fromrilppé respectively).



76 Chapter 6: The main outburst

counts/s

PCA298-20.45keV
0 100 200 300 400

counts/s

e L L Ty A
3
3

PCA 2.98-20.45 keV

500 600 700 800 900

=
o
S
S

s

PCA 2.98-20.45 keV

1100 1200 1300 1400 1500
time(seconds after MJD 53614.6619)

=
o
S
[}

Figure 6.10: Pulse to pulse variation of A0535+26. The dadine represents theCA light
curve, and the solid line represents the pulse profile obdhiim the same energy range.

in the pulsed fraction evolution. However, even with thelesion of this dip there
is still a slight decrease of the pulsed fraction with insieg energies for energies
below £ ~ 5keV. We explored this behavior in the phase resolved spésta
Section 6.4.3).

The evolution of the pulsed fraction during the outburstl Hrerefore its evolution
with the luminosity, has also been studied. For this purpaseenergy bands have
been selectedi — 20 keV (PCA data) an®0 — 40.8 keV (HEXTE data). The pulsed
fraction evolution during the outburst is plotted in thehtigpanel of Fig. 6.11. Dur-
ing the rise to the peak of the outburst, the pulsed fracti@sents a scatter in both
energy ranges, and no correlation between the pulseddraatid the luminosity is
seen. On the other hand, during the decay of the outburstth20 keV pulsed frac-
tion increases with decreasing luminosity. This corretattan not be assessed with
the HEXTE data because at lower luminosities and higher energiesitertainties
become too large.

During the giant outburst in 1994, quasi periodic oscitlai were found, confirm-
ing the presence of an accretion disk. Apart from the puls®geand its harmonics,
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we found no QPO-like features in the power spectrum of theusti§eptember 2005
normal outburst (see Fig. 6.12).

6.4 Spectral analysis

X-ray spectra of A0535+26 have been extractedRXTE and INTEGRAL. Both
instruments allow to perform broad band spectroscopy, fiergies from a few keV
up to~ 200 keV.

In accreting X-ray pulsars, the continuum spectrum is tgibycmodeled with a
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Figure 6.12: A0535+26 power spectrum frdBIS light curve. A strong peak at the pulsar
spin-frequency = 1/P ~ 9.6 mHz (and harmonics of the frequency) is seen. We find no
evidence for QPOs.

power law with a cutoff at higher energies. The cutoff for trexscreting pulsars lies
in the5 — 25 keV range, and the power law index is in most of the case§ 1.5
(Coburn et al. 2002, see also Sec. 2.2.4 in Chap. 2). Themramt can be modified
by a Fe fluorescence line at 6.4 keV, and as seen in Chaptec 2S26) cyclotron
absorption lines modify the continuum of some accretinga}{pulsars.

The most common functions to phenomenologically model thdicuum of ac-
creting X-ray pulsars are the following: (the names of thalels and parameters as
are those used iIXSPEQ.

Powerlaw with an exponential cutoffut of f pl :

F(E) = KE~%¢ E/Fru (6.3)

where K is the powerlaw normalization, the photon index and. 4 the folding
energy.
Powerlaw with a high energy cutoffij ghecut :

KE—© E < By,
F(E) — { KEfae(Ecut*E)/ﬁ E > Ecut
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whereK is the normalizationy the photon indexg the folding energy and..,,; the

cutoff energy. This function has a discontinuity in the fastivative att = E., that

can produce a line-like feature in the residual&at- E.,;. This is usually solved

adding a Gaussian line in absorptionfat= E.,; (e.g. npl cut in Coburn et al.

2002) or adding a smoothing function around the cutoff epéBuirderi et al. 2000).
Negative positive exponentiapex (Mihara 1995):

F(E) — (AlE—m + A2E+a2)e—E/kT (6.4)
Powerlaw with Fermi-Dirac cutoffdcut (Tanaka 1986):

1
1 + e(E—Eeut/Ero1a)

F(E)=AE“ (6.5)

We tried the above models to fit the X-ray continuum of A 0535+&nd we se-
lected thecut of f pl , because it is the simplest model that reproduces the ddita we
We included in the model a fluorescence Fe line at 6.4 keV neddelth a Gaussian
line. The line results do not depend strongly on the modeaercontinuum chosen.

6.4.1 Cyclotron lines

Both in INTEGRAL and RXTE two strong absorption features are present in the
residuals at energies arouAd~ 46 keV andE ~ 102 keV, interpreted as cyclotron
resonance scattering features (fundamental and first meindo model the absorp-
tion features, we used a Gaussian optical depth profile jwhimdifies the continuum

in the following way:

F(transmitted fluz) = F(intrinsic) x e~ ™5, (6.6)

with 2 2
() = ree~(E-E/(207) (6.7)

where E.. is the energy of the cyclotron resonaneg,is the optical depth at the
resonance energy amd is the width (Coburn et al. 2002).

The fit of INTEGRAL data without including absorption lines in the model gives
ax2,4 = 26.7/255 dof. After the inclusion of a line ab' ~ 46 keV, x2 , improves
to 1.98/222 dof. The improvement of the fit when including eosel line attl ~
102 keV is less dramatic, but the?_, is further reduced to 1.39/219 dof. The best fit
parameters including two absorption lines are given in d&b3.

We performed a spectral analysis of all the availdRMTE observations, for en-
ergies above 5keV. Using data below 5keV, RXTE data is compatible with a
black body component dtzT ~ 1.2keV. However, due to a feature in the resid-
uals aroundv 4.7 keV (instrumental xenon L edge, see Rothschild et al. 20086),
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Table 6.3: Best fit parameters fINTEGRAL andRXTE data.RXTE observation is observa-
tion 16 from Appendix A. Errors are 90% confidence for one peater of interest.

INTEGRAL RXTE
o 0.665.05 0.55+0 02

Eroia(keV) 175792 17.7403

Ocye,1 (keV) 90t8§ 10.3t8:g

Teye,1 0.407091 0.4870:02
Ecye2(keV) 10273 10215

oo (keV) 82 8°3

T2 117573 1.0%0:4

Xfea/dof 1.40/219 1.10/211
FluX(20_s0ykev (Ergenm2s71)  (5.848700%) x 1070 (6.04210047) x 1077

excluded data for energies below 5keV in our analysis. Feradibservations with
higher flux and good statistics, two Gaussian absorptieslatF; ~ 46 keV and
E> ~ 102keV were necessary in the model. In some of the observatiolysome
line at £y ~ 46 keV was included in the model. For the low luminosity obséores
during the decay of the outburst no absorption lines wereadd the model. As
an example, foRXTE observation 16 from Appendix A, the fit to the data with no
absorption lines in the model gives@,, = 13.8/217 dof. Including one absorption
line at~ 46 keV improves the fit to¢% ; = 1.14/214 dof, and including a second line
at~ 102keV further reduces thg? , to 1.10/211 dof. In Table 6.3 the best fit pa-
rameters of thilRXTE observation, performed at a similar luminosity level thaa t
INTEGRAL observation, are given. The best fit parameters for all ther®®XTE
observations are given in the Appendix D.

In Fig. 6.13INTEGRAL andRXTE spectra are shown. The upper panel includes
the data plus model, and the lower panels show the residwats fit without includ-
ing absorption lines, including one line and including tieek.

In order to evaluate if the absorption features detectetiénrésiduals are real or
an artifact of the model used, we calculated the energy afebenance adopting the
different models for the continuum defined above. The begtdiameters for the
cyclotron line using the different models are given in Tehk, and allow to confirm
that the cyclotron line energy is model independent.

The ratio between the pulse phase averaged centroid eséigie, : E.y. 1, cal-
culated using theNTEGRAL values, is2.23 + 0.04 : 1 (at 68% confidence level).
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Figure 6.13:INTEGRAL (left panel) andRXTE (right panel) phase average spectra. In both
figures the upper panel shows the data plus model. The thnes fmnels show, from top to
bottom, the residuals of a fit without absorption lines, ilidhg one absorption line & ~

46 keV and including two absorption lines At~ 46 keV andE ~ 102 keV.

From the values obtained of the cyclotron energy, it is gsgb estimate the mag-
netic field (see Chapter 2, Sec. 2.2.6). Taking into accdwgtavitational redshift,
the cyclotron energy (and magnetic field) will be shifted tbigher position. In
Table 6.5 the magnetic field derived from the cyclotron epengasured withN-
TEGRAL for different values of the gravitational redshift z=0, z£® (assuming
R =14km, M = 1.4Mg) and z=0.3 (assuming = 10km, M = 1.4 M) is given.

The deconvolved spectrum and the best fit modelXFEGRAL andRXTE data
are plotted in Fig. 6.14.

6.4.2 Cyclotron line energy evolution with X-ray lumingsit

RXTE monitoring observations have allowed to study the evotutbthe spectral
parameters during the outburst. Of special interest is to&igon of the cyclotron
line energy with the luminosity, since it can reflect vaoas of the line forming
region (see Chapter 2, Section 2.3.1.1).
The centroid energy of the fundamental CRSF versus the Xdrajnosity during
the main outburst is shown in Fig. 6.15. The luminosity wadswated assuming a
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Table 6.4: Cyclotron line parameters of A0535+26 usingedéht models for the continuum
for RXTE observation 16 from Appendix A. The errors are 90 % confidéocene parameter
of interest. In this work we adopted ti@t of f pl model.

cutof fpl  npl cut fdcut npex
Eeyen(keV) 461702 46.070% 459792 46.075¢
o1 (keV) 101492 102758 11t0E 100752
m 0.4570-02 0461903 0.58T088  0.47°92
Eeye.o (keV) 10315 10313 10115 102 (fixed)
oa(keV) gts gts 7+ 8 (fixed)
T 1.0753 10553 09793 1.0703
x2,q/dof 1.08/364  1.05/360 1.00/362  1.08/364

Table 6.5: Magnetic field of A0535+26 derived from the cyatline energy measured with
INTEGRAL using ES [keV](1 + z) = 11.6B12 for different values of the gravitational
redshift.

z=0 2z=0.19 2=0.3
B(10'2 G) | ~396 ~4.71 ~b5.14

distance to the system df= 2 kpc (Steele et al. 1998). Values of the cyclotron line
measured fronSuzakuobservations of the declining phase of the outburst (Terada
et al. 2006), as well as from &TM & HEXE observation of the April 1989 giant
outburst (Kendziorra et al. 1994) are included in the figure.

The evolution of the cyclotron line energy and of the contimuparameters (pho-
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Figure 6.14: Energy unfolded spectrum and model of A0535+28&t panel: INTEGRAL
observation. Right paneRXTE observation 16 from Appendix A.
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Figure 6.15: Evolution of the energy of the fundamental imeifferent luminosity states in the
3-50keV range for oulNTEGRAL andRXTE values. We included data points froBuzaku
(Terada et al. 2006) from the declining phase of the AugesgtSnber 2005 outburst and values
from TTM/HEXE(Kendziorra et al. 1994) from the March/April 1989 giant lmuitst.

ton index and folding energy) for the observations in whicé tyclotron line was
detected are plotted in Fig. 6.16. As seen in Fig. 6.15, tleen® significant corre-
lation between the cyclotron line energy and the lumingsifith the cyclotron line
energy remaining constant within uncertainties duringrttan outburst. The rise to
the peak of the outburst presents a hard, relatively cohspattrum, withoe ~ 0.6.
The decay of the outburst shows a smooth softening of therspecreaching a pho-
ton index ofa = 1.00 4+ 0.03.

6.4.3 Phase resolved spectroscopy

Depending on the rotational phase of a neutron star, theadrdeoks at the emission
region from different angles. Therefore, one would expleetspectral parameters ob-
tained at different rotational phases to differ. We havégrered pulse phase resolved
spectroscopy for A0535+26 to study this possible effect. Nakge extractedRXTE
spectra for ten phase intervals. The evolution of the spegarameters as a function
of the phase is plotted in Fig. 6.17. In Fig. 6.18, the pulsasghevolution of the
centroid energy of the fundamental and first harmonic cyafotines is plotted, as
well as the ratio between the first harmonic and fundamegtdbtron energies. Ta-
ble 6.6 contains the best fit values from the phase resolvalysis. The cyclotron
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Figure 6.16: Evolution of the cyclotron line energy, photodex and folding energy during
themain outburst

line slightly varies with the pulse phase. The centroid gnés smaller during the
main peak of the pulse profile (phase inte¥dl — 0.2) and increases with the phase
reaching a maximum in the phase interdl — 0.6. The separation of the maximum
and minimum is~ 5keV (~ 11%). We can conclude that the variation in the cy-
clotron line energy between the maximum and minimum valsasgjnificant at &o
level. The ratio between the two cyclotron lin€s,. > : E.y. 1, rather than being
constant, presents a variation with the pulse phase, meg2t88 + 0.05 : 1 for phase
0.1 — 0.2 compared tal.95 + 0.07 : 1 (at 68% confidence level) in the phase inter-
val 0.6 — 0.7. The continuum parameters of A 0535+26 show a significanatian
within the pulse phase. The photon index reaches a minimumglthe main pulse,
revealing a harder spectrum.
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Table 6.6: Best fit values of phase resolved analysis. Theddlsimn (Pl) gives the phase
interval. The first harmonic width and depth have been fixeg.§o> = 8keV andreyc,2 = 1
respectively. In phase intervals 0.8—-0.9 and 0.9-1.0, teeHarmonic energy has also been
fixed to Ecyc,2 = 103 keV. The uncertainties are 90% confidence for one parameieteoest.

Pl a Frold  Eeye(12) Ocye(12)  Teye(1,2)  Xoea/dof

0.0-0.1 0297055 1527073 44.8700 111719 0.65700%  1.76/180
10675 10 1

0.1-0.2 0.247005 17.279% 433759 145759 0.68700%  1.29/94
10373 10 1

0.2-0.3 0.60709% 19.870% 442709 115715 0.50100%  1.10/197
10573 10 1

0.3-0.4 0.857003 225707 454710 107715 038700 1.36/198
10373 10 1

0.4-0.5 0.86705% 21.5757 459713 85715 0317057 1.42/190
10375 10 1

0.5-0.6 0.707003 18.770%8 48.4%13 88715 0357002 1.41/175
99*¢ 10 1

0.6-0.7 0.59709%1 17.370% 482714 8713 0.37100% 1.46/182
94716 10 1

0.7-0.8 0447005 159%0% 465715 86717 045M000 1.25/182
10277 10 1

0.8-0.9 0.37700% 151752 455705 91708 0.697008  1.36/97
103 10 1

0.9-1.0 0.277012 114777 441721 72718 0897017  0.98/97
103 10 1

6.5 Discussion of results

6.5.1 Pulse period and pulse profiles

The pulse period of the neutron star appears to be constanggdhe beginning of
the outburst,P = 103.3960(5) s, and a spin-up starts around the periastion:
(—1.69 £ 0.04) x 10~%s/s measured at MJD 53618. The pulse period falls expo
nentially at the end of the outburst. As seen in Chap. 3 (S&18 a spin-up of
v~ 0.6 x 107" Hzs~! was measured during the June 1983 giant outburst (Sembz



86 Chapter 6: The main outburst

s - +___+
e et

46 +~ H‘;”‘,#Hm#ﬂH,»uuu“m»?‘#wr‘_ﬁ,

¥ gt

43—

Eye (keV)

'AI
]
;‘I

AR i

et %Y

- iy

12— 4 -7 '\#_».‘,
‘,% Ly L>‘{H\—,}}»>»<<‘H—¥-\\»r’4{4

B R At

12

o (keV)

i
NEEN
et et _
! Febebay by -

=07 - - - & - R S P B R B o B B A SRR ISP o
B T~ - .

-4
=

_ s .
g ———%"
02 hd he o

1.0

1" PR il o

K AREE - T~
osE o5 e .
X | - L R S SR TR e RN e B O TR

a
[T

T
¢
1
1
I
4
\
‘,
4
<1
T
1
fe

0.0
20

oy ~
A AT T e e \ w,-‘,',*-—

- + - - [ Lok
15 7o | L T AR AL RO },T}'&‘—,.L_Lx&

Eqa (keV)

10

o
o [T 1

0.2 0.4 0.6 0.8
phase

Figure 6.17: Best fit parameters of A0535+26 as a functiorhefpulse phase foRXTE
observation 16 (Appendix A). The diamonds in the first thragqgts show the evolution of
the fundamental cyclotron line parameters endigy., width o and depthr as a function of
the pulse phase. The diamonds in the two lower panels shoevthiation of the continuum
parameters as a function of the pulse phase. The dashefineating the diamonds is shown
to guide the eye. In all panels the dotted line represent$4%h&—80.6) keVHEXTE pulse
profile. Uncertainties are 90% confidence for one paraméieterest.

et al. 1990), and a spin-up of~ 1.2 x 10~ ! Hzs~! was measured during the 1994
giant outburst (Finger et al. 1996). In this work, a spin-ag been measured for the
first time during a normal outburst of A 0535+26, giving evide for the presence of
an accretion disk.

Energy dependent pulse profiles of A0535+26 duringrtfan outburstvere an-
alyzed. We find very complex shape of the pulse profiles forges belowE ~
20 keV. A simpler double peak profile is observed frégm~ 20 keV to £ ~ 45 keV,
while at higher energies one of the peaks is significantlyuced. The source is ob-
served to pulsate up tB ~ 120 keV, while aboveE ~ 120 keV no modulation is
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Figure 6.18: Best fit values of the cyclotron line energy asrection of the pulse phase: fun-
damental (top panel) and first harmonic (middle panel) asgnted with diamonds. Values for
RXTE observation 16 (same as in Fig. 6.17). The bottom panelsepts the ratio between the
first harmonic and fundamental cyclotron energi€s,c 2/ Fcyc,1. The dashed line connect-
ing the diamonds is shown to guide the eye. The dotted linesepts the44.5 — 80.6) keV
HEXTE pulse profile. The uncertainties are 90% confidence for orenpeter of interest.

detected. A dedicated analysis of the energy dependere pudsiles will be pre-
sented in Chap. 8. On average, the energy dependent pufdegpodtained during
the August/September 2005 normal outburst show basicresatery similar to those
observed in past giant outbursts in 1980 (Frontera et abY1 9889 (Kendziorra et al.
1994) and 1994 (Bildsten et al. 1997), as can be seen congégn3.3 with Fig. 6.8.
This suggests that the basic mechanisms and geometry afdhetian remains stable
for the source.

A strong pulse to pulse variability is however seen in A0535{see Fig. 6.10).
Strong pulse to pulse variation, giving on average stablsepprofiles, was already
observed for A0535+26 in past outbursts (Frontera et al5188etschmar 1996),
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as well as for other accreting X-ray pulsars, like Vela X-fa(f®ert et al. 1980), and
GX1+4 (Elsner et al. 1985). For GX 1+4, the authors suggest ttie variability
might be caused by time-variable processes occurring iméugron star magneto-
sphere, away from the region of the pulse formation. Pladmeets, filaments and
blobs of matter may penetrate deep into the magnetosphere faem the polar re-
gions (Elsner & Lamb 1976), causing the variations seen fpoise to pulse. But
this could also be explained with changes in the physicatlitimms at the base of
the accretion column, resulting from variations in the ation flow. The mecha-
nism causing the variability in the single pulses, in cositta the stable pulse profile
shapes, is up to date highly unknown.

As seenin Fig. 6.11 (left panel), for energies abAve 20 keV the pulsed fraction
is found to increase with the energy. The increase of theegufsaction with the
energy is a known feature in accreting pulsars (see e.g. e/¢ial. 1983). It was
already reported for A0535+26 in Frontera et al. (1985), alt as for 4U 0115+64
in Tsygankov et al. (2007), GX 1+4 (Ferrigno et al. 2007), O¥837-415 (Barnstedt
et al. 2008), EXO 2030+375 (Klochkov et al. 2008a), and foekection of other
accreting pulsars in Lutovinov & Tsygankov (2008). Thes# &uthors propose that
the increase of the pulsed fraction with the energy is cabgeithe fact the harder
photons are emitted closer to the neutron star surface hésegion can be obscured
during certain rotational phases.

For A0535+26, we have found a decrease of the pulsed frastitmincreasing
energies in the- (3 — 20) keV range. To our knowledge, this is the first time that
a decrease of the pulsed fraction with the energy for an tiogrX-ray pulsar is
reported. The pulsed fraction of 4U 0115+64 was calculateddio £ ~ 3keV in
Tsygankov et al. (2007), and it was found to increase withetiergy at all energies.
As seen in Sec. 6.3, the decrease is mainly caused by thedipgm@sent in the pulse
profiles at low energies (see left panel of Fig. 6.11). This erplored with phase
resolved spectroscopy (Sec. 6.4.3). We would have expecttsbnger absorption
in the phases around the sharp dip. However, no absorptisrpvesent in the low
energy spectra. It should be noted however that due to tireimental xenon L edge,
it is difficult to model the spectrum below 5keV, and we haveleded data below
5keV in the analysis.

During the rise to the peak of the outburst a scatter of theqaliraction, showing
no correlation with the X-ray luminosity, is observed. A pite interpretation will
be given in Chapter 7, motivated by the findings related tgtieoutburst flare

During the decay of the outburst, however, there is a cdroel®detween the pulsed
fraction and the X-ray luminosity. As the luminosity decses, the pulsed fraction in-
creases. The evolution of the pulsed fraction of 4U 0115+ tlue luminosity was
presented in Tsygankov et al. (2007), where a decrease giulised fraction with
increasing luminosity was reported. The authors explaivith the fact that the geo-
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metrical size of the emission region increases with the haisity (or accretion rate),
and therefore the pulsations are smeared out at higher dsities. This trend is seen
in A0535+26 during the decay of the outburst. As the accnetite decreases, the
size of the emitting region becomes smaller, causing thgepiufraction to increase,
since the emission region can be obscured during a largetidneof the rotational
phase.

6.5.2 Cyclotron lines

Our observations have allowed to confirm the presence ofuthésfimental cyclotron
line at Eeye1 ~ 46 keV, with the first harmonic at/.y. o ~ 102keV. As seen in
Chap. 2, cyclotron lines are thanly direct way to measure the neutron star mag-
netic field. We find a magnetic field of the orderBf~ 5 x 102G for A0535+26.
We find a ratio between the measured pulse phase averagedidef,,c o, Ecyc 1

of 2.23 + 0.04 : 1, that deviates from the harmonic relation. A non-harmoaic r
tio has been found between the fundamental and the harmionitker sources (in
4U 0115+64, Santangelo et al. 1999b, and marginally in Vela Kreykenbohm et al.
2002). A non-harmonic ratio is actually expected when ishti@ng relativistic cor-
rections (Eg. 2.33), but this effect is very small, and in aage the expected spacing
is smaller than the harmonic one. The effect of higher ratiasyclotron lines was
studied by Nishimura (2005), who proposed that the dewviatioom the harmonic
ratio originate in a magnetic field that varies significantlthe line forming region.
This is still a debated topic under investigation (see ecpé8herr et al. 2007).

The evolution of the cyclotron line energy with the X-ray liwmsity has been
studied, in the context of the recent findings by Tsygankal.g2007) and Staubert
et al. (2007). A review of these results, in agreement withttteory developed by
Basko & Sunyaev (1976), was given in Sec. 2.3.1.1. To briefigraarize, for some
sources (for instance V 0332+53) a negative correlatiowden the cyclotron line
energy and the X-ray luminosity has been found. On the othadhfor Her X-1 a
positive correlation between the cyclotron line energytiedX-ray luminosity exists
(Staubert et al. 2007). This has been interpreted with agiafthe height of the
line forming region with the X-ray luminosity, with a diffent behavior for sub- and
super-Eddington regimes. In the case of A0535+26, consiglatl our values from
RXTE andINTEGRAL, as well asSuzaku(Terada et al. 2006) anfiTM & HEXE
(Kendziorra et al. 1994), no correlation is detected, satigg that the line forming
region does not vary with the luminosity of the system. Thsealoe of a negative
correlation between the cyclotron line energy and the lasity, together with the
fact that all the measurements have been performed at lomasitiesL 3 50y kev S
1037ergs™! (except theHEXE data, for which the too large uncertainties do not allow
to distinguish any positive or negative correlation) sigggé¢hat A 0535+26 is in the
sub-Eddington regime. It will be interesting to observe 895%26 during a giant
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outburst with the present generation of X-ray satellitessttidy the behavior of the
cyclotron line energy at higher luminosities.

We have studied the behavior of the cyclotron line energy amation of the
pulse phase. Due to the rotation of the neutron star, therodrssees the emission
region under different angles. Therefore, a variation efdjclotron line parameters
is expected to emerge with the pulse phase, as seen in lifieemioulations (Araya
& Harding 1999, Araya-Géchez & Harding 2000, Schoénherr eRaD7). This is
actually what has been observed for a number of sourcesHigeX-1, Vela X-1,
4U 0115+64 or GX 301-2 (see for instance Klochkov et al. 20Q&bBarbera et al.
2003, Mihara et al. 2004, Kreykenbohm et al. 2004 and reviears Santangelo
et al. 1999a and Heindl et al. 2004). On the other hand, for32833 no significant
variation of the cyclotron line energy with the pulse phass ¥ound, and a relatively
simple accretion geometry was suggested to explain thectie{Pottschmidt et al.
2005).

Compared to most of the above reported sources, for A 053%#2Bave found
a less dramatic variation of the cyclotron line energy with pulse phase. The cy-
clotron line energy is lower during the main peak of the ppisdile, £ = 43tg;g keV
and about half a pulse phase later readhies 48.2"1 3 keV (at 90% confidence), im-
plying a lower magnetic field during the main peak of the pylssile. This can be
qualitatively explained with the following picture. We ader the formation of a
“fan beam” pattern in the source during the main part of thtborst, and assume
that the main peak of the profile corresponds to the instainvthe observer looks
directly along the accretion column (evidence for this Wéldiscussed in Chapter 7).
Assuming that a radiative shock has formed in the column a&rtaio height from
the neutron star surface, the magnetic field is expected toviber during the main
peak of the profile, since due to the higher optical depth énstfiock, we can’t look
deep into the accretion column. However, about half a putsese later, we look at
the column from one side, and therefore we can observe clogée neutron star
surface, explaining the higher cyclotron line measured.

Due to the angle dependence of the scattering cross-se¢Handing & Lai 2006,
discussed in more detail in Chapter 7, see Egs. 7.7, 7.8 gnd.&il), harder photons,
originated closer to the polar cap, escape more effectindlye direction parallel to
the magnetic field. This can explain the hardening we obsertlee main peak of
the pulse profile. A hardening of the spectrum during the npaiak of the pulse
profile has also been observed for Her X-1. In this case howtheeevolution of the
cyclotron line with the pulse phase is different, probabledo the “pencil beam”
pattern believed to exist for this source (Klochkov et aD&i0).

However we would like to mention that one has to be carefulmingerpreting
the results from phase resolved spectroscopy. As seen in2S22 (in Chap. 3),
relativistic light deflection plays an important role in temission a distant observer
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sees from a neutron star (see Fig. 2.23). Therefore, in eetational phase we can
be seeing emission from both magnetic poles. This mixinghefdomponents of
both magnetic poles makes the interpretation of phaseved@pectroscopy not a
straightforward task.

6.5.3 Torque theory and spin-up.

We have obtained a value for the magnetic field of A0535+280f 5 x 102G,
using the fundamental cyclotron line measured in the X-pcgum. It is possible

to test the theory of accretion by estimating the magnetid fierived from it. Ac-
cording to the theory of accretion, (see Sec. 2.2.1), fldiioa in the mass accretion
rate produce fluctuations in the accretion luminosity anith@accretion torque. The
theory of accretion (Ghosh & Lamb 1978, revisited in Lovel&t al. 1995, Wang
1996 or Wang 1997), predicts the following relation betwé#en X-ray flux Fx (or
X-ray luminosity Lx = 4nd?Fx) and the spin-up, already discussed in Chapter 2
(Eq. 2.28):

—P =5.0x 107°p2 "n(ws) Sy (M) (PLY? (syr™1), (6.8)

(see Sec. 2.2.1 for the meaning of the different terms in blow@expression).

Fitting observed values of spin-up as a function of the Xfhay to Eq. 6.8 allows
to estimate the dipole magnetic momenand the distancé to the source (method
described in Popov 2000, based on Lipunov et al. 1992).

We have applied this method to A 0535+26, using the valuesimmdd for the spin-
up (Sec. 6.2.2.2). For A0535+26, a relation between the-gpiand the X-ray flux
during a giant outburst was already reported in Finger ef1896). However, our
2005 RXTE observations provide the first evidence for a spin-up duangprmal
outburst.

The spin-up at different times during the outburst has bedcutated approximat-
ing every four successive values Bfwith a straight line, and we have derived the
flux from the spectra for these different times. We have fitted data to Eq. 6.8,
leaving as free parameters the distance and the magnetientoxve have assumed
the following neutron star parameter®: = 14km, M = 1.4Mg and] = %MRQ,
as well askR = 10 km for comparison. The data and the model, fore= 14 km, are
plotted in Fig. 6.19. As can be seen, there is a good agredmeéméeen the measure-
ments and the model. From the fit, the following values for iieggnetic moment
and the distance are obtained;, ~ 9, d ~ 1.2kpc. Using Eq. 2.8, the obtained
magnetic moment implies a surface magnetic field3of 6.5 x 10'2 G. Using the
canonical radius of the neutron stdr= 10 km and leaving both the distance and the
magnetic moment free giveg, ~ 6.43 andd ~ 1.045kpc. The magnetic moment
implies a magnetic field of B 4.7 x 102 G. Due to all the model parameters that
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Figure 6.19: A0535+26 values for the spin-up vs. the flwedito the Ghosh & Lamb (1979b)
model.

are unknown, these values should only be taken as appragimafhese values are
however consistent with the magnetic field derived from ff@atron energy. We can
conclude that the theory of accretion is valid for A 0535+2@roducing a magnetic
field value consistent with the magnetic field measured ftoercyclotron lines.

If we fix the distance tal = 2kpc (reported value in Steele et al. 1998), for
R = 14km we obtain a magnetic moment pf, ~ 0.23, that implies a surface
magnetic field ofB ~ 0.17 x 102 G. This too low value for the magnetic field
lies probably on the fact that the model depends on sevesahgstions like disk
accretion, assumptions for the mass, radius, moment dfianer For R = 10 km,
fixing the distance ta = 2 kpc givesuso ~ 0.06, that implies an even lower surface
magnetic field ofB ~ 0.04 x 102 G.

Using R = 14 km and assuming a dipole field configuration, with the vald¢h®
magnetic field derived from the cyclotron line and from thegtee theory, one can
estimate the height of the line forming region above the moeustar surface to be
~ 1.3 km. But considering the uncertainties of the model, thisigadhould be taken
with a grain of salt.
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Pre-outburst flaring activity

The observational results and physical interpretatiosgmted in this chapter have
been published in Caballero et al. (2008b) and Postnov &G@08) respectively. This
chapter is based on these two publications.

7.1 Observations during thare-outburst flare

RXTE performed three observations during a flare that took platerb the peri-
astron, during the rise to the peak of the outburst, in therial MJD [53610.595—
53610.755]. The flux during the flare reach€d_so)kev = 479 mCrab (luminosity
L3_50)kev = 0.91 x 103" ergs '), comparable to the flux reached at the peak of the
outburst,F(5_s0)kev = 493 mCrab (luminosityL ;_s0)ev = 0.93 x 10°7 ergs™t).
The PCA light curve of the outburst and a zoom on te-outburst flareare plot-
ted in Fig. 7.1. The timing and spectral analysis of the setas revealed different
properties during the flare compared to the rest of the ostbAs already mentioned

in Chapter 5.1, the inspection of ti&wift-BAT light curve reveals that the flare ob-
served withRXTE is just one of a collection of flares (Fig. 5.2).

7.1.1 Change in the energy dependent pulse profiles

We studied the energy dependent pulse profiles duringré@utburst flare Strong
changes in the pulse-profile shape with photon energy areredxs for both the
main outburst and pre-outburst flare but in quite differeatysy Fig. 7.2 shows
pulse profiles from observation number 4, performed durreygre-outburst flare,
and for observation 16, performed close to the maximum ofra@ outburst (Ap-
pendix A). Observation 16 was chosen because of its highqietkty and the pulse
profiles are representative of data acquired during theuositpeak. The low-energy
(F < 20keV) pulse profiles in both cases show a complex pattern,iffateht struc-
tures and evolution. At higher energies = 20keV) both pulse profiles show a
simpler double-peak shape. During the main outburst, ortepeaks is strongly
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Figure 7.1: PCA light curves for the available observations of the Auguspt8mber 2005
outburst. The inset shows a zoom of the thFRRETE observations during thpre-outburst
flare.

reduced above the cyclotron energy, while during the pitbtost flare there is a
smooth evolution towards higher energies without a noliteahange crossing the
cyclotron energy.

7.1.2 Change in the cyclotron line energy

We have studied the phase-averaged spectra of the obsestiring thgre-outburst
flare. The model selected for the X-ray continuum is the same astigel used for
the observations during thmain outburst(see Sec. 6.4), a power law times an ex-
ponential cutoftut of f pl plus a Gaussian emission line to account for the ke K
fluorescence line. The cyclotron-centroid energy is mesbat a higher value than
during the main part of the outburst, reachifg,. = 52.0%1keV, compared to
Eeye = 46.170:2 keV during the main outburst (at 90% confidence). Table 7rt co
tains the best-fit values for the three observations dutiegpre-outburst flare and
for the sum of these observations, as well as the best-fiesdtr the main outburst
(observation 16) for comparison.

To study the significance of the change, we have prody@edontour plots for
the observations during the flare and during the main outbuks an example, in
Fig. 7.3 contour plots are shown for observation 16 and fersiim of three avail-
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Figure 7.2:PCA andHEXTE background subtracted pulse profiles from one observation d
ing the pre-periastron flare (obs. 4), Wikl _s0) kev ~ 0.91 x 10°” ergs ', and from one ob-
servation near the maximum of the outburst (obs. 16), With 50 kev ~ 0.93 x 10°” ergs ™.
Two pulse cycles are shown for clarity. In the upper panelRBR light curve is shown. The
dashed vertical lines indicate the times of the correspandbservations.
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Table 7.1: Best-fit values for the available observationsnduthe pre-outburst flare, where
the CRSF energy is measured at a higher position, for the gutimecobservations during
the flare, and for one observation close to the maximum of thie utburst. Ecyc,1, 0cye,1
and Fr.q are given in keV. The given flux is in thg — 50) keV energy range, in units of
10"%ergem s L. Errors ared0 % confidence for one parameter of intereghf, + 2.7).

Pre-outburst flare Main out.
Obs. 3 Obs. 4 Obs. 5 sum 3-5 | Obs. 16
Eeyen 48.3170 50.2118 52.011¢ 49.915% 46.110:3
eye.l 6.4+10 8.7tk4 10.8+13 8.6107 10.119:2
Teye.l 0.27709% 0577098 0537905 0407093 | 0.4715:03
Frola 18.2704 18.871% 19.2708 18.3704 18.070%
a 0.737092 09179004 0.83750% 0777952 | 0.591502
Flux 178070007 0.944F5-004  1.18970-50° 1.36970-007 | 1.569+-00
xig/dof | 1.19/170  0.88/170  0.90/17 1.18/220 | 1.19/214

able observations during the pre-outburst flare. In obsiervd6 we included a har-
monic cyclotron line with the energy fixed &, = 102.5keV (it is measured at
Eey=102.5135 keV at 90% confidence). We conclude from the contour plots tha
the change in energy is statistically significant.

Fig. 7.4 shows the evolution of the CRSF energy during théust, as well as
the evolution of the continuum parameters (photon indexd folding energy,iq)
for the observations in which the cyclotron line was sigaifity detected. The con-
tinuum parameters are quite variable at the beginning obthburst. The spectrum
at the beginning of the outburst appears to be softer, withigghindexa ~1.2, and
then becomes harder in the flare. The rising part of the madluost presents a harder
spectrum, withw ~ 0.6. To compare the spectral shape of A0535+26 duringtke
outburst flareto the rest of the outburst, energy unfolded spectra areshofig. 7.5.
The harder spectrum during the main outburst can be appeddiathe figure.

7.2 Evidence for magnetospheric instability

7.2.1 Summary of results

During the rise to the peak of the outburst of A 0535+26 theeesggnificant changes
in the timing and spectral behaviour with respect to the noaitiburst that point to a
different physical scenario. They can be summarized agvisl|

Feature 1. During the rise to the peak of the outburst, an X-pag-outburst flare
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Figure 7.3: Eioqa VS FEeyc (left) and o vs E.y. (right) contour plots for one obser-
vation near the maximum (observation 16 in Fig. 7.2) and fue sum of the three
available observations during the pre-outburst flare dsbtties). The contours indicate
XZin+2.30(68%), 4.61(90%), 9.21(99%) levels.

of mare ~1 day takes place. The luminosity of the flare is comparabliéoone
reached during the peak of the outburst.

Feature 2. The pulse period of the neutron star appears to be constaimgdu
the pre-outburst flare P = 103.3960(5) s, and a spin-up starts at periastréh =
(—1.69 +0.04) x 10~®s/s measured at MJID 53618. The pulse period falls exponer
tially at the end of the outburst.

Feature 3. During thepre-outburst flare the fundamental cyclotron-line energy
centroid reachek,,. = 52.07}:¢ keV, significantly higher than for the main outburst,
Eeye = 46.170 2 keV.

Feature 4. The fundamental cyclotron line energy energy is independethe
X-ray luminosity (within uncertainties) during thmain outburst

Feature 5. The energy-dependent pulse profiles duringgreeoutburst flareare
significantly different from those measured for timain outburst During themain
outburst the pulse profiles show an abrupt change above the cycletrergy. This
change is not observed in the pulse profiles obtained dunegre-outburst flare

Feature 6. The flare detected witlRXTE is one of a collection of flares with a
characteristic time up to a few tim@§* s that appear during the rise to the peak of
the outburst. The flux evolution during the spin-up of thetnmu star is smoother
(see Fig. 5.2).
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Figure 7.4: First panelPCA light curve. Second panel: fundamental CRSF energy duhieg t
outburst. Inset shows a zoom on the pre-outburst flare. Hmddifourth panels: photon index
and folding energy evolution. The solid squares represafueg from thepre-outburst flare
and the diamonds represent the values frommtlaén outburst Errors are90% confidence for
one parameter of interestd,;,+2.7).

We show in the following that the observed flaring activityridg the rise to the
peak of the outburst can be due to magnetospheric instainilihe unstable regime
that takes place at the onset of the accretion. The indiabdéin cause the plasma
accumulated in the boundary layer between the accreti&radid the magnetosphere
to fall directly onto the neutron star surface, explaining bbservational differences
during thepre-outburst flare compared to the main outburst. In Sec. 7.2.2 a review
of accretion theory is given, followed by the applicatiorAt60535+26 in Sec. 7.2.3.

The flaring activity observed is not exclusive of this outiaf A 0535+26. In other
normal outbursts in 1994 there are hints of flares inBAd SE light curve (Finger
etal. 1996), as can be seenin Fig. 3.1. Sinpla-outburst flaretave been observed
in other Be/X-ray binaries, e.g. GS 1843-024 (Finger et@99) and EXO 2030+375
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Figure 7.5:RXTE energy unfolded spectra of A0535+26 during gire-outburst flarg(red),
corresponding to the sum of the three observations duriadléne, and during thenain out-
burst (black, observation 16 from Appendix A.)

(Camero Arranz et al. 2005). The light curves for these twarcses showing the
flares are shown in Fig. 7.6. The physical interpretation veppse could also apply
to these sources.

7.2.2 Disk accretion and mass transport in the magnetospher

As seen in Chap. 2 (Sec. 2.2.2), the strong magnetic fieldnarthe neutron star
disrupts the accretion disk, forcing the plasma to follow thagnetic field lines. A
boundary layer between the disk and the neutron star magptetce should exist
from which the matter is gradually captured by the magnetid fines (see Fig. 7.7).
The matter forms accretion funnels that go towards the ntagpeles of the neutron
star.

Rayleigh-Taylor instability takes place in the interfaavieeen two fluids, when
the density of the fluid on the top is higher. The name of thas&bilities in the
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Figure 7.6: Pre-outburst flares observed in GS 1843-024 ffkefel, Finger et al. 1999) and
EXO 2030+375 (right panel, Camero Arranz et al. 2005).

case of a plasma in a magnetic field is Kruskal-Schwarzs¢Kildskal et al. 1977).
This process is the main mechanism for the transport of matt®@ss the magneto-
sphere. An increase in the accretion rate, causing a ddmsity up in the magne-
tosphere, triggers the instabilities. Kruskal-Schwahnidddnstabilities develop at the
inner edge of the disk and allow the matter to drip throughtlagnetopause and into
the magnetosphere (Scharlemann 1978).

Kelvin-Helmholtz instability can then break-up blobs oftteainto smaller pieces
that can be entrained by the magnetic field lines and chatit@llae magnetic poles
of the neutron star (Arons & Lea 1976, Arons & Lea 1980). KeliAelmholtz insta-
bility takes place in the plasma-magnetic field interfageised by the motion of the
plasma with respect to the magnetic field. (More generalglyiR-Helmholtz insta-
bility takes place when two fluids move relative to each otheespective of their
densities, the interface is unstable). The effect of thes&bilities is the turbulent
mixing of the plasma and the magnetic field, allowing the plaso be channeled by
the field. The schematic evolution of the Kruskal-Schwanizdénstability in shown
in Fig. 7.8.

There are two regimes for the instability. For low accretiates, non steady ac-
cretion causing flaring events is expected. At higher amrettes, a more steady
accretion is expected. Recently, using more realisticraptions, Romanova et al.
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Figure 7.7: Schematic picture of magnetically threadeki wisdel from Ghosh & Lamb (1978).
The boundary layer between the magnetosphere and the disldated.

(2008) and Kulkarni & Romanova (2008) have performed 3D MHDwations that
confirm the basic features of the disk-magnetosphericant@m, revealing the two
possible regimes for accreting neutron stars: stable aables Fig. 7.9 shows the
effect of Kruskal-Schwarzschild instability in the caseunistable regime, and the
displacement of the magnetic field lines, allowitognguesof matter to penetrate in
the magnetosphere and to fall directly into the neutronsigiace (Romanova et al.
2008).
The Kruskal-Schwarzschild instability grows initially thitime ase™, with

I'? = kgeg tanh(kzg) (7.1)

wherek is the angular wavenumbet, is a characteristic scale height above the in-
terface andj. is the effective gravitational constant near the equdtptane. g.s
includes several terms appart from the gravitational etiva (x 1/R2)), like cen-
trifugal force (x w?R.,), bending of field lines by the instability, curvature of the
magnetic field at the magnetopause {/p., RS)) or possible velocity gradients in
the plasma flow (details can be found in Baan 1979).

For values ofg.t < 0 there is stability. The condition for the instability to acc
is thatg.g > 0 in the magnetopause (directed towards the neutron séag).= 0
defines azero-surfacet a certain distance from the neutron star. Inside thisaserf
the magnetopause is unstable, and outside the surfacetéthie s As the accretion
rate increases, the magnetopause moves inwargdsx( M/ ~2/7), until a Kruskal-
Schwarzschild instability occurs.

lanimation available ahttp://astrosun2. astro. cornel |l .edu/ ~romanoval i nst ab.
ht m
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Figure 7.8: Development of Kruskal-Schwarzschild indigbi Time increases from (i) to
(v). Bubbles and spikes develop (ii). Kelvin-Helmholtztasility causes the formation of the
filaments (iv) that fall almost freely in the magnetosphéFégure from Arons & Lea 1976).

7.2.3 Low-mode magnetospheric instability in A0535+26

From the analysis of Baan (1979) it can be inferred that A @285at low accre-
tion rates (/ ~ 106 g/s) may be on the verge of a Kruskal-Schwarschild instabil-
ity, becoming stable when the mass accretion rate incred$esauthor shows that
the lowest harmonics are the first to become unstable. The samclusion arises
from the 3D MHD simulations of the disk magnetospheric iattion via Kruskal-
Schwarzschild instability from Romanova et al. (2008). §d8D simulations show
that for small accretion rates matter is accreted throughdlstreams, and at large
accretion rates matter accretes through Kruskal-Schwhitdsnstabilities. The sim-
ulations have been performed for quite small magnetosphearere applicable for
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Figure 7.9: Example of unstable accretion onto a magnetieetron star, with filaments pene-
trating the magnetosphere via Kruskal-Schwarzschil@bibty. The filaments are represented
by density contours, with red indicating the highest dgnaitd dark blue the lowest. (Figure
from Romanova et al. 2008).

millisecond pulsars. But we can assume that for A 0535+28) wilarge magneto-
sphere, low-mode magnetospheric instability can develop.

We assume the existence of a disk. This assumption is sugapbyt the spin-up
measured during the main outburst. This was the case in st @utbursts, con-
firmed by the presence of QPOs and spin-up (Sembay et al. E88fEr et al. 1996).

Assuming the standargtheory (Shakura & Syunyaev 1973), the amount of mas:s
accumulated in the bounday layer can be roughly estimatetebfollowing expres-
sion:

AM = p2rR,2hAl =~ (4 x 10%g)RSa™ SN (1 - €)%/5 (7.2

whereAl is the width of the boundary layeR, g is the stopping radius in units of
10° cm, M, is the mass accretion rate in unitsiéf'°M, /yr and

¢€=J/(M\/GMR,) (7.3)

is the angular mometum flux through the disk normalized tdlthefrom the stopping
radius. The width of the boundary layer is of the order of thiekness of the disk.
We assume\l ~ h ~ R,,. We also assume the gas pressure to dominate over tf
radiation pressure in the boundary layer, the main opaciéytd Thomson scattering
and the disk to be Keplerian. At the onset of the accretjon,0 anda < 0.01.

Using Eg. 7.2, we obtain the following estimate for the antafmatter acumu-
lated in the boundary layer:

AM ~ 10%' g
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Figure 7.10: Top left: example of stable accretion onto ameéiged neutron star. Top right:
example of unstable accretion. The surface representssaactrdensity surface. The black
lines represent magnetic field lines. The figure in the bogbow the light curves from the hot
spots in the two cases. The light curve in the unstable regirhighly irregular. (Figure from
Romanova et al. 2008).

As we saw above, in the case of A0535+26 low-mode magnetasphstabiliy
can develop, and break-up the boundary layer in the disks Migians that th0?! g
of matter accumulated in the boundary layer can fall diyeatito the neutron star
surface. On a free-fall time scalg;(= (R3/GM)1/2 ~ 20s) the10?! g reaching
the neutron star surface can produce a short spike with ahsity of~ 1037ergs .
This explaindeature 1from Sec. 7.2.1.

The amount of matter that falls onto the neutron star suidacieg the spike#( ~
10%s), estimated from the light curve, is

AM ~ / Mdt <10%' g (7.4)

The characteristic timescale of the spike agrees with the tequired to replenish
the boundary layeeA M /M ~ 10%s.

To explain the lack of noticeable spin-up during the flare,csa estimate how
much the spin-up will change during the flare due to the amgutamentum supply
from the disk. Assuming a Keplerian disk,

d(Iw)
dt

Using this expression, we can estimate how much the angwarentum supply
from the disk changes the spin-up during the flares:

AP P
— | =AM—\/GMR, (7.6)
P 2l

= M+\/GMR, (7.5)
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Assuming the moment of inertia of the neutron star tolbe- 10*°gcn? and
R, = R. = 10° cm gives

AP
— |<7x107"
P‘N ~

This lies within the uncertainty of the measured perid&/P ~ 5 x 1076 (see
Chapter 6, Sec. 6.2.2.2) and explains why during the flareomelgp was measured
(feature 2from Sec. 7.2.1).

The plasma that enters the magnetosphere via low-mode &lrSshwarzschild
instability may become frozen to the magnetic field lineseldto the neutron star
surface, and therefore can follow different field lines tifaose by which the quasi-
stationary accretion takes places. This explains therdiffee measured in the cy-
clotron line energy during the flarde@ture 3 from Sec. 7.2.1). The absence of a
change of the cyclotron line energy with the luminosity sesjg the absence of a
radiation-dominated accretion columiedture 4 from Sec. 7.2.1). Therefore, the
emission takes place closer to the neutron star surfaceea®veral hundred me-
ters. Assuming a dipole magnetic field, the observed chantieei cyclotron energy
AFEq./Ecy. ~10% requieres a change in the emission region towards thieomeu
star surface oAR/Rns ~3%, by about 300m. The emission is therefore more
likely to originate closer to the neutron star surface. Ehxglains the different pulse
profiles during the flareféature 5from Sec. 7.2.1)

The smooth evolution of the pulse profiles at enerdies: E.,. during thepre-
outburst flarein contrast to the absorption of one of the peaks aldove E.,. in the
main outbursttan be explained with the energy and angle dependence ohtterp
scattering cross-section.

Linear polarization of incident photons has two modes: madi and extraordinary,
with the electric vector parallel or perpendicular to thar@ containing the wave
vector and the magnetic field. For photon energies aboveyttietoon energyfl >>
E.y., the scattering cross-section for both modes:

O'l’iO'H >~ OoT (77)

whereot is the Thomson scattering cross—sec%iom is the cross-section for ordi-
nary photons and  is the cross-section for extraordinary photons.
For photon energies below the resonante; < Ecy.:

2
o ~oT {sin2 0 + cos 0 (EE ) ]
cyc
5 \2
gL =or (Ey)

5 N2
2 = &2 (m‘iz) =6.65 x 10~ 25cm?

(7.8)
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Figure 7.11: Approximate photon scattering cross-sedtimits of or) as a function of for
different photon energies anfl.y. = 46keV. The cross-section for ordinary photomg is
represented with a solid line and the cross-section fomexdinary photons | with a dashed
line.

wheref and E are the angle and energy of the incident photon with resjpetttet
magnetic field (scattering cross-sections from Harding &2G06). The energy and
angle dependence of the cross-sections for A 0535+26 issepted in Fig. 7.11.

The smooth evolution of the pulse profile above the cyclogoargy during the
flare suggests a “pencil beam” diagram. The photon crodssedor § =~ 0° changes
smoothly accros the cyclotron resonance.

However, during the main outburst, one of the peaks is styomgluced. During
the main outburst, the accretion column is higher than duttie flare, the density
increases and the column becomes optically thick. A “famifgaattern can be ad-
ditionaly formed by extraordinary photons (perpendictdaihe magnetic field). The
cross-section of e-photons is smaller than that of ordipduigtons, (see Fig. 7.11),
and they can escape effectively from much higher opticaltdeAbove the cyclotron
energy, however, both cross-sections are equal (Eq. hdth& photons can only es-
cape from small optical depths. The strong absoprtion ofafrtbe peaks can be
explained with the weakening of the “fan beam” componentwalibe cyclotron en-
ergy.

As the accretion rate increases, the neutron star startsisgiup, and the param-
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eteré in Eq. 7.2 increases from zero to almost one. Therefore theuatof mass
accumulated in the boundary layer, available for unstabteedion, is strongly re-
duced. The amplitude of the spikes rapidly decreases, andgdihe spin-up of the
neutron star we do not see strong flaring activigafure 6 from Sec. 7.2.1). This
suggests that once the neutron star stops spinning-umdladtivity could appear
again. This is indeed observed in tBeift-BAT light curve (Fig. 5.2).

The scenario described above can also explain evolutiohefptlsed fraction
during the outburst (Fig. 6.11). The pulsed fraction showsatter coincident with
the flaring activity and unstable regime. It shows a smoo#éveiution during the
spin-up of the neutron star, when the accretion is beliewdxbtin the stable regime.

Hayasaki & Okazaki (2006) have modeled accretion disksrataeutron stars in
Be/X-ray binaries. Their Smoothed Particle Hydrodynar(t&2H) simulations repro-
duce a series of normal outbursts from the accretion diskédrabout the neutron
star at periastron. In some cases, single flares are foucddirg the outburst max-
imum. We note first of all that the timescale of the flare in tis@nulations appears
to be too long (10% of the orbital period) compared to the ftiweation observed.
The collection of flares seen in ti&wift-BAT light-curve of A0535+26 during the
outburst (Fig. 5.2) are not reproduced by the above sinmratiMoreover, this model
does not take into account the disk-magnetospheric irtterac



CHAPTER S8

Pulse profile decomposition

In this chapter pulse profiles of A0535+26 from a few keV up-td 00 keV are
analyzed with a decomposition method. The decompositichepulse profiles al-
lows to extract information on the geometry of the system amdhe beam pattern.
This method is described in detail in Kraus et al. (1995), iatés been applied to
the accreting X-ray pulsars Cen X-3 and Her X-1 in Kraus e{1#896) and Blum &
Kraus (2000) respectively.

The chapter is organized as follows: in Sec. 8.1 a descnigifothe method is
given, and the assumptions that are made are discussedc.I8.3ethe decomposi-
tion method is applied to thRXTE energy dependent pulse profiles of A 0535+26.
Geometrical parameters of the neutron star are inferred the decomposition, and
the observable part of the beam pattern is reconstructecsetn 8.2.4 a possible
interpretation of the reconstructed beam pattern in terfres @lativistic model is
discussed.

8.1 Description of the method

In Chapter 2 we introduced X-ray pulsars in binary systemsbaaic property of
these systems is the pulsed emission we observe. Model® antlission from a
small column or mound on the magnetic poles of a neutron starbe found for
instance in Kraus (2001) and Kraus et al. (2003). These rsquteldict the beam
pattern or direction dependence of the flux of one emissigioneas seen by a distant
observer (see Fig. 8.1), including relativistic light defien. Introducing the rotation
of the pulsar and its geometry, i.e., the orientation of thtation axis with respect to
the magnetic axis and the location of the magnetic polesitigde-pole pulse profiles
can be modeled. This is the pulsed emission that a distaerarswould see from
each emission region. The sum of the single-pole contobstgives the total pulse
profile.

In this work a decomposition analysis is applied which itsehe process de-
scribed above. From the observed pulse profile the sindkeqpalse profiles are

108
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Figure 8.1: lllustration of beam pattern or emission frone amagnetic pole as seen by a distant
observer as a function of the angle between the directiobséivation and the magnetic axis
0.

obtained, and from the single-pole contributions inforiorabn the geometry of the
neutron star and the beam pattern can be extracted. Of dhverbackwards process
is not straightforward and involves ambiguities which we# discussed.

To reconstruct the observable part of the beam pattern srasfone can go from
the observations with a minimum of assumptions and withowlving any model.
Once the visible part of the beam pattern is obtained, it @oded as input to the
construction of an emission region model.

8.1.1 Assumptions

In this work adipole structure of the magneticfield near the surface of the neutron
star is assumed. We must note that this is a simplificatiorgesthe neutron star
magnetic field might be more complex and present higher deders. This has been
theoretically investigated in Lipunov (1978), Shakurale{#91) or Panchenko &
Postnov (1994). The decomposition of the observed pulddgno two components
is based on symmetry considerations. The basic assumptioch is often adopted
in model calculations, is that themission regions at the magnetic poles are ax-
isymmetric (see for instance Kraus et al. 2003). Therefore the magdigtade axis

is a symmetry axis of the emission from the neutron star, aadéam pattern is only
a function of the anglé between the direction of observation and the magnetic axic
This makes the single-pole pulse profile necessarily symie&ne of the symmetry
points will be the instant when the dipole axis is closestline of sight, and the
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et

ROTATION AXIS ‘>¢

MAGNETIC

Figure 8.2: lllustration of one magnetic pole of a neutr@w ahd its movement around the rota-
tion axis. Under the assumption that the emission regiomeatrtagnetic poles is axisymmetric,
the single-pole pulse profiles are necessarily symmetric.

other symmetry point will be half a period later, with the dlip axis pointing away
from the observer (see Fig. 8.2).

The above assumptions necessarily imply a symmetric putsféep However, in
most of the cases observations of accreting pulsars reneeyammetric pulse profile.
The assumption of an ideal dipole magnetic field is slighttydified by introducing
a small displacement of one of the two poles with respect to thantipodal posi-
tion. This has not been proved for neutron stars, but seems to beeaig feature of
other systems. In white dwarfs, Zeeman spectroscopy ardipwtry, and cyclotron
spectroscopy, have allowed to make constraints on the ntiadieéd structure. To a
first order approximation, the white dwarf magnetic fielda b@ modeled with off-
set dipoles, that have an offset from the centerof(0%—30% of the stellar radius
along the dipole axis. An extensive review on white dwarfgneism can be found
in Wickramasinghe & Ferrario (2000). The Earth’s magnegtdfhas also two mag-
netic poles which are not exactly antipodal. They have asetfirom the antipodal
position ofdgarh & 24.7 ° (source: Canadian Geologic Survey and Australian Antarc-
tic Division). A distorted dipole field can explain the obged asymmetry in the pulse
profiles: if the two magnetic poles are exactly opposite twhezther, the single-pole
pulse profiles have the same symmetry points, and their slingivé a symmetric
pulse profile. A small deviation from the antipodal positisii make the symmetry
points of the two single-pole pulse profiles different, gagghe asymmetry in the
total pulse profile. Fig. 8.3 illustrates this effect witlethum of two symmetric func-
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f, and f,: same symmetry points f, and f,: different symmetry points
e e LB B S e me e o e e e e e AR

NF=f+f, F=f, +1,

Figure 8.3: Left panel: symmetric functiorfs (blue dashed curve) and (red dashed curve)
with same symmetry points (vertical line) and sdtm= f1 + f> (black solid line), also sym-
metric. Right panel: same two functiorfs and f> with symmetry points shifted bg8.6 °,
or ~ 0.08 in phase (indicated by vertical lines). The sutn= f1 + f» (black solid line) is
asymmetric.

tions in two different cases: two symmetric functions wile same symmetry points,
and the same functions with a small shift between their symnpaints.

Another assumption is thaélhe two emission regions have the same beam pat-
tern. This implies that each of the two poles will make visible @eetion of the
same beam pattern. Depending on the geometry of the ned&oarsl the angle of
observation, these two regions will in some cases have id&@ntparts (see below,
Sec. 8.1.2.2). This assumption has been tested with thetaggpulsars Cen X-3
(Kraus et al. 1996) and Her X-1 (Blum & Kraus 2000). In thossesaan overlap-
ping region was found, that indicates that both emissiooreghave the same beam
pattern.

8.1.2 Steps of the method

In Fig. 8.4 a schematic view of a rotating neutron star isgivespherical coordinate
system is used with the rotation axis as polar axis. As empthiabove, the beam
pattern is assumed to be axisymmetric, and therefore tondepely on the anglé
between the direction of observation and the magnetic atis.value off changes
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rotation axis

direction of observation

Figure 8.4: Schematic view of a rotating neutron star. Theegpal coordinate system we used
has the rotation axis aligned with the polar ax®; is the polar angle of théth pole. O is
the polar angle of the direction of observation. The adghetween the magnetic pole and the
direction of observation changes with the azimuthal adglevhich coincides with the phase
rotational angle. (Figure from Kraus et al. 1995).

with the rotation angl@. Depending on the position of the poles with respect to the
rotation axis and on the direction of observation with respe the rotation axis, we
will observe a certain section of the beam pattern for eadd po

Applying the cosine formula to the spherical triangle in.FRBg4, we obtaird as a
function of the phasé:

cos ) = cos O cos O; + sin O sin O, cos(P — P;) (8.1)

where®y is the polar angle of the direction of observatién,the polar angle of the
ith pole andd; one symmetry point for thgh pole. Sincé(¢) is symmetric around
the maximum and minimum values 6f the contribution of the emission region to
the single pole pulse profile has symmetry point$ at ®; and® = ¢, + 7. Eq. 8.1
provides the relation between the pulse profile and the ge@nparameters of the
pulsar for a given beam pattern. The decomposition anabfsibe pulse profiles
allows to extract information on the geometric parametatstherefore on the beam
pattern.
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rotation axis

\ 1st magnetic
? pole

2nd magnetic

pol?e

Figure 8.5: Intrinsic geometry of the neutron star. Withttbiation axis as polar axis, the mag-
netic poles are located at polar angteés and©.. The angular distancg&between the second
magnetic pole and the point that is antipodal to the first retigpole gives the deviation from
an ideal dipole field. A complete description of the pulsasrgetry is given in terms 0®1,
O, and the difference in the azimuthal angfes — ®; = = — A. (Figure from Kraus et al.
1995).

The first step of the analysis is to determine the symmetmytp®; and®,. By de-
composing the original pulse profile in two symmetric singtde contributions, the
values of®; and®, can be obtained. Mathematically, the decomposition of tigge o
inal pulse profile into two symmetric functions will be notigne. Physical criteria
must be applied to reject all the solutions that do not matetastrophysical require-
ments. This process and the criteria applied are explaimddtail in Sec. 8.1.2.1.

It can be shown that an appropriate transformation of thgleipole pulse profiles
turns them into scaled undistorted sections of the bearanpaft he relation between
the beam pattern and the single-pole pulse profiles can Inebseleoking at Eq. 8.1.
Considering the beam pattern as a function®fd and the single pole pulse profiles
as a function ofos(® — ®;), as the relation betweets 6 andcos(® — ®;) is linear,
there is no distortion between the two functions. Thereforee we have obtained
the single-pole pulse profiles, plotting them as a functibnos(® — ®;) we obtain
two sections of the beam pattern (see Sec. 8.1.2.2. follgetai
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The intrinsic pulsar geometry is shown in Fig. 8.5. A complééscription of the
pulsar can be given in terms of the polar anglgsand©-, and the difference in their
azimuthal angle®, — ®,. Since we are assuming a distorted magnetic dipole field,
the two poles are not exactly opposite to each otherd&and @, differs fromz by
some amound\:

A=m— (@1 - (I)Q) (82)

The angular distancé between the location of the second magnetic pole and the
point that is antipodal to the first magnetic pole can be used measure for the
deviation from an ideal dipole field. From Fig. 8.5, applythg cosine formula to
the spherical triangle of sidé€3;, ©,, (180 — 0):

cosd = — cos Oy cos O + sin Oy sin © cos A (8.3)

In Sec. 8.1.2.2, details on how to obtain information on tbsifon of the two
poles after having obtained a possible decomposition amdgymmetry pointsb,,
d, andA are given.

8.1.2.1 Decomposition into single-pole pulse profiles

The first step of the analysis is to find an acceptable decoitgosf the original
pulse profile into two symmetric functions. This is done v@uFer analysis. The
original pulse profile and the single-pole pulse profilesvaiigten as a Fourier series.
The total pulse profile F is written as:

n/2—1

1 1

F(?) = U0 + Z [ug, cos(k®) + vy, sin(k®)] + u,, /o cos (g@) (8.4)
k=1

where n is the number of sampled points or bins of the origidde profile andb
is the phase. Eq. 8.4 gives a valid representation of thenatigulse profile at all
phases if the Fourier transform of F approaches to zero asejeency approaches
n/2. If this is not the case (phenomenon cabdidsing), less Fourier coefficients are
taken into account to describe the original pulse profilee f8e instance Press et al.
(1992) for details on Fourier analysis.

The single-pole pulse profiles are two symmetric functignsgnd f> such that
F = f1 + fo. We write them as Fourier series, with cosine terms only:

n/2

Fi(®) = %co =3 e coslh(® — By)] 8.5)
k=1
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n/2
Fo(®) = %do + 3 di cos{h{® — (@5 + )]} (8.6)
k=1
®; and®,, are the symmetry points ¢f and f, respectively. Formally, a decom-

position of F'(®) in two symmetric functiong; () and f2(®P) exists for every choice
of their symmetry point®; and®,. For convenience, we use the parameiegisee
Eqg. 8.2). All formal decompositions will be contained in frerameter space; — A,
with 0 < ®; < 7 and0 < A < /2. Once all the formal decompositions are found,
physical criteria are applied to decrease the number ofrdpositions to physically
meaningful ones. Those criteria are the following:

e “non-negative” criterion: the function (®) and f>(®) must be both positive.
Since they represent photon fluxes, all the solutions focklfij (®) or fo(®)
are negative are rejected.

e “no-ripples” criterion: the two functiong, (®) and f>(®) should not have “rip-
ples” or features that cancel out in the sum. In terms of Xpalgar modeling,
one would not expect the single-pole contributions to be mmore compli-
cated than their sum, or that complicated features exaatgmeach other and
cancel out in the sum. Fig.8.6 shows an example of rejectedndgosition
applying this criterion.

e pulse profiles are typically energy dependent. The decoitiposust be done
in all energy ranges independently, and the same symmetnyspmust give
valid decompositions in all energy bands.

The “non-negative” criterion is very restrictive if the gel profiles have a large
pulsed fraction. This is typically the case in accretingspus at high energies (this
was discussed in sec. 6.3). If the pulsed fraction is lowla&redrgy ranges, almost all
the®,; — A parameter space will contain positive decompositions,inggtkie task of
selecting physically acceptable decompositions a veficdif task.

Once a possible decomposition is found, the symmetry poihtee single-pole
pulse profilesb; and®, and the parameteX, related to the position of the emission
regions on the neutron star, are obtained.

8.1.2.2 From single-pole profiles to geometry and beam patte

As was explained above, the single-pole pulse profiles geouindistorted copies of
the beam pattern. Assuming that both emission regions ara ,eand have therefore
the same beam pattern (see 8.1.1) each of the single-pske pdfiles shows a differ-
ent section of the same beam pattern. These two sectionerak@reed to reconstruct
the total observable section of the beam pattern.
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®,=92.9, A=51.9
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Figure 8.6: Example of rejected decomposition applying riba-ripples criterion. Black
dashed line: original pulse profile(®). Red and blue solid lines: single-pole contributions
f1(®) and f2(®), such asdF'(®) = f1(®) + f2(P). This particular choice of symmetry points
d4, A (shown on the top of the panel) is rejected.

Taking Eqg. 8.1, as the neutron star rotates, the valdéefaf theith pole will reach
its minimum at® = &;:

Hmin - |@z - @0| (87)

and it will reach its maximum ab = ®; + «:
Omax,i = 0,+0y if 0;,+0,<7 (8.8)
emax,i =27 — (@1 + @0) if ©,+0y> (89)

Each single-pole pulse profile will show a section of the beattern, with9,,i, ; <
0 < Omax,i- Depending on the geometry of the system, these two rangeshoay
an overlapping region in the beam pattern. At an insgrihe first pole will be seen
at an anglé. At another instan®, the second pole will be seen at the same afigle
We can use Eq. 8.1 to express the relation betwieand® in terms of the geometric
parameters:

cot ©p(cos Oy — cos(©1) = sinOq
- + —
sin ©4 sin ©4

cos(® — @) = cos(® — @) (8.10)

that we write as:
cos(P — @) = a—l—bcos((i’—cbg), b>0 (8.11)
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Plotting the single-pole pulse profiles as a function®{ ® — ®,), the sections they
have in common can be found, and therefore the valuesoflb can be determined.
Once this is done, both sections of the beam pattern can lttegblas a function of
the same variable, defined as:

cos ) — cos ©g cos O
= A2
7 sin O¢ sin © (8.12)

Using Eq. 8.1 and Eq. 8.11:

cos(® — @) = ¢, (8.13)

cos(® — ®y) = (g —a)/b (8.14)

Since the relation betweenandcos @ is linear, by plotting the two single-pole
pulse profiles as a function gfwe obtain the total visible part of the beam pattern
without distortion.

Eq. 8.10 and Eq. 8.11 provide two equations relating thestjgometric parame-
tersQg, ©; andO,. They can be solved fa&®,; andO©- as a function 0By:

—2a tan ©
= -l
tan ©; (a tan©g)% + b2 — 1’ (8.15)
tan ©y = b tan ©, (8.16)

atan©g tan ©1 + 1

In order to obtain the location of the magnetic polesand©-, an independent
determination 0B is necessary® is identical to the inclination of the system if the
rotation axis of the neutron star is perpendicular to théalrplane. If the inclination
of the system is known (for instance, from eclipse obseowad, then using Eq. 8.15
and Eq. 8.16 the position of the two magnetic poles can bersduta

The pulsar geometry is then completely determined: thetimtaf the polesd,
and©-, their displacement from the antipodal positidrand the direction of obser-
vationQy.

Knowing the geometric parameters of the system allows toesgthe single-pole
pulse profiles as a function éf (Eq. 8.1), and therefore the observable part of the
beam pattern is completely reconstructed.
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8.2 Application to A0535+26

8.2.1 Observations

Using the decomposition method described above we havezatbihe energy depen-
dent pulse profiles of A0535+26 obtained wiRIXTE during its August/September
2005 normal outburst. For the analysis, pulse profiles nbthduring the main part
of the outburst have been selected, as those profiles afgpeawery stable, not only
during the outburst but also compared to historical obsema.

The analysis was performed using observation 16 from Appefdas well as
six merged observations performed at a similar luminogtel (observations 16—
21), resulting in a total observation time 820.4ks. The pulse profiles have been
accumulated using 30 phase bins.

8.2.2 Search for acceptable decompositions

We start the analysis usindeEXTE pulse profiles from observation 16, extracted in
four different energy rangeas’.3 — 30.9 keV, 30.9 — 44.5keV, 44.5 — 59.1 keV and
59.1 — 99.8 keV. Each original pulse profile is written as a Fourier sefig¢®). 20
Fourier coefficients out of the 30 sampled points were endagiroperly describe
the original profiles. The highest frequency terms were woiscered in order to
avoid aliasing (see Sec. 8.1.2.1).

The next step is to decompose the original pulse profilestimbosymmetric func-
tions f1(®) andf2(®), with symmetry point®; and®,. The parameter spadg — A
is divided in1 ° x 1 ° boxes, and one decomposition fp€rx 1 ° box is computed. The
possible decompositions are represented in this parasgtee, with) < ¢&; < 7
and0 < A <7/2.

The “non-negative” criterion is applied. Only decompasis for which f (®)
and f5(®) are always positive are accepted. This criterion is spgaiestrictive in
the 59.1-99.8keV range, for which the pulsed fraction is/\egh, ~ 80%. The
knowledge of the background level is of special importamcéhis step. A small
amount of negative flux is allowed in order to account forth& % uncertainty of the
HEXTE background (Rothschild et al. 1998). The “non-negativé&édon reduces
considerably the number of acceptable decompositions.r@$dt of applying this
criterion, requiring each decomposition to be valid at akrgy ranges, is shown in
Fig. 8.7. The black regions indicate where positive decasitjpms have been found.
We limit the search of physically acceptable decompositiorthose regions.

For every decomposition, there is a certain region indheA plane which con-
tains other qualitatively similar decompositions. In arttehandle the large amount
of possible decompositions that have to be studied, sirilas are grouped together
into types. We group decompositions in a same group when shgeiare deviation
is smaller than a certaig? = 10~3. By grouping them into types the number of
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Figure 8.7:®; — A parameter space after applying the “non-negative” cdterAll decompo-
sitions with positive flux are inside the black areas. All te=ompositions outside the black
areas have been discarded.

decompositions that are left to study is considerably redusince we only consider
one representative of each type. For instance, ifl &he 30 keV range, 1863 decom-
positions are grouped into 286 types. An example of decoitipesthat are grouped
into one type is given in Fig. 8.8.

The “non-ripples” criterion is then applied. The originallge profiles in the con-
sidered energy ranges have two main peaks. We therefor@gdfa single-pole
contributions not to have many more peaks than the originel & quality function
related to the number of peaks in each single-pole pulsd@mefiefined. The number
of peaks of the single-pole pulse profiles are counted. Thdtgdunction is defined
as the inverse of the total number of peaks. With this methedtain the decompo-
sitions sorted according to their quality function. Higkalues of the quality function
correspond to decompositions that are simpler, not mucle memplicated than the
original pulse profile. Fig. 8.9 shows the highest rankedilereepresentatives in the
d;-A parameter space. In order to study them we group them intodyiens: A
with ®; € [50°,105°], A € [20°,45°], B with ®; € [105,130], A € [20,50], C
with ®@; € [10,40], A € [60,90], D with ®; € [130,180], A € [50,65], and E with
®; € [55,100], A € [45,70].

The different decompositions in regiods B, C, D andF are studied individually.
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Figure 8.8: Example of similar decompositions grouped ia type. The values 6b; andA
for each decomposition are shown on the top of each panel.

We require the energy evolution of the single-pole pulsdilesoto be as gradual as
that of the original pulse profile, and also the single-paise profiles not to be much
more complicated than the original profile.

Region A: acceptable decompositions of the original pulse profile tato sym-
metric functions are plotted in Fig. 8.10. The symmetry pofor this decomposition
ared; ~ 72°andA ~ 32°. The two components are not much more complicated
than the sum, and do not show strong anti-correlation. Tégeudhposition is the best
one of all the decompositions in tidg — A plane of Fig. 8.9.

The dotted horizontal line in Fig. 8.10 (and following figaref decompositions)
corresponds to the remaining unmodulated flux availableigtrilbute between the
two symmetric functions, since the distribution of remamilux can not be deter-
mined from the decomposition. The minima of the two symmduinctions have
been shifted to zero, so that the sum of the two symmetrictifmme plus the unmod-
ulated flux reproduces the original pulse profile.

RegionsC and E: the best decompositions for these two regions are shown in
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Figure 8.9: Highest ranked decompositions grouped in fig@rs A, B, C, D andE. The dif-
ferent symbols represent different energy rangeg18.3 — 30.9) keV, x: (30.9 — 44.5) keV,
A (44.5 —59.1) keV, [0: (59.1 — 99.8) keV.

Fig. 8.11. They are not “much more” complicated than the sutiowever, they
have been discarded because they present a very strongpamtiation in the large
features which seems artificial, not expected from two iredelent emission regions.
In region E, the best decompositions hage ~ 82° andA ~ 63°. For regionC,
d ~ 25°andA ~ 84°.

Regions B and D: the best decompositions for regiofsand D are shown in
Fig. 8.12. Those decompositions have also been discarded.siigle-pole pulse
profiles are more complicated than the sum, and present aoarglation in many
small features that cancel out in the sum, not likely to bé rearegion B, ®; ~
121°, A ~ 30°. InregionD, ®; ~ 145° andA ~ 56°.

Another argument to reject decompositions in regiohs and E is that they all
present high values @f. Under the assumption of slightly displaced magnetic poles
smaller values ofA are expected. This was the case in the analysis of the augreti
pulsars Cen X-3 (Kraus et al. 1996) and Her X-1 (Blum & Krau®®@0 the best
decompositions were found for small valuesXaf

A further argument to discard regiois C and D will emerge in the reconstruc-
tion of the beam pattern from the single-pole contributj@rsl will be discussed in
Sec. 8.2.3.
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Figure 8.10: Left panelHEXTE pulse profiles in different energy ranges. Right panel: best
decomposition for regior for one observation. The two symmetric functions are represi

in red and blue. The horizontal dashed line represents thedulated flux left available to
distribute between the two functions. The valuestafand A for each decomposition are
given.

The decomposition analysis has also been applied to theeth@tgservations de-
scribed in Sec. 8.2.1. Adding observations provides bstatistics and allows to
use more Fourier coefficients, and therefore a more accdesieription of the origi-
nal pulse profiles is obtained. We have made use of 24 Foweficients, and did
not consider the highest frequency terms to avoid aliasifige same regions from
Fig. 8.9 are allowed, and similar results as for the analysiisg one single observa-
tion are obtained. The accepted decomposition of the @igiunlse profile into two
symmetric functions corresponds again to regiband is shown in Fig. 8.13. We
find ®; ~ 73° andA ~ 34°, consistent with the results from the analysis of one
observation.

The decomposition analysis has been performed using a firegg binning, in
seven energy bands3.6 — 25.2keV, 25.2 — 34.3keV, 34.3 — 43.8keV, 43.8 —
48.3keV, 48.3 — 60.1keV, 60.1 — 80.6 keV, 80.1 — 99.8keV. This has allowed
to study the evolution of the different decompositions asirecfion of the energy,
and to confirm that the energy evolution of the accepted dposition is as smooth
as that of the original pulse profile. The decompositiongégion A are shown in
Fig. 8.14, for which®; ~ 64°, A ~ 36°.

Low energy pulse profiles have also been analyzed, usg data. The energy
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Figure 8.11: Left panelHEXTE pulse profiles. Middle and right panels: best decomposition
for regionsC and E in two symmetric functions. The values &, and A for each energy
range are indicated.

ranges3 — 7keV, 7 — 11.25keV, 11.25 — 15.41keV and15.41 — 19.19keV have
been used. The pulsed fraction is smaller than at highegasere.g.~ 24 % in
the15 — 20 keV range. The “non-negative” criterion is therefore natyweestrictive:
almost all theP; — A parameter space is allowed. Since the decompositions bave
be valid in all energy ranges, we restricted our search taltbeed regions obtained
for the HEXTE profiles (Fig. 8.7).

As shown in Chapter 6, A0535+26 pulse profiles are considerabre compli-
cated at lower energies. From the decomposition analysisvat energies, regions
B, C'andD can be discarded. The decompositions present many “rippleisg con-
siderably more complicated than the sum, and also presamigsanti-correlations
that do not seem real. The only two regions where we find aabé&ptdecomposi-
tions, in which a gradual energy evolution is found, aregegid and £. We will
however not make use ¢1CA data during the rest of the analysis, due to the very
complex shape of the pulse profiles. However, the fact thabmiye find acceptable
decompositions in regiod and E provides a further argument to discard the decom:
positions in region®3, C' and D. Just as an example, in Fig. 8.15 are shown the bes
decomposition found for regioA, with values of®; ~ 77° andA ~ 30°.

Combining the results of the analysis in different energyges and for different
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Figure 8.12: Left panel: original pulse profile. Middle anght panels: best decompositions
for regionsB and D. The values ofb; andA for each energy range are indicated.

observations, we find a best decomposition of the originkepprofile in regionA.

To calculate an average value of the symmetry pdindndA, we use only the results
from the analysis in four energy ranges @i XTE data, as in seven energy ranges
the statistics for each energy band is worse, and less Faweéficients are used. As
estimate for the uncertainty df; andA we take5 °, which is the approximate range
in region A for which the decompositions are similar. The average wlaed,, A
and®, (using Eq. 8.2) are given in Table 8.1.

Table 8.1: Symmetry points and azimuthal displacement effmie with respect to the antipo-
dal position for the best decomposition of A 0535+26 pulsHif@s.
| Pole 1 Pole 2 | A=7— (91— P)) |
®; =72°+5° Py = 285° £ 5° A =33°+5°
Py +7m=252°4+5° | Py + 1 =105° +5°

8.2.3 From single-pole profiles to geometry and beam pattern

In the previous section, a possible decomposition of the 36826 energy dependent
pulse profiles has been found.
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Figure 8.13: Left: original pulse profile from merged obsgions. Right: best decomposition
for region A.

Once a possible decomposition of the energy dependent prdites is found, it
is possible to plot the pulse profiles as a function of thelauryivariableq (Egs. 8.13,
8.14) to obtain undistorted copies of the beam pattern. Amlapping region between
the two sections, as in the case of Cen X-3 (Kraus et al. 199Beo0X-1 (Blum &
Kraus 2000), does not emerge for A0535+26. However, the taglespole pulse
profiles can almost be connected to each other, with a smplirghetween in the
beam pattern that remains unobservable to us. This agreéleshei assumption of
two equal emission regions that show different sectiondhefdgame beam pattern.
However, contrary to the case of an overlapping region, werz# determine the
parameters, andb from a fit. But we can make estimates for the values @nd
b. a represents the shift between the two profiles in units of thaliary variable
q. The best estimate af using the sections of the beam pattern in all energy range
isa = —2.2. In the case of antipodal poles,= 1 (Egs. 8.10, 8.11). Since we
are assuming small distortioh,should close to 1, and therefore we can make the
assumptiorb = 1.

With these estimates far andb, it is possible to obtain the location of the poles
0, and©,, from Eqgs. 8.15 and 8.16. These equations also involve tieettbn of
observation®,. Giovannelli et al. (2007) report a value for the inclinatiof the
system ofi = (37 + 2)°. Assuming that the rotation axis of the neutron star is
perpendicular to the orbital plané,= ©(. This is often assumed in neutron stars
in binary systems (e.g. Ghosh et al. 1977). We can theretati@rothe location of
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Figure 8.14: Left panel: original pulse profile using oneebation in seven energy ranges.
Right panel: decomposition for regiofu

the polesd; and©,. The angular distance between the location of the secored pol
and the point that is antipodal to the first pélean be estimated using Eq. 8.3. In
Fig. 8.16 the constraints on the geometry of the pulsar apaish The values of
01, O, ando are represented for all possible values of the directionbskovation
Op. The range of possible values of the geometrical paramatergdicated. The
obtained values of the geometrical parameters for i=8@ shown in Table 8.2, and
sketched in Fig. 8.17.

Itis now possible to plot the reconstructed sections of #abpattern as a function
of 6. The two sections of the beam pattern are reconstructeddo13.34° —87.34°)
andd € (92.6° — 166.6°). The reconstructed beam pattern is plotted in 8.18 in linear
and polar representations.

The decompositions in regiaB, C, D and E were discarded. A further argument
against the decompositions in regidBsC andD emerges when trying to reconstruct

Table 8.2: Geometrical parameters of A0535+26 from the pasition analysis: polar an-
gles of the two magnetic poles and offset from ideal dipolil fie

Polel | Pole2 | offsetfromideal dipole
0, ~50° | Oy ~ 130° | 5 ~ 25°
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Figure 8.15: Left panelPCA original pulse profiles for one observation. Right panelstbe
decomposition for regiod as a function of the energy.

the beam pattern for those regions. It was not possible taafiiydvay to connect the
two sections of the beam pattern, so under the assumptioncegual emission
regions this provides another argument to discard thesentggasitions. Regioik,
for which we find the “second best” decomposition, howeveygasts that the two
emission regions are the same, in a similar way as for regiofVe can connect them
with the same values af andb as in regionA. This implies the same values for
the polar angles of the magnetic potes and©,. The value ofA is higher than in
region A, and therefore also the offset from an ideal dipole field ghbr,d ~ 48°.
In Fig. 8.19 the beam patterns for the best decompositiomsgions A and E are
represented for comparison. They differ slightly, but theimfeatures of the two
functions are similar (the single-pole pulse profiles hao alery similar shapes, just
different symmetry points).

8.2.4 Interpretation of reconstructed beam pattern

A characteristic feature of the reconstructed beam patteenminimum observed
in the flux betweerd ~ 30° — 40°. This feature is present at all energies and we
therefore believe that it could be related to the geometrithefaccretion. Filled
column models reproduce a beam pattern in which the flux deesefor low values
of 6, corresponding to the instant when the observer looks alumgccretion stream
(Kraus et al. 2003). Introducing a hollow column plus a hakeated on the neutron
star surface from scattered radiation emitted from theroalwalls would explain
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Figure 8.16: Constraints on the pulsar geometry. The \&tiizes indicate the orbital inclina-
tion (solid line) and its error range (dashed lines).

Figure 8.17: Schematic view of A0535+26 using the valuesheffulsar geometry obtained
from the decomposition analysis.
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Figure 8.18: Reconstructed beam pattern of A0535+26. laafep beam pattern as a function
of the energy in a linear representation. Right panel: beattem in polar diagram in the
25.20 — 34.30 keV (red) and0.58 — 99.85 keV (blue) energy ranges.

the increase in the flux seen fér< 30 — 40 °, and the minimum af ~ 30° — 40°
corresponding to the instant when the observer looks dijrgttb the column.

The steep increase in flux at high values of théta>( 120°) could be due to
gravitational light bending, which produces a similar teatin model calculations.

To obtain estimates on the size of the accretion column, aehfoda hollow col-
umn plus a halo has been calculatedfog [0°,40°]. Geometrical models of filled
columns, including the formation of a halo around the aganetolumn, were pre-
sented in Kraus et al. (2003), where the relative importaridbe different compo-
nents (halo-column) to the observed flux was studied. In i wresented here, the
modeling is performed as in Kraus et al. (2003), but intradge hollow column. A
detailed study of this model will be presented elsewherenBpatterns are computed
using ray-tracing (Foley et al. 1990) and include relatiwisght deflection (Nollert
et al. 1989).

The emission of the column wall is assumed to be a black bothnaperaturd g,
assumed to be isotropic. Part of the radiation that leav@sdlumn hits the neutron
star surface, creating a luminous halo around the columiswdlhis emission is
assumed to be thermal. Photon paths are calculated usir@ctivearzschild metric.
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Figure 8.19: Reconstructed beam patterns for regib(ieft panel) and® (right panel).

This is appropriate for A 0535+26 because it is a slowly intaneutron starypi, ~
103.4s). The Schwarzschild radiusig = 2G'M/c?. The accretion funnel has an
inner half-opening angle; and outer half-opening angte,. A radiative shock is
assumed to form close to the neutron star surface at radiadicater;. See Fig. 8.20
for a sketch of the geometry of the hollow column. Below thec) the column is
optically thick and radiation is emitted from the inner ander walls. Above the
shock, the accretion is assumed to be in free-fall.

We use the canonical values for the mass and radius of theomestar, M, =
1.4Mg andr, = 10km. Since we are calculating beam patterns for values of
0 < 40°, our results will not change significantly assuming largalues for the
neutron star radius, since light deflection is importanaegé viewing angles. The ra-
diative shock is assumed to be formedat= 10.5 km. According to observations of
A 0535+26, we take an asymptotic luminosity per pole.af = 0.8 x 1037 ergs™!,
and a cyclotron energy (used to calculate the magneticesoajtcross-section) of
E.,. = 45keV at the magnetic pole.

Different models have been computed for different valuethefinner and outer
half-opening angles, fob' = 7.6 keV photons for a distant observer (= 10 keV at
the neutron star). For each model, the temperature of tmelEpectrum emitted by
the column wall and the density that the accreting mategaldt the base of the free-
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Figure 8.20: Geometrical model of hollow column. Figuregtdd from Kraus (2001).

fall section follow from the assumed geometry and the vafue.9. The parameters
used for each model are listed in Table 8.3. Results from th@etcalculations are
shown in Fig. 8.21.

By comparing the A 0535+26 reconstructed beam pattern @i@ left) with the
models in Fig. 8.21, it can be seen that the shape of the mogj@isduce well the
shape of the reconstructed beam pattern. We can estimételfhepening angle and
column thickness to be, = 0.2rad~ 11.5° anda, — a; = 0.06 rad~ 3.4°.

Using these values for the outer half-opening anrgle= 0.2rad and thickness of
the wall o, — a; = 0.06rad, (model 5 from Table 8.3), we investigated the energy

Table 8.3: Model parameters used in the computation of beatterps for A0535+26, for
6 € [0°,40°].

model «; (rad) a, (rad) kT (keV) p (10~°g/lcm—3)
1 0.08 0.1 4.1 16
2 0.06 0.1 4.1 9
3 0.04 0.1 4.1 6.8
4 0.09 0.15 3.7 4
5 0.14 0.2 3.5 2.8
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Figure 8.21: Beam pattern models for hollow column with himiodifferent column thick-
ness and the same outer opening angl€left panel) and different opening angles with same
column thicknessy, — «; (right panel), calculated fat € [0°, 40°].
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Figure 8.22: Computed beam patterns for different phot@rges, taking the outer opening
anglea, = 0.6 rad and a column thickness, — a; = 0.06 rad.

dependence of the computed beam patterns. We calculatedgegterns for photon
energiesk = 10keV, E = 20keV, £ = 30keV andE = 40keV at the neutron
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star (orE = 7.6keV, E = 15.2keV, E = 22.8keV andE = 30.4keV for a distant
observer). The computed beam patterns for different phet@mngies are shown in
Fig. 8.22. It can be seen that the position and the depth aghthenum in the curves
are very weakly energy dependent. This supports our statietinegt the minimum can
be regarded mainly as a geometric effect.

We have found that a geometrical model of a hollow column Wimcludes scat-
tered radiation on the surface of the neutron star can beeap A 0535+26. We
would like to stress however that the model used is a simglifiedel, which we not
claim to be true in detail, but however reproduces well thedshape of the energy
dependent reconstructed beam pattern of A0535+26 for salte< 40 °.



CHAPTER9

Summary and Conclusions

9.1 Summary

In this work, the timing and spectral properties of the aticgeBe/X-ray binary
A 0535+26 during a normal (type 1) outburst have been ingastid. The analysis
is based on observations performed with BRTE and INTEGRAL observatories,
which cover thev 3 — 200 keV energy band.

One of the most important results of this work has been thesoreaent of the
fundamental cyclotron line @& ~ 46 keV and the first harmonic & ~ 102 keV.
This measurement firmly establishes the magnetic field ohéwtron star at the site
of the X-ray emission to b& ~ 5 x 10'2 G, putting end to a long debate. In fact, the
fundamental line aly ~ 46 keV was discovered during a giant outburst in 1989 with
HEXE (Kendziorra et al. 1994). However, later observations \itBSEduring the
1994 giant outburst could not confirm this result (Grove €1885), and measured the
fundamentalline at’ ~ 110 keV, probably due to the 40—50 keV energy threshold
of the OSSEinstrument. Our observations put end to this debate, coimfiyrhe
earlier results from Kendziorra et al. (1994).

The RXTE observations have allowed to study, for the first time, thadwdion of
the cyclotron line energy with the X-ray luminosity for A 05826. Recently, for the
accreting pulsars 4U 0115+64 and V 0332+53, a negativelatioe between the cy-
clotron line energy with the X-ray luminosity has been dissred. This correlation
agrees with the theory developed by Basko & Sunyaev (191i8) a@ssumes the for-
mation of a radiative shock in the accretion column for higininosity sources in the
super-Eddington regime. An increase in the accretion rateesithe radiative shock
upwards, further away from the neutron star surface. Thegefan increase in the
accretion rate is correlated with an increase in the heiftiteoshock, and therefore
with a decrease in the magnetic field and cyclotron energyth®mther hand, in the
case of Her X-1 a positive correlation between the cycloliremenergy and the lumi-
nosity has been discovered (Staubert et al. 2007). For ssumche sub-Eddington

134
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regime an increase in the accretion rate is expected to "ghshmatter closer to the
neutron star surface, and therefore a positive correldteiween the accretion rate
and the magnetic field (or cyclotron line) should emerge. &baution of the cy-
clotron line energy of A0535+26 with the X-ray luminosityshleen studied in this
context. We found, contrary to the sources mentioned befarehanges of the cy-
clotron line energy with the luminosity, suggesting that lime forming region does
not change with the mass accretion rate of the system.

We have studied the evolution of the pulse period along thburst. During the
beginning of the outburst the pulse period remains constiimin uncertainties. Start-
ing around the periastron, we measure a spin-up rakeef—1.69 x 10~%+0.04 s/s
(at MJD 53618). This is the first time that a spin-up rate is snead for A 0535+26
during a normal outburst, and therefore the first time thee¥idence for an accretion
disk around the neutron star during a normal outburst.

We have also studied the energy dependent pulse profiles 882#26 during the
main outburs{excluding gore-outburst flarehat we studied independently). Similar
to other accreting X-ray pulsars, the pulse profiles exllmomplex shape at lower
energies{ 3 — 20 keV), while at higher energies the pulse profile evolves tdwa
a simpler double-peak shape. Above the fundamental cpci@nergy one of the
peaks is strongly reduced. This has been interpreted aodhe presence of a “fan
beam” emission component during the main outburst. Thdesta) cross section
for extraordinary photons (propagating perpendiculahémagnetic field) is smaller
than that of ordinary photons (propagating parallel to te&fifor energies below
the cyclotron energy. Therefore, extraordinary photoajes effectively perpendic-
ular to the magnetic field, across the column walls. Howdeernergies above the
cyclotron energy both cross-sections are approximatalgle@nd photons can only
escape from smaller optical depths. The “fan-beam” compbreakens, explaining
the disappearance of one of the peaks in the pulse profilegdbe- 46 keV.

We have studied the evolution of the cyclotron line energhtie pulse phase. We
find a change of the cyclotron line with the pulse phase (&ntdbn in other sources),
with a lower cyclotron line energy during the main peak of plse profileE.y. 1 =
43709 keV, and a higher cyclotron line energs.y.» = 48.47} %3 keV during the
pulse phase in which a secondary peak disappears whenmgydssicyclotron energy.
This agrees with the “fan-beam” pattern proposed above. prasence of a shock
explains the lower magnetic field we measure when lookireptly into the polar cap.
The higher magnetic field is observed about half a pulse plaése corresponding
to the instant when we look perpendicular to the accretidoron, where we can
observe closer to the neutron star surface. We find also aehapeéctrum during
the main peak of the outburst, which agrees with the proptdfaedoeam” scenario.
Harder photons, originated closer to the polar cap, escape effectively in the
direction parallel to the magnetic field, explaining thed®aing of the spectrum in
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the phase corresponding to the main peak and the softenitigeinther rotational
phases.

We have compared the energy dependent pulse profiles othtdimang themain
outburstwith historical observations from the 1980, 1989 and 19%hgoutbursts.
The basic features of the pulse profiles remain constanttioner suggesting that the
main accretion geometry of the neutron star did not charggefiantly in more than
20 years.

The Swift-BAT light curve of the outburst has revealed flaring activityidgithe
rise to the peak of the outburst. The flux evolution becomesosher after the perias-
tron passage, coincident with the beginning of the spinfupeneutron starRXTE
performed three observations during one of these flares. plitse profiles exhibit
significant differences during the flare compared to the aé#tte outburst, and the
cyclotron line energy is measured at a position more than Hig¥er during the flare
compared to the rest of the outburst, pointing to a highenratgfield. The observed
flaring activity and associated changes in the pulse prditelscyclotron line energy
have been explained in terms of a theoretical model. A 05853 2n the verge of
low-mode magnetospheric instabilities, causing the matteumulated in the thin
boundary layer between the neutron star accretion disk la@adniagnetosphere to
rapidly fall onto the neutron star surface. The matter isncleded by different field
lines than those along which quasi-stationary accretigastglace, explaining the
different pulse profiles observed. The matter falls closethée neutron star surface,
which explains the higher magnetic field measured durindléres. Once the neu-
tron star starts spinning up, the amount of mass accumuilatée boundary layer
is strongly reduced. Therefore, the amount of matter aviilbor unstable accretion
is reduced. This explains the lack of flaring activity durthg spin-up phase of the
neutron star. Once the neutron star stops spinning-upndlactivity would be ex-
pected in this model, and there are actually hints for thti&BAT light curve of the
outburst.

During the pre-outburst flare contrary to the observations during th®in out-
burst, no strong change of the energy dependent pulse profiles pd&ee across the
cyclotron energy. This suggests that the emission formgacibbeam” pattern, with
no radiative shock formed in the accretion column. The edatj cross-section of
the ordinary photons evolves smoothly across the cyclosonance, explaining the
smooth evolution of the pulse profiles.

Our observations provide therefore the first observatieamence for low-mode
magnetospheric instabilities in A 0535+26. The model psmiin this work is generic
and can be applied to other transients. To apply this mduekdurce must be on the
verge of low-mode instability. This depends on several patars, like the neutron
star magnetic field, the spin-period or the accretion ratés possible then that for
many sources the transition from propeller to accretiommegakes place without
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flaring activity and instabilities being observed.

In the second part of the work, a decomposition analysis feeh applied to
A 0535+26 energy-dependent pulse profiles. The decomgpnositiethod is a back-
wards process: starting from the observed pulse profilescardposition of the pulse
profiles in two single-pole components is obtained. Themmfthe single-pole pulse
profiles, information on the geometry of the system and orbéem pattern is ex-
tracted. The method is based on symmetry consideratiodsseareral assumptions
are made. The first assumption is that the magnetic field hgsoéedstructure, with
axisymmetric emission regions. This makes necessarilgitigde pole profiles sym-
metric. The asymmetry in the total pulse profile is introdlibg a small offset of one
of the magnetic poles with respect to the antipodal position

We find a physically acceptable decomposition of the pulsélps of A0535+26
that allows us to extract information on the geometry of thisar. We obtair®; ~
50° and®, ~ 130° for the position of the magnetic poles with respect to thatroh
axis, and an offset of ~ 25° from one of the poles with respect to its antipodal
position.

The visible section of the beam pattern has been reconsttu& characteristic
feature of the reconstructed beam pattern at all energéesisimum observed in the
flux betweert ~ 30°—40°, wheref is the angle between the direction of observation
and the magnetic axis. This has been interpreted in termssofijple geometrical
model that includes relativistic light deflection. The mbideludes a hollow column
emitting isotropically black body radiation, plus a thetimalo created on the neutron
star surface around the column from scattered radiatiorit@sinfrom the column
walls. Another characteristic feature of the reconstrdidieam pattern is a steep
increase in flux at high values 6f(6¢ > 120°). This could be due to gravitational
light bending, which produces a similar feature in modetakitions.

The results presented in this work have been published irlEab et al. (2007),
Caballero et al. (2008b), Postnov et al. (2008), as well awiference proceedings
(Caballero et al. 2008a, Caballero et al. 2009).

9.2 Outlook

The evolution of the cyclotron energy with the X-ray lumiitpf A 0535+26 has
been studied for observations at luminosities < 1037 ergs ! during a normal
(type 1) outburst. The only observations of the fundamecyalotron line during a
giant outburst were performed withEXE in 1989 (Kendziorra et al. 1994), but the
large uncertainties do not allow to determine any correfatim herefore, new observa-
tions of A 0535+26 with a modern X-ray satellite during a giantburst might reveal
a positive or negative correlation of the cyclotron linetwtite luminosity.
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Target of Opportunity proposals have been approved IWTFEGRAL, RXTE (PI.
Caballero) andsuzaku(Pl. Pottschmidt) to observe A 0535+26 during a giant or nor-
mal outburst.

Since the December 2005 weak outburst until the end of 200#35+26 has
been mainly in quiescence. However, new activity duringpgegastron passages in
September 2008 and January 2009 is seen iSth&-BAT light curve (see Fig. 9.1).
Flaring activity, predicted by the low-mode magnetospharstability proposed in
this work for A0535+26, is seen after both outburs®XTE performed one obser-
vation during the decay of the second outburst, startingHd [94844. However, the
low flux level (Fi3_50)kev ~ 6 mCrab) and short observation time 2 ks) do not
allow to significantly detect cyclotron lines in the speatru

2008 2009

September October November December January February
— T — T T T T T T

0.03F T I

100
0.02

50
0.01

FIUX 15-50) kev (MCrab)

Swift BAT counts/sec

0.00 [#*

-0.01

1 1 1 1 1 t 1
54710 54735 54760 54785 54810 54835 54860
MJID

Figure 9.1: Swift-BAT light curve of A0535+26 between August 2008 and February9200
The dotted lines indicated the time of the periastron pass&go weak outbursts are seen at
each periastron passage. Flaring activity after both astbis also apparent.

The energy dependent pulse profiles of accreting neutros ata still today, after
more than three decades of observations, not understoogsténsatic analysis of
pulse profiles of a large sample of sources, applying therdposition method used
in this thesis, would be a step forward in understanding #reecal picture of pulse
profile formation. It would allow to check if for a larger salapf sources the as-
sumptions made in this work are supported by the data, artddy and compare the
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inferred geometry and beam patterns of the different system

Theoretical models for cyclotron lines and the X-ray comtim will help to reach a
better understanding of the physical properties of magedtplasmas and the physics
of accretion onto neutron stars. Botlycl ont (Schénherr et al. 2007) and the
Becker & Wolff (2007) models will be applied to A 0535+26. Amdepth analysis of
the application of these two models to A 0535+26 observatiand a careful interpre-
tation of the results, requires a dedicated analysis tHabeperformed in the future.
The existence of theoretical models, together with highityudata provided by X-
ray observatories liIkRXTE, INTEGRAL or Suzaky and the future X-ray missions
like Simbol-X (Ferrando et al. 2006)JuSTAR (Harrison et al. 2005), ASTRO-H
(Takahashi et al. 2008) or IXO (White & Hornschemeier 2008}, certainly bring
new light into the understanding of these fascinating dbjamique laboratories of
physics under extreme conditions.
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APPENDIXA

Log of RXTE observations

Table A.1: Log ofRXTE observations used in this work. The individual
pointings correspond to observations P91085 and P9108&rarsorted
chronologically.

Observation | MJD start| PCA exp.(ks)
1 | 91086-02-01-0¢0 53608.7 1.73
2 | 91086-01-03-00 53610.1 3.38
3 | 91086-01-03-01 53610.6 1.15
4 | 91086-01-03-03 53610.7 2.22
5 | 91086-01-03-03 53610.7 2.56
6 | 91086-02-02-0Q0 53611.6 1.94
7 | 91086-02-02-01 53612.7 1.82
8 | 91086-01-03-04 53613.0 3.42
9 | 91086-01-03-0§ 53613.1 1.57
10 | 91085-01-01-01 53613.5 1.20
11 | 91086-02-03-00 53613.6 1.90
12 | 91085-01-01-04 53613.7 2.30
13 | 91085-01-01-00 53613.8 6.83
14 | 91085-01-01-02 53614.0 3.39
15 | 91086-02-03-01 53614.1 1.44
16 | 91085-01-01-03 53614.7 12.35
17 | 91085-01-01-0§ 53615.0 0.80
18 | 91085-01-02-00 53615.0 2.46
19 | 91085-01-02-01] 53615.1 1.55
20 | 91085-01-02-02 53615.1 1.26
21 | 91085-01-02-03 53615.6 2.03
22 | 91085-01-02-04 53615.7 9.55
23 | 91086-02-04-00 53616.1 1.55
24 | 91086-01-04-00 53617.7 9.58
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150 Appendix A: Log of RXTE observations

Table A.1: continued from previous page

Observation | MJD start| PCA exp.(ks)
25| 91086-01-04-01 53617.9 2.93
26 | 91086-02-05-00 53619.0 1.47
27 | 91086-02-06-00 53620.0 1.49
28 | 91086-02-06-01 53621.0 1.52
29 | 91086-03-01-00 53622.0 1.54
30 | 91086-03-01-01 53623.1 1.44
31| 91086-01-05-00 53624.6 10.59
32 | 91086-03-02-00 53626.0 1.34
33 | 91086-03-02-01 53626.8 1.04
34 | 91086-03-03-00 53628.0 1.46
35| 91086-03-03-01 53628.8 0.77
36 | 91085-01-03-00 53629.8 7.10
37 | 91085-01-03-01 53630.7 10.48
38 | 91085-01-03-02 53631.7 4.72
39 | 91085-01-03-03 53632.7 2.54
40 | 91085-01-03-04 53633.9 2.64
41 | 91085-01-03-05 53634.9 2.43
42 | 91085-01-04-02 53637.8 2.98
43 | 91085-01-04-00 53638.8 1.09
44 | 91085-01-04-01 53638.8 2.75




APPENDIX B

Pulse period with RXTE

Table B.1: Best values for the pulse period of A0535+26 olat@diwith
RXTE. The estimated uncertainty for the periodis ms.

MJD Period (s)
53608.703184 103.3960
53610.071014 103.3960
53610.596363 103.3960
53610.660992 103.3960
53610.726814 103.3960
53611.647099 103.3960
53612.694213 103.3960
53613.022118 103.3960
53613.104697 103.3958
53613.480443 103.3952
53613.612084 103.3951
53613.677905 103.3950
53613.808360 103.3948
53614.005812 103.3945
53614.095744 103.3943
53614.661587 103.3936
53614.989486 103.3932
53615.001809 103.3930
53615.075640 103.3928
53615.145061 103.3926
53615.645258 103.3921
53615.711075 103.3920
53616.058114 103.3916
53617.678346 103.3890
53617.945194 103.3887
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Appendix B: Pulse period with RXTE

Table B.1: continued from previous page

MJD

Period (s)

53619.005376
53619.987786
53621.038352
53622.020739
53623.141888§
53624.653113
53626.019557
53626.080000
53628.780000
53629.760000

53630.680000

103.3865
103.3851
103.3838
103.3828
103.3820
103.3811
103.3807
103.3805
103.3801
103.3800
103.3800




APPENDIX C

RXTE pulse profiles

The energy dependent pulse profiles of all BTE observations of A0535+26
are plotted. In each figure the upper panel containsRG4 light curve, with a
vertical line indicating the time of the observation. TREA count rate is given in
countss! PCU L. The energy ranges of theCA and HEXTE pulse profiles are
indicated in the figures. Two pulse cycles are shown fortglari
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. RXTE pulse profiles
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Appendix C: RXTE pulse profiles
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Appendix C: RXTE pulse profiles
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APPENDIXD

Results of RXTE spectral analysis

Table D.1 and Table D.2 contain the best fit parameters oRKEE observations
of A0535+26 for which a cyclotron line was significantly detted. When required
by the fit, two cyclotron lines were included in the model. Bome observations the
width of the first harmonic was fixed &0 keV. The uncertainties are 90 % confidence
for one parameter of interest.
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APPENDIXE

Fundamental and astronomical physical constants

In Table E.1 the fundamental physical constants and astnanab constants used
in this work are listed. The values are given in the Inteoral System of Units (SI)
and in cgs (system of units commonly used in astronomy). ©hece for the funda-
mental physical constants is the NIST reference on Corsstainits and uncertainty,
recommended by CODATA (Committee on Data for Science antifi@ogy). The
astronomical constants are from Zombeck (2007).
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Quantity

Value (SI)

Value (cgs)

Newtonian constant G
of gravitation

6.67428(67) x 10~ 11 IJmkg >

6.67428(67) x 10~ 8ergcmg 2

Speed of light c 2.99792458 x 108 ms~? 2.99792458 x 1010 cms?

in vacuum

Elementary charge ¢ 1.602176487(40) x 10719 C 4.8032(12) x 10~ esu
Electron mass me | 9.10938215(45) x 10~31 kg 9.10938215(45) x 10728 g
Proton mass mp | 1.672621637(83) x 10-27kg | 1.672621637(83) x 10-2*g
Planck constant h 6.62606896(33) x 1073*Js | 6.62606896(33) x 10~27ergs
h/m ho| 1.054571628(53) x 10734Js | 1.054571628(53) x 10~27ergs
Boltzmann constant & | 1.3806504(24) x 1022 JK~! | 1.3806504(24) x 10~ 6 erg K~*
Solar mass M 1.98844(30) x 10°°kg 1.98844(30) x 1033 g
Solar radius R 6.961 x 108 m 6.961 x 10*°cm

Solar Luminosity s 3.846(8) x 10?6 Js! 3.846(8) x 1033 ergs!

"YIOM SIU) Ul PRESEI0D [22ISAYd [edIWouo.ISe pue [eluawepun T 3 s|qeL
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