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Zusammenfassung

Akkretierende Pulsare sind rotierende Neutronensterheimem starken Magnet-
feld, die sich in einem Doppelsternsystem be nden. Solgysene geben gepulste
Rontgenstrahlung ab. Diese Emission wird durch die Gréwiiaenergie gespeist,
die freigesetzt wird, wenn Plasma von einem nicht entart8egleitstern durch
das Magnetfeld auf die Pole des Neutronensterns geleitdt Was Plasma wird
durch den Aufprall auf die Ober &che des Neutronensterrex @ der sogenann-
ten Akkretionssaule zu Rontgenstrahlung thermalisiextbS vierzig Jahre nach
der Entdeckung ist die Strahlungsemission von akkretaeriPulsaren weiterhin
ratselhaft. Eine der cenen Fragen ist das Magnetfeld der Neutronensterne in die-
sen Systemen an sich und wie man jenes messen kann.

Das Rontgenspektrum dieser Systeme ist gekennzeichneh éum Potenzge-
setz mit einem Abbruch. Das Potenzgesetz wird als das Eigyjabe der Compto-
nisierung der Bremsstrahlung und der Zyklotronstrahlumgeaehen. Sowohl die
Brems-, als auch die Zyklotronstrahlung entstehen dursteatdallende heil3e Plas-
ma in das hoch-magnetisierte Plasma in der Nahe der Polkapype theoretische
Beschreibung des Spektrums ist jedoch bei weitem noch wnadlstandig. Die An-
wesenheit eines starken Magnetfeldes (B!2G) beschrankt die Bewegung der
Elektronen senkrecht zum Magnetfeld in Landau-Niveauss®isind quantisier-
te Energiezustande in denen sich die Elektronen be ndem&dnDer Wirkungs-
querschnitt der Compton-Streuung verandert sich daddecdjeser von dem Pho-
tonenimpuls und dem Magnetfeld abhéngt. Diese Abhandigiegt sich in Zy-
klotronresonanzlinien (engl. cyclotron resonance sdatideatures, im folgenden
CRSFs), welche als linienférmige Absorptionsmerkmaleiimigen Spektren von
Pulsaren beobachtet werden. Die Schwerpunktsenergierdi@sien steht tber
EcydkeV] ' 11:57 10 ?BG in direkter Beziehung zu dem Magnetfeld im Ent-
stehungsbereich der Linien. Diese Relation bietet die Mbtgeit das Magnetfeld
des Neutronensterns direkt zu bestimmen.

Die temporalen Eigenschaften von Neutronensternen, elpdig Anderung der
Spinpuls Frequenz, dienen ebenfalls zur Abschétzung demétieldes. Da Neu-



tronensterne sehr kompakte Objekte mit einem geringeingigchen Tragheitsmo-
ment sind, wird der Spin komplett von den aufReren Drehmoandveherrscht. Die-
se hangen von der Wechselwirkung zwischen der, von dem Mfaiphbestimmten,
Magnetosphére und der akkretierten Materie ab. Die Studged Drehmomente
und der Spinentwicklung kann daher ebenfalls eine Absch@tdes Magnetfeldes
liefern. In dieser Arbeit wird die Rolle der Drehmomente ter Spinentwicklung
fur eine Auswahl von langsam rotierenden Pulsaren untbtsDesweiteren wer-
den die Ruckschlisse betrachtet, die man aus der Theorrelemomente auf die
Magnetfelder ziehen kann.

Ich stelle eine detaillierte Studie des spektralen undizeén Verhaltens dreier
langsam rotierender, akkretierender Pulsare vor. Naimbrgind dies 1A 1118-61,
GX 301 2 und VelaX-1.

Basierend auf RXTE Daten gehe ich zuerst auf die Entdeckinay 2yklotron-
resonanzlinie im Spektrum von 1A 1118-61 ein. Ebenfallgdiich eine genaue
Betrachtung der temporalen Parameter von 1A 1818durch und zeige eine Mog-
lichkeit auf um die bisher unbekannte Umlaufdauer diese$e®ys zu bestimmen.

Darauf folgend prasentiere ich die Analyse der Beobaclemrder bekannten
High Mass X-ray Binaries GX 3012 und Vela X-1, die mit INTEGRAL und RXTE
durchgefiihrt wurden. Da die Beobachtungen eine gute 8iaiisten, konnen die
bekannten spektralen Eigenschaften (inklusive einer 8euioing von CRSFs) der
Quellen bestatigt werden. Desweiteren berichte ich vorEdédeckung, basierend
auf Suzaku Daten, gepulster Réntgenstrahlung im-state” von Vela X-1. Dies
ist ein Uberraschendes Ergebnis, da bisher angenommere wdasls die Rontgen-
strahlung im “o -state” komplett unterdriickt wird. Ich diskutiere diesesRi&ate
im Zusammenhang mit aktuellen Theorien der “gated” Akloreti

Anschliessend lege ich das Hauptaugenmerk auf die zefiradge dieser Arbeit,
wie die temporalen Eigenschaften von GX 3@lund Vela X-1 méglicherweise
helfen, den Ein uss der Drehmomente auf den Neutronsterzugirenzen und eine
Abschatzung fir das Magnetfeld des Neutronensterns zritieDie Vorhersagen
von mehreren bestehenden Modellen des Drehmoments firpitier8wicklung
dieser Quellen werden mit Beobachtungen von CGRO BAT SHiehem. Zum er-
sten Mal kann eine Korrelation zwischen der Ableitung denf8equenz und der
Akkretionsrate gezeigt werden, die in allen Modellen vegasagt wird. Mit Hil-
fe dieses Korrelation kénnen wir eine gesicherte untere@B 103G fiir die
Magnetfeldstarke der Neutronensterne in GX 3R1nd Vela X-1 angeben. Die-
ses Ergebnisse widersprechen den Abschatzungen des Kéddest die mit den
Energien der CRSFs der Quellen gemacht wurden.

Dieser Widerspruch bringt erneut das alte Probleme detéixs/on leuchtkraf-
tigen lang-periodischen akkretierenden Pulsaren mit maelen Magnetfeld ins
Spiel. Mdglichkeiten diese Widerspriiche in Einklang zungen werden diskutiert.



Zuerst zeige ich die Mdglichkeit auf, dass CRSFs hoch oliierthes Neutron-
sterns in der Akkretionssaule oder in dem Akkretionsstroerbalb der Polkappen
entstehen, in einem Bereich, in dem sich das Magnetfeldécheabschwécht. Zu-
satzlich Uberprife ich kritisch mogliche Abwandlungentbleender Theorien der
Drehmomente und folgere auf Grund von grundlegenden Enigdargumenten,
dass man durch die Verwendung gangiger Drehmoment-Modsliglicherweise
die Magnetfeldstarke nur unwesentlich zu hoch ansetztiefticth diskutiere ich
wie die Ergebnisse fur GX 302 und Vela X-1 zusétzlich bestétigt werden kénnen
und warum ahnliche Uberlegungen auch auf andere akknetiefeulsare angewen-
det werden konten.



Abstract

Accreting pulsars are rotating, highly magnetized neustams in binary systems
which emit pulsed X-rays. This emission is powered by thevitgional energy

of the plasma accreted from a non degenerate companionléghaeto the polar

caps of the neutron star by the magnetic eld, and thermdlipeX-rays either in

the impact with the surface of the neutron star, or in theated accretion column.
Although discovered more than forty years ago many aspédie@mission form

accreting pulsars remain puzzling. One of the key open sssuthe magnetic eld

of the neutron stars in these systems and how we can measure it

The X-ray spectrum of these systems is characterized by-a cpbwer-law,
interpreted as the result of the comptonization of the btexhking and cyclotron
emission produced in the highly magnetized accreted plastitee vicinity of the
polar caps by the hot in-falling plasma. The theoreticatdpton of the spectra s,
however, far from complete. The presence of a strong magredti (B 10'2G)
constrains and quantizes the motion of the electrons pdipdarly to the eld in
the Landau levels, thus modifying the cross-section for Gtom scatterings. The
scattering cross-section strongly depends on the photonemtum and the mag-
netic eld which manifests as the so-called cyclotron remme scattering features
(CRSFs), observed as line-like absorption features in pleetsa of some pulsars.
The centroid energy of these features is directly relateiéganagnetic eld in the
line-forming region viaEcyc[keV] ' 11.57 10 12B G, providing a way to directly
measure the magnetic eld of a neutron star.

The timing properties of a neutron star, and more speciyctile changes of the
pulse spin frequency, can be also used to estimate its magelet Neutron stars
are very compact objects with a low intrinsic moment of irzeatind therefore their
spin is completely governed by the external torques. Thaspies depend on the
interaction between the magnetosphere, determined byréregsh of the eld, and
the accreted matter. Therefore the study of these torquaksharspin history can
provide an estimate of the magnetic eld.

In this thesis the role of these torques in the spin historg smple of slow-



rotating pulsars and the magnetic elds inferred from thejte theory has been
studied.

More speci cally, | present a detailed study of the spedral timing behavior of
three slow-rotating accreting pulsars, namely 1A 111834301 2 and Vela X-1.

Based onRXTE data, | rst report on the discovery of a cyclotron scattgrin
feature in the spectrum of 1A 1118-61. | also perform a dedestudy of the timing
parameters of 1A 1118-61 and suggest a possible measurefriet previously
unknown orbital period of the source.

Using the data fromNTEGRAL and RXTE, | present an analysis of the well
known High Mass X-ray Binaries GX 302 and Vela X-1 con rming with high
statistics the already known spectral properties (inclgdhe observation of CRSFs)
of the sources. Based dBuzakudata, | then report on the discovery of pulsed
emission in the “o-states” of Vela X-1. This was a surprising result consiugri
that until now it was thought that the X-ray emission wasltptsuppressed in the
“o -states”. | discuss these ndings in the context of recerbthes for “gated”
accretion.

| then focus on the central question of this work, i.e. on hbe timing prop-
erties of GX 301 2 and Vela X-1 may help to constrain the torquegeting the
neutron star and to estimate its magnetic eld. The predigiof several existing
torque models on the spin history of the sources are compétedCGRO BATSE
observations. These observations reveal, for the rsttaeorrelation between the
pulse frequency derivative and the accretion rate, as getlin all torque models.
Using this correlation, we can put a strong lower lifdit 10'*G on the magnetic
eld strength of the neutron stars in Vela X-1 and GX 3@L

This result contradicts the estimates of the magnetic ddthmed from the ob-
served energies of the CRSFs in these sources, which ontcelagays onto the
stage the long-standing problem of the existence of lunsrong-periodic accret-
ing pulsars with moderate magnetic eld. Possible ways toreile this contradic-
tion are discussed.

First | suggest that CRSFs may form high above the neutrenrstiae accretion
column or the accretion stream above the polar caps whemalgeetic eld con-
siderably weakens. Second, | critically revise possibléinations of the existing
torque theory and from basic conservation arguments cdadlat the magnetic
eld obtained on the basis of current torque models is prbpalbt signi cantly
overestimated. Finally | discuss how the result on GX 3®&nd Vela X-1 can
be further veri ed, and why similar considerations mighpapto other accreting
pulsars.
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Since their discovery, neutron stars have been understobe strongly mag-
netized objects. In fact, if the magnetic moment of a typjmalgenitor withB
1 100G is conserved during the collapse, the magnetic eldredwa born neutron
star is expected to b8 10'2G.

This thesis focuses on estimation of the magnetic eld gjties of one class of
neutron star systems, the accretion-powered pulsars.eTdreseutron stars in bi-
nary systems luminous in X-rays and powered by gravitatienargy. In these
systems, the plasma accreted from a non-degenerate campsifiinneled by the
strong magnetic eld onto the polar caps of the neutron staene the energy is
thermalized mainly in X-rays. The observed pulsations iregtnat a strong mag-
netic eld, misaligned with respect to the rotation axiseosomes the enormous
drag of the gravitational eld.

In accreting X-ray binary pulsars the long term timing bebawf the neutron
star, in particular the pulse frequency change, is a re$ulieocomplex interplay
between mainly two physical components: the angular monmettansfer from the
non degenerate companion, determined by how the accratioce$s proceeds; and
the braking torques, which depend on the size of the magpletos and therefore
on the strength of the eld.

In my research work | try to provide an answer to an old questiwhich is
the magnetic eld of accreting pulsars characterized byossbtational spin fre-
quency?” To answer this question | have analyzed in detaitithing and spectral
properties of two well known and studied accreting X-rayspns: GX 3012 and
Vela X-1. This proved to be a very interesting journey whiolceéd me to address
the details of the accretion processes in accreting pyltesvays matter can leak
through the magnetosphere, the morphology of the accrstimttures close to
the polar caps of the neutron stars, the emission from thesetaon structures,
and eventually the meaning of the so called cyclotron resomacattering features
observed in the spectra of accreting pulsars which are tgaig considered the
standard probe for the estimate of the magnetic eld. Thé step of the journey
that is this thesis concludes with a key question, “are tigh mmagnetic eld neu-
tron stars with magnetar-like star magnetic elds®f 10'® 10"“G hosted in
GX 301 2 and Vela X-1?"

In ChapteilL | summarize the origin and the emission mechanisf neutron
star systems, discussing X-ray binaries in greater ddt#ilen review the distinc-
tions between the rotation and accretion powered neutesa st Chaptdrl2, giving
emphasis on to how we estimate the magnetic elds of thedesgs

In ChaptefB | give an overview of the missions whose datad irséhe observa-
tional part of my thesis, nameRossi X-ray Timing Explorer (RXTHpternational
Gamma-Ray Laboratory (INTEGRALSuzakuand theCompton Gamma-Ray Ob-
servatory (CGRQ)
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In the second part of my thesis | discuss the observationdings | have ob-
tained on the three systems studied: 1A 1188 GX 301-2 and Vela X-1. This
part is largely based on the papers published or submitteshgluny doctoral
project. In Chaptel]4 | report on tHRXTE observations and on the discovery
of a Cyclotron Resonance Scattering Feature in the Jan 20@irst of the X-
ray binary 1A 111861 (Doroshenko et al. 2010b). In Chapl@ér 5, | present an
extended study of the High Mass X-ray Binary (HMXB) GX 3@ with INTE-
GRAL and BATSE (Doroshenko et al, 2010a). Finally, in Chapfér 6, | discuss
some observational properties of the HMXB Vela X-1, pattcy during the so-
called “o -states”. | present an unprecedented study of severaktates” found
in a long Suzakuobservation of Vela X-1, where the source, contrary to etgpec
tions, was found to pulsate and where we were able to studspibetral properties
for the rst time. These results are being presented in Doeoko et al.[(2011b)
and Doroshenko et al. (2011a).

The interpretation of the observed properties of GX 39&and Vela X-1 led me
to the intriguing conclusion that the neutron stars in ttstems must have a very
strong magnetic eldsB 10 10"“G). This is an order of magnitude stronger
than the eld estimated from the energy of the cyclotron $ir@bserved in these
systems. | therefore devoted part of my work to explain thi®nsistencies.

In ChaptefT, | try to explain qualitatively how the obseregdlotron lines with
energy of 20-50 keV may form in X-ray pulsars with surface nmet@ eld of B
1014G.

In Chapte(8, | attempt to reconcile the observed cyclotioa ¢nergy and the
magnetic eld estimated with the accretion torque modelsdegply exploring
torque theory. In the last Chapter | describe the possitilerdusteps of my in-
vestigation.




Chapter 1

X-ray binaries

A signi cant fraction of known stars are members of so-aaflbinary” or “mul-
tiple” stellar systemi?). Members of a binaystem are gravita-
tionally bound and rotate around a common center of masdikesthe planets
in the Solar system rotate around the Sun. The more massiv@fsthe binary
system is usually called therimary while the less massive is referred to as the
secondary X-ray binaries (XRBs) are simply binary systems luminauirays
with X-ray luminosity 10%2 10®%ergss®. When speaking of X-ray binaries one
typically refers to systems in which a compact object, alblaale, a neutron star
or a white dwarf/(LipundV 1987), rotates around a normal sBadinary stars are
dim in X-rays (up to 10%%ergss!|Giidel 2004). The X-ray emission of these sys-
tems is powered by thaccretion of matteffrom the normal onto the degenerate
component.

The compact objects in X-ray binaries are the nal stagevigion of normal
stars. Stars are believed to form from the initially homagengas of the inter-
stellar medium which condense into more compact clouds dRayleigh-Taylor
instabilities. If a gas cloud is suciently cold to satisfy the Jeans criterion

M M/ T¥2n 2 10°™m (1.1)

it will eventually collapse and form a star or a star systeipetheling on the initial
angular momentum. HerfE is the gas temperature ands the number density of
particles in the cloud.

The subsequent evolution of the star is de ned by the initlalud mass, its
chemical composition and the angular momentum_(Schwaitds¢B58). In bi-
narymultiple systems the evolution of each companion is alsmgly a ected by
the exchange of mass and angular momentum between the systerers. In the
next section | will give a very brief and mainly qualitativeesview of the evolu-
tion of an isolated star showing how it dérs from the evolution of stars in a binary
system.
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18 Chapter 1: X-ray binaries

1.0.1 Stellar evolution of single stars

Stellar evolution is the change of physical properties,ngdlcal composition and
internal structure of stars with timmmb%). Thebanges are driven by
the loss of energy of the star as it evolves. The star is bseaelf-gravitating
ball of hot plasma where the pressure of the plasma is badaogeyravity. The
most striking feature of such a system is that it has neg&i@ag-capacity. The
loss of energy leads to contraction and heating of the stadedd, according to
the virial theorem the average potential energy must beetifie average kinetic
energy Up = 2Uy) and the total energy = Up+ Ux = Uy) decreases due to
the radiative losses, while the average kinetic energy,hemte the temperature,
increases.

This is the essential feature for the formation and evolutibthe star. As the
primordial gas clouds contract, the temperature and deirsithe core increase
until the hydrogen starts fusing into helium. At this poiné tprotostar becomes a
star and the equilibrium between the internal gas pressutéw gravity is reached.
This is the so-called Main Sequence (MS) stage. The maires®gus a continuous
and distinctive band that appears on plots of stellar cobssws brightness, also
called Hertzsprung—Russell diagrars (Hertzsprungl19athe MS stage the star
burns hydrogen into helium slowly radiating the energy aaag contracting until
all hydrogen in the core of the star is consumed. Since thecetssists mostly of
hydrogen, the MS stage is where the star spends most ofétsTifie lifetime on
the MS is determined by thmcleartimescale?)

n' —O'lLM : 1010MM"T yr; (1.2)

whereM andL are the mass and luminosity of the star respectively, and
10 32 (Lipunov[1987). This timescale is set by the ratio betweertttal amount
of available nuclear energy and the rate of energy loss {fe.luminosity). The
total amount of energy is proportional to the fraction of masailable for fusion
( 10% in the case of hydrogen burning) of the total mass of e st

As the hydrogen in the core runs out, the rate of energy relead the pressure
decrease and the core starts to contract. The temperatlitbeadensity in the core
increase and eventually reach values siently high to trigger the fusion of helium
into carbon and oxygen. The hydrogen continues to burn imther layers of the
star providing su cient energy to balance the gravitational forces. The exoés
energy supplied by the core leads to the expansion of the layters. At this stage
the star leaves the MS and moves towards the giant (red gianpergiant) branch.
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This happens on a much shorteermaltimescale:

|
GM2? . MR L _
HereR s the radius of the star ar@lis the gravitational constant.

Cycles of nuclear burning and gravitational contractionttwe providing that
the mass of the star (and hence temperature and density stefllee core) is su -
cient each time to start the next fusion cycle. If the stettaiss exceeds 10M
this cycle continues until the core consists mainly of irowl durther fusion pro-
vides no energyl (Lipunby 1987). Depending on the mass andliin@y of the
progenitor, the core will collapse into a black-hole or atnew star through the
spectaculasupernovaxplosion.

In a less massive star the pressure of degenerate electaynbearsu cient to
prevent further contraction at one of the burning stagethitncase the outer layers
continue to burn until the bare core remains. The core gibdoaols, leaving a
degeneratavhite dwarf

The nal product of the stellar evolution is, therefore, anguact object unless
the star is completely destroyed in a type la supernova eipigHillebrandt &
Niemeyet 2000) or has instcient mass to start fusion at all. The nuclear timescale
in this case may exceed the age of the universe as in the chsawi-dwarfs The
type of remnant compact object mainly depends on the initiads and chemical
composition of the progenitor star (Lewin et lal. 1995). Staith initial mass.
11M form white dwarfs (nal mass 1:4M ) while stars with mass 40M
form neutron stars (nal mass 1.4 3M depending on the assumed equation
of state of the neutron star). If the mass of compact remnagesls 3M (the
Oppenheimer-Volko limit, Oppenheimer & Volkol[1939) a black-hole will form.
This may happen for instance if the progenitor star is vergsive ( 40M , van
den Heuvel & Habets 1984). Note that these boundaries ayeapproximate as
there remains much uncertainty in stellar evolution, eisigdor massive stars.

1.0.2 Stellar evolution of stars in binaries

The transfer of mass, tidal interactions, angular momeranchheat transfer com-
plicate the stellar evolution process in binary systemswvéi@r the main outcome
is basically the same: one or two compact objects, possialyitationally bound,
remain as end stage of the binary system evolution.

Mass transfer in a binary system may occur either via stellads or via the
so-called Roche-Lobe over ow through thegrangianpoints. Each star is still
a self-gravitating body but the gravitational in uence bktother component, in
particular the centripetal forces generated by the spirhefstar and its orbital
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motion, must also be taken into account. In fhecheapproximationm
) the gravitational eld can be approximated as thataf to-orbiting point
massedM; and M, corresponding to the masses of the stars and located at their
centers. In the reference frame co-rotating with the bimawplution theRoche
potential is given by

_ GMi GMp ! 14

B r ] 2’ ( ' )
wherer; andr; are the distances to the center of the staris the orbital angular
velocity andrj is the distance to the axis of rotation of the binary (FFig).1.th
this approximation several equipotential surfaces ekt intersect themselves in
the so-called_agrangianpoints. The matter can ow freely through these points
since the gravitational and the centripetal forces care.hrhe equipotential with
critical point (usually called.;) between the two stars forms a two lobed gure with
one of the stars at the center of each lobe (usually calleBtuheobe).

If at some stage of the evolution one of the stars lIsRischelobe (solid eight-
shaped line Fid.111), the matter will ow onto the companatia signi cant rate on
a thermal timescale. This obviously ects the evolution of the companion and, for
instance, may lead to ignition of previously non burningeniad. It also a ects the
orbital separation: typically the more massive star llg fRochelobe rst which
leads to a decrease of the orbital separation and hencetita period. Eventually
the stars may merge due to this process.

Several mass transfer episodes may take place during theiewocof a binary
system with di erent evolutionary paths depending on the system parasnetan
den Heuvel & Habe4). An example of such a path is surzethfor a mas-
sive system in Figurg1.2.

1.1 Phenomenology and Classi cation

1.1.1 Classi cation

X-ray binaries are usually classi ed by the nature of the pawt object antdr by
the donor star type. The compact object may be a neutronN¢aitiion Star X-ray
Binaries, NS-XRBSs), a black hole (Black Hole X-ray BinariB&l-XRBs or BHBS)

or an accreting white dwarf (Cataclysmic Variables, CVshe Type of the donor
star is usually de ned by its mass. In Low Mass X-ray Bina(ie8IXBs) the donor
companion, a late-type star of spectral type A or later or gendwarf has a mass
of M 1:2M , whereas in High Mass X-ray Binaries (HMXBs) the donor is an
early type (O,B) star with masdl 10M (Levine et all 1996). We observe that
this classi cation usually applies only to NS-XRBs and BHBs
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Figure 1.1: Equipotential lines of tHRochepotential in a co-rotating frame parallel to the
rotational axis, indicated with the vertical line. Note self-intersections oipegential lines
which correspond to Lagrangian points. Image credit: D. Klochkov

Since the nuclear timescale, which determines how fastmalstar evolves, is
much longer for low-mass stars than for high-mass stars(geation 1.2), LMXBs
are typically very old systems (evolution timescale is Gislonging to the galac-
tic bulge population while the HMXBs are young and are tyfiycassociated with
star-formation regions in the galactic disk (see Fiuréah@ Grimm et al. 2003).
The di erence in age has two important consequences. First, thiy/tigninous
early type donor stars of HMXBs have powerful stellar windattcan sustain ac-
cretion. This is not the case for old systems where the massfar can only occur
via Roche lobe over ow and the accretion always proceeds feodisk
2001).

Second, if the compact object of the old LMXRB system is a rgustar, one
expects it to have a relatively low magnetic eld since thkas been enough time
for the eld to decay. One does not expect therefore to gélyeohserve X-ray
pulsations. Indeed most LMXBs usually do not exhibit putsat. However this is
by far an over-simpli cation. The observed phenomenolofiyMXBs is very rich
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Mi{Mg) : Ma(Mg)  PL(d)
{a) 9.0 50 2000
(b) 2.0 .@ 5.0 2000
{c} 7.0 [V 7.0 154.9
{d) 3.0 1.0 507.1
{e) 1.4 1.0 662.9
: e=0.13 v, =6.5 km/s
il 1.4 @. 1.0 7 662.8
(o) 14 B 2.2 0.4
500R,,
{g) 1.4 @@ 722 04
hy 1.4 @@ 14 08
. 5Re,

Figure 1.2: Evolution of a massive binary system in the case of ccatser\mass transfer.
The more massive component evolves rstand a rst mass traegisode takes place in (b).
Both stars continue to evolve (d) and eventually the more evolved compfamms a neutron
star in an eccentric orbit after a supernova explosion event (e). Asettond star continues
to evolve a second mass transfer episode takes place making the ngtatrappear as a
bright X-ray pulsar (f). The mass transfer stops at some pointilggsshutting the X-ray
pulsar down (g) and nally a second supernova explosion takes pliaogpting the system
and leaving two isolated neutron stars (possibly observed as radiogjulSayure after van
den Heuvel & Habets (1984)

and is determined mainly by geometry of the system, its tait@an with respect to
observer and the accretion rate. Most interesting obsenadtfeatures of binaries
in this class include thermonuclear bursts, quasi-periogtillations in the KHz
regime, pulsed emission during outbursts and relativistic lines formed in the
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Figure 1.3: Distribution of X-ray binaries in galaxy in galactic coordina@ksck and red
dots show pulsating HMXBs and LMXBs, crosses show non pulsating HM®& LMXBs.
Note that most LMXBs are not pulsating. Symbol size represents geefaay ux (2-
10 keV) from the source. Figure based on catalogue datal from Lith (20816 | 20077).

boundary layer close to the surface of the neutron stars witidely discussed in
literature how all these phenomena if combined could allowomly to distinguish
between neutron stars and black-holes in XRBs, but als@lgmikntially constrain
the equation of state of the neutron star. These topics aveves out of the scope
of this thesis so | suggest the reader to refdr to Lewin et1897):[ Strohmayer
(1999); Lattimer & Prakash (2007) for more details.

CVs, and in particularly the magnetized ones (so-calledngaind intermediate
polars), also exhibit a variety of interesting observatideatures. More details on
this class of X-ray binaries can be foundmmoom

1.1.2 Accretion processes

As we already said, the X-ray emission of XRBs is powered lgydbcretion of
matter from the donor onto the degenerate component. Acoredn occur through
the capture of winds or through Roche lobe over ow. The geional energy of
the accreted matter is thermally radiated either followimgimpact with the surface
of the compact object, like in systems containing neutranssbr white dwarfs, or
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in the so-called accretion disk.
The amount of energy released depends on the accretiomhtaiahe compact-
ness parameteV=R:

M
L GM5 (1.5)

hereL is the luminosity,M is the mass of the compact objeBjts typical radius
andM is the accretion rate of the mass in 0@%@87). If ¢endl thermally
from a relatively small area (a few times the size of the djehe radiation pre-
dominantly falls in the X-ray range (1keV). In XRBs containing a neutron star
or a black holeLy can reach up to:aMc® 10*%ergss?.

For white dwarf systems the compactness parameter is mwgr.ldn many
cases the X-ray emission is mainly powered by nuclear fugiben the accreted
plasma burns on the surface of the white dwarf. Such emisamnbe persistent
(at high accretion rates) or burst-like (Warher 2003).

Since the angular momentum of the in-falling matter (wh&hat negligible due
to the orbital motion) is conserved, the angular velocityhef matter increases as
it approaches the compact object. Eventually it may excheddcal Keplerian
velocity preventing the matter from falling directly ontieet compact object. In
this case an accretion disk (Shakura & Syunyaev 1973) isédwhich transports
the excess of angular momentum outwards. At the same time fation of the
gravitational energy is dissipated via viscous frictionhie accretion disk, predom-
inantly in X-rays (Shakura & Syunydev 1973). Due to thiscklholes which have
no surface and are otherwise invisible can be observed. ddreteoon disk may ob-
viously form around a compact object of any type providedathgular momentum
of the accreting matter is sicient.

If the compact object is strongly magnetized (wWith 10° G for neutron star), the
magnetic pressure exceeds the ram-pressure of the ingfaliatter B°=8 2)
which is funneled onto the magnetic poles. If the compacedbijotates and the
spin axis is misaligned with respect to the magnetic eldsaxve will observe
the pulsations of the X-ray ux. Accreting magnetized neutistars are known as
accreting pulsars and magnetized dwarfs as polars or irthate polars (Lewin
etal. ).

1.2 Accretion powered pulsars

This thesis is dedicated to the study of accretion-powetgshps so in this section
| will review their properties. More details can be foundt fostance, il@lse

(1989)] Lipunol/[(1987); Rosé (1998).
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Accreting X-ray pulsars are relatively young, strongly metized neutron stars
mainly found in HMXB systems. Their pulsed X-ray emissiopdsvered by accre-
tion. At some radius the strong magnetic eld overcomes tlagitational drag and
the plasma is con ned along the eld lines and funneled to plodar caps. Within
this radius the motion of plasma is governed by the magnetid so this area is
usually called the magnetosphere.

We know that the accretion pulsars are young because thearuahnescale is
rather short for stars with mass exceeding 109é the donor star evolves fast and
the lifetime of the HMXB system is short (tens of Myrs accoglito [1.2), see
also@@&. In fact, many HMXBs are clearly associatu star formation
regions|(Levine et al. 1996, see also Fiduré 1.3).

The optical companion is usually a (super)giant star Beatar. There are how-
ever numerous exceptions such as Her X-1, which has a MS coarpaOther
examples include GRO J16580, 4U 1543 47, and LMC X 3. HMXBs with neu-
tron stars are therefore generally classi ed in three gsoagcording to the donor
star type: Super Giant X-ray Binaries (SgXRB) with giant @oger-giant optical
companionsBe X-ray binaries (BeXRB) withBe stars as optical companion and
the so-called “intermediate mass X-ray binaries” like Het Mith a MS compan-
ion.

The groups dier mainly in how accretion proceeds. In SgXRBs and BeXRBs
the matter is accreted from the optical companion onto theroe star via stellar
winds, which is enhanced along the spin-equator plane inREsX Systems with
intermediate mass accrete through Roche Lobe over ow. énldkter case an ac-
cretion disk (see above) always forms (Frank ét al. 10921gR¥i1981) due to the
angular momentum of the orbiting plasma.

In my thesis | will focus on systems in which accretion maiatcurs from the
wind of an optical companion. More details on disk accretioay be found in
LLipunoy (1987)| Frank et all (1992).

In SgXRBs and BeXRBs the neutron star has an eccentric orhi¢. main rea-
son for this being that the orbit disturbed by the natal kickhie neutron star in the
supernova explosion does not have enough time to circelai&ztidal interactions
m 2). The accretion in most cases procedus &bm the circumstel-
lar disk of theBe companion or from the powerful radiationally-driven winflao
supergiant companion which does not Il its Roche—lom@ﬂ Note
however that SgXRBs (including GX 302) have very dense winds which ec-
tively Il the Roche Lobe. While accretion still proceeds frowind, it becomes

“focused” forming an accretion stream (Leahy & Kostka 2008)

1to be more precise the probability to observe a HMXB at thigesta low since Roche lobe over ow
takes place on thermal timescales which are very short for meastirs
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Figure 1.4: Accretion in BeXRB and SgXRB (i.e. directly from stellar wisde Bondi &

Hoyle[1944). Image credit: Kretschrmar (2004); Kreykenbohm 4200

The orbital periods of HMXBs are in the range 1-1000 d, sortgkinto account
the high eccentricity of the orbit, it is not surprising tteasigni cant fraction of
accreting pulsars are transients, characterized by peaiodutbursts close to the
periastron passage. Particularly this is the case for BexXRiere the fast rotation
of the Be stars is responsible for the enhancement of the wind in tbateqal di-
rection forming a circumstellar “disk” around the star. Moéthe mass loss d8e
stars occurs through this disk. When the neutron star passmggh this disk the
accretion rate strongly increases resulting in partityllpowerful outbursts. Dur-
ing the outbursts the luminosity can reaci¥010*°erg s ! and an accretion disk
often forms. The formation of the disk is associated withdapin-up episodes ob-
served in many sources (Bildsten ef al. 1997). Outside obthleursts the neutron
stars of the BeXRBs are usually dim and spin-down steadily.

In SgXRBs the situation is somewhat érent and the luminous optical compan-
ion looses most of the mass via radiatively driven wind (sgefe[1.6 for compar-
ison). The wind is almost spherically symmetric and vaiasi of the X-ray ux
with the orbital phase are less dramatic than in the caseeoB&#XRBs. In fact,
most of SgXRBs may be considered persistent sou ), although

wind focusing may lead to signi cant enhancement of the ¥-t& at certain or-

bital phases| (Leahy & KostlhOS) The radiatively driveindnis intrinsically

unstableLLRunaQLe_s_&_O_\ALQHkLZOOS) and the accretion of deismps leads to X-
ares when the matter is accreted onto the neutron istatté\V& Zurita Herds

). Due to the dense wind, SgXRBs are strongly absorbddaendi cult
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to detect in soft X-rays despite the relatively high lumitp$10%¢ 10%8ergs?).
The boom of discoveries of these systems began with the haofhimissions with
imaging capabilities in hard X-rays lIkeNTEGRAL and Swift (Walter & Zurita
Heras 2007).

The pulse period usually changes erratically in these ssyuaithough as | show
in my thesis, a correlation with ux is observed at least ilmmeocases. | further
discuss this topic in Chaptgl 2.

As already discussed, depending on the angular momentume abiptured mat-
ter accretion may proceed either directly from a wind or framaccretion disk

v_1973) as summarized in Figure 1.5. Ttethat the ac-
cretion disk of accreting pulsars (if any) is disrupted by thagnetosphere at large
inner radii implies that the disk luminosity is low which nekit di cult to observe
directly in accretion-powered pulsars. A steady and rapid-gsp or the observa-
tion of quasi periodic oscillations may indicate the preseof an accretion disk in
the system (Bildsten et al. 1997).

The magnetic eld funnels the plasma onto the polar caps wiiee energy is
released. Atlow luminosities (below5 10%%ergss?,|Basko & Sunyaéy 1976) the
matter is stopped at the neutron star surface via Coulorebactions producing a
hotspot. At higher luminosities the radiation pressuréhefémission coming from
the small polar caps (1 km siz7) starts to slow down the accretion
ow and anaccretion columrarises.

The concept of the accretion column was introduced by BasBugyaevl(1976)
to explain the observed luminosity of X-ray pulsars whicleeds the Eddington
luminosity limit even assuming spherically symmetric &tiom:

Leqa= 4 oM™ 5 10*’ergs? (1.6)
T

This limit becomes an order of magnitude less if one consitieat the plasma is
funneled onto polar caps with much smaller area, as suglbgtthe observation
of pulsations. To explain the existence of pulsars with hwsities above the criti-
cal one| Basko & Sunyaey (1976) suggested that the plasrignicantly slowed
down by the radiation pressure at some height and then sleiwkg down as the
excess energy is emitted through the side walls of the colufim@ column must
be optically thick otherwise it would not form at all as theopdns which support it
would immediately escape. The geometry of the column is dd by the magnetic
eld structure and by the ways in which the plasma enters tagmatosphere. Usu-
ally two cases are considered: “solid” and “hollow” columase Fig[ 1}6 (Basko
& Sunyaev 1976).

All X-ray pulsars in HMXBs exhibit similar spectra: typidgla cut-o power-
law modi ed at lower energies by photoelectric absorptiéiuorescent emission
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Figure 1.5: Sketch of an accreting pulsar for various accretion regime

lines of iron, nickel and other elements originating in thesunding plasma heated
by X-ray emission from the pulsar are often observed. In ssoueces Cyclotron

Resonance Scattering Features (CRSF) are observed irpbsoiThese are dis-
cussed in greater detail in Chapfér 2. The continuum patefspectrum is be-
lieved to be the result of comptonization of thermal, bremasdung and cyclotron

emission originating close to the polar cap and in the amretolumn by the hot

plasma which falls onto the neutron star. An sample spectaloulated by Becker
& Wol (2007) is presented in Figufe 1.7.

It was suggested by Basko & Sunyakv (1976) that the spectfsorch a column
will have a characteristic cut-opower law shape, which is indeed observed in
accreting pulsars. More detailed calculations of the spetemerging from the
accretion columns of accreting pulsars were performechtgckey
(2005) with similar results.

It is important to note however that bdth Basko & Sunyaev €)@ihd Becker &
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Figure 1.6: A sketch of the accretion column for “hollow” and “solid” geetries as pre-
sented by Basko & Sunvaev (1976). The magnetic eld con nes the aftyithick plasma

in the accretion structures.| X-rays can only escape through the sitteand therefore the
column extends upwards due to the radiation pressure. The radiatissupgedominates
in the| region below the so-called “radiative shock”, where the plasma siitk a velocity

determined by the emissivity of the column.

Wol (2005) models only calculate the spectrum which emerges the accretion
column, and rely also on a signi cant number of simplifyingsamptions in order
to nd analytical solutions. | would like to note that the @rged spectrum may
be quite di erent due to: (1) the re-processing of the column emissiogecto
the surface of neutron star or in the accretion stream_(@eoret all 2009), (2)
geometrical considerations and gravitational light déi@c (Kraus et all 2003),
and (3) to the relativistic beaming generated by the fasianaif the plasma in
the accretion stream (Lyubarsky & Sunyiaev 1988). While ghizoit the main topic
of the thesis, | will discuss qualitatively how theseegets may aect the observed
spectrum in greater detail in the next sections.
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Figure 1.7: Theoretical column-integrated count rate spectrum otareton column as

calculated by Becker & Wol (2007) for Her X 1 compared with the observed one (dal
Fiume et all 1998). The plot shows the total spectrum as well as contrisuiom the
comptonized thermal, bremsstrahlung and cyclotron emission.




Chapter 2

Magnetic elds of neutron stars

It was anticipated that neutron stars must have rather gtroagnetic elds
|;_9_6|4). Indeed, the neutron star is basically &apséd core of a nor-
mal star and most of the optical stars are believed to be ntiagdeClaytoh 19€8).
During the collapse the magnetic ux is conserved and thematig eld of the
neutron star will therefore increase:

B/ R?2 (2.1)

Main sequence stars haBe 100G which impliesB 102 10“G for neutron
stars collapsed to a radius of 10 Km (Lioukﬁﬁf 1987).

X-ray and radio pulsar i ni et al. 19652; Hewish ; Hewish
etal. 7) were discovered and soon aitergreted as neutron

stars with magnetic elds of the expected magnitude. In leatbes a lower limit on
the magnetic eld strength can be obtained from very basisigal considerations
even if the exact details of the emission mechanisms renrailear.

In fact, all radio-pulsar models, starting with the oridipgroposed interpreta-
tion by ), require a magnetic eld strength ofl0*2G to produce the
observed radio emission since the electrons producingythehsotron emission
must be accelerated to ultra-relativistic energies (waltbrentz force).

In the case of X-ray pulsars the energy density of the magrestl B°=8 shall
exceed the energy density of the in-falling plasma in orddyet able to funnel the

plasma onto the polar cap. This yields a lower limit on the ngdig eld strength
0B 10°G (Lipunov 1987).

2.1 Rotation powered neutron stars

2.1.1 Radio pulsars

The bolometric luminosity of radio pulsars (including thadtic energy of the out-
owing relativistic plasma) is estimated to be very closddeses of the rotational

31
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kinetic energy of the neutron star. The latter is well cagsgd from pulse fre-
quency measurements. The observed frequency evolutiimiiaisto what can be
expected assuming magneto-dipole energy Iogéé 1998

E= 1 /B * (2.2)

Herel is the moment of inertiaB is the magnetic eld, and ; are the angular
pulse frequency of the pulsar and its derivative. More tedastudies also seem

to agree with the magneto-dipole approximation (Cordes &r6|/1997). The
magnetic eld of the pulsar may be estimated in this case as
s
3lc3 _dP
B= 37 Pt (2.3)

Note that this estimate relies on the assumption that tlatiooial energy losses are
due to magneto-dipole emission.

The magnetic elds of radio pulsars determined in this wagrsthe complete
allowed range. The lower limit is imposed by the requiremiiatt the electric
eld induced by the rotating magnetosphere is sient to produce a"'=e plasma
(Chen & Ruderman 1993). The radio pulsar is expected to bwitcwhen its
pulse period drops below a certain value in the course ofugespin-down, simply
because the relativistic electrons responsible for thesgion cannot be produced
anymore (the so-called “charge—straved” magnetosph&h&.is in fact supported
by the observations. The “death-line” is clearly observedre “period—magnetic
eld” diagram, as predicted by the models lof Chen & Ruderma@9@). This
is illustrated in Fig[Zl. The exact position of the “dedife” depends on how
exactly the pair-production mechanism operates in pulshrd=ig.[2Z.1 the most
conservative (i.e. lowed) estimate by Chen & Ruderman (1993) is shown.

The upper limit is imposed by the so-called “quantum critiea Schwinger
limit

Berit = Mec’=eh  4:4 103G (2.4)

where the cyclotron energy equals the electrons rest masst & the emission
models for radio pulsars predict the suppression of the amisabove this criti-
cal eld. There are, however several objects with a eld exdimg this value but
still visible in radio, the so-called high magnetic eld riadpulsars (HBRP). For
instance PSR J184D130 (McLaughlin et dl. 2003) exceeds the critical value by
factor of 2. There are several hypotheses why this may hafggnMcLaughlin

et al. (2008) and references therein for details). Thisugision is however beyond
the scope of the thesis. It is sgient to say here that the radio pulsars do seem to
populate the complete allowed region where the radio eorissi expected to be
produced Brp/ 10° 10 G), with some pulsars having even stronger elds.
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Figure 2.1: The “period—magnetic eld” diagram for rotation-powemdsars using data
from the ATNF pulsar cataloguke (Manchester ét al. 2005). The radiesion from a pulsar

is expected to switch-ooutside of the shaded area, limited by the “critical quantum eld”
from the top and by low limit on induced electric eld from below
) The inset shows the distribution of the magnetic elds with the |Im|’[S mBedo
above indicated by vertical lines. Note the gap between millisecond orclextyand normal
pulsars. The former are believed to be old neutron stars which weeeamtceting and thus
spun up to the short peri0998). This gure illustrates a mavagke of magnetic
eld values measured for rotation-powered pulsars.

2.1.2 Magnetars

A magnetar is de ned as a neutron star with ultra-stroBg Beit 44 10 G)
magnetic eld which powers its extremely strong X-ray anday emission. It is
common, however to use the term magnetar for any highly nemgukeneutron
stars, including those not powered by the decay of the magredtl (i.e. the
HBRPs mentioned above).

Historically the magnetar hypothesis was introduced tdarghe short GRBs,
particularly the March 5, 1979 SGR 18080 event (Mazets et Al. 1979). The
150 ms are, observed by the Venera spacecrafts and sewiel missions, satu-
rated the X-ray and-ray detectors on all satellites with a peak ux by two ordefs
magnitude higher than ever detected before from any sobi@msever the shocking
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discovery came later when the position of the burster waeraghed by comparing
the are timing observed by dierent satellites. The burster turned out to coincide
with a young supernova remnant (SNR) in tterge Magellanic CloudLMC, see
Fig.[2.2), which yielded a uence of:3 10*®erg or luminosity of 9 10*ergs?.

The burst location in a young SNR (with an age o10*yr) and the observed
pulsations with a period of 8 s strongly suggested that a neutron star was respon-
sible for the burst. The problem is, however, that the olettuminosity by far
exceeded the Eddington limit and the are could not be acamepowered. On
the other hand, the are was too short to originate deep im#gron star since it
would take much longer for the emission to get out (Hurleyl 52@05; Mereghetti
@). Also, the neutron star was not destroyed and cordtitojgulsate. Moreover,
on the next day another somewhat weaker are was observeglsdirce remained
active with several hundreds of recurrent ares detectedai®. Obviously most
of these ares were less intense. The uence distributiomiact very broad and
varies by four orders of magnitude (see [Fig] 2.2)

Other similar sources were detected later making up a ness cfsources, the
Soft Gamma Ray Repeaters (SGRs). As of 2010, 9 SGRs (7 cod ramgl 2
candidates) are knodlin

Roughly half of the known SGRs have been detected in X-ragio#mer energy
bandsin quiescen08). The X-ray emissitypically pulsed with
a hard, non-thermal spectrum (Triimper €t al. 2010). In mas¢s a spin-down of
the neutron star has been measured in quiescence or via gsampaf the pulse
period values in consequent outbursts. The observed spin-date implies huge
magnetic elds, assuming the same spin-down mechanisnraad® pulsars (see

(@3) and FiglZR). In fact, the rst such measurement by ¥é&iotou et al.|(1998)

has triggered the strong corroboration to the magnetar mode

The magnetar model was proposed/ by Duncan & Thonipson |(1992}his
model the giant ares of SGRs are explained as a result oklagple changes
in the magnetosphere of a highly magnetized neutron stamégnetar). As the
tremendous magnetic eld drifts through the solid crusthaf thagnetar, it stresses
the crust with magnetic forces which get stronger than thiel ®an bear. This
causes shifts in the crust structure, leading to brightmmtEE The short duration
and energetics of outbursts as well as spin-down timesaadesonsidered the main
arguments in favor of magnetar scenatio (Mereghetti2008).

Aside from SGRs, there is another class of sources consideyenagnetars,
namely the anomalous X-ray pulsars. These are soft X-rasafing sources with

Thttp//www.physics.mcgill.capulsafmagnetaimain.html

2| fact, historically_ Duncan & Thompsbh (1992) were inteeelsih estimating the magnetic eld of
a neutron star and only when they found that the eld couldlb@+strong, they realized that magnetars
may be a plausible interpretation for the SGRs.
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Figure 2.2: The dierential uence distribution of the SGR 1806-20 bursts as seen by RXTE

lines are obtalned tting a power-law model with the maximum I|keI|hood tecmuqmage

credif Gaus et al.[(2000).

no companion identi ed. No orbital modulation has been
quency history of any AXP so they are considered isolated shkée

The pulse frequency steadily decreases at a rate which sllsggenagnetar I|ke
magnetic elds. The X-ray emission is thought to be powergdhe same mecha-
nism as the quiescent emission of the SGRs, namely by shet#rirof the di us-
ing magnetic eld. It is important to note, however, that Vehthe giant ares from
SGRs lack other explanation besides a “trapped reball” eipthe properties and
the magnetar nature of the AXPs are still debated (Triimpait[2010).

Duncan & Thompson (1992) discussed also a possible origiheo$trong mag-
netic eld. Aside from the magnetic ux conservation considtions already men-
tioned above, the magnetic eld of the neutron star may beleedpviaan e cient
helical dynamo mechanism. If the neutron star is formed wisigni cant fraction
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Figure 2.3: P P diagram for rotationally powered pulsars using ATNF catalogue data

(Manchester et al. 2005). Lines indicate the magnetic eld calculated [#):(Rote huge

spin-down magnetic elds of magnetars (AXPs and SGRs).

of di erential rotation, the wrapping of the eld lines around #star due to shear
motion allows the small-scale magnetic eld structuresagsted with the convec-
tion to grow, producing the ampli cation of the magnetic cel The free energy
associated with the derential rotatiorE ~ 10°2(P=1ms) ?erg is enormous and
may lead to the generation of elds as strongBas 10t’(P=Lms) ! (i.e. factor of

100 stronger than from magnetic ux conservation consitiena) as the rotation

is smoothed by growing magnetic stresses (Duncan & Thomb38g).

2.2 Accretion powered pulsars

In the case of radio pulsars and magnetars, the estimathe afdgnetic elds are
based on measurements of the spin-down rate. All radio psusgan-down losing
rotational energy and this spin-down is typically very &afaside from the small
glitches observed in some cases). Magnetars (i.e. SGRsXRd)Aare no dierent
in this regard. In both cases the neutron star is isolatedtlamdaneasured spin-
down rate provides a straightforward estimate of the rotati energy losses, and
assuming some model (namely the magneto-dipole emissidhdaadio pulsars,
or the heating of the neutron star by the magnetic shearddoranagnetars) also
of the magnetic eld.

The situation with the accreting pulsars is more complitatEhe neutron star
accretes matter and so it is not isolated. Taking into adcixensmall intrinsic mo-
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Figure 2.4: A ROSAT X-ray map of the supernova remnant N49 in thrgd-&lagellanic
Cloud overlaid with error-box (combined data of multiple satellites) for thedd®, 1979
event. Image credit: NASA

ment of inertia of the neutron star, the spin-frequency @ah is completely gov-
erned by the angular momentum exchange with the accretitigmin most cases
the accretion is non-stationary, as is the pulse frequeabglior. Most accreting
pulsars exhibit erratic changes in the pulse frequencgnadn-top of general spin-
up or spin-down trends (Bildsten eflal. 1997). However itilspgossible to estimate
the magnetic moment of the neutron star by studying the frdg@ency evolution.

2.2.1 Accretion torques

The spin frequency evolution of the neutron star gives Hisigto the interaction
of the accretion ow with the neutron star. The rotationahéynics are determined

by the equation

d!
I =Ke*K (2.5)

whereK; andK are the acceleration and deceleration torgueis, the pulse fre-
quency, and the momentum of inertia of the neutron star. The accelegatirque
is associated with the angular momentum of the accretingemaraking torque
must also be present as suggested by the long spin-dowrdepisbserved in many
accreting pulsars. The origin and magnitude of both torgieg®ends on the prop-
erties of the binary system, particularly on the presencanoéccretion disk. In
this section | focus on quasi-spherical accretion from te#as winds in detached
binaries. This is indeed the relevant scenario for the ssutrstudy in the thesis.
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More details on angular momentum transfer in the case oétoarfrom disks may
be found il Ghosh & Lanib (1978) ahd Lovelace étlal. (1995).

As discussed by lllarionov & Sunyaev (1975), the accretirater possesses
a certain angular momentum due to the orbital motion of thérpa star. This
implies an accelerating torque

Ke =ky RE: (2.6)

Here s orbital frequency,
_GM

2
rel

is the capture radius,g is a relative velocity of the wind and the neutron star, and
kw @ dimensionless coecient de ned by the accretion geometry.

The braking torque is associated with the magnetosphessal interaction and
is dependent on the magnetosphere radius, the rotati@upléncy and the plasma
density (i.e. onthe accretion rate). The interaction mrsteed close to a so-called
magnetosphere radius

2.7)

5 oz

Rwv —p—2M =u (2.8)
This equation is derived from the assumption that the ranssure of the free-
falling matter ((Rv) (Rw)) is balanced by the pressure of the magnetic eld
(B?(Rv)=8 ). Here ' BRis the magnetic moment of the neutron star, where
B is the magnetic eld strength at the surface. The densityefglasma at a given
radiusr, ( (r)=M=4 r2 ) may be found for the observed accretion rate assuming
that the matter away from the magnetosphere boundary isdtie®y with velocity

= == (2.9)

and using the continuity equatiovi = 4 r?
The braking torque can be thought as some tangent drag fopleea to the
magnetosphere boundary
K =F Ru: (2.10)

The drag force may be for instance estimated under the assumtipat the rotation
of the magnetosphere in plasma is similar to the rotationsyteere submerged in
a viscous quuid 7). The torque in this case isressed as

K =8 1 (RWR)! (2.11)
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where 1

T3 Tlr (2.12)
is a turbulent viscosity coecient and 1 andlt are the characteristic velocity and
size of the turbulent cells respectively. The size of theulent cells is assumed to
be proportional to the magnetosphere size antb the linear velocity of magnetic
eld lines at the magnetosphere boundary. The turbulentogiy can then be
expressed as:

T=kr! RA (2.13)
wherekt 1=3 is a dimensionless turbulent viscosity cagent. The resulting
relation for the braking torque is then:

M k122 _ ke 2
4 R3=2PZGM GM T 2R
where the co-rotation radius (the radius where the localé¢em velocity of the

accreting matter matches the angular velocity of the nadtar 7)is
de ned as

K =8 krRy! 2 (2.14)

M 1=3

A similar result may be obtained under the assumption treastipersonic rota-
tion of an asymmetric magnetosphere in the plasma genesladek waves which
dissipate the rotational energy (Davies €t al. 1979; BiahgyKogan 1991). The
drag force is proportional to the magnetosphere area (oe m@cisely, to the area
of the shock) and ram pressure of the matter moved by the shititkharacteristic
velocity m:

F 4R (Rw) & (2.16)

As a velocity estimate the linear velocity=! Ry at the magnetosphere radius is
usually taken. The braking torque will be in this case:

= 2R/ =" ——__ .

Alternatively, one may assume that some kind of out ow isgerm in the system
and carries part of the accreted angular momentum away.nBtarice lllarionov
& Kompaneets|(1990) assumed that such an out ow may be diiyebuoyancy
force due to the non uniform Compton heating of the plasmahkyanisotropic
X-ray emission of the pulsar. The braking torque may be ia tlaise estimated as
(refer to the original paper for more details)

K =kkM! R, (2.18)
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wherekk depends on the out ow geometry.

The spin frequency remains constant if the braking and thelaating torques
are balancedK; = K ) and is usually called the “equilibrium frequency”. Taking
into account the torque models described above, and asguhahthe observed
pulse frequency is close to the equilibrium value, it is fldsgo estimate the mag-
netic eld if the accretion rate is known. As | will discus$ie information on
the frequency derivative dependence on the ux providestiahdl constraints on
some of the model parameters suctkgs

A similar approach may be used in the case of disk accr

[ Lovelace et al. 1995). In the Ghosh & Lamb (1978) moddl fa)llow-up
works MS) it is assumed that the accretion diskrisatired by the eld
lines, which couple with the disk at certain radius. Sinaedtsk is locally rotating
with the Keplerian velocity (that is according to third Kepllaw, P>/ R3), the
radius of interaction determines whether the magnetosptotates at this radius
faster (in this case the neutron star brakes down) or slosgén-Up of the neutron
star) than the disk. The radius of the magnetosphere isrdigted by the magnetic
eld and thus, measuring the pulse frequency changes allmis estimate it.

In the model of Lovelace et al. (1995), the disk is not thredlethe eld lines
which being unable to penetrate the disk, become open. Themeaves the
system along the open eld lines carrying angular momenturaya The mass and
the angular momentum out ow rates depend again on the aleigjth.

2.2.2 Cyclotron Resonance Scattering Feature (CRSF)

The energy of electrons in a strong magnetic eld shall benjzad in the so-
called “Landau levels”. Indeed, the electrons moving inregnetic eld follow
a helicoidal trajectory because of the Lorentz force. Thetjyn frequency (or
Larmor frequency) is given by:

(2.19)

?

l -_— L

lL=—=
r

2%

wherem ande are the electron mass and charge respectivelyBaadhe magnetic
eld strength. The gyration radius can therefore be derized

Me -
eB
which decreases as the magnetic eld grows. As the eld giterapproaches the

values typically seen in neutron stars, the gyration rageis comparable with the
so-calledde Brogliewavelength

o= (2.20)

h
de Broglie= m (2.21)
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SO quantum eects become important (Araya & Harding 1996). The kinetie en

ergy of the electron becomes quantized in the directiongreticular to the eld
lines. This quantum-mechanical problem was rst considdrg Lev Landau, so
the possible kinetic energy values are usually referred thandau levels”, given

by: s

P 2 B
En=mec® 1+ — +2n—: 2.22
n = Me MeC Be ( )
Heren is level numberpx = me i is the momentum of the electron parallel to the
magnetic eld andB. 4:4 10%G is the quantum critical eld at which the cy-
clotron energy of the electron becomes comparable wite#smass. FoB B; a
relativistic treatment of the problem is required. In thise both components of the
electron momentum become important and energies of thedLaledels become
ani ular-dependent. In the non-relativistic approxinmatite levels are equidistant

) and

heB B
Ege= R = e 115755 (2.23)

Gnedin & Sunyaev. (1974); Basko & Sunyaev (1976) suggestedhis leads to
important implications for the X-ray spectra of accretingsars. Indeed, the fact
that the electron’s kinetic energy is quantized, implieadly change only discretely.
The Compton scattering cross-section for the scatterimnofons at the electrons
will be therefore enhanced for photons with energies E,, whereE, is de ned
by (Z.22). The decay rate from the excited to lower levelsawdver extremely

large (Latal 1986)

' *1=2
= _C2 E 1015is 1
h B¢ 102G

(2.24)
The lifetime of the electrons in the excited levels is, tfiere, extremely short and
the photons are almost instantly re-emitted with enerdy of E,. The energy of
the photon is basically not changed and the process is caiednant scattering”.
The mean free path of the photons with energies clodg,tis much smaller, due
to increased probability of interaction. Photons with gmes close to the resonant
one become eectively trapped in plasma. This leads to the formation rod-iike
absorption features in the emerging X-ray spectrum as tloéopk with energies
n Eg basically cannot leave the plasma due to the short mean étegiderold &
Ruder 1979). The theoretical dependence of thecéive cross-section on energy
is plotted in Fig[Zh|(Araya-Gochez & Harding 2000). Theaption features
are called “Cyclotron Resonance Scattering Features” ffR®rn=0 we have a
“fundamental” cyclotron line, while fon 0 we have harmonic lines. The energy
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Figure 2.5: The cross-section for Compton-scattering in a strong etiageld. Figure
credit:|Araya & Harding|(1999)

of a CRSF is a function of the magnetic eld in the line formirggion [2.2B) and
therefore measuring it allows us to estimate the magneti¢ of a neutron star
directly.

The picture outlined above is of course very simpli ed and ttonnection of
what can really be observed in the spectrum of an X-ray pwistr underlying
physical processes is not trivial. Even though line-likatéees in the spectra of
X-ray pulsars were anticipated, it was unclear whether theyeally exist and
if they appear in emission or absorption. In fact, the linerfation is still not
understood completely. Numerical simulations show thatghape of the lines
strongly depends on plasma properties in the emission meg® geometry and

also a number of other factors. For more details please sssea/& Hardingl(1999);
Schénherr et all (2007) and Fig. P.6.
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Figure 2.6: Example of CRSF pro les calculated by Araya & Harding9@for a “slab”

geometry of the emission region, magnetic eld of 1 102G, input power-law spectrum
(indicated with dotted line), and several optical depths (increasing figmerdeft to lower

right). Note the complicated shape of the lines. Figure credit; Araya &iHgrd.999).

On May 3, 1976 Triimper et al. (1977) using a balloon detetBal{on-HEXE”)
observed a very strong emission line-like feature &8 keV in the spectrum of X-

ray pulsar Hercules X1 (see Fig[Z]7). This discovery sparked a broad discussion
about the interpretation of thismissionfeature [(Herold & Ruder (1979); Yahel

(1979) Nagell(1980) and others). In the following yearsspace-based detectors
appeared and more data was accumulated, it became cle#ndHate was not in

emission at 58 keV but rather in absorption a2 keV [Voges et al. 1982; Mihara
et al. 1990). Also a number of similar features in the spestiather pulsars were
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Figure 2.7: First evidence of a CRSF in spectrum of HerlXas reported by Truemper
et al. (197B). The feature was originally interpreted as an emission lin&akeV, while
subsequent observations showed that it was in fact an absorptionefea 42 keV.

discovered as summarized in Table]2.1. In some cases mareotteaharmonic
could be detected, which is a strong argument that the obddeatures are indeed
due to the resonant scattering in a strong magnetic eld. Aig@darly striking
example is 4U 011663, which is not only the rst source with a CRSF harmonic
detected| (White et &1, 1983), but also exhibits four equalced harmonics aside
from the fundamental (Santangelo et al. 1999).

As the number of pulsars exhibiting CRSF in their spectrasiased, the number
of open questions regarding the physics of the CRSF incdeasavell. A number
of attempts were made to account for more details and sob/@ribblem analyti-

cally employing various simpli cations (Yahel 1979; Na¢980;/ Wang & Frark

11981; Meszaros & Nagdel 1985a). With the availability of fasmputers the fo-
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Source Ecyc(keV) Mission Reference
Her X 1 41 Balloon Trimper et al. (1977)
4U 0115+-63 14,24,36, HEAO-1 Wheaton et al. (1979)
48,62
VvV 0332+53 26,49,74 Ginga Makishima et al. (1990)
CenX-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)
XTE J1946-274 36 RXTE Heindl et al. (2001)
Cep X-4 28 Ginga Mihara et al. (1991)
A0535+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 190409 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)
1A 1118 61 55 RXTE Doroshenko et al. (2010b)
EXO 2030-375 1118 RXTE Wilson et al. (2008)
637 INTEGRAL  Klochkov et al. (2008)
OAO 1657-415 367 BeppoSAX  Orlandini et al. (1999)
LMC X-4 100? BeppoSAX LaBarberaetal. (2001)
GS 184300 207? Ginga Mihara (1995)
GX304 1 517 Suzaku Mihara et al. (2010)
Swift J1626.6-5156 10? RXTE DeCesar et al. (2009)
CGRO J1008-57 8872 CGRO Shrader et al. (1999)
XMMU J054134.7-682550 10?,20? RXTE Markwardt et al. (2007)

Table 2.1: List of sources with cyclotron line(s) signi cantly detected inirtlspectrum
(mainly taken from Makishima et al. (1999); Heindl et al. (2004), apdated with cata-
logue data]MLZ_Q_b@ and ADS). The line energy value is followed gyestion mark
if the feature could not be con rmed, is model dependent or quediiena other way.

cus shifted towards nding a numerical solution to the pashlusing Monte Carlo
simulations|(Araya & Hardinf 1996 Isenberg el al. 1998;var& Harding 1999;

\Araya-Gochez & Harding 2000; Schénherr et al. 2007). Mocendy it has been
realized that the emission region geometry may play an itaporole. If the cy-
clotron line is formed in the accretion column, one may expage gradients of
the physical parameters across the scattering region vaéghsigni cantly a ect

the emerging spectrurh_(Nishimlra 2008). Even if the preseriche CRSF in
the X-ray spectrum is considered as the only “direct” mettmeéstimate of the
magnetic eld in the line forming region, it is not as clear evk the line formation
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region is located and how exactly the observed featuresoaneetl. The CRSF
formation problem appears to be extremely complicated amdtant veri cation
of theory with the observations is required to nd the sasati | will discuss these
questions in more details in the next chapters.



Chapter 3

Instrumentation

In this thesis | use the data obtained with several X-ray imniss namely/N-
TEGRAL, RXTE and Suzaku In the discussion of the physical properties of
GX 301 2 and VelaX-1, | also use the pulse frequency histories nredswith
CGRO BATSE In this chapter | wish to give a brief overview of the scienti
capabilities of these missions.

3.1 Rossi X-Ray Timing Explorer

3.1.1 Overview

The Rossi X-ray Timing ExplorerRXTE) is one of the most in uential missions
dedicated to study of galactic X-ray sources. Launched ocebder 30, 1996
(with a target lifetime of 2 years), thi@XTE is still operating now although not all
instruments are fully functioning. The mission is tailoedexplore the variabil-
ity of X-ray sources on time scales from microseconds to memiith moderate
spectral resolution in the range from 3 to 250 KBXTE carries two collimated co-
pointed instruments to cover low and high energy range wigb@d overlap. The
Proportional Counter Array (or PC@E 996) milee energy range
from 3 to 60 keV (although the sensitivity and the reliailiff the calibration drop
above 25keV). The High Energy X-ray Timing Experiment (HEX®othschild
et al. 1998) covers the upper energy range (18-250 keV). Bek of view is lim-
ited to around one degree for both instruments due to thavalbrs that provides
a low background level of 0:2 mCrab, so even dim sources can be detected. In
addition to the pointed instrumen®XTE carries a small 1D coded mask All Sky
Monitor (ASM |Levine et all 1996) telescope. TH&SM scans about 70% of the
sky in every spacecraft revolution. The main purpose of ithsgrument is to reg-
ularly monitor the complete sky in order to detect numeroasdient sources and
to trigger the follow-up pointed observations with the maistruments on board
RXTE along with other X-ray missions. Long mission life-time amgjular time

47
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sampling of most sources in the sky and the relatively higisisgity of the ASM
also make it a very valuable addition RXTE assets for monitoring the activity of
known persistent sources.

The spacecraft operates in a low-earth circular orbit atighth@f about 580 km
which corresponds to a 90 minute orbital period. This retsrihe length of unin-
terrupted observations to about half an hour due to earthl@ation. On the other
hand this time is not wasted but rather used to observe oiibtessources.

The data from the detectors are pre-processed onboard lExfexziment Data
System (EDS), which allows a exible selection of data mofdesiata compression
to ease telemetry constraints. In f&XTE is not telemetry limited (in most cases)
despite the huge ective area and inability to use ground stations to trangmait
data due to the low orbit. The tracking and data relay (TDRSS)em is used to
stay in contact with the satellite and provides a steady dowof about 20 kbps
only, and 256 kbps once a day for about half an hour. A schemaiv of the
spacecraft and of the instruments is presented il Eigy. 3.1.

3.1.2 PCA: proportional counter array

The PCA on board Rossi XTE consists of ve identical Xenon propantabcounter
units (PCUs) with a geometrical collecting area of 1608 @ach. The PCUs are
nearly co-aligned with the collimators slightly displadecallow a better estimate
of the positions of the point sources in the eld of view viatbomparison of the
count-rates from dierent PCUs. Each of the PCUs consists of several layers. The
propane layer at the top acts as a veto Layer. An additiortal lager is situated
at the bottom of the detector. The three Xenon detector sayelbetween are sur-
rounded by additional veto counters, which makes it possdoselect only photons
from the top and to discriminate photons coming from thessitteus reducing the
background. The presence of the collimator at the top funtbéuces the back-
ground. The eld of view of one degree was selected to engbet the sensitivity
of the instrument is not limited by the background but rathesource confusion.

The total e ective area of all layers in all PCUs is about 600G émthe nominal
energy range from 2 to 60 keV, with an energy resolution ofudli8% at 6 keV.
Not all PCUs are operating simultaneously. The PCU 1 foraimst lost its top
propane layer in 2000 and since then it has signi cantlyéased the background
rate, which makes it less useful for many applications. AU are switched o
from time to time to reduce the frequency of the so-calledkdewn events, when
the high voltage applied to the anodes breaks through theiXkyer. Often only
one PCU is operating, but still the ective area of just one PCU is unprecedented
in this energy range.

The subtraction of the background is crucial for non-imggnstruments like the
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Figure 3.1: Schematic view of tHRXTE spacecraft. Most of the satellite is occupied by ve
PCA PCUs. TheHEXTE clusters can be seen in the left part of the gure. A®&V is on
the right. Image credit: J. Wilms

PCA. In the case of the PCA, the background is modeled usimglala from the
veto layers and is a major source of uncertainty (up to 19fémnteasured source
spectrum. For calibration purposes the PCA use$*4m source, which emits
59.6 keV photons and-particles which are detected by a dedicatedetector lo-
cated alongside the Americium source. This allows for anraatic on-board gain
correction since any photon received simultaneously with garticle is known
to have an energy of 59.6 keV. Although the PCA is sensitivaaup00 keV, the
e ective area drops sharply above 30 keV, which implies thatcarsd instrument
is required for the broad-band observations.



50 Chapter 3: Instrumentation

3.1.3 HEXTE: High Energy X-ray Timing Experiment

The High Energy X-ray Timing Experiment is an improved venrsiof the A4
detector onboard the High Energy Astrophysics ObservatdBAO). It was de-
veloped at the Center for Astrophysics and Space Scienctdsediniversity of
California in San Diego (UCSD). HEXTE consists of two clust¢éA and B) of
four NAI(T1)/Csl(Na)-Phoswich scintillation detectors each (Rothsiattiall 1998)
with a total e ective area of about 1600 énat 50 keV. Each detector has a mag-
netic and anti-coincidence shielding to minimize the imstental background and
stabilize the response. An automatic gain correction is mgplemented using a
calibration?!Amsource.

The eld of view of each detector is limited by a collimator about one degree.
This only partially reduces the sky background which abo¥&e3/ contributes a
signi cant fraction of the total count-rate even for thedirtest sources. Moreover,
the background variations are not smooth, so it is cruciadéasure it directly. This
is accomplished by rocking the two clusters in perpendrail@ctions so that each
swaps source and esource positions every 32 seconds. This provides a direct
background measurement in four areas around the sourcetabfcoonsiderably
reduced on-source time. Unfortunately the rocking medmsiofHEXTE clusters
ceased to work on January 6, 2006 (cluster A) and Decembe2@) (cluster
B). Now, cluster A is xed on source and cluster B @ource. This makes the
spectral analysis WitlHEXTE possible, though problematic since the clusters are
not exactly identical and the background of cluster A must be estimated using
the data from cluster B. Both clusters will most likely rem&cked in the current
positions till the end of the mission, though software depeients may ease the
issue.

3.2 International Gamma-Ray Astrophysics Laboratory

3.2.1 Overview

Thelnternational Gamma-Ray Astrophysics LaboratiyTEGRAL, is a medium-
sized ESA observatory. It was launched on October 17, 20@8,am originally
planned lifetime of 5 years, which was extended in Octob@92ll at least the
end of 2012. The main scienti ¢ goals of the mission are tdfqren broadband
imaging and spectroscopy within a very wide eld of view ugithe coded-mask
imaging technique. The wide eld of view and relatively higknsitivity make
INTEGRAL a very good tool to discover new hard X-ray sources. For itga
INTEGRAL has doubled the number of known SgXRmmO@. Th
two main instruments on-board INTEGRAL are the imatfiS (20 keV-1 MeV)
and the imaging spectrometer SPI (20 keV-8 MeV). There ae @o monitor-
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Figure 3.2: Schematic view of thH & TEGRAL spacecraft. Main instruments are marked in
gure. Image credit: ESA

ing instruments.JEM-X for soft X-rays (3-30 keV) and the optical monitor OMC
(V-band). All instruments are co-aligned. A schematic viefithe spacecraft is
presented in Fig. 3.2. The satellite has a highly eccenthii with an orbital pe-
riod of 72 hours and a perigee altitude of about 10000 km. The inainaf the
orbit with respect to the equatorial plane was 51.6 degreésiach. This angle
has increased slowly with time towards the almost polarenrorbit. This highly
eccentric orbit was chosen to minimize the periods with lyiginstable instrument
background due to the electrons and protons trapped in thatien belts and to
allow for long periods of uninterrupted observations.

3.2.2 IBIS

The Imager on Board thtNTEGRAL Satellite (BIS) has been optimized for the
imaging and precise detection of point sources. All insgnta on-boardNTE-
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GRAL, including IBIS, employ a coded-mask technique for the imaging. Coded
mask imaging is the extension of a pin-hole camera concelpate more “holes”
and hence a larger aperture. In this approach the openirfiedetescope is par-
tially masked and the shadow from the mask is measured in étexir plane.
The location of the source can then be determined from théoshaosition. The
reconstruction is trivial if only one source is present ie thld of view but gets
extremely complicated as their number grows, since onesnedeconvolve the
intensity measured in the detector plane into a set of shadterns correspond-
ing to each source. The illustration of the problem is presin Fig. 3.3 for two
sources. Technically only the positions of point sourcestmareconstructed. This
is done either iteratively or via global optimization tedures, which minimize the
regular residuals found after the subtraction of all sosiinghe eld of view. Itis
important to note that the coded-mask instruments are backd-dominated since
the mask does not focus X-rays, so a point spread functiectevely covers the
whole detector and there are only few counts from each sawuezch pixel. On the
other hand, the background ux is measured simultaneoudly the source ux,
similarly to truly imaging instruments. For coded-maskinments the source and
background uxes are, however, model-dependent and itusial to ensure that
the imaging reconstruction is done properly.

The mask pattern is optimized to have a delta-like autotiiom function and
at the same time, not to obscure too much light. A mask tealipiconsists of
a supporting structure and a set of opaque elements arrangegattern. The
resolution of a coded-mask telescope is limited by the arggikze of a detecting
element as viewed from the mask and reachésfdr2IBIS. Two di erent elds
of view are de ned in coded-masks telescopes: the Fully @oéield of View
(FCFOV), for which all the source ux is modulated by the maakd the Partially
Coded Field of View (PCFQOV), for which only a fraction of theusce ux is coded
by the mask.

The detector of théBIS telescope is veto shielded and has two layers: PICSIT
and/SGRIfor hard and soft Gamma-rays respectively. TRER/ layer consists of
128 128 pixels composed @@dTesemiconductor crystals. With their small area,
the CdTedetectors are ideally suited to build an image with goodiapegsolution.
The lower PICsIT layer consists of 6464 pixels made ofsl (Caesium lodide)
scintillation crystals.

IBIS contains &Na calibration source, which allows regular calibration gsin
the 511 keV line. The summary of thBIS scienti c performance parameters is
presented in Table 3.1.
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IBIS JEM-X
Operating energy range 15keV — 10 MeV —35 keV
Energy resolution (FWHM) 7% @ 100 keV 9% @ 1 MeV [4E%
E ective Area ISGRI: 960 chat 50 keV 125crhat 6 keV
PICsIT: 870 crd at 300 keV
Field of view 83 8 (FCFOV) 4.8 (FCFOV)
19 19 (PCFOV @50%) 7.5(PCFOV @50%)
Angular resolution (FWHM) 12 30
Location accuracy (90% con dence) ¥@100 keV 5°@1MeV 30°
Continuum sensitivity, phcnfs TkeV 1 3:8 10 7 @100keV 14 10 ° @6keV
(3 detection, E=E/2, 1005 integration) 210 ’ @1 MeV 8 10 ® @30keV

Table 3.1: A summary of NTEGRAL scienti ¢ performances (Ubertini et al. 2003; Lund
et al. 2003)

3.2.3 SPI

The Spectrometer on board Integr8lR]) operates in the 20 keV-8 MeV energy
range. It also uses a coded-mask for imaging but has sigmilgdower angu-
lar resolution ( 3 ). The detector plane of the instrument consists of 19 cqoled
hexagonal shaped, high puri®e (Germanium) detectors, providing a total area of
about 500 cri. The main feature of the instrument is a very good energyluiéen,
2.35keV at 1.33 MeV. The whole telescope is veto shieldedrasda fully coded
eld of view (FCFOV) of 16 16 .

Unfortunately the low angular resolution limits the usadehis instrument in
crowded elds of view, especially for time-dependent spalcstudies. | use&PI
only for the veri cation of thelBISISGRIresults.

3.24 JEM-X

The Joint European Monitor for X-raygfEM-X) on-boardINTEGRAL comple-
ments/BIS at energies below 35keV. It consists of two identical codeatk tele-
scopes (referred alEM-X1andJEM-X2), but most of the time only one of the two
operates because the detectors degrade faster than atetitip

EachJEM-X detector is a microstrip gas chamber with a sensitive geinata
of 500 cnt per unit. The gas inside the steel pan-shaped detector \&@aswixture
of xenon (90%) and methane (10%) at 1.5 bar pressure. Theninggphotons are
absorbed in the xenon gas by photo-electric absorptionfantesulting ionization
cloud is then ampli ed near the microstrip anodes. Signnt&lectric charge is
picked up on the strip as an electric impulse. The detecterseto shielded with
an e ciency of particle background rejection99:9%.

The mask is 25% transparent and is placed 3.4 m above the detector, which
yields about 8angular resolution. The mask transparency was chosen itoiapt
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Figure 3.3: Schematic illustration of the coded mask imaging technique witedwaes in
the sky (a red and blue one), each projecting the mask pattern on theodetaeoe. The sky
image is reconstructed by decomposing the image in the detector planetinfaskadows
cast by the point sources in the sky. Image credit: ISDC

performance in crowded elds and to satisfy the telemetmystmints. This how-
ever reduces the ective area of eachEM-X unitto 100cn? at 10 keV. It drops

sharply above 25 keV, meaning the telescope is usable ilggmange 3—-35keV.
The energy resolution of the instrument is moderatet2% at 10 keV. The sum-
mary of the scienti ¢ performance is presented in Table 3.1.
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3.3 Compton Gamma-Ray Observatory

The Compton Gamma Ray Observatory was the second of the IASAat Obser-
vatories. Compton, at 17 tons, was the heaviest astropiiysgyload ever own at

the time of its launch on April 5, 1991 aboard the space shitiflantis. Compton

was safely deorbited and re-entered the Earth's atmospimedane 4, 2000. In my
thesis | only use high level pulsar data products providetlA$A (Bildsten et al.

1997) for The Burst and Transient Spectrometer Experim@AT SE) instrument

of the observatory. So here | wish to give a brief descriptibthe instrument and
of the data analysis involved in obtaining these data prtsduc

BATSE was an all sky monitor sensitive in the 20-600 keV energy earigach
detector module contains two Nal(Tl) scintillation detest a Large Area Detector
(LAD), optimized for sensitivity and directional respons@d a Spectroscopy De-
tector (SD), optimized for energy coverage and energy uéisol. The eight planes
of the LADS are facing outwards from the corners of tB&RO spacecraft. A
spacecraft sketch, with the indicated position of BATSE detectors is presented
in Fig. 3.4.

The LADs are non-imaging Nal(TI) scintillators with a &r eld of view. The
high level data products used in my thesis primarily utilire background data
from these detectors. These are folded on board or avaitablinuously at 1.024
s time resolution with four energy channels (DISCLA telemetata type) and at
2.048 s time resolution with 16 energy channels (CONT date)ty The pulsed
emission from the X-ray pulsars is typically detectedBATSE in the rst DIS-
CLA channel (20-50 keV) or channels 1-4 of CONT data (20-AD)ke

The high-level pulsar data products provided by NASA contéir a particular
pulsar, a set of pulse-pro les obtained in a series of xeddiintervals (typically

5d), the pulsed ux in each interval, the folding frequenéyund for each inter-
val individually) and, sometimes, the frequency derivatirhe pulse pro les are
either folded on-board (when the telemetry constraintsataliow to transmit the
complete background light-curve) or on the ground. In batbes the light-curve
is folded with the best-estimate period for a particulargimterval, which is obvi-
ously more robust for the ground-folded data. | useBA§ SE data for three pul-
sars and, in all three cases, the on-ground folded data aece &sr the on-ground
folded data, the pulse frequency and its derivative arenestid either using a blind
search for frequency (for 1A 11181) or with coherent pulse timing (GX 302
and Vela X-1). More details on the data analysis performechaailable in Bildsten
et al. (1997).
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COMPTEL Detector
Assembly
EGRET Instrument

BATSE Detector
Assembly (1 of 8)

COMPTEL Remote
Electronics

BATSE Remote Electronics

OSSE Instrument

Figure 3.4: Sketch of th€ GROspacecraft. Data from thBATSE detectors (in the corners
of the spacecraft) are used in the thesis. Image credit: NASA

3.4 Suzaku (ASTRO-EII)

3.4.1 Overview

The X-ray observatory Suzaku (formerly ASTRO-EI) is a jollapanese-US mis-
sion, developed by the Institute of Space and AstronauSc&nce of JAXA in
collaboration with the National Aeronautics and Space Adstiation's Goddard
Space Flight Center (NAS&SFC). The ASTRO-EII, the fth Japanese X-ray mis-
sion, was launched on July 10, 2005 and was renam8dzakuya red bird protect-
ing the south skies in asian mythology) after launch. It is@acement mission for
ASTRO-E which was lost for the failure of launch vehicle irbFgary 2000.

The scienti ¢ payload ofSuzakuinitially consisted of three co-aligned scienti ¢
instruments (see Fig. 3.5). The X-ray imaging spectromeEs) consists of four
X-ray telescopes (XRTs) equipped with X-ray sensitive imggCD cameras with
moderate energy resolution (Koyama et al. 2007) three4tlbmhinated (FI, energy
range 0.4-12keV) and one back-illuminated (Bl, energy ea-12 keV). The
Hard X-ray detector (Takahashi et al. 2007) is a broadba®QD keV) collimated
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Figure 3.5: A side view oBSuzakispacecraft and instrumentation, gure credit JAXA.

instrument with two detector layers (PIN and GSO) with veny background level
for a collimated instrument. The last instrument, the X-spgctrometer (XRS),
was a new-generation micro-calorimeter detector for thte XRT, designed to
substitute the gratings used XMM-Newton and Chandra It was supposed to
provide, for the rsttime, an unprecedented energy resofudf 6 eV (which is
factor of 20 better than for typical solid-state detectars) good sensitivity in one
instrument. Unfortunately the detector was only operatidar 2 weeks when it
was lost due to a failure in the cooling system. No usefulrsz@ecould be done
with it. The performance of the instrument could, howeververi ed and most
likely another incarnation of the instrument will y on oné the next-generation
missions. Below | will focus on properties of XIS and HXD.
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3.4.2 X-ray Imaging spectrometer (XIS)

The XIS consists of four X-ray telescopes (XRT-10 to XRT-8)uipped with CCDs
operating in photon counting mode, similar to that used @AI$CA SIS (Burke
et al. 1994), theChandraACIS (Weisskopf et al. 2002), and théMM-Newton
EPIC (Struder et al. 2001). The XRTs are grazing-incidemoective optics con-
sisting of tightly nested, thin-foil conical mirror shelgith high density nesting
and thus large aperture €iency in the operational energy range of 0.2-12 keV.
The angular resolution is moderate (aroufy @hich makes the XIS less vulnera-
ble to pile-up problems and at the same time, still sensithv@ugh due to the large
e ective area and the very low background.

The incident X-ray photons are converted in the CCD to chafgeds with mag-
nitude of charge proportional to photon energy. This ch&ghen shifted to the
readout-area applying a time-varying electrical poténiitae resulting voltage in-
crease is ampli ed by the CCD electronics. The height of thikage pulse allows
to reconstruct the photons energy. In the XIS there are f@b& 1024 1024
pixels each, which corresponds t0:8%7 17:8° area on the sky (each pixel has
24 m?, so the physical size of the CCD is25 25mm). One of the XIS (XIS1)
uses a back-illuminated CCD for improved low-energy (belbkeV) sensitivity,
while the others use front-illuminated CCDs. Note that ef@rfront-illuminated
CCDs, the pulse-height distribution to monochromatic ¥sraas a much smaller
low-pulse-height tail compared to the CCDs on previous imiss This makes
it possible to clearly recognize low-energy lines, el§-shell emission lines of
C;N;O.

3.4.3 Hard X-ray detector (HXD)

The Hard X-ray Detector (HXD) is a non-imaging, collimatettrument sensi-
tive in the 10-600 keV energy range. The instrument consisis identical veto
shielded detector modules arranged iftdarray. Each “well”-unit is composed of
two detector layers at the bottom of a passive collimater (iwell”): a GSOBGO
phoswich counter (scintillator), sensitive above80keV; and, on top of it, a 2-
mm thick PIN silicon diode, sensitive below60 keV. The scintillator signals from
GSQOBGO are read out by photomultiplier tubes located below tiystals.

The array of 16 “well’-units is surrounded by 20 crystal sitlators for active
shielding, which are also used as a wide- eld hard X-ray dete referred to as
the Wide-band All-sky Monitor (WAM). This can be used to ditand locate (as
part of Interplanetary Gamma-Ray Burst Timing Network, BN) bright X-ray
transients, GRB and solar ares.

The eld of view of the HXD changes signi cantly with energielow 100 keV
the passive collimators de ne a 8434°square opening, which is signi cantly less
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than in theRXTE HEXTE or in theBeppoSAXPDS and together with the active
shielding ensures a very low background level, a key digtnof the HXD from
the previous missions. The background rateSozakuis the lowest among the
existing missions for most X-ray energies. The backgrosralso very stable for
Suzaky so it can be modeled with better precision than for othdimoating instru-
ments (currently the uncertainty in background approaeh&sget value of 1%).
Above 100keV the ne collimators become transparent andatid/e shielding
denesa45 45 eld of view.

The HXD features an eective area of 160cnt at 20keV, and 260cn?
at 180 keV. The energy resolution is3keV (FWHM) for the PIN diodes, and
7:6=" Emev% (FWHM) for the scintillators, wher&yey is energy in MeV. The
HXD time resolution is 61 s.
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1A 1118 61

4.1 Introduction

In this chapter | summarize my work on the accreting pulsar11A8 61 for
which for the rst time since 1982 a major outburst was obsérin Janurary 2009.
The main content of this chapter has been published in Derdshet al. (2010b);
Staubert et al. (2011).

The hard X-ray transient 1A 11181 was rst discovered during an outburst
in 1974 by theAriel-5 satellite (Eyles et al. 1975). The outburst lasted fa0
days and no signi cant ux could be observed afterwards.satibns with a period
of 405.6 s were observed by lves et al. (1975) and were ilyitialerpreted as the
orbital period of a system containing two compact objectswds suggested by
Fabian et al. (1975) that the observed period was due to arskation of the neu-
tron star. The optical counterpart was identi ed as the Be-He 3 640Wray 793
by Chevalier & llovaisky (1975) and classi ed as an O9.5l¢¥-$tar with strong
Balmer emission lines and an extended envelope by JanbePact al. (1981).
The distance was estimated to be Bkpc (Janot-Pacheco et al. 1981). The classi-
cation and distance were con rmed by Coe & Payne (1985) by tbservations
of the source. The X-ray spectrum of the pulsar was tted waithower law with
a photon index of 1, with a marginal spectral softening (to 0:9) during the
peak of the outburst (signi cant at 1con dence level).

A second outburst occurred in 1992 and was observe@ BROBATSE (Coe
et al. 1994). The measured peak pulsed ux waks0 mCrab for the 20—-100 keV
energy range, similar to the 1974 outburst (Coe et al. 19%kakthi et al. 1976).
It was followed by a period of elevated emissio25 days after the main outburst.
This lasted for 30 days (see Coe et al. 1994, Fig.1). Pulsations with a pefiod
406.5 s were detected up to 100keV and the pulse pro le shavgidgle, broad
peak, asymmetric at lower (20—40 keV) energies. A spin-up.016 $day was ob-
served during the decay of the outburst. The pulsed speatrasndescribed with

63
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a single-temperature optically-thin, thermal bremsstnagp model with a tempera-
ture of (151 0:5)keV for the main outburst and (B8 0:9) keV during the later
phase of elevated emission. Multi-wavelength observatiewealed a strong corre-
lation between thél equivalent width and the X-ray ux, which allowed Coe et al.
(1994) to conclude that expansion of the circumstellar disthe optical compan-
ion was mainly responsible for the increased X-ray activitye periastron passage
would then trigger an outburst if enough matter had accutedlén the system.
This conclusion was supported by the pulsations with a desio 409 s, which
were also detected in quiescence (Rutledge et al. 2007).

The source remained in quiescence until 2009 January 4, alieind outburst
was detected bgwift (Mangano et al. 2009). Pointed observations \@inft/XRT
allowed the detection of pulsations with a period of 887 0:02 s reported later by
Mangano (2009). The complete outburst was regularly mogtdtavith RXTE. IN-
TEGRAL observed a aring activity 30 days after the main burst (Leyder et al.
2009). Suzakuobserved 1A 111861 twice, once during the peak of the outburst
and also 20days later when the ux returned to its previous level (8clg, in
preparation).

We report here on the monitoring observationsPYTE. A timing analysis to
determine the pulse period of the source and the rate of theredd strong spin-up
was carried out. Pulse phase averaged spectral analyseedvan absorption fea-
ture at 55keV, con rmed independently witSuzaku(S. Suchy, in preparation).
We interpret this feature as a cyclotron resonance saagtéeature (CRSF), which
is observed for the rsttime in this source.

4.2 Observations

The outburst was observed by several X-ray missions. Thecsdight-curve as
observed bySwift/BAT with marked observation times by various satellites is pre-
sented in Fig. 4.1. The source ux peaked on 2009 JanuarySQuft/BAT count-
rate 0.12 counis corresponding to 500mCrab in the 15-50 keV energy range)
and slowly decreased afterwards. The source was regulamytoned withRXTE
between January 10 2009, and February 4 2009, with a totasexe of 86 ks
(PCA) and a dead-time-corrected live time of 29 ks (HEXTE-B)e data from the
HEXTE-A detector were not used as it was not rocking durirgehtire observa-
tion and the background could not be properly estimated. dette were reduced
with the HEASOFT version 6.8 and a set of calibration lessien 20091202. The
spectral modeling was performed with tX&§PECpackage version 12.5.1n. The
energy range 3.5-25keV was used for fA€A and 18-120keV for thélEXTE
spectra. Based on an analysis of recent Crab observatiofsmped during the
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Figure 4.1:Swift/BAT daily light-curve of the outburst in 2009 January (dotted line). Obser-
vation times by various missions are indicated with vertical lines.

same time frame (2008 December 16, — 2009 March 11, propDsBP#802), a
systematic error of 0.5% was determined for fA€A data. No systematic error
was required for thé/EXTE data.

4.3 Results

4.3.1 Timing analysis

To determine the pulse period of 1A 1118l the PCA light-curve covering the
complete observation in the 3-50keV energy range was usezl .searched for
the pulse period and pulse period derivative using the pbaseection technique
(Staubert et al. 2009). Our best- t results givg,in=407.719(9) SPspin=4:6(2)

10 "ss?, at a folding epoch of MJD 54841.62 (the uncertainties givgmarenthe-
sisare at 1 con dence level and refer to the last digit given). The bésesiduals
for pulse arrival times are presented in Fig. 4.2. Note thatdbtained parameters
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characterize the pulse period evolution during RX¥TE observations only and are
not consistent with the pulse period value provided by Maong@009). This in-
consistence is not surprising, because the luminosity @andénthe accretion rate
were signi cantly higher during thé&*XTE observations. The spin-up rate of the
neutron star depends on the accretion rate, and thereftrapelating the timing
solution obtained close to the peak of the outburst (withr@ngfer spin-up) to the
beginning of the outburst (where the spin-up rate is expketiebe signi cantly
lower) gives a longer pulse period than indeed was directasnred at the time.
Note also that our solution does not account for the Doppiayd caused by or-
bital motion, because the parameters of the orbit are unkreowd our data do not
allow us to nd an unambiguous solution for the orbit. Theimstted value for an
orbital period from “pulse period""orbital period” diagm Corbet (1986) lies in
the 400-800d range, which is much longer than the span ofatar @he intrinsic
spin-period evolution is expected to be complicated, ss dii cult to separate it
from the e ects of the orbital motion. Moreover, Coe et al. (1994) sstgrbthat
the orbit may be almost circular, and the outbursts may oatany orbital phase,
so a possible orbital period value derived from the comparef outburst times is
also potentially ambiguous.

Both the spin-up rate 0:04sd* and ux are somewhat higher (by a factor of

2-3) than reported by Coe et al. (1994) for the previous astmbserved with
CGROBATSE. The stronger spin-up measured for the current ostbarlikely
caused by the higher ux and consequently higher accretata (although it is
di cult to directly compare BAT and BATSE uxes, because BATSEasured
only pulsed ux and the energy ranges are slightlyetient). A potential dierence
in the orbital phase during the two observations may alsocebpansible for the
di erence in the observed spin-up rate.

A set of pulse pro les in several energy ranges was congrluatith the deter-
mined period. The pulse pro le signi cantly changes withezgy as shown in
Fig. 4.3. At energies below 10 keV the pulse pro le has twokzed he secondary
peak amplitude decreases towards higher energies, dmappa@above 10keV. A
shoulder appears on the other side of the main peak at alsathe energy. The
pulse pro le becomes single peaked and gradually more syniorand narrow at
higher energies. A similar behavior was observed prewowith CGRQBATSE
(Coe et al. 1994). The pulse fraction, de ned #&n{x  Amin)SAmax* Amin) in-
creases with energy in a similar way to other accreting psisxcept for a drop at
around 8 keV, where the second peak disappears (see Fig. 4.3)
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Figure 4.2: Best- t residuals for the pulse arrival times determinedguRXTE PCA light-
curve (i.e. dierence between pulse arrival times as observed (O) and as calc(@jted
with an assumed pulse period and derivative). Solid, dashed and dio#edcorrespond
to ts including the pulse period derivatives up to second, rst and n@unstant period)
respectively.

4.3.2 A hint on orbital period from timing

As | mentioned above, the potentially complicated spirigueevolution together
with a limited span of thd&RXTE data makes it di cult to unambiguously identify
the Doppler delays associated with the orbital motion, behe orbital parameters.
This is particularly the case if the system has a long orpiaiod and the outbursts
are triggered only by the activity of the primary, which hasb suggested previ-
ously and can not be excluded. On the other hand, an orbltaél@ocan be found
if we restrict ourselves to relatively short orbital pesodess than data-span, i.e.
26 days) and assume that the outbursts are tied to somel qttstse.
Such a search was carried out by Staubert, Pottschmidt,sben&o, Wilms,
Suchy, Rothschild, & Santangelo (2011) using the s&X&@E pulse-arrival times



68 Chapter 4: 1A 111861

Energy, keV
Pulse fraction, %

4 . 2 2 | | |
0.0 0.5 1.0 L5 0.0 0.5 1.0 L5 2.0 4 8 16 32 64

Pulse phase Pulse phase Energy keV

Figure 4.3: Normalized “pulse phase™“energy” matrix WsPCA (below 22 keV)
andHEXTE (above 22 keV) data and pulse pro le evolution with energsliée at

a constant energy gives a background-subtracted pulsie-parmalized to unity
at the pulse maximum (shown in the middle pane, the pulsel@scare shifted
with respect to each other to avoid confusion). Contoursesgmt 2 and 3 sig-
ni cance levels for the absorption feature in the residualshe t with CompTT
model modi ed by photoelectric absorption and emissioe ki 6.4 keV. The pulse
fraction, de ned asfmax Amin)<Amaxt Amin) IS shown as a function of energy in
the right panel.

as above, and additionally the ones measured usingCtBRO BATSEdata ob-
tained in the previous outburst (Coe et al. 1994).

First we attempted to t theRXTE pulse arrival times assuming no 2nd pulse
period derivative and a circular orbit which yieldagini 55Its, Poy  24d,
TooMID 54845,Pgpin  407.7s andPspin -~ 1:8 10 “ss . Here | wish to
stress once again, that the orbital period estimate can lyefeasible if at least
one full orbital cycle is covered by the data, so only periskerter than 27 days
were inspected. Switching to an eccentric orbit (best-¢exttricity and longitude
of periastron passage age= 0:10(2) = 310(30)) yielded a marginal statistical
improvement ( decreased from 215 dof to 16.415 dof) with chance probability
of improvement of 22%, so we assumed the circular orbit from here on. Note,
however that if we assume that the orbital period is shorttaedX-ray activity
is associated with orbital motion, one does expect the toklite at least slightly
eccentric. The nal best- t parameters are summarized iblé&.1.

To determine the pulse-arrival times for tBATSE data | used the daily phase-
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Too, MID  54845.4(1)
Porp, d 24.0(4)
asini, It.s  55(1)

, deg 310(30)
e 0.10(2)
PspinS 407.655(1)
Pspinss® 1:8(2) 107

Table 4.1: Orbital element®gpin; Pspin at Tref = 54841259391. Parameters marked bare
not formally required by the t (see text).

energy channel matrices for all eight detectors availabtaé HEASARC archive
| averaged the data from eigBATSE detectors and also from channels in the 20—
40keV energy range (with energy-channel conversion agograb the provided
calibration) to obtain a set of 12 pulse pro les]d integration interval for each).
For each resulting pulse-pro le | then determined the ailrtime in the same way
as for theRXTE data via template matching (a high qualRXTE pulse pro le
in the same energy range was used as a template) BARSE data only covers
12d, so we xed all orbital parameters except Ty to the ones estimated from
the RXTE t. This resulted in the best- t solution wittPspin = 40653(2); Pspin =
3:1(9) 10 “ss ;andlgo MID = 486335 2:5.
Note, that the dierence between thigg values determined fdRXTE andBATSE
datasets corresponds to 258.83 orbital cycles assumirital period of 24.0d.

Ltp://heasarc.gsfc.nasa.gowmptoridatabatsépulsar ground foldedA1118-61

Figure 4.4: Best- t residuals for the pulse arrival times determinedguRXTE PCA (out-
burst January 2009, left) at@GRO BATSEdata (outburst January 1992, right), assuming
uniform spin-up and a circular orbit. Figure credit: Staubert et al. 1201
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If, on the other hand, we divide the separation by 259 cyadkssést integer mul-
tiple), we can determine a cycle length of 23.98(1) d wheimtaknto account the
uncertainties folfgg values. We can therefore potentially improve the accuracy f
Porb- The problem is, however, that the accuracyPgf, from the RXTE timing
measurements does not allow us to state that the separatiodeied 259 cycles.
In fact, the uncertainty of 0.4 d implies the separation & #5263 orbital cycles
between thégp measurements, so the inclusionBATSE data does not allow to
improve thePg, at this point. On the other hand, the estimatd@ &f from BATSE
data agrees well with th®XTE result (yielding also a similar pulse period and
spin-up rate), and will allow to re ne the orbital solutios anore observations of
the source will become available.

Additional evidence for the 24d orbital period comes from the timing of the
observed X-ray activity. Indeed, the three large outbuwbterved from the source
so far occurred on MJD 42407.0 (Eyles et al. 1975; Ives etal5), MJID 48626.0
(Coe et al. 1994) and MJD 54845.4 (Mangano et al. 2009; Derdshet al. 2010b;
Leyder et al. 2009) with an uncertainty of about 1 day in eaafec Assuming
that 24.0d is indeed the orbital period, all three outbuestsurred close to the
periastron and are separated by 259 orbits. Again, the taiesrin Py, allows
the separations of 255 to 263 orbital cycles, so the timingajor outbursts also
does not really allow to pin the exact value of the orbitaliqebr

On the other hand, the outbursts in 1992 and 2009 were fotldweperiods of
enhanced activity with peaks separated from the main osittiyr 24 d. Partic-
ularly Fig. 1 in Coe et al. (1994) shows that the main outbuas followed by
several peaks, the largest of which are arour2bd and 49d (the intensity of
these peaks is by factor of 2 lower than that of the main osthuin Fig. 4.5 we
show theRXTE ASM daily light-curve in vicinity of the third big burst (of Jan-
uary 2009). Three peaks may be identi ed withinfOd after the main outburst,
none of which is exactly at periastron. The second and tineé gaaks are however
close to it. The mean of the three separations starting \mighntain outburst is

23d.

A search for periodicities in a mission-long dalRXTE ASM light-curves re-
veals no signi cant periodicities, however the bins withuat-rate above the aver-
age background level tend to cluster around phase 0, asguh@meriod of 24 d
(see Fig. 4.6). Note, that the rate of coincidences of snaiks with phase zero
is signi cantly higher if we assume that the separation keswthe large outbursts
is 259 cycles (i.e.Porp = 24:012(3) d) than for other values in range from 255 to
263. This is de nitively not a proof (otherwise it would besal evident from the
periodogram), but is probably an indication that the sdparanay be indeed 259
cycles.
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Figure 4.5:RXTE ASM light-curve in the vicinity of January 2009 outburst. Three minor
ares separated by 24d can be identi ed after the main outburst. Figure credit: Staubert
etal. (2011).

4.3.3 Spectral analysis

The longest observations of the January 2009 outburst wetegned during the
maximum. | focused on these data for the spectral analysge(gations 94032-04-
02-03 to 94032-04-02-10). The spectra of 1A 1168 in di erent energy ranges
were previously described by power law and bremsstrahlusdpts (Maraschi et al.
1976; Coe et al. 1994). These models, however, do not desanibdata adequately.
Our results show that the broadband continuum of 1A 1818can be well de-
scribed by thé-DCU,INPEXandCompTimodels (Coburn et al. 2002; Mihara 1995;
Titarchuk & Lyubarskij 1995), modi ed by photoelectric atrption and an iron
emission line at 6:4 keV.

All tested continuum models in their best- t residuals shawrominent absorp-
tion feature at 55 keV. The inclusion of an absorption line with a Gaussiaticap
depth pro le leads to a signi cant improvement of t quality all cases (see Ta-
ble 4.2). We interpret this absorption feature as a CRSIs fHaiture was detected
in the spectrum of 1A 11181 for the rst time. The observed energy of the fea-
ture is one of the highest known and corresponds to a magektis 4:8 102G
(Harding & Lai 2006) in the scattering region. Preliminahage-resolved analysis
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Figure 4.6: Frequency histogram of small ares with peak w0:5 ctds (from smoothed
daily RXTE ASM light-curve) as function of 24.012 d phase. Figure credit:Staubett et a
(2011).

has shown that the energy of the CRSF does not change sigtiyosith the pulse
phase (see Fig. 4.3).

The best- t residuals oFDCUBNdNPEXnodels show also a prominent emis-
sion line-like feature at 8 keV. Similar features at derent energies were reported
for a number of sources (Coburn et al. 2002; Rodes-Roca20@@ and references
therein). Coburn et al. (2002) suggested that the emplolgedgmenological mod-
els for the continuum may be oversimpli ed for the real s@s@and hence may be
responsible for this eect. On the other hand, Rothschild et al. (2006) suggested
that the feature may be associated with the uorescenceardjpe from theBe/Cu
collimator of thePCA instrument. To clarify the situation a more detailed analys
of the Suzakudata is currently made and will be presented in a separater §Sp
Suchy et al, in preparation).

We found that the inclusion of an emission line with Gausgiemle may help
to account for this feature and does not signi cantlyeat other model parameters.
The 2 substantially improves for ts wittFDCUBNd NPEXnodels, accordingly
we included the line in all ts with those models. The energydhe width of the
line were xed at 8.04 keV and 0.01 keV, corresponding to tbpperK line, as
proposed by Rothschild et al. (2006).
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Figure 4.7: Best- t residuals for various continuum modeidA 1118 61. Aline-
like emission feature at 8 keV was modeled with a narrow line with Gaussian
pro le as described in text. The absorption feature 88 keV was included for
PCA only, to account for the similar residuals in the Crab speut(see text).

The t may be slightly improved by the inclusion of an additel absorption
feature at 23 keV for thePCA data only. The investigation of the Crab residuals
shows that a similar feature is also present inft@@A Crab spectrum (more than
99% signi cance with maximum likelihood ratio (MLR) and Fstis (Protassov et al.
2002, p-value 0:006). This is consistent with our 1A 11181 data, because the
line is not required by thélEXTE data. On the other hand, a shallow fundamental
line at 22 keV (with a rst harmonic at 55 keV) could be more diult to detect due
to this instrumental feature usirf@CA data. A comparison of oURXTE results
with the Suzakuobservations will help to clarify the picture (S. Suchy etial
preparation).

4.4 Conclusions

For the rst time since 1992 a major outburst of the/Beay binary 1A 1118 61
was observed in 2009 January WX TE, following a trigger fromSwift/BAT.
Strong pulsations with a period of 407.72s and a spin updo® 10 ’ss ! were
detected. A similar temporal behavior was observed WGRAOBATSE during
the previous outburst. ThHRXTE timing data also provides a hint on 24 d orbital
periodicity.
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Parameter FDCUT NPEX CompiT CompTT
Ny © 4:9*%6 3504 0:0*3% 0:2°35
E® 22.76% 22.76% 22.769 23:5+'§;g
22® 1.69 1.69 1.89 4:6*}5(Jj
0:02°3% 0:032°991 0:05°%%  0:09°2%3
Erye® 551418 55218 " 52007 55525
o 4+12 g+13 o+18 3+52
oye® 10:4* 13 11872 10213 13358
- +O:%' . +O:£’ - +0&' - +0:%'
cyc 0:8 0:&.0 0:9 O:&_ 0:6 01 0:9 0:2
0:7370% 4 0:16"053
Ecut® 16:5*%% 2 20 6:0*8% 6:o+g;§
Etolg ® 120702 A0 016705 Te® 147002 1447008
' (b) . +O% . +0:% . +0:2’
kT® 7.9 72705 s
Ere® 6:5°01 6:45" 508 6:4" 505 6:4" G0
re® 0:4 03 0:3 03
@ 33 3207 2703 2793
AFe(d) +% +o::?'7 0:3 0:3
Acy 275 o3 _ .
A 1comprt? 2272 10737 10.1%32 9:8733
reckdof 1.0483 0.8383 1.0884 0.7282

Table 4.2: Best- t results for dierent models. An emission lin€() with energy and width
xed at 8.04 keV and 0.01 keV was added R®@CUBNdNPEXnodels. All models include
also an absorption like feature at23 keV for PCA to account for similar residuals seen
in Crab spectra (with the line energy and width xed to those obtained froai Gs). For
CompTTodel the 2 may be improved by allowing the line parameters to vary (last column).

Notes. @ Parameter frozen during the t. ® [keV] © [10 2phkeV 1cm 2s 1]

@ 10 3phcm 2s 1] @ [atomscm?]

A broadband spectrum of the source was obtained for a rsttiamd an absorp-
tion feature at 55keV, interpreted as a CRSF was detected. The inclusidmeof t
feature signi cantly improves t results with all appliecbatinuum models and its
energy does not depend signi cantly on the model used.
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GX 301 2

This part of the thesis is dedicated to the observationalysti three galactic
accreting pulsars, namely GX 302, Vela X 1 and 1A 111861. | also discuss
how the interpretation of the observed properties may helgonstrain the mag-
netic eld of a neutron star in those sources. The contenhdf part is mostly
based on several papers published and submitted duringatieon the thesis, i.e.
Doroshenko et al. (2010a,b); Staubert et al. (2011); Daokb et al. (2011b,a).

5.1 Introduction

GX 301 2 (also known as 4U 1223%2) is a high-mass X-ray binary system, con-
sisting of a neutron star orbiting the early B-type opticahpanion Wray 977. The
neutron star is a 680 s X-ray pulsar (White et al. 1976), accreting from the dens
wind of the optical companion. The wind's mass-loss raténefdptical component
is one of the highest known in the galaxyliess 10 °M yr  (Kaper et al. 2006).
Because the terminal velocity of the wind is very lawg( 300 400 kms?, Kaper
et al. 2006), the accretion rate is high enough to explaimbserved luminosity of
Lx 10%’ergs®. The distance to the source is estimated to be betw@er0i4 kpc
(Parkes et al. 1980) and 5.3 kpc (Kaper et al. 1995), depgratirthe spectral clas-
si cation of Wray 977. The latest estimate is 3 kpc (Kaper eR@06). The orbit is
highly eccentric with an eccentricity 0of0.5 and an orbital period of 41:5d (Koh
et al. 1997). The absence of X-ray eclipses, despite the ladjus R 43R ) of
Wray 977 (Parkes et al. 1980), constrains the inclinatioesinghe range 44 78
with a best-t value ofi 66 (Kaper et al. 2006; Leahy & Kostka 2008). The
source exhibits regular X-ray ares about 1-2 d before theaséon passage (or-
bital phase 0:95). There is also an indication of a second are at orbitadggh
0:5 (Koh et al. 1997). Several hypotheses have been proposexptain the
observed orbital lightcurve, including a circumstellasid{Koh et al. 1997) and a
quasi-stable accretion stream (Leahy & Kostka 2008). @inid other wind ac-
creting systems, the pulse period behavior of GX 3bn short time scales is

75
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described well by a random walk model (de Kool & Anzer 1993)X @01 2
exhibits a long-term pulse period evolution as well. Theevbsd pulse period re-
mained 700 s until 1984 when it began to decrease during a rapidigpiepisode
observed b\BATSE (Koh et al. 1997; Bildsten et al. 1997). The spin-up trend re-
versed in 1993 (Pravdo & Ghosh 2001) and ever since the pelsedphas been
increasing (La Barbera et al. 2005; Kreykenbohm et al. 2004)

The X-ray spectrum of the GX 302 is rich in features. The lower energy range
is subject to heavy and variable photoelectric absorptihife et al. 1976). As
shown by Kreykenbohm et al. (2004) and La Barbera et al. (R@0&artial covering
model with two absorption columns is required to descrilgegbectrum. There is
a complex of iron lines at 6.4 to 7.1keV (Watanabe et al. 20@8high-energy
cuto at 20keV, together with a deep and broad cyclotron resonarattesiag
feature (CRSF) at 30-45keV, is present at higher energieki@fiima & Mihara
1992; Orlandini et al. 2000; Kreykenbohm et al. 2004; La Baaket al. 2005). The
CRSF is highly variable with pulse phase, and it exhibitgliesting correlations
with the continuum parameters (Kreykenbohm et al. 2004).

The nature of accreting pulsars with long pulse periodsligsiorly understood.
Because of the low moment of inertia of the neutron star, ticelerating torque of
the accreted matter can spin up a neutron star veiently. Braking torques are
then required to explain the observed long pulse periods.commonly assumed
that the observed pulse period is determined by the equlibrques aecting the
neutron star or relaxes to the value determined by this @gudraking torques
are generally associated with the coupling of the neutrarssthagnetic eld with
the surrounding plasma. The drag force depends on theveelatiear speed of
the eld lines at a certain eective radius, which in turn depends on the magnetic
eld strength. The e ciency of braking decreases for slowly rotating and weakly
magnetized neutron stars so a strong eld (up t&°1B, Shakura 1975) is required
to spin down a slowly rotating accreting X-ray pulsar evertter. This results
in an apparent contradiction with eld estimates obtainexhf the CRSF centroid
energy, which i8  (EcyckeV=1157) 10'?G 4 10'%G inthe case of GX 3012
and in the same order of magnitude as for other sources.

We suggest that this contradiction may be resolved if the-forming region
resides in an accretion column of signi cant height (Bask&&nyaev 1976), com-
parable to the neutron star radius. We investigate thistgsis usinNTEGRAL
and BATSE observations to study the spectral and timing propertigsX801 2.
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5.2 Observations and data selection

We rely on data fromBIS (the ISGRI layer) andJEM-X, because of limitecsPI
sensitivity for variable sources. Among théTEGRAL instruments/BIS has the
largest eld of view and, therefore, the highest probapitf observing the source.
We used a total of 554 available public pointings with GX 3@within the IBIS
half-coded eld of view for the pulse period determinatiare( for Table 5.3.1).
These data include a long observation that cove88% of the orbital cycle and is
long enough to allow binary ephemeris estimation (283 agstin INTEGRAL
revolutions 322-330). Three dedicated observations (séée15.3.2) were also
performed during the pre-periastron are and were usedudysthe spectrum of
the source.

We also used results provided by tA8M/RXTE teams aMIT and at theRXTE
SOF (Science Operation Facility) andOF (Guest Observer Facility) dfASA's
GSFC(Goddard Space Flight Center) a@BGRO BATSEpulsarDISCLA histories
data by Bildsten et al. (1997) to study the long-term evolutf the spin period.

5.3 Results

5.3.1 Timing analysis

To derive the intrinsic pulse period of the source, the tighte must be corrected
for Doppler delays due to the orbital motion of the source tedsatellite. Phase
connection or pulse time arrival analysis is a precise tyrtgchnique, based on
measuring arrival times of individual pulses or groups ofsps (Staubert et al.
2009). It allows to determine the Doppler delays and theecfloe orbital parame-
ters of the system. A xed phase of the pulsating ux from agarlis observed at
times (Nagase et al. 1982):

1 1.
Th=To+ Pon+ EPPon2+ ~PPy?nd+
i+ asinf)Fa(e!; Tpa; )

(5.1)

referred to as Time Of Arrival (TOA), wherBy, P, andP are the intrinsic pulse
period and its time derivatives at the initial epoth The last term represents the
Doppler delays due to the orbital motion as a function of tlepli&r parameters for
an eccentric orbit. These are the projected semi-majoreesirs in light secondsi(

is the orbit inclination), the eccentricity the longitude of the periastrdn time of
periastron passadera, and the mean anomaly=2 (T Tpa)=Porp- TO obtain a
solution for the unknown pulse and orbital parameters, abarmof measurements
of Ty (for known n) must be obtained. Usually onlj,ops is measured, whil@
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Figure 5.1: Time delays of pulse arrival times induced by the orbital mot@hanges due
to the intrinsic variation of the spin period are subtracted. Best- t residar@also shown.
The best- t periastron passage time is marked with a vertical line. The@RKTE ASM
orbital pro le with the pre-periastron are is plotted in gray.

must be found during the tting procedure to obtain a selfigistent solution. The
orbital period may be estimated either directly as one ofithe parameters or by
comparing periastron passage times of subsequent cydesithilarly to the pulse
period). The latter method is more precise (see e.g. Staebal 2009).

Using archivall SGRI observations and the standad$A 6.1 software provided
by ISDC!, we constructed lightcurves with 20 s time bins in the eneapge 20—
40keV and determined the pulse arrival times (each pulséeprbtained by fold-
ing 20 individual pulses) for data from revolutions 322-330ngsa technique
similar to the one by Koh et al. (1997). This is the ollyTEGRAL observa-
tion to cover a signi cant fraction of the orbital cycle, aitdallows the estima-
tion of binary parameters. We then used Eq. 5.1 to deterfjri@and Tpa. The
other orbital parameters were xed to values reported by Kbhal. (1997). Our
best- t values arePpyise= 684:1618(3) SPpuise= 4:25(22) 10 8ss ! at the epoch
535238, andTpa = 5353163(1) MJD. All uncertainties are at 1con dence level
unless otherwise stated. Pulse delays from the orbitalomathd residuals of the
best- t are plotted in Fig. 5.1. Comparing oliba vValue with the historical val-
ues reported by White & Swank (1984), Sato et al. (1986) and étcdd. (1997)

Ihttps/isdc.unige.ch
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Figure 5.2: Residuals to t over periastron passage times for orbitadgwvith (circles) and
without (triangles) inclusion of the orbital period derivative.

allows estimation of the orbital period. Inclusion of ourasarement requires in-
troducing of a secular change to the orbital period. Theityuaf the timproves
signi cantly?. The residuals to t both with and without inclusion of a sku
change are plotted in Fig. 5.2. Our best t values Bgg, = 41:506 0:003d and
Pob=( 3:7 0:5) 10 ®ss? at the reference time reported by Sato et al. (1986):
Tpao = 4390806 0:11. This estimate is consistent with the direct measuresnent
of the orbital period both by Sato et al. (1986) and by Koh e{1897).

It should be emphasized that the commonly used valug,gt®1.498 d by Koh
etal. (1997) was obtained by comparison of Tipg values as well (the authors com-
pared their value to that by Sato et al. (1986) under the gsomof a constant
orbital period). On the other hand, all published measurgsi@cluding ours are
consistently described when an orbital period derivati/ancluded. For the time
of the INTEGRAL observation, the predicted orbital period i€11:472d. The pe-
riastron passage time measured with the orbital periocevakd to this prediction
does not change signi cantlyipa = 5353165 0:01 MJD.

Because the pre-periastron are in the orbital lightcurf¢he source is associ-
ated with the periastron passage time, an additional chaclbe made using the

2The 2 drops from 52 to 0.52 with an F-test signi cance 0B8%
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MJDgps Period, s. MJQys Period,s.

52833.5 6813 0:.04 53538.0 68489 0:12
53088.0 68312 0:.07 53541.6 684 0:04

53525.9 6831 01 53545.6 68427 0:04
53528.5 68419 0:16 53549.4 6845 0:.05
53529.7 6845 0:44 541119 68462 0.06
53535.0 6843 005 54277.6 6835 0.07

Table 5.1: Pulse period values obtained with archiWTEGRAL data. An updated
ephemeris was used to correct the lightcurve for binary motion. The irestimated as
10% of the width of the peak in the periodogram.

long-term lightcurve of the source. We split a 10-year |6TE ASM barycen-
tered daily lightcurve of GX 3012 (all bands combined) into parts of5 orbital
cycles in length and folded each part with the orbital peRg@=41.498 d to obtain

a series of orbital pro les. The relative phase shifts areldesociated orbital peri-
ods were then determined in the same way as for the pulsedpdtiie best- t value

for a constant period iBop, = 41:482 0:001d. The mean value of the orbital pe-
riod, calculated usin@,, andP,, obtained above, is consistent with the observed
value at the time of thé&dSM observations, although an orbital period derivative is
not formally required by th&SM data alone.

A set of pulse period measurements with epoch folding waopeed with the
updated ephemeris. We grouped all availatNdEGRAL data by the observa-
tion time by the “k-means” clustering algorithm (MacQue&&1). The number of
groups was chosen such that the mean number of X-ray pultf@a wine group was

50. We searched for pulsations in each of the groups withtefmding (Lars-
son 1996). A few groups where no pulsations were found becali;isu cient
statistics were rejected afterwards. The results aredlisteTable 5.3.1 and plot-
ted in Fig. 5.3 together with historical values for clarifpn average, GX 3012
continues to spindown after the réNTEGRAL observation of the source.

5.3.2 Spectral analysis

The observations listed in Table 5.3.2 were used to obtamtbadband spectrum
of the source. Since all three observations were made atséliine same orbital
phase, we combined all data to have better statistics. Wktheestandard OSA 6.1
pipeline for spectral extraction. A systematic error of 1% forlSIGRI and of 2%
for all JEM-X spectra was assigned as suggested in the OSA documentation.

Savailable at httgfisdc.unigue.ch
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Figure 5.3: Long-term pulse period evolution of GX 3@L

Spectra of X-ray pulsars are usually described with phemohogical multi-
component models. The continuum of GX 3@Lhas been modeled with a cut-o
power law modi ed at low energy by photoelectric absorptidkn iron emission
K line has been also observed. In fact, there is a complex ofimes between 6.4

INTEGRAL MJD of Orbital Exposure, Rate
science window observation phase ksec ciss
05180027-66 54110.5-12.2 0.96-1.02 91.66 98
05730048-60 54276.3-76.9 0.95-0.97 31.98 163
05740012-40 54277.6-78.9 0.99-1.02 69.38 76

Table 5.2: Pointed observations of GX 3@Lby INTEGRAL, with an updated ephemeris to
calculate the orbital phase (rate is in 20-60 keV energy range usin§@w/ light-curve).
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and 7.1 keV (Watanabe et al. 2003; La Barbera et al. 2005)s€éTae not resolved
with JEM-X. We therefore used a simple Gaussian-shaped pro le witfelavidth
to formally describe this feature.

The photoelectric absorption of the source's spectrunr@mgty variable, and at
least two absorption columns are identi ed. Part of the }-emission is thought
to be strongly absorbed close to the neutron star, whilemaiégon from this re-
gion is also subject to absorption in the overall stellardvirf the optical compan-
ion. A model describing this physical situation is the abgak partial covering
model (Kreykenbohm et al. 2004; La Barbera et al. 2005).

From a more physical point of view, the spectrum of an aacgetiulsar is be-
lieved to be mainly the result of a Comptonization procesgdatermal photons
in the accretion column and in the neutron star atmosphehe émerging spec-
trum depends on the optical depth and generally has a paweshape, with a
cut-o at an energy corresponding to the temperature of the Corzpignmedium
( 3KTe, Sunyaev & Titarchuk 1980). Phenomenological models aimesatrib-
ing this shape regardless of the optical depth. For GX Z0tlwvo models have
been used in literature. La Barbera et al. (2005) adopteddi eab*high energy”
cut-o , while Kreykenbohm et al. (2004) used a so-called Ferma®gut-o . As
discussed in Doroshenko et al. (2008), both models destirdd® TEGRAL data
well with parameters close to the published ones. It is sdmagwi cult, however,
to interpret these results from a physical point of view. Weréfore focus here on
adi erent description.

One of the rst physical models to describe Comptonizatipecira was pro-
posed by Sunyaev & Titarchuk (1980). Compton scatteringtiong magnetic
eld is a more complicated problem (Lyubarsky 1986; MeszagoNagel 1985b),
but for the saturated cases( 1) a blackbody-like spectrum is formed in both
cases (Lyubarsky 1986). The Sunyaev & Titarchuk (1980) rhizdimcluded in
the standardSPEC distribution asCOMPST Free parameters include the elec-
tron temperature of the mediuiy, optical depth ¢, and normalizatiorAg;. We
used this model because it contains the least number of &esemeters and pro-
duces identical results to more complex models for GX 31The pulse-phase
averaged spectrum was extracted and tted with the paytatlsorboedCOMPST
model. The tresults are listed in Table 5.3.2. Since theagbtdepth of the Comp-
tonizing medium is very high, we veri ed that a simple blaakdy model provides
an equally good description of the data. The unabsorbedsouxk in the same
energy range is 1:8 10 8ergcm?s 1 in both models.

A CRSF was necessary in the t. This was included assumingus§&an-shaped
pro le. With the inclusion of the line the 2 dropped from 3:8 (depending on

red
the model) to values around 1.2 (see Table 5.3.2).
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Parameter Absorbed  Absorbed
blackbody COMPST
Np:1[10%%atomscn?] 4 4
Nh:2[10%?atomscn?] 178:3*%;2 1756*%%4
Cr 0:798*95083 0:78*%81
EgandkeV] 45:8*%@ 45:9+%§8
gabdkeV] 15:o+1§Z 15:1*15§
dgabs 57:45*%3533 57:93+-?§£
Apbst 0:31+§;0§31 0:35*%;05
Te[keV] 5:1+0 5:1*8;E
e - 423+8§§
ErelkeV] 6:32*5;5% 6:32*8;8§
relkeV] 0:36"00e  0:38'007
2/dof 1.18149  1.17148

Table 5.3: Fit results for phase averaged spectra. Uncertaintieggessed at 90% con -
dence level.

5.4 Discussion

5.4.1 Orbital period evolution

Our estimate of the rate of orbital period ded@yy=Por,' 3:25 10 Syr ! ex-
ceeds that of other known sources at least by one order of imdgn Previous
detections include Cen X3 with Po=Porp = 1:738 10 byr ! (Bagot 1996, and
references therein), SMC XL with Poy=Por, = 3:36 10 Syr 1 and Her X 1
with Porp=Pory = 1:0 10 8yr 1 (Staubert et al. 2009). GX 302 is very dif-
ferent from all these systems. It is younger and has a higtdgrric orbit, while
other systems have almost circular orbits. Both real anduap changes in the
orbital period are expected to be greater for an eccentbit. or

We measured the rate of decay of the orbit by comparing thestiof several
periastron-passages. Those are determined by tting tlserobd pulse delays
as a function of the orbital phase, and they may in princigecbrrelated with
other model parameters, particularly with the longitudpe&rfastron due to apsidal
motion. The span of our data used for the pulse time arrivalyais does not allow
bothTpa and! to be reliably constrained simultaneously. All publishetireates
of I are also consistent with each other within uncertaintiesstil we cannot rule
out that apsidal motion contributes to the observed appateange in the orbital
period.
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Figure 5.4: Unfolded spectrum and residuals for @@MPSTmodel without (dotted line
and second panel) and with the inclusion (solid line and bottom panel) of 8 @RS316 keV,
usingISGRI (20-80 keV) andJEM-X (4-20 keV) data.

The eccentric orbit and very strong mass transfer in theesyéthe mass loss by
the optical component li,ss 10 °M yr 1, Kaper et al. 2006) suggest that some
intrinsic changes in the orbital period are also expected.
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The optical companion is much heavier than the neutron stdrcantributes
almost nothing to the orbital angular momentum of the systBinect mass loss
via the stellar wind by the optical companion therefore doadead to signi cant
loss of the angular momentum. The optical star becomes lassive, leading to
a longer orbital period (Hilditch 2001), which is the opgesif what is observed,
although the rate of such change is very low.

To explain the decrease in the orbital period, one has toassioat the material
carrying the angular momentum away must come from the Vjciofithe neutron
star, since it is the neutron star's orbital motion that ispensible for the bulk
of the angular momentum in the system. Two mechanisms calegponsible
for the loss of angular momentum. First, the material of tedlaa wind that is
streaming by the neutron star can feel the gravitationdlgiuhe moving neutron
star. Only a fraction of this material is eventually accdetato the neutron star, and
the larger part is leaving the binary system and carryingesarmgular momentum
away, since the interaction with the neutron star changettdjectory. Second,
before the matter is accreted onto the neutron star, itaoterwith the neutron
star's magnetosphere (leading to spin-up and spin-dowheoféutron star, as will
be discussed below). However, the interaction with the ratagphere may also
lead to a magnetically driven out ow of material (lllarion@& Kompaneets 1990;
Lovelace et al. 1999; Klochkov et al. 2009), again carryingwdar momentum
away. In addition, tidal coupling of the rotational freqegrof the optical star
with the orbital frequency could play some role, althougtinestes by Leahy &
Kostka (2008) and Hilditch (2001) suggest that, despiténthk eccentricity, this is
probably not very e cient. The details of the mass transfer and angular momentum
loss in this system are not understood well, and more obisengaare required to
secure the rate of change in the orbital period.

5.4.2 Torque balance and magnetic moment of the neutron star

Two rapid spin-up episodes observed by Koh et al. (1997t atdithat a long lived
accretion disk may sometimes form in GX 3@L Both episodes are character-
ized by an increased source ux, which implies an increasedtedion rate. The
infrequent occurrence of such episodes argues againsyfithesis that they are
triggered by tidal over ows at periastron (see Layton etl&898) and suggests that
mass loss episodes of Wray 977 may be responsible for them éKah 1997).
As concluded by Koh et al. (1997), the pulse period decraad®84-1992 can be
attributed entirely to similar spin-up episodes, while tafsthe time the neutron
star accretes from the wind, and no net change of the pulsedpierobserved. It
is therefore important to understand the torque baland@srcase. This is why we
focus on wind-accretion models.
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The torque balance, hence the rotational frequency damyatepends oM (see
below), so one has to investigate this dependence to stedyothtional dynam-
ics. Since the longest continuous pulse frequency mongocampaign ( 10 yr)
for this source was carried out wWitBATSE (Bildsten et al. 1997), we used the
data products available at ti@®GROmission web-pagé.The pulse frequency and
pulse frequency derivative histories are provided for thére BATSE lifetime.
Both were determined for a set of4 d intervals using the phase connection tech-
nique assuming the ephemeris by Koh et al. (1997) for bimaoyion corrections
(see Bildsten et al. 1997; Koh et al. 1997 for details). TheespondingBATSE
pulsed ux in the 20-50keV energy range, averaged over ttexval is also pro-
vided.

Contrary to the report bjnam & Baykal (2000), a correlation between the angu-
lar frequency derivative! (=2 ) and the ux (see Fig. 5.5) was found (Pearson
correlation coe cient 0.96, null hypotheses probability 80 °).

The discrepancy between our ndings and the ones reportéubim & Baykal
(2000) lie in their method of estimating frequency derives. With theBATSE
data set that we usetham & Baykal (2000) estimate pulse frequency derivatives
by grouping the provided frequency values in intervals a30d and averaging
between the left and right frequency derivatives calcdlatsing these values for
each interval. This approach is incorrect because it assuha the frequency
values provided by Koh et al. (1997) alone characterizetkeage pulse frequency
during the corresponding observation time, while the aye@ulse frequency also
depends on the frequency derivative included in the t anth@wobservation length.
For this approach to work it is required to remove the fregyedterivative in the
t for the pulse arrival times in the raBATSE data, which was not done bgam
& Baykal (2000). There is also a second point to question @irthnalysis. To
obtain values of the rst derivativdnam & Baykal (2000) use frequency values
on intervals of 30d, comparable to the orbital period of the system. Both the
pulse frequency and the ux are known to change on much shoine scales in
GX 301 2. Averaging on such a long interval smoothes out most of theand
pulse frequency variations, making it diult to nd the correlation between the
two quantities.

On the other hand, we usédand ux values directly measured for each observa-
tion with phase connection. The points in Fig. 5.5 were algtdiby averaging the
provided frequency derivative values of points with ux irgeven range. The stan-
dard error was used as an uncertainty estimate. We excluthdpin-up episodes
observed by Koh et al. (1997) (i.e. MJD 48440-48463 and MJZBA@949245) and

4ftp://heasarc.gsfc.nasa.gosmptoridatabatsépulsarhistoriedDISCLA_histories-
/gx301m2_psr_hist. ts



Chapter 5.4: Discussion 87

intervals where pulsations were not detected reliably Ksgeet al. 1997) from the
further analysis.

To investigate the accretion models and compare them toatee de need to
express the accretion rate as a function of the count ratea trvial task. The
conversion depends on the distance, the radiativeiency of accretion, and the
beaming factor. We assumed that the mean source ux derik@ad the spec-
tra obtained with thdNTEGRAL pointed observations corresponds to the mean
BATSE count-rate at the same orbital phase. Then we assumed arsionvéac-
tor of 10*’ergs !’ 10'7gs ! which corresponds to a radiative accretionogency
of 10%,L, 0:1Mc? to estimate the accretion rate. The distance to the source
is uncertain so the derived value should account for theaspof the estimates
(1.4-5.3kpc). The accelerating torqge, hence the torque balance, depends sig-
ni cantly on the e ciency of angular momentum transfies and on the relative
velocity of the neutron star and the wind.

The orbit of GX 301 2 is eccentric, so the orbital speed of the neutron star
changes signi cantly along the orbit. The wind, on the othand, is also accel-
erated from the sound speed at the surface of Wray 92D km s 1) to a terminal
velocity of 300-400 km ' at in nity (Castor et al. 1975):

V() =vo+t(vi Vo)1 R =) (5.2)

wherevy is the velocity at the surface of the star close to the sourddp; the
terminal wind speed, and 1 for O-type stars. Radial and tangential velocity
components of the neutron star as function of orbital phase

r r_

vy = Besin; Vi = 5(1+ecos) (5.3)

where =G(Mgpi+ Mns), p=a(l €?), eis the eccentricity, and 1:2 10%cm

is the semi-major axis fdr= 66 . It turns out that, while both the orbital speed of
the neutron star and the wind speed are strong functionseobithital phase, the
relative velocity varies only by a factor of 2 (see Fig. 5.®@ach ux binin Fig. 5.5
contains measurements performed atedent orbital phases. We then calculated
an average relative speed for each ux bin to properly edénRa. It turns out,
however, that the relative speed varies only within 5% antsequentlyRa does
not change signi cantly (see Fig. 5.5).

The absolute value d€, cannot be arbitrarily small, otherwise the source will
not be able to spin up, while this is clearly the case when theexceeds a certain
value. The value ok, can, therefore, be estimated using the observed frequency
derivative over accretion rate dependence. We only measyrso the accretion
rate andky are parametrized by the assumed distance. For each distative
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Figure 5.5: Angular frequency derivative correlation with ux. FIuwB8TSE-pulsed uxin
the 20-40 keV energy rangBATSE DISCLA data provided by Bildsten et al. (1997) on the
CGROmission page are used to obtain the plot. Example of tting lllarionov & Konges
(1990) (solid black) and Davidson & Ostriker (1973); Davies et al7@9Bisnovatyi-Kogan
(1991) (dashed red) models for an assumed distance of 3kpc is pldtpaxis shows the
estimated accretion rate for this distance. The vertical line indicates the meduring the
observation. Shaded area represents average relative velocity méutren star and wind
for a given ux bin (right scale).

range of published estimates from 1.4 to 5.3 kpc, we caledl#tte accretion rate
and estimatedk, and B as free parameters of models de ned by equations 2.17—
2.6 where we assumedM.4M , R=1Pcm, I=1.4 10*gcn?, vi =300kms?,
k=2/3, and =0.87. The estimated values are presented in Fig. 5.7kjJ henge is

in line with estimates obtained by Ho (1989) and with latairols that the average
amount of angular momentum transferred from the wind to thénon star is rela-
tively small (Ru ert et al. 1992; Ruert 1997). It is likely that the mechanisms to
generate the braking torques assumed in the models mayradtaneously, so we
attempted to nd the magnetic eld required in this case bglirding both torques.
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Figure 5.6: Sketch of the GX 302 system. The relative speed of the neutron star and
wind, the orbital velocity of the neutron star, and the intrinsic velocity of thedwzilose to

the neutron star are plotted as a function of the orbital phase. Velocitiewaralized to
maximal relative velocity 380kms?, and distances to the periastron distanc&75

108 cm.

The required eld strength, however, is not signi cantlydieced and still exceeds
10 G (see Fig. 5.7).
Itis important to emphasize that the frequency derivatiettherefore the torque
a ecting the neutron star are consistent with zero for theaseesource ux. This
means that, for the average conditions during the obsenatthe period is close to
a so-called equilibrium period (i.e. when the torques atarim®d). This is also in
line with the long-term pulse period evolution (see Fig)5The knowledge of the
equilibrium period allows to estimate the magnetic eld the average luminosity
even without knowing the exact dependency of torque withitasity. For exam-
ple, for the Davidson & Ostriker (1973), Davies et al. (197Bjsnovatyi-Kogan
(1991) model in the case of torque equivalence, the eldngjtie may be expressed
as
| | |
Kw = Meq 2 Viel 2
4
B 3 104G 0:25 10%g=s | 400kn¥s ©.4)
P Porb 1= M =2 R 3_
680s 415d 1.4M 10cm
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Figure 5.7: Results of tting frequency derivative — ux correlatioreésFig. 5.5) with IlI-
larionov & Kompaneets (1990) (solid), Davidson & Ostriker (1973)viea et al. (1979),
Bisnovatyi-Kogan (1991) (dashed) and a model with both braking &srdu place (dotted)
depending on assumed distance, hence mean accretion rate. Thedeagagnetic eld
strength B (bottom panel) depends on thecéency of angular momentum transtey (top
panel), which is constrained by the t.

The equivalent equation for the lllarionov & Kompaneetsq@Pmodel is

| | | 4_
B 2 10%c X _— — d 5.5
' 0:25 23 0:87 ' 10Yg=s 55

Viel = p 78 Porb = M2 R 3,

400knrs 680s 415d 1:4M 10°cm

Both values are in the same order of magnitude as rst eséichély Lipunov
(1982). The strength of the magnetic eld calculated under assumption of
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an equilibrium period using the models for systems acaefiom the persistent
disk (Lovelace et al. 1999; Ghosh & Lamb 1979) is even stroagd 0'° G).

5.5 Conclusions

In this work we studied the timing and spectral propertie&&f301 2 using the
archival data of NTEGRAL and data products @GRO BATSEandRXTE ASM.
An orbital-period's secular change was detected and theegugriod history since
May 2005 determined. This shows a steady spin-down trene apiparent rate
of decay of the orbital period is about an order of magnituidédr than for other
known sources. We argue that this is probably caused by angnamentum loss by
material expelled from the vicinity of the neutron star te thutside world. How-
ever, we cannot at this time exclude some contribution fropossible apsidal
motion to the observational appearance.

Results of the spectral analysis are consistent with puswieorks, although we
nd that the spectrum is described well not only with phenowlegical models,
but also with a saturated comptonization model.

We discussed a possible scenario to explain the long putsedpend long spin-
down trends observed despite steady accretion of matteaagalar momentum
onto the neutron star. We studied the balance of the torquestiag the neutron
star usingBATSE/DISCLA data by Bildsten et al. (1997) and nd that the rota-
tional frequency derivative is correlated with the ux. Wis@ nd that the fre-
quency derivative is zero for the average count rate, which signature that the
observed pulse period re ects torque equilibrium during dbbservations time span.
We investigated several published torque models to canstine magnetic eld
strength and found that all of them require the eld to b&0**G. The magnetic
eld strength derived from the observed CRSF energy turismbe 4 102G,
i.e. at least an order of magnitude less than from the timRagsible scenarios to
reconcile the two estimates are discussed in Chapter 7.



Chapter 6

Vela X-1

6.1 Introduction

Vela X-1 is a persistently active close high mass X-ray hirgrstem consisting
of a massive neutron star (1188, Quaintrell et al. 2003) and a BO0.5Ib super-
giant (HD 77581), which eclipses the neutron star everytalrlgycle of Pop
8:964d (van Kerkwijk et al. 1995). The optical companion has assnofM

23M and radius oR 30R (van Kerkwijk et al. 1995). The mass-loss rate is
Mopt 10 M yr 1 (Nagase et al. 1986) via a fast wind with terminal velocity of

1100 km s (Watanabe et al. 2006), typical for this class. The neuttangas

discovered as an X-ray pulsar with a spin periodPgfi, 283s (Rappaport 1975).

The X-ray spectrum of Vela X-1 is similar to the one of othecrating pulsars,
and is usually described with a cutpower law. A cyclotron resonance scattering
feature (CRSF) dE; 25keV (Makishima & Mihara 1992) and the rst harmonic
atE, 55keV (Kendziorra et al. 1992) were reported for the sowattepugh there
are also non-detection reports for the low-energy featOr&a(dini 2006).

The source is highly variable with an average X-ray lumityo&@ssuming a dis-
tance of 2kpc, as reported by Nagase 1989) df 10°¢ ergss®. Aside from the
usual aring activity, similar to that seen in other windeaeting pulsars, abrupt
“o -states” (when the source becomes undetectable for seudsa periods), gi-
ant ares (with ux up to 20 times brighter than typical argsand quasi-periodical
oscillations are observed in the source (Kreykenbohm @0818a).

6.2 The torque models and the data

The rotational dynamics of a neutron star is governed by ¢helarating and brak-
ing torques aecting it (2.5). The accelerating torqie is due to the transfer of
angular momentum from the accreting matter in orbital motmthe neutron star.

92
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In case of wind accretion it can be estimated (lllarionov &gaev 1975) as shown
in (2.6). Note, that (2.6) simply shows that the orbital dagmomentum captured
atRg is transferred to the magnetosphere, and while the cantk,, does depend
on wind structure, the functional dependence does notiifiav & Sunyaev 1975).
This fact is also con rmed by hydrodynamical simulationso(H989; Ru ert et al.
1992; Ru ert 1997) withky, 2[ 1:2;+0:4]. It is also worth to mention that the mag-
netosphere adjusts to changes in wind structure orAtheentimescale Ry=
which is short comparing to the timescale of typically obseraccretion rate uc-
tuations, so hysteresis ects may be neglected and one may rely on average values
of frequency and accretion rate to study rotational dynaraiclonger intervals.

A number of factors discussed in Chapter 2 can be resporfsibtbe braking
torquek .

If the braking and the accelerating torques are balancedi. = K ), the spin
frequency remains constant and it is usually called the ifioguum frequency”.
Assuming that the observed pulse frequency is close to thifitegum value, it is
possible to estimate the magnetic eld if the accretion iatknown. Under this
simple assumption, the magnetic eld of Vela X-1 resultséB 10 G for both
torque models (assuming the average accretion raMd ef4 10'%gs 1). Such
a strong magnetic eld is required because the braking ®noust balance the
large speci ¢ angular momentum of captured matter. Indéékle relative velocity
of the neutron star and wind is small 675kms?), then the capture radius and
the speci ¢ angular momentum of the captured matter areslaii® estimate the
relative velocity of the wind and the neutron star we folldve tsame approach
as in Chapter 5 and assume the binary system parametersectpgrQuaintrell
et al. (2003). We would like to stress, that although the teahmwind velocity is
often used to estimate the capture radius, this is not doiweclose binaries like
Vela X-1, in which the wind interacts with the neutron standdefore it achieves
the terminal velocity.

A more robust estimate of the magnetic eld can be obtaingddfdependence
of the frequency derivative on the accretion rate is known. olir analysis of
GX 301 2 we obtained this dependence using the frequency derMaittory mea-
sured by Bildsten et al. (1997) in a long-tel@GRO BATSE pulsar monitoring
campaign. The analysis of these data revealed a correlzftibe frequency deriva-
tive with the observed ux and allowed us to simultaneousliraate the magnetic
eld strengthB 10 G andk, 0:2.

For Vela X 1, however no frequency derivative information is avaiainl the
correspondind”GRO BATSEdata set?!

Lftp://heasarc.gsfc.nasa.dowmptoridatabatsépulsarhistoriedDISCLA_histories-
Ivelax1_psr_hist. ts
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To estimate the frequency derivative we compared frequealties reported by
Bildsten et al. (1997) in pairs of adjacent time intervalfieTethod was veri ed
with the data of GX 3012 and the expected correlation was obtained. Applying
the same method to Vela X-1 gives the “ ux"-“frequency detive” correlation
shown in Fig. 6.1. We wish to observe thaam & Baykal (2000) used a linear t
over a number of adjacent frequency values (over an intefva#5 d for Vela X-1)
to obtain frequency derivative estimates for several ssiof theCGRO BATSE
sample, and found no correlation of the frequency derigatiith the ux. As
we argued in Chapter 5, this is in fact an expected resultesine timescale of
frequency modulation is known to be much shorter than thexwats used bynam
& Baykal (2000), so short term variations were simply smeotbut.

The observed ™ ux"-“frequency derivative” correlationcée tted using equa-
tions (2.6), and (2.14) or (2.18) to estimate the magnetid srength and thé,,
coe cient. Note that equation (2.18), which describes the bgatorque in the II-
larionov & Kompaneets (1990) model, contains the addition&nown coe cient
ki= k=2 1 that can not be estimated directly from the observed atiosl.
While lllarionov & Kompaneets (1990) suggést 0:1 on the basis of general con-
siderations, it is still worth to verify how the uncertainityk; a ects the magnetic
eld.

It is easy to see from the observed “ ux"-"frequency derivat correlation
(Fig. 6.1) that! = 0 for the average ux value. This nding is in line with the
fact that the secular pulse period of Vela X-1 remained ré&ataly stable while
showing rather ample short-term variations, and stronggigssts that the neutron
star spins at nearly-equilibrium frequency. Assuming tat K , from (2.6) and
(2.17) we have; = f(ky; B; Meg):

!
=y Dt Roen ”
Porb RM;eq
The dynamical equation (2.5) in the case of the lllarionov &aneets (1990)
model, can then be rewritten as

(6.1)

P,
I = koM -2— i =4 2
kW I:)orbR(23 P RM eq (6 )

HerePeq=P 1 because the pulse period is almost constant, and the noaghetic
radius is only a function of the accretion r&&g = f(M). We therefore obtain for a
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given neutron star
| !4:7
M M
' 69 10 Y%ky —— i —
4 10'6g=s Megq
| |
2

I:)orb 1 rel 4 M
8:964d 575kmnrs 1.4M

(6.3)

showing thatt = f(ky; M). It is now possible to constraik, from the slope of
the observed correlation, which givég = 0:44(4). The magnetic eld is then
determined from (6.1). Fd¢ 1 we obtainB 2:1 103G, assumindR 10km
for the neutron star, while fok; = 0:1, as proposed by lllarionov & Kompaneets
(1990), we havédB = 1:6(3) 10“G.

For the Bisnovatyi-Kogan (1991) model the situation is danps there are only
two unknown parameters, for which we obtain B2(3) 103G, andk, = 0:35(3)
directly tting the observed correlation.

6.3 Discussion

The observed “ ux"-“frequency derivative” correlationiimportant for two reasons.
First, it shows that the pulse period is close to equilibriduming the observations
becausé 0 corresponds to the average ux. This rules out the scemariined
by Ikhsanov (2007), who suggests that the currently obsidoreg pulse periods of
many accreting pulsars may be retained from the past peofdds/ accretion rate.
Second, the “ ux"—“frequency derivative” correlation ails to eliminate ambigu-
ity in magnetic eld strength associated with the unknowmst@ntsk,; ki, which
may in principle depend on wind parameters andediconsiderably for dierent
sources.

From a physical point of view, the observed spin-up rate efributron star at
high accretion rates places a lower limit on the speci ¢ dagmomentum of cap-
tured plasma (no matter how complex the wind structure andhieraction with
the neutron star are). The observed spin-down rate allosestalput a lower limit
on the braking torque. The dependence of the pulse frequeriyative on ux
therefore unambiguously shows, that the long equilibriudse period in Vela X-1
is attained due to the ective braking, and not because the orbital angular momen-
tum is transferred to the neutron star ingently as often assumed.

The neutron star can only spin-down due to the interactidghe@magnetosphere
with the in-falling plasma (no matter how complex this irtetion may be), and cur-
rent understanding is that the eiency of braking depends on the magnetosphere
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Figure 6.1: Angular frequency derivative correlation with ux forl&eX 1. The ux is
BATSE-pulsed ux in the 20-40 keV energy rangBATSE DISCLA data provided by Bild-
sten et al. (1997) on the GROmission page are used to obtain the plot. Best t predictions
for lllarionov & Kompaneets (1990) (dashed black) and Davidson &iker (1973); Davies
etal. (1979); Bisnovatyi-Kogan (1991) (solid red) models are plofiée.top axis shows the
estimated accretion rate. The vertical line indicates the average ux dtirengbservation.

size, so a strong magnetic eld is required as we have derraiestaboveé.

We would like to stress, that in the framework of existinggioe theory there
seems to be no way to explain the observed rotational dymsaafithe neutron
star without assuming it to be strongly magnetized. Stillyould be extremely
interesting to nd some indication besides the torque thigibat the magnetosphere
of the neutron star in Vela X-1 is indeed large.

2Here we wish to note, that the observations constrain the atagphere radius, and not the mag-
netic eld itself. The connection between the magnetosphadius and the magnetic eld is strictly
speaking non-trivial (for instance it may depend on the maggmdtere shape and wind structure). The
standard de nition (2.8) yields however a factor oR accurate estimate of the magnetic eld strength
according to Arons & Lea (1980)
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6.3.1 Other evidence for a strong magnetic eld
a) The“o -states”

Besides the usual aring activity typical for the wind-aeting pulsars, several so-
called “o states” were reported for VelaX-1 (Inoue et al. 1984; Lapsebal.
1992; Kreykenbohm et al. 1999, 2008b). In all cases the sourcabruptly and
dramatically decreased to a level below the instrumentadigeity for a duration
ranging from several pulse periods to several hours. Thevesg to the average
ux level was also very fast (tens of seconds) in most casé®&sé o -states were
interpreted by Kreykenbohm et al. (2008b) as the onset ofdhealled “propeller
regime” (lllarionov & Sunyaev 1975), when the accretionnkibited by the rotat-
ing magnetosphere. This happens when the magnetosphérs batomes larger
than the so-called co-rotation radius: a radius where thel langular Keplerian
velocity matches that of the neutron star. Kreykenbohm .e28i08b) suggested,
that the transition to the “propeller” stage is triggeredabsigni cant uctuation in
wind density or wind velocity close to the neutron star. Tregmetic eld required
for the onset of the “propeller” regime for a typical obsehdgolometric ux of
several times 1 ergs s is (Cui 1997):

s — ] 1
p_7® Fx d M =

B=76 104
2835s 10 %ergcm2s 1 1lkpc 1:4M

G (6.4)

The average ux of VelaX-1is 10 ®ergscm?s 1, so a signi cant drop of about a
factor of 10° in wind's density would be required (Kreykenbohm et al. 20)0@r
the onset of the “propeller regime” if one assumes a magredtiof B 2 102G
as estimated from the CRSF energy. The density in a radidtiven wind may
uctuate by up to factor of 18 according to calculations by Runacres & Owocki
(2005), so this is not excluded. We would like to point outwhwger, that normally
observed ux variations in Vela X-1 are much smaller as mamgid above, the ux
varies typically by less than factor of 20. Moreover, smogliations of the wind
density associated with orbital motion (by factor of 2, assievident from the
observed orbital light-curve) are negligible comparindghe amplitude of chaotic
uctuations, which is predicted to be almost independenttendistance from the
optical companion (Runacres & Owocki 2005), so one wouldeekthe “o0 states”
to occur with the same probability at all orbital phases.

The “o states” reported in the literature however cluster cloghé@pastron as
summarized in Fig. 6.2. The coverage of orbital phases i®rpless uniform (in
fact, there are more observations at periastron), so tiusoisably not a selection
e ect. Thisimplies that the chaotic uctuations in wind depsire unable to trigger
an “o -state” on their own, and additional contribution from timec®th variations
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Figure 6.2: Orbital phase distribution of the states reported in the literature (Inoue et al.
1984; Lapshov et al. 1992; Kreykenbohm et al. 1999, 2008b). drbial ephemeris by
Kreykenbohm et al. (2008b) were used to calculate the orbital phaagné&fospheric radii
for best- t magnetic eld strength with the Davies et al. (1979) modeli(§o lllarionov &
Kompaneets (1990) model (dashed) and the co-rotation radius (daitembntal line) are
plotted for reference. The centrifugal barrier inhibits the accretior dine magnetospheric
radius matches the co-rotation radius.

due to the orbital motion is required. This can only be thedtthe “o0 -states” are
triggered by relatively small wind density uctuations cparable with the smooth
variations due to the orbital motion. The magnetic eld mbst thereforeB
1013 G as estimated from Eq. 6.4. Note, that one still does expetiserve the “o-
states” at all orbital phases also in this case, but more dftgicinity of apastron.

b) Quasi-periodic oscillations (QPO)

QPOs with a period of 6820 s were reported for Vela X-1 by Staubert et al. (2004);
Kreykenbohm et al. (2008b). These oscillations had a tesmsiature and were
seen only in a small part of the light-curve close to apastithe authors suggested
that the orbital motion through a “ray”-like uctuation (ddoula & Owocki 2002)

in wind density may be responsible for such a phenomenon.atthig may indeed
be the case, we would like to point out, that the “beat fregyémodel is a viable
alternative.
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The accretion from the wind is quasi-spherical, but theetaryg matter still pos-
sesses some angular momentum and, since it is conservechatter spirals to
the neutron star with a certain frequency even if no acanatisk is formed. The
accretion ow is not homogeneous intrinsically and is futldisturbed by the grav-
itational eld of the neutron star and turbulent procesdese to it (Blondin et al.
1990). The magnetospheric radius is determined by the wandity, and may there-
fore exceed the co-rotation radius if the density dropswe@aertain value. In this
case the accretion will be temporarily inhibited. The riatabf the magnetosphere
may therefore mediate the accretion rate and in this casexpets to see oscil-
lations at beat frequendypeat ! ns ! co Where! , is the Keplerian frequency at
the magnetospheric radius. This scenario is supportedéyattt that the QPOs
observed by Staubert et al. (2004) and Kreykenbohm et ad8{20occurred close
to the apastron and at least one minimum in the oscillatigigticurve coincided
with the “o -state”. One can therefore estimate the magnetospheiigcsrad

=3

|
'1=3
Ru =Rc = @ = iz 8 10°cm (6.5)
' (" ns ! bead
This corresponds to the magnetic moment of
q——
2M(GM)=2R? 3 10%%ergG ! (6.6)

or a surface magnetic eld of 10 G, i.e. comparable to the estimates obtained
from the accretion torque theory.

c) Noise power spectrum

Another hint on the magnetic eld strength comes from theestssd power spec-
trum of the X-ray emission. It has been noted, that the powectsum of the ac-
creting pulsars has a power law shape with a slope changihg ab-called break
frequency close to the spin-period of the neutron star (khas& Takeshima 1993).
Among other pulsars this behavior was reported by Revniveteal. (2009) for
Vela X 1. A “perturbation propagation” model (Lyubarskii 1997) svaroposed
to explain the power spectrum in terms of inward-propaggtivass- ow perturba-
tions in the accretion disk produced at a broad range of.ratlie slope of the
power spectrum is determined by the dependence of the patitom timescale
on the radius, and the break frequency corresponds to drceatdius where this
dependence changes, i.e. the inner accretion disk radigsevthe disk is disrupted
by the rotating magnetosphere.

Qualitatively, the picture shall be similar in the case oh#vaccretion because
from angular momentum considerations the perturbationedcale = 1=! shall
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Iso have a power law dependence on radliyé) orb(Ra=)2, while ! (r)

G M=r3 for disk accretion where it is limited by the Keplerian vallereality, the
perturbation frequency is probably, . ! . !, since otherwise an accretion disk
will be formed. The break frequendyg and the magnetosphere radig may
therefore be estimated as

o(Re=Rm)?. ! 5. (GM)*2R ¥ (6.7)

RG( oerspin:2 )1:2- Rw - (G 'vl)l:s(l:)spin:2 )2:3 (6-8)

which for the parameters of VelaX-1 implies a magnetospheadius of 16
Rvu 10%cm, or a magnetic eld strength 3#® B 10 G, which is compatible
with estimates from the accretion torque theory.

d) Flaring activity

We also would like to mention as a side note, that while thatgeres reported by
Staubert et al. (2004); Kreykenbohm et al. (2008b) may ingiple be explained
by means of a ip- op instability as originally proposed bhdse authors, this re-
quires rather strong accretion rate uctuations. On theepthand, Bozzo et al.
(2008); Grebenev (2010) proposed that in super fast X-exstents (SFXTs) sim-
ilar ares may be explained via transitions betweenetient accretion regimes (i.e.
“accretor™-“propeller” and so on) which are triggered byadhmuctuations in wind
velocity andor density. Taking into account the phenomenological sirities be-
tween VelaX-1 and SFXTs noted by Kreykenbohm et al. (2008ld) the “pro-
peller” interpretation of the “o-states”, the same mechanism may be considered a
viable alternative to explain the short giant ares obsdrireVela X-1.

6.3.2 Observation of the “o-states” withSuzaku

In the previous section we followed the interpretation & th -states” proposed
by Kreykenbohm et al. (2008b) as onset of centrifugal bagliiarionov & Sunyaev
1975), triggered by a drop in wind denditglocity. The quality of theNTEGRAL
data which Kreykenbohm et al. (2008b) relies on is, howewatitne best possible,
so we decided to check if similar episodes were observed Hir ahissions with
better broadband coverage &dstatistics.

Here we report on the analysis of public data obtained dusingakuwbserva-
tion of Vela X-1 in June 2008, with emphasis on three “&tates” found in this
observation. To our knowledge it is the rst time, when thipe of activity was
observed with an instrument sensitive enough to reliabhstain the ux from the
source during the “o-state”, as well as to perform the spectral analysis, toatlete
pulsations and to reconstruct pulse pro les.
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We will also discuss a possible interpretation of the rasinlthe framework of
the “gated accretion” scenario proposed by Bozzo et al.gp@0explain the aring
activity of SFXTs. In this scenario the observed luminosityings are associated
with the transitions between dérent accretion regimes, i.e. ways the plasma en-
ters the magnetosphere. The interaction of the rotatinghetagphere with plasma
mediates the accretion rate, so matter accumulates in d@tyiof the neutron
star during periods when the magnetospheric boundary aagtr Under certain
circumstances the magnetospheric instabilities rendebérier transparent and
the accumulated matter accretes all at once to produce lat baeige. Some obser-
vational evidence for this scenario was reported by Bozzl.2008); Grebenev
(2010).

As we will show the accretion still proceeds during the “states”, although at
much lower rate. The abrupt decrease in accretion rateglthi“o -states” may
then be explained in the gated accretion scenario as theetwgpheric boundary
becomes stable with respect to Rayleigh—Taylor instgpitiit some matter still
leaks as the magnetosphere is still unstable with resp&alton-Helmholtz insta-
bility (KHI).

The observation we rely onis al00 ks longSuzakwbservation (ID 403045010),
performed on June 17-18, 2008, about 1.6 d after the eclipdelase to the peri-
astron passage of the source (orbital phase 0:16). The data reduction was
performed using the HEADAS 6.9 with CALDB version 20100812.

e) Timing analysis

To improve the statistics, data from all three XIS units wesenbined. The light-
curve of the observation in the range 0.4-12 keV is presentEdy. 6.3. Three “o-
states” episodes, shown in the upper panels of Fig. 6.3 bmereed. As reported in
literature (Inoue et al. 1984; Lapshov et al. 1992; Kreyladnh et al. 1999, 2008b),
during the “o -states” the source's ux drops abruptly and recovers asmreral
pulse periods. Marginal evidence for a residual pulsed gpniswas reported by
Inoue et al. (1984) based orenmadata. With the unprecedented sensitivity of
Suzakuwnot only we unambiguously con rm these ndings but we canocassudy
the “o -states” in detail.

Using the phase-connection technique (Staubert et al.)20@9 assuming the
ephemeris by Kreykenbohm et al. (2008b), we determined theeperiod to be
Ps = 283473(4) (all uncertainties quoted are at ton dence level unless stated
otherwise). The marginal evidence for spin-up is not diatfly signi cant and
may be explained with the uncertainty on the orbital paransetNo change of the
pulse period in “o -states” could be measured. Based on the obtained timing sol
tion, we constructed energy resolved pulse pro les for thére observation, and
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for the “o -states” combining all three episodes. As it can be seengn@-, the
pulse pro les signi cantly vary with both energy and lumisity. Very remarkable
appears the change around phag®75 at hard energies (20-60 keV) between the
normal and the “o-state” pro le. We also investigated the ux distributiorf the
source following the approach of First et al. (2010), whaelolaon/INTEGRAL
data, showed that the ux distribution is approximatelyogmal. Although the
lognormal distribution generally describes our data, areex appears at low count-
rates (Fig. 6.5). This excess is due to the “states”. The ux distribution of the
“o -states” is still approximately lognormal (shaded area igf B.5) but di ers
considerably from the distribution of the rest of the lightrve. It is the “o -states”
component which mostly contributes to the low-countratek &een in the overall
ux histogram. Implications of this nding are discussedibe.

f) Spectral analysis

We rst analyzed the average spectrum of the entire observét establish a base-
line for the analysis of the “o-state” data. Several phenomenological continua,
based on the models reported in literature for Vela X-1, weex to t the average
spectrum of the source. None of these models was able toiloesice broad-band
0.4-70keV spectrum. Particularly the spectrum below 5 kedorly described by
cut-o power law models.

To model the continuum we used two components, combiningrgtanization
model (Titarchuk et al. 1996) and a power-law. Photoele@hsorption at lower
energies, a number of emission lines, an iron absorptioe atlg 7:26 keV (Na-
gase et al. 1986) were also necessary to t our data. Two CRBRdnics were
also required by the t and were modeled using a multiplieatGaussian pro le.
The best- t parameters are summarized in Table 6.1. Thesstatis signi cantly
worse for the “o -state” data, so a simpler model was used in this case: antedaso
comptonization model with the addition of an iron absonptalge. No other spec-
tral features were required by the t. The results of the beate presented in Ta-
ble 6.1. The best t spectra and the t residuals are showniin 6.6. The average
absorption-corrected ux in the 0.4-70keV energy range wes8 10 %ergs?
for the complete observation and5 10 Cergs? for the “o -state” spectrum.
Results of a more detailed spectral analysis, including@hasolved spectra, will
be published elsewhere.

Itis interesting to note, that the “estate” spectrum diers considerably from the
spectrum observed during the eclipses. In the latter casgpbictrum is dominated
by emission-lines (Watanabe et al. 2006) originating in sberounding plasma
illuminated by the X-rays emitted by the eclipsed pulsar.
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Toc KTc c Acomp __ Np10P%atomscm A Ecycos oy25  cyc25  Ecyes0  cyc50  cygs0

on”
“Q

0.98(2) 7.97(3) 15(2) 0.07(2) 1.45(8) 32(3) 007(2)6.&9) 7(1) 0.3(1Q) 55(3) 13(@) 1.7(1)
0.83(8) 21.0(1) %, 003 1.4(1)

Table 6.1: Best t parameters of the normal and “states" spectra. All uncertain-
ties are at 1 con dence.

6.4

First,

Interpretation and discussion

we would like to summarize the observed propertiegthefsource in its “o-

state”:

The ux drops by factor of 10 or more on a timescale comparétbtae pulse
period. The source remains “dfor several pulse periods, and then the ux
is restored to the previous level on the same short timescale

Vela X-1 is observed to pulsate in the “estate”. No pulse frequency change
has been detected in the “estate”.

A drastic change in the shape of the pulse pro le shape apdrigh ener-
gies. The narrow dip at pulse phas@:75, seen in the pro les of the normal
state at all energy ranges as well as in the-&ate” pro les at lower energies,
is substituted by a prominent peak in the “state” pro le at hard energies
(20-60) keV. This leads to a signi cant increase in the fiaciof the pulsed
emission in the hard energy range for the “states”.

The ux distributions of the normal and “o-states” are signi cantly dierent.
The overall distribution is composed of two approximatelgriormal peaks.

The spectrum, although poorly constrained at high energrenges signi -
cantly during the “o-state”. The temperature of the comptonizing medium
increases whereas the optical depth decreases. No CRSHuiserk by
the data, although the statistics at high energies doeslioat as to rule
out the presence of a CRSF completely, especially if therdast shifted

to higher energies. The absorption corrected ux in the T0&eV energy
range is 5 10 Yergscm?s 1, which corresponds to a luminosity of
2:4 10%®ergss? for a distance of 2 kpc.

The observed pulsations, the luminosity and the hard gpactf the “o -states”
can only be explained if the emission is powered by the aiceref plasma onto the
magnetized neutron star. The absence of emission linegifothstate” spectrum
strongly suggests that the source is not eclipsed, but gxtdh intrinsic drop in
luminosity hence in the accretion rate. The timescale ofthge transition makes
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Figure 6.3: The observation-long light-curve in the 0.4k&¥ energy range using
data from all XIS units is shown in the bottom panel. The ugg@erels show close-
up views of the three detected states. Here, the time axis is ticked every pulse
period.

it di cult, as argued by Kreykenbohm et al. (2008b), to explainatheet of the
“o -states” with a sudden decrease in wind density@neklocity, and suggests a
magnetospheric origin of the state transition.

This is in agreement with the observed ux distribution. HEt“o -states” were
due to drops of the wind density, one would expect them tordarte to the lower-
ux tail of the normal ux distribution. On the contrary, they form &tihct low-
ux peakas observed in Fig. 6.5. The lognormal ux distribution is shdikely
due, as discussed by First et al. (2010), to the “grindinga afumpy wind by
the magnetosphere, while changes of the distribution patensimay be associated
with changes in the way the magnetosphere-plasma intergatoceeds.

As discussed by Burnard et al. (1983), plasma generallyrenie magneto-
sphere of accreting pulsars according to various instegsli These authors also
conclude that, for the observed luminosities and spineplsriypical of bright ac-
creting pulsars, the plasma mainly penetrates the magretas boundary via
Rayleigh—Taylor instabilities. If the accretion rate deases, the rotating magneto-
sphere will inhibit accretion via Rayleigh—Taylor. And thére for low-luminosity
pulsars with intermediate rotation rates the accretionnipgbroceeds via KHI
(Burnard et al. 1983).

The ways through which the plasma can penetrate the magheti@swere more
recently reviewed by Bozzo et al. (2008), who also providsttheates for the leak
rates of various mechanisms. For a system with parametaitausio Vela X-1 in
“o -state”, the largest rate is expected to be provided by Keg @ection 3.2.2 of
Bozzo et al. (2008) for the details). The accretion lumityos estimated in this
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Figure 6.4: The pulse pro les in four derent energy ranges are shown for the
normal (upper panels) and the “estate” (bottom panels).

case to be
Lk " GMnsMkH=RNs = o

74 10% (R o1+ 16RGlO:(5RM10))3:2ﬁ ergs?t;

11— e

(6.9)

HereRg10; Rv1o are the capture and magnetosphere radius respectivelyitgai
10°%¢cm; ie are the densities within and outside of the magnetospheoeoré-
ing to Bozzo et al. (2008),kn 0'1 and the density ratio can be estimated to be
between p

i—e _ KHh R§A10P52835 (6.10)
1+ i=e 01 kph RM10V8

whereh is the fractional height of the area where the plasma and thgnetic
eld coexist, in units of the total thickness of the KHI unbta layer (Burnard et al.
1983). Ps2g35 is the spin-period in units of 283.5 s and we assume a carloréca
tron star radius oRys  10km. In the case of Vela X-1, for the observed “state”
luminosity of 2:4 10%ergs?!, a magnetic eld ofB 2 109G is required,
if the KHI unstable layer is relatively thich( 0:05), orB 10“G,ifh 1 as
suggested by Burnard et al. (1983).

Evidence for such a high magnetic eld in Vela X-1, surpriginstronger than
the one estimated from the CRSF energy, have been alreansdesd above. Here,
we wish to point out, that similarly to GX 302, the observed energy of the CRSF
may be explained if the line formation region is located salvkilometers above
the neutron star surface. In fact, for the average obsenrathbsity of the normal
state, 4 10%®ergs?, one expects that an accretion column with height up to

10km will arise (Lyubarsky & Sunyaev 1988; Doroshenko et28110a). This
implies a factor of 10 decrease in eld strength at the tophaf tolumn given
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Figure 6.5: Histogram of the measured count-rate of the XIS light-c(sokd line). The
same is shown for the estates (shaded) and for the rest of the light-curve separately.

thatB  Bo((Rus+ 10Rns) 2 0:1Bqg. Itis therefore su cient to assume that the
accretion column exists and that the observed CRSF fornseicto the top of the
column to reconcile the strong magnetic eld required by dhserved “o -states”
luminosity and the measured CRSF centroid energy. We vétiudis this in more
detail in Chapter 7.

The observed change of the high energy pulse pro le is weglla@red under the
assumption that an accretion column does indeed exist. fid slip, evident at
high luminosity and softer energies, would be then due tceetiipse of the polar
cap by the accretion column. As the luminosity drops and tiienen ceases to
exists, the hard X-rays can pierce through and the polarsapserved directly: a
pronounced peak is observed instead of a dip. In other wenddhigh-amplitude
peak, which appears in the “estates” pulse pro le at hard energies around pulse
phase 0.75, can be explained as due to the direct emissiontifr® polar cap. In
this scenario, the accretion stream would still absorb dfe)6érays so the dip is
still observed at lower energies. A similar scenario wasuised by Klochkov et al.
(2008) to explain the pulse pro le variations of EXO 20385 during outbursts.

6.5 The “o -states” in GX 301 2

Motivated by the fact that it is hard to imagine that Vela Xsllie only system in
which the “o -states” are observed, we performed a search for a simitzavier
in the archival PCARXTE light-curves of GX 3012 and of several other systems.
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Unfortunately theRXTE observations are rarely uninterrupted, so only one clear
example which shows the source to both switch™and “on” could be found in
GX 301 2 light-curve. Itis presented in Fig. 6.7 together with twiber examples
where only the beginning or end of the “estate” was observed. A similar behavior
may be present also in 4U 1538-52, although the case is neitrmmimg and we will

not focus on it here (the results, if any will be publishedelsere).

The discovery of the “o-state” in GX 301 2 (the one covered completely)
was reported independently by @is et al. (2011), who presented also the time-
resolved spectral analysis results. Here we wish to focuk@eomparison of the
properties of the “o-states” in GX 3012 and Vela X-1.

First of all, we wish to make it clear that the similaritiesaroperties of the “o-
states” in these sources strongly suggest the same phgsigial in both cases (i.e.
related to stability of the magnetosphere as discussedeqbdhe duration of the
‘o -state”in GX 301 2is 1000s, about two pulse-periods, also is similar to that
observed in Vela X-1. Although it is dicult to discuss the pulse-pro le changes
during the “o -state” in GX 301 2 (as the “o-state” only lasts less than two
pulses), one may also notice some similarity in pulse-mrehape changes. The
Fig. 6.8 from G@us et al. (2011) shows that, similarly to Vela X-1, in GX 3@1L
both pulse peaks disappear during the -&tate” and instead a new one appears
in between. The count-rate in all three “states” of GX 3012 is very similar
( 5ctds in the full PCA range), which is in line with what is observad/ela X-1
and implies similar luminosity (see Table 6.2).

To check if the spectral evolution is also similar we extegicspectra from the
“o state” and separately from the complete observation (9835@3-00), and t-
ted both with acompT Tmodel. The results are summarized in Table 6.2. Similarly
to Vela X-1, with a drop in luminosity the comptonization sea to be saturated
and the temperature rises, which together with the puledepevolution suggests
the same interpretation as for Vela X-1.

The unabsorbed ux of B 10 %ergsicm 2 in “o -state” impliesLy ' 2
10%%ergs 1, which is also similar to Vela X-1. Using Eq. 6.9 one may alstireate
the magnetic eld from the observed X-ray luminosity, whittirns out to be
1 6 10"Gassumingi 0:05 1, i.e. in line with earlier obtained estimates.

6.6 Conclusion

We have investigated how the timing properties of Vela X+ loalp to constrain its
magnetic eld. Following the lines of the similar work on GX3 2, we conclude
that, in the framework of existing accretion torques thearyery strong magnetic
eld B 10 10™G is required to explain the long pulse period of Vela X-1 and
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Normal ‘o -state”
Nn;10°%atomscm?  12:2(9) 122
To 0:93(5) 0.93
KT 8:5(4) 22312
9:2(3) 0.06(0.1)
AcompTT 0:020(1) 00001(5)
Ere 6:33(4) 6.33
Are 0:00079(8) 60002(1)
Lx:3 50 2 10%ergs! 1:8 10%ergs?

Table 6.2: Spectral evolution of GX 302 in the “o -state” with aCompT Tmodel. Linked
parameters are shown with script font. The luminosity is calculated asglardistance of
3kpc and unabsorbed uxes derived from spectra in the 3-50 kevggrrange.

its evolution. Using the long-term pulse frequency historgasured by Bildsten
etal. (1997) withCGRO BATSE we show that, consistently with model predictions,
the pulse frequency derivative is correlated with the uxgdave use this correlation
to estimate the magnetic eld in the framework of torque nmedey Davies et al.
(1979) and lllarionov & Kompaneets (1990). In both cases gmetc eld of the
orderof 16° 10" G is required to explain the observed pulse frequency arskpul
frequency dependence on ux.

We argue that similarly to GX 3012, a rather low relative velocity of the wind
and the neutron star is the main reason why a very strong rtiageld is required.
While the measurements of terminal wind velocity for GX 3@Imay in principle
be questioned as the value of305kms? is rather untypical, the terminal wind
velocity in VelaX-1 has a canonical value 0f1100 kms* and the low relative
velocity of the wind and the neutron star is the result of caatpess of the system.
We nd that the strong magnetic eld scenario allows alsoxplain other observed
properties of the system, particularly so-called “states”, quasi-periodic oscilla-
tions, and the noise power spectrum.

We presented rst results of the analysis of an 10@kzakuwbservation of the
well known X-ray binary Vela X-1. With this observation wercom the CRSF
at 25keV in the normal state. Due to the unprecedented satysitf Suzakufor
the rst time ever it was also possible to study the propertiéthe source during
the “o -states” reported previously as periods when the souroatidetected com-
pletely. We also detected pulsations, measured the speetnd the ux distribu-
tionin “o state”. We conclude that these observational facts styagjgest that
the emission is still powered by accretion, and that the drdpminosity has prob-
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ably a magnetospheric origin. The observed X-ray lumiyasit‘'o -state” may
be explained in the gated accretion scenario developed byaBdiet al. (1983) if
the neutron star is strongly magnetized and plasma entersélgnetosphere via
KHI instability. To our knowledge this is the rst time whemeoretical consid-
erations regarding magnetosphere-plasma interactiams@ed et al. 1983; Bozzo
et al. 2008) nd an observational support.

In the same context we have reviewed the properties of GX 3@iuring the
newly-discovered “o-state”, reported by Giils et al. (2011) which we have found
independently. We conclude that the “states” are also related to the stability of
the magnetosphere in GX 302. It is important to emphasize, that potentially the
“gated accretion” scenario allows to estimate the magneliticof the accreting pul-
sar, and the result seems to agree with other estimates fXve and GX 301 2.
Clearly, other sources may also “switch-9 so it would be extremely interesting
to search for evidence for this and to perform a comparativéysof a complete
sample of galactic accreting pulsars. We plan to carry ooh iudy using the
INTEGRAL data, but this is future work.
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Chapter7

The magnetic eld and the CRSF energy

In the previous chapters the magnetic moment of the neuteos ; Vela X-1
and GX 301 2 has been estimated using the current accretion torquelsndele
veloped by lllarionov & Kompaneets (1990) and Bisnovatyigén (1991), which,
one may argue, is still poorly veri ed. On the other hand, theult contradicts
the estimate from the energy of the CRSF. For instance fa Xel the observed
Ecye 22keV correspondstoa eld d8  10'2 (Eg=11:57) 2 102G. This
is an order of magnitude less than the estimate obtainedtfroimg considerations.
This inconsistence has to be somehow explained, since ktithates rely on the
observational facts.

One needs either to explain why the observed CRSF energyagistssuming a
strong surface eld or to adjust the accretion torque theorgvoid the strong eld
requirement. In the next two chapters we will explore thesepossibilities.

First we suggest that the contradiction can be resolvetifGRSF forms high
above the surface of the neutron star (i.e. in the accretiuman or the accretion
ow above the polar caps). Given that the magnetic eld weakwiith the distance
asB/ R 3, a factor of 10 dierence between the magnetic eld estimates from
the accretion torque theory and the CRSF energy may be atexbfor if the later
forms at a heigh Rys above the surface of the neutron star.

The X-ray pulsars are powered by accretion, so their luniipaslimited by the
back-reaction of the X-ray emission onto the accreting enalaximum luminos-
ity for the spherically symmetric accretionlisgg  1:3 10%8ergs ! and much less
for a magnetized neutron star. However there is a number m@fy)ulsars with lu-
minosities exceeding this value. To explain these soufmsancept of accretion
column was introduced by Basko & Sunyaev (1976).

In the case of a neutron star the accretion geometry is netrigalh since the ac-
creting matter is funneled onto the magnetic poles of thérorwstar by the strong
magnetic eld. The ram pressure of in-falling matter in thétatively narrow ac-
cretion channel is balanced by the pressure of the X-rayseomis The excess of
energy is emitted through the sides of the extended acoretimmn, with a height
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determined by the accretion rate and the accretion chaemejuration. The ac-
cretion column arises if the luminosity exceeds the critical value (Lyubarsky &

Sunyaev 1988):
2cdGM

L=——7%"6 10%%ergst; (7.1)
Both Vela X-1 and GX 3012 have luminosities comparable with the critical value
so the accretion column may in principle arise in both cases.

Besides the observed luminosity, the presence of the coisiadeo supported by
several observational facts. For instance, the obsenledtemperature of 4-5 keV
in both cases is in agreement with the value expected for eceamith a lumi-
nosity close to the Eddington limit. The ective critical temperature is de ned
from Lygaa= 4 R? T2, wherelygqqis the standard Eddington luminosity (1.6).
This impliesTgqq 2 keV for the standard neutron star parametdis=(1:4M
R=10° cm) and solar composition of the accreting matter. The elesespectrum
is expected to be close to a diluted Planck spectBgmFg BE(TC)=f§, with a
color temperatur@. = f;Te and a hardness factd¢ 1.5-2 because of Compton
scattering (Pavlov et al. 1991). This qualitative pictusesimilar in the case of
Compton scattering in a strong magnetic eld (Lyubarsky @9&o the observed
color temperature probably corresponds to a criticadative temperature at the
neutron star surface. Another strong argument that an tEmereolumn of signi -
cant height (i.e. comparable with the radius of the neuttar) does indeed exist in
GX 301 2, is that the pulsed fraction in this source signi cantlcoeases with the
increase in luminosity and hence column height (LutovinoVs§/gankov 2009).

The height of the accretion column may be estimated from basic consid-
erations. Because the magnetic eld funnels the matter tireqooles of the neu-
tron star the accretion column base radius can be estimaigdthe neutron star
magnetic moment  Rys(Rus=Ru)'™ (Lipunov 1987). The magnetospheric ra-
diusis (3 30) 10°cm for a magnetic eld in the range 1 104G, and
the corresponding radius of the column base is 200-500 m. atheetion col-
umn height may then be estimated using a cylindrical gegnegiproximation,
and the critical eective temperature from the observed luminogity 10> erg
st 2 ggT¢, 2 rH. This simple estimate gived 8-20km for GX 3012
(B=102 10" G andM=1:2 10Ygs 1), and 3-7 km for Vela X-1 (samB and
M=4 10%gs?).

A more re ned estimate was provided by Lyubarsky & Sunyac388):

I
1+m
54

H' mRysIn (7.2)
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Here is opacity andl is the characteristic size of the polar cap, while

l,_
m=CMM._ —p—Bz_dZ - (7.3)
RL 7 ¢ 2GMR '

are the dimensionless accretion rate and a function cleiziog the geometry of
the column. The latter depends on the mass of the neutroMsﬁamj\diusR and

magnetic eldB, and on the diameter of the accretion coluthn %. Here

|
BZR6 2 2=7
Rwm —p—ZM =N (7.4)

is the magnetospheric radius (Lipunov 1987). The heighhefcolumn estimated
with (7.2) isH' 4kmforVelaX-1andH' 10kmfor GX 301 2, in agreement with
the estimates above. As mentioned above, the estimateetiacccolumn height

H Rqsallows to reconcile the observed CRSF energy with the senfaagnetic
eld of B 10 10“G obtained from timing considerations if the CRSF forms
in the upper parts of the column.

Moreover, the CRSF may in principle form even higher in thereion stream
above the column or polar cap. Kraus et al. (2003) discussddhe up-scattering
of the continuum emission in the accretion stream above tiseeson column
(where matter falls with nearly free-fall velocity 0:7c) may contribute a signif-
icant fraction of the total ux above the cutcenergy Ecut 20 keV for Vela X-1
and GX 301 2). This emission component was required to explain therobde
pulse-pro le shape and its evolution with energy in theialysis.

We argue that for a magnetic eld at the surface of the neustanin the range
of 10'3 10" G, the cyclotron energy in the accretion stream at a heigbewéral
kilometers above the surface of the neutron star will be crage to the typical
energy of the photons of the continuum, and therefore thiéesoay in the stream
can be resonant. Depending on the viewing geometry, thislezad/ either to the
formation of an observable CRSF. Alternatively the oveplag of the continuum
observed directly from the column with that up-scatterethim accretion stream
could produce line-like features in the overall spectrum.

For the discussion below it is important to mention that thesima within the
accretion column is by de nition Compton thick, otherwideetradiation would
simply escape from the sides of the column and would not loaltre ram pressure
of the in ow. Part of the radiation obviously still escape&srh the sides of the col-
umn and the parameters of the column are determined by thpesate (Becker &
Wol 2005). A discussion of the accretion column models is beytbedscope of
this work but it is important to note that the shape of the llgamerging spectrum
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Figure 7.1: Sketch of a radiation-dominated accretion column. Teryserand magnetic
eld strength increase towards the neutron star surface.

at any given height in the column is expected to be the re$gatirated thermal

Comptonization (Lyubarsky 1986). The theoretically céted spectra of the ac-
cretion column (Basko & Sunyaev 1976; Becker & W@&O005) describe the main
properties of the observed continuum reasonably well.

As shown by Basko & Sunyaev (1976, see their Fig. 4 and accoympgdiscus-
sion), the amount of energy released by a unit of height ohtleeetion column is
almost constant, so a signi cant part of the emission comas the upper parts of
the column. In fact, the observed cutpower-law shape of the spectra of accreting
pulsars is interpreted by Basko & Sunyaev (1976) and Beckérfg (2005) as a
superposition of the emission coming from theelient parts of the column.

The whole column contributes both to the continuum and tdahmation of the
CRSF. The magnetic eld changes by a factor of 10—-100 withie ¢column (i.e.
in the line forming region) must be therefore taken into aecto The impact of
resonant scattering on spectrum formation in the accretadmmn was discussed
by Nishimura (2008) who showed that a line-like CRSF is ptifldicted in this case.
Although Nishimura (2008) considered smaller gradierast(ir of 10) of physical
parameters (i.e. temperature and magnetic eld) acrossdohenn, he showed
that the resonant scattering may still produce line-likeocaption features. The
resulting spectrum and particularly the energies of thergimg absorption features
are, however, connected non-trivially with the maximaldeitrength within the line
forming region making it di cult to estimate the eld from the spectrum alone.

Note also that the observed continuum spectrum and the sifiipeepulse pro le
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strongly depend on the viewing geometry. The understanafitigeir formation is

an extremely complicated problem on itself. In most pulsaggls a signi cant
part of the columns at both poles is expected to be visibleis Weans that the
contribution of di erent parts of the accretion column at any given pulse plsase i
not known apriori and must be reconstructed using some nafditle emission
region (see Kraus et al. (1995) for a possible approach).

The inner parts of the column are more likely to be obscurethbyeutron star,
so the relative contribution to the total spectrum of theargmd lower parts of the
accretion column is expected to change with pulse phasee $fire magnetic eld
strength increases towards the neutron star and the ods€RSBF is a superposi-
tion of features formed at derent heights (Nishimura 2008), one can expect the
centroid energy of the CRSF to shift to higher energies asahé&ibution of lower
parts (where the eld is stronger) increases. The cormfatif the CRSF energy
with temperature was indeed reported for GX 3@by Kreykenbohm et al. (2004,
see Table 3) and is con rmed by our spectral analysis.

The contribution of the upper parts of a tall column is noteotpd to change
signi cantly with pulse phase. Therefore in the pulse maximone expects more
contribution from the lower parts of the column and henceghéi CRSF centroid
energy. This is the case for GX 302 (see Chapter 5) and in fact a similar behavior
was reported by La Barbera et al. (2003) for Vela X-1. The CR8é&rgy is also
expected to be correlated with column temperature (whicheeses towards the
neutron star surface) and such correlation was indeedtespfor both GX 3012
and Vela X-1 (Kreykenbohm et al. 2004; La Barbera et al. 2003)

Also the pulse fraction is expected to increase with enettggt (s with the tem-
perature in the column). This behavior is a known commorufeatf X-ray pulsars,
and Vela X-1 and GX 3012 follow it as well.

Another feature of the CRSF phase dependence that may betpreid the “line
width - line energy” correlation. When the vertical span @& tthserved part of the
column is short (which is when only the upper parts of the cwiware visible), the
line width is expected to be smaller. In contrast, the linedmees wider when a
larger part of the column is observed as the magnetic eldgases by an order of
magnitude from the column top to the bottom. This “line widtHine energy” cor-
relation was found in the pulse phase resolved spectrum d3@X2 (see Fig. 7.2).
It was also reported by La Barbera et al. (2003) for Vela Xek(Big. 7.2).

Note that the discussion aboveviery qualitative and in reality the situation is
probably much more complicated. For instance Lyubarsk@g6) @redicts that the
emission of the column will be strongly beamed towards th&noa star because
the outer layer of the plasma at the sides of the column isupiarted by the ra-
diation eld and thus falls with nearly free-fall velocityyubarsky (1986) provide
an estimate for the angular distribution of the emissionrging from the sides of
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Figure 7.2: The “line width” - “line energy” correlation for the CRSF in thelge phase
resolved spectrum of GX 302 (left panel) and Vela X-1 (right panel). For GX 302 the
correlation was found by Kreykenbohm et al. (2004)RXTE data (red crosses) and was
con rmed by my phase-resolved analysis (black points). For Velattelresults reported by
La Barbera et al. (2003) witBeppoSaxdata are plotted. The same correlation was reported
by Coburn et al. (2002) for a number of other sources observeRIXRE.

the column: p

I 1 cos=c+2 1 2=?sin (7.5)
(1 cos=c)°

Here is the angle between the emission direction and the plasioaitye (see

Fig. a.3). Assuming that the plasma of the outer layer faith fvee-fall velocity

@ one may estimate that for a column lower thai0km most of the
emission is intercepted by the neutron star (see Fig. 7.3).

One can predict that the beamed emission from the columrhedt the atmo-
sphere of the neutron star and produce a soft thermal comporgpectrum, which
has been indeed identi ed (Ferrigno et al. 2009). Hard eimiswill be mostly re-
ected (Lyubarsky 1986). Note that there is a gradient in metiz eld strength
across the surface of the neutron star asBssin proportional to latitude. Tak-
ing into account the enormous resonant cross-section oyiexmpect that resonant
scattering will be also important for the reprocessed donissThe observed spec-
trum will be therefore a pulse-phase dependent sum of thetrspgemerging directly
from the two accretion columns and the component reprodeéegbe atmosphere
of the neutron star.

The main message here is that the usual assumption thatelgyefa CRSF al-
lows to estimate the magnetic eld of the neutron star is gufi ed if we observe
emission from a small polar cap. Note that even in this caseéprocessing in
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Figure 7.3: Fraction of total ux from the column intercepted by the neustar as a func-
tion of height is shown in the top panel. The left panel at the bottom showsk#teh of

the accretion column structure and the beaming pattern as presentedigréy & Sun-
yaev (1988) (1-free-falling plasma, 2—deceleration zone, 3—gtaéttling). The right panel
shows graphically how much light actually escapes from the column aisdsgattered by
the neutron star (thickness characterizes how much energy candwetéom outside of
the system from a given point from all directions for illustrative purgdse

the accretion stream may change the emerging spectrundeoably (particularly
contributing to its hard part where cyclotron lines are tgtly observed).
| wish to emphasize that the discussion above may well beaetelso for other
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accreting pulsars. Indeed, the majority of pulsars whichileka CRSF in their
spectra are luminous and therefore an accretion columkaélylto form in these
sources. One may argue that the luminosity estimates aralitega for the forma-
tion of accretion columns are somewhat uncertain (for imtathe con guration
of the magnetic eld is important for the formation of the goin), and therefore
high luminosities do not imply that the accretion columnlwibdeed form. This
issue was discussed by Karino (2007), who investigated hewptlse-pro les of
accreting pulsars change with energy.

Using a sample of all pulsars in the Galaxy and Magellanicu@$ofor which
pulse-pro les in several energy ranges were available,ira(2007) found that
the sample may be divided in two groups: pulsars where theegario le does not
change signi cantly with energy (“regular” pulsars), andlgars for which it does
change signi cantly (“irregular” pulsars). Karino (200pticed that the “regular”
pulsars typically have luminosities below5 10%°ergss!' L de ned by (7.1),
while “irregular” ones are more luminous (see Figure #.4)aking into account
that an accretion column is expected to form for higher lwsity pulsars and also
thatitis di cult to explain the “irregular” pulse pro les if the emissi@omes from
a polar cap, Karino (2007) concluded that the change in pguisde behavior is
associated with the formation of accretion column at highihosities. Note that
a relatively tall column (comparable to the radius of thetrmustar) is required to
explain signi cant changes of the pulse-pro le shape (lKarR007).

While Karino (2007) did not discuss CRSFs, it is important dterthat the ma-
jority of the pulsars which exhibit a CRSF in their spect@iaot only luminous but
also fall into the “irregular” group (see Figure 7.4). | cates this as an indepen-
dent strong argument that these sources do indeed host @ti@eccolumn. One
de nitively has to keep this in mind when estimating the metm eld of neutron
stars using the observed CRSF energy. | wish to concludeutfidtthe structure
of emission region, the formation of the spectrum and paldity of the CRSF in
accreting pulsars are really understood, it is dangerotelymnly on the observed
energy of the CRSF to estimate the magnetic elds of the oeugtars.

INote that this was also a case for pulsars in Magellanic aouitkre the uncertainty in luminosity
is negligible.
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Figure 7.4: Distribution of Galactic X-ray pulsars with regular (light sithdend irregular
(shaded) pulse pro les by luminosities. The same is shown for pulsiting(solid line) and
without (dashed line) a CRSF in their spectrum.



Chapter 8

Generalizing the torque model

In the previous chapter we discussed a possible scenariectmcile the esti-
mates of the magnetic eld obtained from the observed CRS&ggnwith the
stronger eld required by timing considerations. The esiienof the magnetic
eld in the latter case is obviously model-dependent. Weusthoherefore discuss
whether it is possible to explain the timing properties afggeriod pulsars with a
model which does not require a strong magnetic eld.

A brief review of all currently available torque models waseg in Chapter 2.
As already emphasized there, the torque balance is detednbiy the interaction
between the magnetosphere and the plasma. As we have shopulsk frequency
evolution depends on the magnetosphere radius, accretierand the rotational
frequency. Indeed, it is dicult to imagine, that the braking torque can be present
in absence of matter. | would like to point out, however, thatonly model which
satis es this requirement and has a correct functional dépace, is the one by II-
larionov & Kompaneets (1990), and for this reason the esésiay Lipunov (1987)
and Bisnovatyi-Kogan (1991) should be considered an ajpeation.

The lllarionov & Kompaneets (1990) model, on the other haaduires an out-
ow of matter to be formed. At the moment there is no direct evstional ev-
idence for such an out ow. The criteria for the out ow forniat formulated by
the model authors are qualitative, and do not take fact&esdiccretion geome-
try, plasma heatingooling timescales and details of magnetosphere-plastes in
action.

In fact, this is a problem for the other models as well: ourrgamowledge of
the processes which lead to the angular momentum exchabhgedrethe neutron
star and the accretion ow requires some qualitative assiomg in order to esti-
mate the torques a&cting the neutron star. We observe here, that these assasipt
(i.e. the presence of an out ow in lllarionov & Kompaneet99D) or of a shock in
the Bisnovatyi-Kogan (1991) model) and the accompanyingigl justi cations
answer mainly the question “how does the angular momentuwhagge between
the neutron star and the matter proceed?”. We here wish t foe another ques-
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tion: “what fraction of the orbital angular momentum of thatter gets eventually
transferred to the neutron star?”, preferably on obsematigrounds.

As pointed out by lllarionov & Sunyaev (1975) and Bisnovetyigan (1991) the
accretion from wind away from the magnetosphere boundagybmaonsidered as
a quasi-spherical adiabatic in ow. The orbital angular nemtum of the accreting
matterL = k R2G is conserved and hence it spirals-down to the neutron star wi
angular frequency ,

= e (8.1)

and nearly free-fall velocity r

2GM
"
The matter falls down till the pressure of the magnetic eldps it at the magne-
tosphere boundary. Here the matter couples with the magmddi lines and thus
acquires angular velocity equal to that of the neutron stanx of angular momen-
tum across the magnetospheric boundary must occur if thelamngelocity of the
in-falling matter! , di ers from that of the neutron star. In other words a torque

K=1Im! m=AMRZ (! m(Rw) !) (8.3)

is required to bring the matter in co-rotation with the nentstar. This is appar-
ently also the torque exerted onto the magnetosphere byctreteon ow. Here
A characterizes the moment of inertia of the plasma shell twimiteracts with the
magnetosphere.

Once the matter penetrates the magnetosphere it contimfesalong the eld
lines and exerts a spin-up torque

(8.2)

K+ = BMRS,! (8.4)

onto the neutron star. Hef® characterizes the moment of inertia of the plasma
shell whichactually penetrateshe magnetosphere and reaches the surface of the
neutron star. The dynamic equation for the neutron star redafidrefore written as

Il = AMRS (! m(Ru) !)+BMRZ! (8.5)
or, taking into account (8.1), as
Il =AM RZ (A B)M!R: (8.6)

HereRg andRy are gravitational capture and magnetospheric radii delme(?.7)
and (2.8). We assume thAtincludes a factor cos which emerges if thé and
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are not aligned. Apparently it is required (although not sient) thatA > B for
the neutron star to spin down. The physical meaning of thgsirement is really
simple: the angular momentum ux throudty must be less than that throu&.
This may happen either if some fraction of angular momentitnainsported out-
wards from the magnetosphere boundary by convective ngtiomif some kind
of out ow forms within the magnetosphere which carries tmgualar momentum
away as in the lllarionov & Kompaneets (1990) model. In soerese (8.6) is a gen-
eralization of the lllarionov & Kompaneets (1990) model,eswe do not consider
by which means the angular momentum gets transported. Tygcgahmeaning of
(A B)=Ais the fraction of angular momentum which is not transfetredugh the
magnetospheric boundary, or equivalently gets expellat the neutron star.

In the lllarionov & Kompaneets (1990) model the presence ofiaro-scale
outow implies (A B)' 0:1. More than half of the angular momentum is not
transferred to the neutron star but carried away by the ou{the authors xA=
0:25).

The convection-driven plasma motions may also carry thallangnomentum
away. Note, that in this case the presence of a standhock above the magne-
tosphere is crucial. Below the shock the plasma falls with+sonic velocity and
the angular momentum may be transported to a shock and theedcaway by the
surrounding wind. Itis also required that at least somegfatte shock lies outside
Rs. Detailed modeling is needed in this case to estimate thesrinal coe cients
from physical considerations.

Assuming thatA and B are constants (they may depend on the accretion rate
but the assumption is justi ed if we consider a xed accreti@teM ' Meqwhen
I =0), we can derive the connection between the cdents:

ki Reeq= ko! Rijeq (8.7)

herekj=A 1,0 kp=(A B) 1 (ki=kyandks=kinlllarionov& Kompaneets
(1990) model), and , are the spin and orbital frequencies of the neutron star.
Note, that as we discussed in Chapter 6, the Eqg. 6.3 allowsristi@inky, = k;
from the observations assuming some reasonable wind peeanand it turns out

to bek; ' 0:2 for GX 301 2 andk; ' 0:4 for VelaX-1. For the case of Bondi
accretion the accretion rate is proportional to the captates

M/ RZ (8.8)

where y; are the wind density and the relative velocity between wind the
neutron star. From (8.7) we can substitlgténto (8.6) and get

11 = ka! eqRy.eqM R R é (8.9)
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Itis usually assumed that the accreting pulsars spin atyneguilibrium frequency,
so! ' I ¢q The accretion rate varies either because of the variatibtise wind
density or of the wind velocity. If the accretion rate chasmgaly due to changes
in the wind densityRg = Rg,eq and taking into account Eq. (8.8) the dynamical
equation may be rewritten as

M 4=7
1= Kyl eqRE) oM |\/T2=7 (8.10)

We can now di erentiate it with respect thl to nd out how the spin of the neutron
star is a ected by changes in accretion rate, so we can compare tHesnegh the
observed “ ux"—“frequency derivative” correlation:

4=7
o ok
i e 5 Mj; (8.11)
or, at the equilibrium |
@ _4
| @ Skl et eq (8.12)
€q

If on the other hand we assume that the variations of ux atesed only by the
variations of the relative velocity of wind, tH&s will be a function ofM

M4:3
o= RS 819
The dynamic equation then takes form
M40:21
and the partial derivative ovévl will be at equilibrium point
|
@ 40
| @ = k! et eq (8.15)
eq

The dependence of the spin frequency derivative on the @memate is therefore
the same in both cases 1

@ _
| i eq_c: k2! eRepieq (8.16)
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and only the constar@ is di erent. It is natural to assume that in reality the accre-
tion rate depends both on variations in wind density and liatixe wind-neutron
star velocity andC shall lie between the extreme values (322 [0:5; 2]).

An important feature of Eq. (8.16) is that the spin frequedeyivative of the
neutron star depends only ¢&a and on the magnetospheric radius, i.e. on the
magnetic eld. It does not depend on the accretion rate otherr¢lative velocity
between wind and the neutron star. The problem is that we canamstrain the
numerical coe cientky from rst principles. Still we can put a lower limit on
magnetic eld strength (sinck, 1 andC 2 [0:5;2]):

s —

Pioos @ ~ . (8.17)

koC @ eq.

Rv' 126 10°

HereP1gosis the pulse period in units of 100s, an% o is in units of 1012s 2

per 13%gs 1. From the observed “ ux’—“frequency derivative” correians one

immediately derives% eq 12 ' 0:15,0:5 for GX 301 2 and Vela X-1 respectively.
16

This implies fork, 1 magnetosphere radius®f 10°cm and hence a magnetic
eldsof B 102G for GX 301 2andB 5 102G for VelaX-1, i.e. still a fac-
tor of two more than required to reconcile with the observ&5E energy. Keep
in mind also that this is a lower limit and if we consider théireates ofk; men-
tioned above and th&p < kg, we will come up with signi cantly stronger elds as
was shown in Chapter 6. Other means of estimation of the ntagpieeric radius
considered there for Vela X-1 also give larger valuesRigr

We conclude here that a lower limit on the magnetic eld carebgémated from
very general physical considerations, and for Vela X-1 aXd3B1 2 this limit is
not consistent with estimates obtained from the CRSF enéifgyare aware that
our result is not in line with the traditional view on the CRS#s a direct probe of
the magnetic eld and believe that it may trigger importantuire work aimed to
really understand the CRSF formation process in accretigpps.
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Summary and outlook

In this dissertation | studied the long-standing problerthefexistence of accret-
ing pulsars characterized by long spin periods. Accretingars are neutron stars
in binary systems powered by the accretion of matter fromrenabstar which due
to the orbital motion possesses some angular momentumampidar momentum
(or a fraction of it) is transferred to the neutron star, vihiapidly gains angular mo-
mentum while the accretion proceeds (spin-up torque). apears to be the case
also under the most conservative assumptions about thefraxf angular momen-
tum transferred to the neutron star. Observations showétal. 2006), however,
that the majority of known X-ray pulsars not only have londsewperiods, typically

100 s, signi cantly longer than the one neutron stars arebetl to have at birth,
but also that many of these systems exhibit long-term spimadtrends while ac-
creting. This can only occur if some fraction of the angulammentum carried by
the accreting matter is not transferred to the neutron Istaris removed from the
system. Several models have been proposed to explain epin-brques, and in
all models the e ciency of braking depends on the size of the magnetosphelre an
therefore the magnetic eld of the neutron star. A strongd & usually required to
explain the observed long pulse periods.

On the other hand, the so-called cyclotron resonance soatteeatures (cy-
clotron lines), observed in spectra of many pulsars, pewd independent and
direct estimate of the magnetic eld in the line forming regi These estimates
turn out to be incompatible with the ones from timing studaramost pulsars with
periods longer than about 100s. Magnetic eld estimategtas the torque the-
ory are of course strongly model dependent, so the observaficyclotron lines
has become the “universally” accepted method to estima&tenihgnetic elds of
accreting pulsars, leaving the question of long periods@vel often forgotten.

In my thesis | have conducted a detailed observational stdidlgree accreting
pulsars, namely 1A 1118-61, GX 302 and Vela X-1 using the data froRXTE,
INTEGRAL and Suzakuobservatories.

Using theRXTE observations of 1A 11181 during the January 2009 outburst
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of the source, | have discovered a cyclotron line &b keV, which was later con-
rmed by Suzakuobservations. | have also determined the timing propedfes
the source, including the estimate of the up to now unknovisitadrperiod. The
RXTE observations revealed also a complicated pulse-pro leg@ndependence,
while the pulse phase-resolved spectral analysis showesbwious dependence
of the CRSF parameters on pulse phase. These ndings haverhdgished in
Doroshenko et al. (2010b); Staubert et al. (2011); Suchy; €2@11).

To study the properties of GX 302 | rstly used the data obtained in a dedi-
cated observation obtained withTEGRAL of the so-called “pre-periastron” are.
| also usedNTEGRAL public archival data to extend my analysis to other orbital
phases. The search for a CRSF harmonic inIfBf€EGRAL spectrum was un-
successful and the results of the spectral analysis (imguaulse-phase resolved
spectroscopic) con rmed earlier published ndings (Kreylbohm et al. 2004). |
therefore focused on the timing properties of the source imgroving the or-
bital ephemeris of the system. To study in detail the sedin@ng behavior of
GX 301 2, | needed to us€ GRO BATSEarchival data, given the limited time
span of the availabléNTEGRAL data. A correlation between the X-ray pulse-
frequency derivative and the ux (hence the accretion rate indeed found for
GX 301 2. This came out to be a key nding of my research. In fact, , tbtis
correlation unambiguously shows that the acceleratingbeakling torques of the
system are balanced, which is the essential condition medjfdr a sound estimate
of the magnetic eld based on the torque theory. Second, thasured spin-up
rate at high accretion rates provides evidence for a strooglerating torque and
consequently a similarly strong braking torque is requtedxplain the observed
equilibrium. Moreover, the modeling of the discovered etation, on the base of
the state of the art torque theory, has unambiguously @drithat a magnetar-like,
B 10G is required to explain the timing behavior of the sourceisTmas a
surprising and key result. This part of my work was publislreBoroshenko et al.
(2010a).

Following this result, | searched for a similar correlatiorihe BATSE observa-
tions of other accreting pulsars. Such a correlation wasddar Vela X-1. Also in
this case, the timing behavior of the source suggested aetiageld of 102G.
With the aim of obtaining an independent evidence of suchangt eld, | also re-
viewed other observational properties of Vela X-1. As | showChapter 6, (1) the
distribution of the so-called “o-states” (when the source “switches"ofor sev-
eral pulse periods) with the orbital phase; (2) the frequesfadhe quasi-periodic
oscillations reported by Staubert et al. (2004); Kreykdmbet al. (2008b); (3) the
power-density spectrum of the X-ray emission can be nadyuexiplained in the
ultra-strong eld scenario. These ndings were summarizedoroshenko et al.
(2011b).
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To study the properties and the origin of the “states”, | extensively searched
the public archival data on Vela X-1 of various missions.eéehsuch episodes were
indeed observed bguzaku The low background level and the high sensitivity of
Suzakuallowed for the rst time the detection of pulsations and #tedy of the
spectral properties of the source during the -&tate”. The observation of pulsed
emission suggests that accretion still proceeds, whicliésmthat matter still leaks
through the magnetospheric boundary. In my thesis | ingrris result in the
context of the scenario proposed by Burnard et al. (1983yevtiee KHI instability
is responsible for the leakage of the plasma. | also conchatehis scenario favors
a strong magnetic eld.

The X-ray spectrum of Vela X-1 during the “estates” changes drastically and
provides matter for future elaborations. While the cufmwer-law spectrum in
normal state can be interpreted as emerging from the agoredlumn, during the
“o0 -states” the cuto in spectrum is not observed anymore which can be naturally
interpreted as a signature for bulk comptonization in tleeeton stream. A similar
scenario was proposed by Trimper et al. (2010) for AXPs. NatEdow-luminosity
persistent sources like X Per also show similar spectrarg@sdts discussed above
are reported in Doroshenko et al. (2011a).

To reconcile the values of the magnetic eld estimated fromgtie models with
the ones obtained from the detection of CRSFs in the speti@Xa301 2 and
Vela X-1, | carefully investigated a generalized torque elad Chapter 8. | con-
clude that, based on very general angular momentum corieneaaguments it is
not possible to signi cantly reduce the required eld tagiinto account the ob-
served “pulse frequency derivative” — “ ux” correlationnd a di erent scenario
should be invoked to solve the discrepancy.

Sowhy a eld of B 10 10"G is obtained from timing arguments and the
observed CRSF energy (20-50keV) gives us a magnetic eld 062 1012G?
| argue in my thesis that this could be the case if the line fohigh above the
neutron star, i.e. in the accretion column or the accretioeas above the polar
caps. | estimate that a column height of several kilometershoth GX 301 2
and Vela X-1) well explains the observed CRSF energy if thisns close to the
top of the column. | wish also to observe that the top parthefdolumn must
de nitively contribute both to the observed continuum andhe CRSF (Basko &
Sunyaev 1976). On the other hand, the resonant scatteriegiions with stronger
magnetic eld (i.e. inner part of the column) might well remannoticed since the
spectra of accreting pulsars are relatively soft and it wdad di cult to detect a
CRSF at high energies.

| stress in my thesis that one has to be very cautious in irgéng the spectra of
luminous accreting pulsars directly relating the obseffeadures to precise emis-
sion regions. In fact, no detailed modeling of the emissiomfluminous accreting
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pulsars has been carried out so far. This might be surpriéhgears after their
discovery, but it's a fact. Even the most recent physical edf the intrinsic spec-
trum from an accretion column (Becker & WoP007), do not take into account
important e ects like resonant scattering and the relativistic beartomgrds the
neutron star (Lyubarsky & Sunyaev 1988). Moreover, due ¢octhmplicated geo-
metrical e ects (including gravitational light bending) the obserggéctrum may
di er considerably from the intrinsic spectrum of the colummaiss et al. 2003).
It is also worth to note that recent studies of CRSF formatiomagnetized ac-
cretion columns (Nishimura 2008), concluded that line-@bsorption features are
expected to form even if there is a substantial gradienténvddue of physical pa-
rameters across the line-formation region. The observe8FCEhergy is therefore
non-trivially related to the surface eld. In conclusionbelieve that there are too
many open questions regarding the formation of the CRSFeelyoon their ob-
served energies as the only estimate of the magnetic elti@tar. All possible
ways to estimate the magnetic eld shall be explored instead

Such an “exploration” has only been started in this thesizredan be certainly
done to clarify the intriguing question of the eld of “slovpulsars:

The BATSE archive may be reanalyzed and complemented ®ithift BAT,
Fermi GBM and INTEGRAL data to determine long-term pulse frequency
evolution and to search for the correlation between putsguiency derivative
and ux in other accreting pulsars.

There is certainly room for improvement in torque theorytiealarly future
work should also take advantage of simulation. A full 3D MHslations
of wind accretion onto strongly magnetized neutron couldémied out to
study numerically the behavior of matter at the magnetaspbeundary.

The light-curves of other pulsars can be searched for pusiyounnoticed
“o -states”. We expect more of these and even a quick inspeofitime
GX 301 2 light-curve has indeed revealed new ones. Besides thevaloke
luminosity in “o -state” it is important to understand the criteria for siwitc
ing “o " and “on” again, which can only be done as the sample of the ob-
served o -states grows.

If the “o0 -states” are interpreted in terms of the “gated accretiophario as
proposed in this work, new interpretation of the quiescéatesof accreting
pulsars could open. Quiescence could be a low-luminositie sh which
accretion proceeds via KHI instability. In fact, at lumiitess similar to
the ones of the “o-states”, pulsations were detected in quiescence from 3
sources, namely 1A 053262, 4U 1145619 and 1A 1118-61. | actually
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proposed to observe these sources in quiescence to stedytate in greater
detail with XMM Newton. An observation of 50 ks was awardedhbserve
1A 0535+262.

| anticipate that in the “gated accretion” scenario one algeects to observe
“anti-o -states” from a source in quiescence. These are short aitbsluy
minosity close to that in normal state, which onset once tasmpa breaches
the magnetosphere and probably last just several pulsedserSuch events
would not trigger any TOO and may be too short to be detecteddnyitors
like RXTE ASM . They could be detected BN TEGRAL or Swift BAT, but
a careful inspection of mission-long light-curves is reqdi The frequency
of occurrence, the luminosity of the ares as well as the wf@rdafter the
are may also help to constrain the magnetic eld. This sa@mavas dis-
cussed by Bozzo et al. (2008) in the context of super-fasayXtransients,
but similar activity may be observed also in normal pulsars.

Magnetospheric ares similar to those observed in SGRs awdin AXPs
could be also searched for. Note that to nd this type of aitiin AXPs
many hundreds of kilo-seconds of pointBX TE observations were required
(Gawvriil 2006), so it could pass unnoticed in ordinary atiogepulsars. Note
also that the burst monitoring systems like GCN (includingTEand IBAS

on INTEGRAL) blacklist known accreting pulsars. On the other hand gther
is no reason to believe that this activity does not take p{agen the Sun
exhibits it!), and the uence of the magnetospheric arebdédieved to be re-
lated to the strength of the magnetic eld providing yet dreot independent
estimate of the eld.

Last, but not least, a full modeling of the emission from therating pulsars,
including the formation of the CRSF is required. Even toy mledike the

ones discussed by Kraus et al. (2003) are of great valuecintfe modeling
of the pulse-pro les shall be considered integral part @ firoblem.

What are the magnetic elds of the neutron stars in accretingrly pulsars? Do
we have evidence of magnetar-like sources in binary systefre CRSF tracing
the eld of the neutron stars in binary systems? Is the trartpakage of the
plasma from the boundaries of the magnetosphere to thecewsfahe neutron star
understood? Are the current models of the torque theoryuside® Do we have
evidence of short aring activity from these systems? Andly way do we have
evidence of the two regime of accretion accretion columasinds in accreting
pulsars?

Some of the points above are already being addressed. Wtilie atoment |
have started the search for new “states”, and for the detection of SFXT type ac-
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tivity and for magnetospheric ashes in accreting pulsats,group also continues
to work on pulse pro les modeling, on the formation of the GR&nd of the spec-
trum of accretion column. We also collaborate with a groullascow (K. Posthov
and N. Shakura) to further re ne the torque theory. | sinbeh®pe that at the end
of this journey, we will understand much more on the physfcgooreting pulsars.
Although discovered more than forty years ago they remacifating objects and
may be the key to some uni cation theory of magnetic eld ofgnatized neutron
star systems.
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