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Zusammenfassung

Akkretierende Pulsare sind rotierende Neutronensterheimem starken Magnet-
feld, die sich in einem Doppelsternsystem befinden. Solgse=ge geben gepulste
Rontgenstrahlung ab. Diese Emission wird durch die Gréwitaenergie gespeist,
die freigesetzt wird, wenn Plasma von einem nicht entart8egleitstern durch
das Magnetfeld auf die Pole des Neutronensterns geleitdt @as Plasma wird
durch den Aufprall auf die Oberflache des Neutronensteres iodder sogenann-
ten Akkretionssaule zu Rontgenstrahlung thermalisiextbS vierzig Jahre nach
der Entdeckung ist die Strahlungsemission von akkretteriPulsaren weiterhin
ratselhaft. Eine derftenen Fragen ist das Magnetfeld der Neutronensterne in die-
sen Systemen an sich und wie man jenes messen kann.

Das Rontgenspektrum dieser Systeme ist gekennzeichneh éur 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 dursleatdallende heil3e Plas-
ma in das hoch-magnetisierte Plasma in der Nahe der Polkapje theoretische
Beschreibung des Spektrums ist jedoch bei weitem noch wadlstandig. 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 befindenekdrbDer Wirkungs-
querschnitt der Compton-Streuung verandert sich daddechjeser von dem Pho-
tonenimpuls und dem Magnetfeld abhéngt. Diese Abhandiglegt sich in Zy-
klotronresonanzlinien (engl. cyclotron resonance sdatideatures, im folgenden
CRSFs), welche als linienformige Absorptionsmerkmaleiitigen Spektren von
Pulsaren beobachtet werden. Die Schwerpunktsenergierdi@sien steht tUber
EcydkeV] = 1157x 10-12BG in direkter Beziehung zu dem Magnetfeld im Ent-
stehungsbereich der Linien. Diese Relation bietet die Mbgeit 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 auf3eren Drehmoandveeherrscht. Die-
se hangen von der Wechselwirkung zwischen der, von dem Mfaiphbestimmten,
Magnetosphéare 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. Nambrdind dies 1A 1118-61,
GX 301-2 und Vela X-1.

Basierend auf RXTE Daten gehe ich zuerst auf die Entdeckinay 2yklotron-
resonanzlinie im Spektrum von 1A 1118-61 ein. Ebenfallgdiith eine genaue
Betrachtung der temporalen Parameter von 1A £8618durch und zeige eine Mog-
lichkeit auf um die bisher unbekannte Umlaufdauer diesea$eBys zu bestimmen.

Darauf folgend prasentiere ich die Analyse der Beobactemrder bekannten
High Mass X-ray Binaries GX 3042 und Vela X-1, die mit INTEGRAL und RXTE
durchgefiihrt wurden. Da die Beobachtungen eine gute 8itadiisten, konnen die
bekannten spektralen Eigenschaften (inklusive einer 8euiing von CRSFs) der
Quellen bestatigt werden. Desweiteren berichte ich vorEdédeckung, basierend
auf Suzaku Daten, gepulster Réntgenstrahlung iffrstate” von Vela X-1. Dies
ist ein Uberraschendes Ergebnis, da bisher angenommee wdasks die Rontgen-
strahlung im “dt-state” komplett unterdriickt wird. Ich diskutiere diesesReate
im Zusammenhang mit aktuellen Theorien der “gated” Akloreti

Anschliessend lege ich das Hauptaugenmerk auf die zeRiradre dieser Arbeit,
wie die temporalen Eigenschaften von GX 3@lund Vela X-1 méglicherweise
helfen, den Einfluss der Drehmomente auf den Neutronstemugienzen und eine
Abschatzung fir das Magnetfeld des Neutronensterns zritieDie Vorhersagen
von mehreren bestehenden Modellen des Drehmoments flrpiter8wicklung
dieser Quellen werden mit Beobachtungen von CGRO BAT SHiekem. 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@rB > 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 detéixis/on leuchtkraf-
tigen lang-periodischen akkretierenden Pulsaren mit madelen 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 Enigdirgumenten,
dass man durch die Verwendung géangiger Drehmoment-Modsliglicherweise
die Magnetfeldstarke nur unwesentlich zu hoch ansetztieidich diskutiere ich
wie die Ergebnisse fur GX 362 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 thevitaonal energy

of the plasma accreted from a non degenerate companionlégshaeto the polar

caps of the neutron star by the magnetic field, and thernthtze-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 ssisuthe magnetic field
of the neutron stars in these systems and how we can measure it

The X-ray spectrum of these systems is characterized by-aficppbwer-law,
interpreted as the result of the comptonization of the btexhking and cyclotron
emission produced in the highly magnetized accreted plastiie vicinity of the
polar caps by the hot in-falling plasma. The theoreticatdpton of the spectrais,
however, far from complete. The presence of a strong magfielil (B ~ 1012 G)
constrains and quantizes the motion of the electrons pdipdarly to the field 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 field which manifests as the so-called cyclotron resge scattering features
(CRSFs), observed as line-like absorption features in pleetsa of some pulsars.
The centroid energy of these features is directly relatedeanagnetic field in the
line-forming region vieEcykeV] ~ 11.57x 10712BG, providing a way to directly
measure the magnetic field of a neutron star.

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

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



rotating pulsars and the magnetic fields inferred from thigue theory has been
studied.

More specifically, | present a detailed study of the speetndltiming behavior of
three slow-rotating accreting pulsars, namely 1A 111834 301-2 and Vela X-1.

Based onRXTE data, | first 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 measurefriget 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 362 and Vela X-1 confirming with high
statistics the already known spectral properties (incigdhe observation of CRSFs)
of the sources. Based dBuzakudata, | then report on the discovery of pulsed
emission in the “d-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
“off-states”. | discuss these findings in the context of recesdribs for “gated”
accretion.

| then focus on the central question of this work, i.e. on hbe timing prop-
erties of GX 3012 and Vela X-1 may help to constrain the torquéeeting the
neutron star and to estimate its magnetic field. The prexdfistof several existing
torque models on the spin history of the sources are compétedCGRO BATSE
observations. These observations reveal, for the first tiaerrelation between the
pulse frequency derivative and the accretion rate, as gtetlin all torque models.
Using this correlation, we can put a strong lower lifBit- 102G on the magnetic
field strength of the neutron stars in Vela X-1 and GX 321

This result contradicts the estimates of the magnetic fibtdined 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 field. Possible waysdoneile this contradic-
tion are discussed.

First | suggest that CRSFs may form high above the neutronrstiae accretion
column or the accretion stream above the polar caps whemaleetic field con-
siderably weakens. Second, | critically revise possibldifieations of the existing
torque theory and from basic conservation arguments cdadiat the magnetic
field obtained on the basis of current torque models is prighadit significantly
overestimated. Finally | discuss how the result on GX-30&and Vela X-1 can
be further verified, and why similar considerations mighplgigo other accreting
pulsars.
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Since their discovery, neutron stars have been understobé strongly mag-
netized objects. In fact, if the magnetic moment of a typralgenitor withB ~
1-100 G is conserved during the collapse, the magnetic fieldhefsaborn neutron
star is expected to b& ~ 102 G.

This thesis focuses on estimation of the magnetic field gthenof 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 field onto the polar caps of the neutron skerevthe energy is
thermalized mainly in X-rays. The observed pulsations iregtinat a strong mag-
netic field, misaligned with respect to the rotation axisgreemes the enormous
drag of the gravitational field.

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

In my research work | try to provide an answer to an old questiwhich is
the magnetic field of accreting pulsars characterized bypw sbtational spin fre-
quency?” To answer this question | have analyzed in detaitithing and spectral
properties of two well known and studied accreting X-rayspus: GX 30%2 and
Vela X-1. This proved to be a very interesting journey whiolceéd me to address
the details of the accretion processes in accreting pylesvays 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 tgailg considered the
standard probe for the estimate of the magnetic field. Thestiep of the journey
that is this thesis concludes with a key question, “are tigd mmagnetic field neu-
tron stars with magnetar-like star magnetic fieldsBof 10'® - 101G hosted in
GX 301-2 and Vela X-1?"

In ChaptellL | 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 neutess st Chaptdr]2, giving
emphasis on to how we estimate the magnetic fields of thesensys

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 observationdinfys | have ob-
tained on the three systems studied: 1A 1468 GX 301-2 and Vela X-1. This
part is largely based on the papers published or submittethgluny 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 Chapiér 5, | present an
extended study of the High Mass X-ray Binary (HMXB) GX 3@Lwith 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 “of-states”. | present an unprecedented study of sevefiktates” 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 first time. These results are being presented in Dems et al.[(2011b)
and Doroshenko et al. (2011a).

The interpretation of the observed properties of GX-3&and Vela X-1 led me
to the intriguing conclusion that the neutron stars in thstems must have a very
strong magnetic fieldsB(~ 103 — 10 G). This is an order of magnitude stronger
than the field estimated from the energy of the cyclotronslinbserved 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 net@ field ofB ~
1014G.

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




CHAPTER 1

X-ray binaries

A significant fraction of known stars are members of so-cdlt@nary” 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®%rgs s*. When speaking of X-ray binaries one
typically refers to systems in which a compact object, alolaale, a neutron star
or a white dwarf/(LipundV 1987), rotates around a normal sBadinary stars are
dim in X-rays (up to~ 10%%ergs s!|Giidel 2004). The X-ray emission of these sys-
tems is powered by thaccretion of mattefrom the normal onto the degenerate
component.

The compact objects in X-ray binaries are the final stagegdlugon 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 #liciently cold to satisfy the Jeans criterion

M > M« T30 Y2 L 18M, (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 defined by the inidaid mass, its
chemical composition and the angular momenttm (SchwaitdstB58). In bi-
narymultiple systems the evolution of each companion is alsmgly dfected by
the exchange of mass and angular momentum between the systerers. In the
next section | will give a very brief and mainly qualitativeasview of the evolu-
tion of an isolated star showing how itfférs 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,ngdoal composition and
internal structure of stars with tim@ﬂb%). 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 baddogeravity. 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 = Uy + Uy = —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 pressutéwe gravity is reached.
This is the so-called Main Sequence (MS) stage. The mairesegus a continuous
and distinctive band that appears on plots of stellar codssws brightness, also
called Hertzsprung—Russell diagrams (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 ofédtsTifie lifetime on
the MS is determined by thwcleartimescale?)

~ 0.1Me ~ 1010ME

3 Mo L yr, (1.2)

Tn

whereM andL are the mass and luminosity of the star respectively, @nd x
10-3c2 (Lipunov[1987). This timescale is set by the ratio betweertttial amount
of available nuclear energy and the rate of energy loss e.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 temperatliteedensity in the core
increase and eventually reach valueisiently high to trigger the fusion of helium
into carbon and oxygen. The hydrogen continues to burn imther layers of the
star providing sfiicient 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:

2
M) Rl yr (13)
HereR s the radius of the star ar@lis the gravitational constant.

Cycles of nuclear burning and gravitational contractiontcwe providing that
the mass of the star (and hence temperature and density stefltee core) is sfi-
cient each time to start the next fusion cycle. If the stathass exceeds 10 M,
this cycle continues until the core consists mainly of irowl durther fusion pro-
vides no energ?). Depending on the mass andlin#y of the
progenitor, the core will collapse into a black-hole or atnemw star through the
spectaculasupernovaxplosion.

In a less massive star the pressure of degenerate electaynbersiiicient 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 final product of the stellar evolution is, therefore, anpact object unless
the star is completely destroyed in a type la supernova eipigHillebrandt &
Niemeyet 2000) or has infiicient 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 masss
11 M, form white dwarfs (final mass 1.4Mg) while stars with masg 40 M,
form neutron stars (final mass 1.4 - 3 Mg depending on the assumed equation
of state of the neutron star). If the mass of compact remnargesls~ 3M,, (the
Oppenheimer-Volkf limit, Oppenheimer & Volkdi11939) 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 systemsvél@r the main outcome
is basically the same: one or two compact objects, possialyitgationally 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 overflow through thagrangianpoints. Each star is still
a self-gravitating body but the gravitational influence lvé bther 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 mecheapproximationm

) the gravitational field can be approximated as thaivofdo-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

GM; GM, w3
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 (IFig).1.th
this approximation several equipotential surfaces ekt intersect themselves in
the so-called_agrangianpoints. The matter can flow freely through these points
since the gravitational and the centripetal forces care.hr he equipotential with
critical point (usually called.;) between the two stars forms a two lobed figure with
one of the stars at the center of each lobe (usually calleBtuheobe).

If at some stage of the evolution one of the stars fill$&itehelobe (solid eight-
shaped line Fid.111), the matter will flow onto the comparziba significant rate on
a thermal timescale. This obviousl§fects the evolution of the companion and, for
instance, may lead to ignition of previously non burningeniad. It also @&ects the
orbital separation: typically the more massive star fills Rochelobe first 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 theiewcof a binary
system with diferent 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.

D=- (1.4)

1.1 Phenomenology and Classification

1.1.1 Classification

X-ray binaries are usually classified by the nature of thegarhobject antr by
the donor star type. The compact object may be a neutronN¢artiion 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 defined by its mass. In Low Mass X-ray Bing{li#dXBs) the donor
companion, a late-type star of spectral type A or later or gendwarf has a mass
of M < 1.2Mg, whereas in High Mass X-ray Binaries (HMXBs) the donor is an
early type (O,B) star with masél > 10M,, (Levine et all 1996). We observe that
this classification 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 fastmalastar evolves, is
much longer for low-mass stars than for high-mass stars(geation 1.R), LMXBs
are typically very old systems (evolution timescale is Gieslonging 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 diference in age has two important consequences. First, thiy/higninous
early type donor stars of HMXBs have powerful stellar windattcan sustain ac-
cretion. This is not the case for old systems where the massfer can only occur
via Roche lobe overflow and the accretion always proceeds &alisk
2001).

Second, if the compact object of the old LMXRB system is a rgustar, one
expects it to have a relatively low magnetic field since thes been enough time
for the field to decay. One does not expect therefore to giyedaserve X-ray
pulsations. Indeed most LMXBs usually do not exhibit putsat. However this is
by far an over-simplification. The observed phenomenolddyMiXBs 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 ccatse\mass transfer.
The more massive component evolves first and a first mass trapéede 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 natrappear as a
bright X-ray pulsar (f). The mass transfer stops at some pointilggsshutting the X-ray
pulsar down (g) and finally a second supernova explosion takes pkxcgting the system
and leaving two isolated neutron stars (possibly observed as radiogjulSayre 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 relativistie lines formed in the
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Figure 1.3: Distribution of X-ray binaries in galaxy in galactic coordina@sck and red
dots show pulsating HMXBs and LMXBs, crosses show non pulsating HM® LMXBs.
Note that most LMXBs are not pulsating. Symbol size represents geefaray flux (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 allotvomly 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 foundmmom).

1.1.2 Accretion processes

As we already said, the X-ray emission of XRBs is powered lgyabcretion of
matter from the donor onto the degenerate component. Acoredn occur through
the capture of winds or through Roche lobe overflow. The ¢monal 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 accretiomhtgrahe compact-
ness parametevl/R: "

L~GM R (1.5)
hereL is the luminosity,M is the mass of the compact objeBjts typical radius
andM is the accretion rate of the mass inflM&@%?). Iftbeal thermally
from a relatively small area (a few times the size of the dbjahe radiation pre-
dominantly falls in the X-ray range-(1keV). In XRBs containing a neutron star
or a black holeLy can reach up to.@Mc? ~ 10*%ergs s?.

For white dwarf systems the compactness parameter is mwar.lodn 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 (whghat 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 fawtion 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 ficient.

If the compact object is strongly magnetized (wWith 10° G for neutron star), the
magnetic pressure exceeds the ram-pressure of the ingfatlatter B2/8x > pv?)
which is funneled onto the magnetic poles. If the compacedbijotates and the
spin axis is misaligned with respect to the magnetic fields,awie will observe
the pulsations of the X-ray flux. Accreting magnetized nemtstars are known as
accreting pulsars and magnetized dwarfs as polars or irtiate polars (Lewin
etal. ).

1.2 Accretion powered pulsars

This thesis is dedicated to the study of accretion-powetdshps 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 field overcomes tagtgtional drag and
the plasma is confined along the field lines and funneled tpdher caps. Within
this radius the motion of plasma is governed by the magnetid §o this area is
usually called the magnetosphere.

We know that the accretion pulsars are young because thearuahescale is
rather short for stars with mass exceeding 103é 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 associat#iu star formation
regions|(Levine et al. 1996, see also Fidure 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 coampaOther
examples include GRO J16580, 4U 1543-47, and LMC X-3. HMXBs with neu-
tron stars are therefore generally classified in three graggording to the donor
star type: Super Giant X-ray Binaries (SgXRB) with giant @uger-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 dfer 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 inRERsX Systems with
intermediate mass accrete through Roche Lobe overflow. etatiter 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 fill its Roche—l@@ﬂ. Note
however that SgXRBs (including GX 362) have very dense winds whiclffec-
tively fill the Roche Lobe. While accretion still proceedsrfravind, 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 overflow
takes place on thermal timescales which are very short for weastirs
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Figure 1.4: Accretion in BeXRB and SgXRB (i.e. directly from stellar wisde Bondi &

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

The orbital periods of HMXBs are in the range 1-1000 d, songknto account
the high eccentricity of the orbit, it is not surprising ttasignificant fraction of
accreting pulsars are transients, characterized by peaiodutbursts close to the
periastron passage. Particularly this is the case for BexRigere 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 reac8:010°*°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 obtileursts the neutron
stars of the BeXRBs are usually dim and spin-down steadily.

In SgXRBs the situation is somewhatfféirent 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 vaoiasi of the X-ray flux
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 significant enhancement of the W&« at certain or-

bital phases| (Leahy & Kostlh 008). The radiatively driveindnis intrinsically

unstabIeLcBunaQLes_&_O_\ALoﬂkLZOOS) and the accretion of deismps leads to X-
flares when the matter is accreted onto the neutron swtef\& Zurita Heras

). Due to the dense wind, SgXRBs are strongly absorbddaem dificult
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to detect in soft X-rays despite the relatively high lumitp$10%6 — 1038 erg s1).
The boom of discoveries of these systems began with the haofimissions with
imaging capabilities in hard X-rays lIkeNTEGRAL and Swift (Walter & Zurita
Heras 2007).

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

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

3) as summarized in Figuré 1.5. Ttietlfat 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 dificult 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 field funnels the plasma onto the polar capsenther energy is
released. Atlow luminosities (below5x 10%%ergs s*,|Basko & Sunyaéy 1976) the
matter is stopped at the neutron star surface via Coulorebactions producing a
hotspot. At higher luminosities the radiation pressureéhefémission coming from
the small polar caps~(1 km siz7) starts to slow down the accretion
flow and anaccretion columrarises.

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

LEdd= 4nGMr;—pC ~5x10%7ergs? (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 sugbgtthe observation
of pulsations. To explain the existence of pulsars with hosities above the criti-
cal one| Basko & Sunyaey (1976) suggested that the plasrignificantly 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 ddfioy the magnetic
field structure and by the ways in which the plasma enters #gnetosphere. 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-df power-
law modified at lower energies by photoelectric absorptiBluorescent 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 aretolumn by the hot

plasma which falls onto the neutron star. An sample spectaloulated by Becker
& Wol ff (2007) is presented in Figure1.7.

It was suggested hy Basko & Sunyaev (1976) that the spectfsoch a column
will have a characteristic cutfopower law shape, which is indeed observed in
accreting pulsars. More detailed calculations of the spetemerging from the
accretion columns of accreting pulsars were performechtgcey
(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” gestries as pre-
sented by Basko & Sunvaev (1976). The magnetic field confines thealyptisick 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 sittk a velocity

determined by the emissivity of the column.

Wolft (2005) models only calculate the spectrum which emerges the accretion
column, and rely also on a significant number of simplifyisg@mptions in order
to find analytical solutions. | would like to note that the ebsd spectrum may
be quite diferent 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 deibec(Kraus et all 2003),
and (3) to the relativistic beaming generated by the fasianaif the plasma in
the accretion stream (Lyubarsky & Sunyiaev 1988). While ghizot the main topic
of the thesis, | will discuss qualitatively how thedgeets may fiect the observed
spectrum in greater detail in the next sections.



30 Chapter 1: X-ray binaries

1 g T T —T—TT T T —— 3
F Her X-1 ]
T B=3.80x10'%G 1
. 10§ T,=6.25x10K 3
L F M=1.11x10"g/s ]
O 9 i ro=44m T
'x 10_ E -
C\f E 3
E L ron bremsstrahlung ]
o -3

R E
O F total ]
Q [ spectrum ]
2 r cyclotron b
107t E
w : E
o r blackbody b
S -
107 F 3

107¢ :

2 5 10 20 50 100
e (keV)

Figure 1.7: Theoretical column-integrated count rate spectrum otareton column as

calculated by Becker & Wdl (2007) for Her X-1 compared with the observed one (dal
Fiume et aI8). The plot shows the total spectrum as well as contrisutiom the
comptonized thermal, bremsstrahlung and cyclotron emission.




CHAPTER 2

Magnetic fields of neutron stars

It was anticipated that neutron stars must have rather gtroagnetic fields
|;_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 flux is conserved and thenetagfield of the
neutron star will therefore increase:

Bx R? (2.1)

Main sequence stars haBe~ 100 G which impliesB ~ 102 — 104G for neutron
stars collapsed to a radius of 10 Km (LinuHiE_E 1987).

X-ray and radio pulsar i ni et lal. 1962; Hewish ; Hewish
etal. 7) were discovered and soon aitergreted as neutron

stars with magnetic fields of the expected magnitude. In bagies a lower limit on
the magnetic field strength can be obtained from very basisipal considerations
even if the exact details of the emission mechanisms renrailear.

In fact, all radio-pulsar models, starting with the origipgroposed interpreta-
tion by ), require a magnetic field strength~af0*2 G to produce the
observed radio emission since the electrons producingythehsotron emission
must be accelerated to ultra-relativistic energies (wsltbrentz force).

In the case of X-ray pulsars the energy density of the magfietd B?/8x shalll
exceed the energy density of the in-falling plasma in orddyet able to funnel the
plasma onto the Eolar cap. This yields a lower limit on the n&dig field strength

of B~10°G 11987).

2.1 Rotation powered neutron stars

2.1.1 Radio pulsars

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

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

E=-10Q« B2Q* (2.2)

Herel is the moment of inertiaB is the magnetic field, an®, Q are the angular
pulse frequency of the pulsar and its derivative. More tkedastudies also seem
to agree with the magneto-dipole approximation (Cordes &r6tfl 11997). The

magnetic field of the pulsar may be estimated in this case as

I3IC3 dP
B= —8712R6Pa (2.3)

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

The magnetic fields of radio pulsars determined in this wandpe complete
allowed range. The lower limit is imposed by the requiremiiat the electric
field induced by the rotating magnetosphere i§isient to produce a* /e plasma
(Chen & Ruderman 1993). The radio pulsar is expected to bwifcwhen its
pulse period drops below a certain value in the course ofugdespin-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
field” diagram, as predicted by the models. of Chen & Ruderni®193). This
is illustrated in Fig[Zl. The exact position of the “dedife” depends on how
exactly the pair-production mechanism operates in pulshrd=ig.[Z.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®/efl ~ 4.4x 101G (2.4)

where the cyclotron energy equals the electrons rest masst & the emission
models for radio pulsars predict the suppression of the amsabove this criti-
cal field. There are, however several objects with a field edicey this value but
still visible in radio, the so-called high magnetic field imgulsars (HBRP). For
instance PSR J184D130 (McLaughlin et &l. 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 isfiigient to say here that the radio pulsars do seem to
populate the complete allowed region where the radio eonissi expected to be
produced Brp o« 10° — 103 G), with some pulsars having even stronger fields.
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Figure 2.1: The “period—magnetic field” diagram for rotation-powegpatbars using data
from the ATNF pulsar catalogue (Manchester &t al. 2005). The radiesion from a pulsar

is expected to switchfboutside of the shaded area, limited by the “critical quantum field”
from the top and by low limit on induced electric field from below naks
) The inset shows the distribution of the magnetic fields with the Ilmlts nmmtlo
above indicated by vertical lines. Note the gap between millisecond orcletyand normal
pulsars. The former are believed to be old neutron stars which weeeamtceting and thus
spun up to the short peri0998). This figure illustrates a baoge of magnetic
field values measured for rotation-powered pulsars.

2.1.2 Magnetars

A magnetar is defined as a neutron star with ultra-str@g Beyit ~ 4.4x 1014 G)
magnetic field which powers its extremely strong X-ray andy emission. It is
common, however to use the term magnetar for any highly niemueneutron
stars, including those not powered by the decay of the mamgfield (i.e. the
HBRPs mentioned above).

Historically the magnetar hypothesis was introduced tdarghe short GRBs,
particularly the March 5, 1979 SGR 18680 event (Mazets et Al. 1979). The
150 ms flare, observed by the Venera spacecrafts and setieealmissions, satu-
rated the X-ray ang-ray detectors on all satellites with a peak flux by two oraérs
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 waeraéhed by comparing
the flare timing observed by filerent satellites. The burster turned out to coincide
with a young supernova remnant (SNR) in tterge Magellanic CloudLMC, see
Fig.[2.2), which yielded a fluence of3ix 10*® erg or luminosity of % 10*erg s,

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 oletiuminosity by far
exceeded the Eddington limit and the flare could not be aocrgtowered. On
the other hand, the flare was too short to originate deep ing¢hé&on star since it
would take much longer for the emission to get out (Hurleyl 52@05; Mereghetti
M). Also, the neutron star was not destroyed and cordtitojeulsate. Moreover,
on the next day another somewhat weaker flare was observedolince remained
active with several hundreds of recurrent flares detectatate. Obviously most
of these flares were less intense. The fluence distributionfact very broad and
varies by four orders of magnitude (see Fig] 2.2)

Other similar sources were detected later making up a ness cfasources, the
Soft Gamma Ray Repeaters (SGRs). As of 2010, 9 SGRs (7 codfiame 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 et 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 fields, assuming the same spin-down mechanism esdfo pulsars (see

(@3) and FiglZR). In fact, the first such measurement bwitotou et al.|(1998)

has triggered the strong corroboration to the magnetar mode

The magnetar model was proposed. by Duncan & Thompson |(1992)his
model the giant flares of SGRs are explained as a result of Iscgle changes
in the magnetosphere of a highly magnetized neutron stamégnetar). As the
tremendous magnetic field drifts through the solid crushefrhagnetar, it stresses
the crust with magnetic forces which get stronger than thiel ®an bear. This
causes shifts in the crust structure, leading to brightumtda The short duration
and energetics of outbursts as well as spin-down timesaatesonsidered 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-rasainf sources with

Thttpy/www.physics.mcgill.capulsaymagnetgimain.html

2|n fact, historicall h (1992) were inteeelsih estimating the magnetic field of
a neutron star and only when they found that the field couldtbe-strong, they realized that magnetars
may be a plausible interpretation for the SGRs.
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Figure 2.2: The dferential fluence distribution of the SGR 1806-20 bursts as seen by RXTE

VIS @ 0). The
lines are obtalned fitting a power-law model with the maximum |Ike|lh00d teclenibmage
credif Gajus et al.[(2000).
no companion identified. No orbital modulation has been ntegoin pulse fre-
quency history of any AXP so they are considered isolated ¢hdereghetli 2008).

The pulse frequency steadily decreases at a rate which stsggenagnetar-like
magnetic fields. The X-ray emission is thought to be powesethé same mecha-
nism as the quiescent emission of the SGRs, namely by shet#rirof the difus-
ing magnetic field. It is important to note, however, thatletine giant flares from
SGRs lack other explanation besides a “trapped fireball’ehdde properties and
the magnetar nature of the AXPs are still debated (Triimpait[2010).

Duncan & Thompson (1992) discussed also a possible origiheo$trong mag-
netic field. Aside from the magnetic flux conservation coasitions already men-
tioned above, the magnetic field of the neutron star may béialpsia an dficient
helical dynamo mechanism. If the neutron star is formed wisignificant 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 field calculatedw@h (te huge

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

of differential rotation, the wrapping of the field lines around steg due to shear
motion allows the small-scale magnetic field structures@ated with the convec-
tion to grow, producing the amplification of the magneticdielThe free energy
associated with the fierential rotatiorEq ~ 10°%(P/1ms)? erg is enormous and
may lead to the generation of fields as stron@as10t’(P/1ms)? (i.e. factor of

100 stronger than from magnetic flux conservation consiiers) 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 fields are
based on measurements of the spin-down rate. All radio fusgan-down losing
rotational energy and this spin-down is typically very &afaside from the small
glitches observed in some cases). Magnetars (i.e. SGRsXRd)Are no dferent
in this regard. In both cases the neutron star is isolatedtlamaneasured spin-
down rate provides a straightforward estimate of the romati energy losses, and
assuming some model (namely the magneto-dipole emissighdaadio pulsars,
or the heating of the neutron star by the magnetic shearddoranagnetars) also
of the magnetic field.

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-&Magellanic
Cloud overlaid with error-box (combined data of multiple satellites) for thedW®, 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 etlal. 1997). However itilsmossible to estimate
the magnetic moment of the neutron star by studying the frdgeency evolution.

2.2.1 Accretion torques

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

by the equation
dw

Ia =K, +K_ (2.5)
whereK, andK_ are the acceleration and deceleration torqueis, 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 torgi#g®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 ssurstudy in the thesis.
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More details on angular momentum transfer in the case oétoarfrom disks may

be found il Ghosh & Lanit (1978) ahd Lovelace étlal. (1995).
As discussed by lllarionov & Sunyaev (1975), the accretirter possesses

a certain angular momentum due to the orbital motion of thérpa star. This
implies an accelerating torque

K, = knQRE. (2.6)
HereQ is orbital frequency,
GM
Re=—5 (2.7)
Urel

is the capture radius;e is a relative velocity of the wind and the neutron star, and
kw @ dimensionless céigcient defined by the accretion geometry.

The braking torque is associated with the magnetosphesswal 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 2/7
Ry =( L ) . (2.8)

2M V2GM
This equation is derived from the assumption that the ranssure of the free-
falling matter b(RM)vff(RM)) is balanced by the pressure of the magnetic field
(B?(Rv)/8n). Hereu ~ BRS is the magnetic moment of the neutron star, where
B is the magnetic field strength at the surface. The densityeoptasma at a given
radiusr, (o(r) = M/4nr2ug) may be found for the observed accretion rate assuming
that the matter away from the magnetosphere boundary i$dtlewy with velocity

v =y o 2.9)

and using the continuity equatiovt = 4zr2ug.
The braking torque can be thought as some tangent drag fopleea to the
magnetosphere boundary
K_ =FXxRy. (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 igrezsed as

K_ = 87rva(RM)Rf,|w (2.11)
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where 1
VT ~ éu-rl-r (2.12)

is a turbulent viscosity cdicient andvt andlt are the characteristic velocity and
size of the turbulent cells respectively. The size of thbulent cells is assumed to
be proportional to the magnetosphere sizeantb the linear velocity of magnetic
field lines at the magnetosphere boundary. The turbulewbsity can then be
expressed as:

vt = krwR4 (2.13)
wherekr ~ 1/3 is a dimensionless turbulent viscosity fia@ent. The resulting
relation for the braking torque is then:

M kTu) u? k_-rﬁ
R3/2 V2GM  2GM 2R

where the co-rotation radius (the radius where the localé¢em velocity of the

K_ = 8rkr Raw? (2.14)

accreting matter matches the angular velocity of the nadtar 7)is
defined as s

GM

w

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

F~ 47rR2Ap(R,\/|)Uﬁ1 (2.16)

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

I e Y s
= Vaon” T T IGM T aRE 40

Alternatively, one may assume that some kind of outflow is@néin the system
and carries part of the accreted angular momentum away.nBtarice lIllarionov
& Kompaneets|(1990) assumed that such an outflow may be doiydoyancy
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- = kik MwR, (2.18)
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wherekik depends on the outflow 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 field if the accretion rate is known. As | will discusketinformation on
the frequency derivative dependence on the flux provide#iadal constraints on
some of the model parameters suctkgas

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

[ Lovelace et al. 1995). In the Ghosh & Lamb (1978) moddl mllow- up
works MS) it is assumed that the accretion diskrisathed by the field
lines, which couple with the disk at certain radius. Sinaedtsk is locally rotating
with the Keplerian velocity (that is according to third Kepllaw, P? « R®), 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
field and thus, measuring the pulse frequency changes aliswsestimate it.

In the model of Lovelace et al. (1995), the disk is not thrediolethe field lines
which being unable to penetrate the disk, become open. Themeaves the
system along the open field lines carrying angular momentuay.alThe mass and
the angular momentum outflow rates depend again on the freldgih.

2.2.2 Cyclotron Resonance Scattering Feature (CRSF)

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

WL =—=— (2.19)

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

Mev .
eB
which decreases as the magnetic field grows. As the fieldgtreapproaches the

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

r= (2.20)

h
Ade Broglie= E (2-21)
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S0 quantum ffects become important (Araya & Harding 1996). The kinetie en
ergy of the electron becomes quantized in the directiongreticular to the field
lines. This quantum-mechanical problem was first consileselLev Landau, so
the possible kinetic energy values are usually referred thandau levels”, given

by:
P\ B
En=mec®[1+[—=] +2n—. 2.22
o= \[14 (2] van 2.22)

Heren is level numberp, = mey; is the momentum of the electron parallel to the
magnetic field and. ~ 4.4x 102G is the quantum critical field at which the cy-
clotron energy of the electron becomes comparable witleismass. 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

Eeye = Aw = e~ ST s (2.23)

102G
Gnedin & Sunyaev (1974); Basko & Sunyagv (1976) suggestedtiis leads to
important implications for the X-ray spectra of accretingsars. Indeed, the fact
that the electron’s kinetic energy is quantized, impliesaly change only discretely.
The Compton scattering cross-section for the scatterimnofons at the electrons
will be therefore enhanced for photons with enerdies: E,, whereE, is defined
by (Z.22). The decay rate from the excited to lower levelsawdver extremely

large (Latal 1986)

vr—( = )(E) ~ 10 576 S (2.24)

The lifetime of the electrons in the excited levels is, tfiere, extremely short and
the photons are almost instantly re-emitted with energycf E,. The energy of
the photon is basically not changed and the process is caednant scattering”.
The mean free path of the photons with energies clodg,tis much smaller, due
to increased probability of interaction. Photons with ges close to the resonant
one becomefeectively trapped in plasma. This leads to the formation rod-iike
absorption features in the emerging X-ray spectrum as tloéopk with energies
nx Eg basically cannot leave the plasma due to the short mean dtegiderold &
Ruder 1979). The theoretical dependence of tiiecéive cross-section on energy
is plotted in Fig[Zh|(Araya-Gochez & Harding 2000). Theaption features
are called “Cyclotron Resonance Scattering Features” fJR®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 etiadireld. Figure
credit:|Araya & Harding|(1999)

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

The picture outlined above is of course very simplified arel ¢bnnection of
what can really be observed in the spectrum of an X-ray pwistr underlying
physical processes is not trivial. Even though line-likattees 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 emissionmeg® geometry and
also a number of other factors. For more details please ssse@a/& Hardingl(1999);
Schénherr et all (2007) and Fig. P.6.
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Figure 2.6: Example of CRSF profiles calculated by Araya & Hafdin@%)9or a “slab”

geometry of the emission region, magnetic field af4102 G, 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 detetBalfon-HEXE”)
observed a very strong emission line-like feature &8 keV in the spectrum of X-

ray pulsar Hercules X1 (see Fig[_Zl7). 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 cleéndHate 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&sakeV, while
subsequent observations showed that it was in fact an absorptionefedé~ 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 field. rAcpéarly striking
example is 4U 011563, which is not only the first 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 incdezsavell. A number
of attempts were made to account for more details and sob/@ribblem analyti-

cally employing various simplifications (Yahel 1979; Nade80; 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
V0332+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)
GX 304-1 517 Suzaku Mihara et al. (2010)
Swift J1626.6-5156 10? RXTE DeCesar et al. (2009)
CGRO J1008-57 887 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) significantly detected irr thgectrum
(mainly taken from_Makishima et al. (1999): Heindl et al. (2004), apdated with cata-
logue data]MLZ_Qb@ and ADS). The line energy value is followed gyestion mark
if the feature could not be confirmed, is model dependent or quebt®iraother way.

cus shifted towards finding a numerical solution to the problising 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 expege gradients of
the physical parameters across the scattering region wéghsignificantly &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 field in the line forming region, it is not as clearemthe line formation
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region is located and how exactly the observed featuresomneetl. The CRSF
formation problem appears to be extremely complicated andtant verification
of theory with the observations is required to find the solutil 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 ionss 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 niedswith
CGRO BATSE In this chapter | wish to give a brief overview of the sciénti
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 influential missions
dedicated to study of galactic X-ray sources. Launched ocebéer 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 wigbad overlap. The
Proportional Counter Array (or chm 996) tlee energy range
from 3 to 60 keV (although the sensitivity and the relialilif 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). Bk df 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 atighthef about 580 km
which corresponds to a 90 minute orbital period. This retstrihe 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 iBxffexgiment Data
System (EDS), which allows a flexible selection of data mddedata compression
to ease telemetry constraints. In f&XTE is not telemetry limited (in most cases)
despite the hugefkective 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 dolwof 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 Fiy. 3.1.

3.1.2 PCA: proportional counter array

The PCA on board Rossi XTE consists of five identical Xenon propodiacounter
units (PCUs) with a geometrical collecting area of 1608 @ach. The PCUs are
nearly co-aligned with the collimators slightly displadechllow a better estimate
of the positions of the point sources in the field of view via tomparison 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 possdselect 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 field of view of one degree was selected to enthatthe sensitivity
of the instrument is not limited by the background but rathesource confusion.

The total éfective area of all layers in all PCUs is about 600G émthe nominal
energy range from 2 to 60 keV, with an energy resolution ofuali8% 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 significantlyeased the background
rate, which makes it less useful for many applications. A3 are switchedfd
from time to time to reduce the frequency of the so-calledkdewn events, when
the high voltage applied to the anodes breaks through theriXkyer. Often only
one PCU is operating, but still théfective 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 five
PCA PCUs. TheHEXTE clusters can be seen in the left part of the figure. AlS&/ is on
the right. Image credit: J. Wilms

PCA. In the case of the PCA, the background is modeled usimglata 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 witly-goarticle is known
to have an energy of 59.6 keV. Although the PCA is sensitiveoup00 keV, the
effective area drops sharply above 30 keV, which implies thatcarsd instrument
is required for the broad-band observations.
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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 Sciencdsediniversity 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 dfective 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 field of view of each detector is limited by a collimatoraioout one degree.
This only partially reduces the sky background which abo¥&e3/ contributes a
significant fraction of the total count-rate even for theghtest sources. Moreover,
the background variations are not smooth, so it is cruciadéasure it directly. This
is accomplished by rocking the two clusters in perpendrailzctions so that each
swaps source andffesource 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 fixed on source and cluster B-source. 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 scientific goals of the mission are téopr broadband
imaging and spectroscopy within a very wide field of view gsihe coded-mask
imaging technique. The wide field of view and relatively higgnsitivity 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 imaffiS (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
figure. 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._3l2. The satellite has a highly eccenthit with an orbital pe-
riod of ~ 72 hours and a perigee altitude of about 10000 km. The in@inaf the
orbit with respect to the equatorial plane was 51.6 degreémiach. This angle
has increased slowly with time towards the almost polarenurorbit. 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 concepate 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 @textr plane.
The location of the source can then be determined from théoshaosition. The
reconstruction is trivial if only one source is present ie field of view but gets
extremely complicated as their number grows, since onesnedeconvolve the
intensity measured in the detector plane into a set of shaudterns correspond-
ing to each source. The illustration of the problem is presgtin Fig[3.38 for two
sources. Technically only the positions of point sourcestareconstructed. This
is done either iteratively or via global optimization teaures, which minimize the
regular residuals found after the subtraction of all sosiinghe field of view. It is
important to note that the coded-mask instruments are bbackd-dominated since
the mask does not focus X-rays, so a point spread functi@etevely covers the
whole detector and there are only few counts from each sauezch pixel. On the
other hand, the background flux is measured simultaneoustytixe source flux,
similarly to truly imaging instruments. For coded-maskinments the source and
background fluxes are, however, model-dependent and itigatrto ensure that
the imaging reconstruction is done properly.

The mask pattern is optimized to have a delta-like autotiioa 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 argikze of a detecting
element as viewed from the mask and reachésfd2/BIS. Two different fields
of view are defined in coded-masks telescopes: the Fully €édeld of View
(FCFOV), for which all the source flux is modulated by the masid the Partially
Coded Field of View (PCFOV), for which only a fraction of theusce flux 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
128x 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 ofCsl (Caesium lodide)
scintillation crystals.

IBIS contains &°Na calibration source, which allows regular calibration gsin
the 511 keV line. The summary of thBIS scientific performance parameters is
presented in Tabe3.1.



Chapter 3.2: International Gamma-Ray Astrophysics Labama 53

IBIS JEM-X
Operating energy range 15keV — 10 MeV 3-35keV
Energy resolution (FWHM) 7% @ 100 keV 9% @ 1 MeV /AE%
Effective Area ISGRI: 960 chat 50 keV 125crhat 6 keV
PICsIT: 870 crd at 300 keV
Field of view 83°x8° (FCFOV) 4.8 (FCFOV)
19 x19° (PCFOV @50%) 7.5(PCFOV @50%)
Angular resolution (FWHM) 12 3
Location accuracy (90% confidence) "3@100 keV< 5 @1MeV 30’
Continuum sensitivity, phcnfstkeVt  3.8x 107 @100keV 14%10°° @6 keV
(30 detection AE=E/2, 100 s integration) 210~ @1 MeV 8x10°° @30keV

Table 3.1: A summary of NTEGRAL scientific performances (Ubertini et l. 2003; Lund
et al.2008)

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 sigmifjclower 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 crA. 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
field of view (FCFOV) of 16 x 16°.

Unfortunately the low angular resolution limits the usadehis instrument in
crowded fields of view, especially for time-dependent sp¢ctudies. | use&PI
only for the verification of théBISISGRIresults.

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 codeatsk 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 geinaeta
of 500 cnt per unit. The gas inside the steel pan-shaped detector \&@agwixture
of xenon (90%) and methane (10%) at 1.5 bar pressure. Theninggphotons are
absorbed in the xenon gas by photo-electric absorptionfaesulting ionization
cloud is then amplified near the microstrip anodes. Sigmfiedectric charge is
picked up on the strip as an electric impulse. The detecterseto shielded with
an dficiency of particle background rejectien99.9%.

The mask is~25% transparent and is placed 3.4 m above the detector, which
yields about 3angular resolution. The mask transparency was chosenitoiapt
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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 theodetaoe. The sky
image is reconstructed by decomposing the image in the detector planetiofassadows
cast by the point sources in the sky. Image credit: ISDC

performance in crowded fields and to satisfy the telemetnstaints. This how-
ever reduces thefective area of eachlEM-X unit to~ 100cn? at 10 keV. It drops

sharply above 25 keV, meaning the telescope is usable iggmange 3—-35keV.
The energy resolution of the instrument is moderatet2% at 10 keV. The sum-
mary of the scientific 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 astroiysgload ever flown at
the time of its launch on April 5, 1991 aboard the space shitiflantis. Compton

was safely deorbited and re-entered the Earth’s atmospimeiane 4, 2000. In my
thesis | only use high level pulsar data products providetAgA (Bildsten et al.

[1997) for The Burst and Transient Spectrometer ExperimBATSE) instrument

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

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 8r field of view. The
high level data products used in my thesis primarily utilike 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 detectedB4TSE in the first 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-profiles obtained in a series of fixaee fntervals (typically
~ 5d), the pulsed flux in each interval, the folding frequerfoud for each inter-
val individually) and, sometimes, the frequency derivatihe pulse profiles are
either folded on-board (when the telemetry constraintsat@liow 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 particularetimterval, 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 ece &sr the on-ground
folded data, the pulse frequency and its derivative areneséid either using a blind
search for frequency (for 1A 11181) or with coherent pulse timing (GX 362
and Vela X-1). More details on the data analysis performedeailable in Bildsten

etal. (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-EII) 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 fifth 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 scientific payload abuzakuinitially consisted of three co-aligned scientific
instruments (see Fif.3.5). The X-ray imaging spectrom@es) consists of four
X-ray telescopes (XRTs) equipped with X-ray sensitive imggCD cameras with
moderate energy resolution (Koyama et al. 2007) three-itembinated (FI, energy
range 0.4-12keV) and one back-illuminated (Bl, energy ea-12 keV). The
Hard X-ray detector (Takahashi etlal. 2007) is a broadba®QD keV) collimated
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Figure 3.5: A side view oSuzakispacecraft and instrumentation, figure 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 the RT, designed to
substitute the gratings used XMM-Newton and Chandra It was supposed to
provide, for the first time, an unprecedented energy reisoluf ~ 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 usefulrsm@ecould be done
with it. The performance of the instrument could, however virified and most
likely another incarnation of the instrument will fly on onktbe 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 @AISCA SIS (Burke

et al. f§%ﬁ) theChandraACIS (Weisskopf et al. 2002), and th&VIM-Newton
EPIC (Striider et al. 2001). The XRTs are grazing-incideedective optics con-
sisting of tightly nested, thin-foil conical mirror shelgith high density nesting
and thus large aperturdfieiency in the operational energy range of 0.2-12 keV.
The angular resolution is moderate (arouny @hich makes the XIS less vulnera-
ble to pile-up problems and at the same time, still sensithv@ugh due to the large
effective area and the very low background.

The incident X-ray photons are converted in the CCD to chatgeds with mag-
nitude of charge proportional to photon energy. This ch&ghen shifted to the
readout-area applying a time-varying electrical poténfitae resulting voltage in-
crease is amplified by the CCD electronics. The height of thege pulse allows
to reconstruct the photons energy. In the XIS there are f@@DE 10241024
pixels each, which corresponds t0.87 17.8" area on the sky (each pixel has
24um?, so the physical size of the CCD+s25x 25 mm). 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, elg-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 i#4array. Each “well”-unit is composed of
two detector layers at the bottom of a passive collimater (iwell”): a GSQBGO
phoswich counter (scintillator), sensitive above30keV; 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 tystals.

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

The field of view of the HXD changes significantly with energglow ~ 100 keV
the passive collimators define a'3434' square opening, which is significantly 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 digtinof the HXD from
the previous missions. The background rateSofzakuis the lowest among the
existing missions for most X-ray energies. The backgrosralso very stable for
Suzakuy so it can be modeled with better precision than for othdimoating instru-
ments (currently the uncertainty in background approaehisget value of 1%).
Above 100keV the fine collimators become transparent andcattige shielding
defines a &° x 4.5° field of view.

The HXD features an feective area of~ 160cnt at 20keV, and~ 260cn?
at 100keV. The energy resolution is3keV (FWHM) for the PIN diodes, and
7.6/ VEmev% (FWHM) for the scintillators, wher@&yey is energy in MeV. The
HXD time resolution is 6Lus.
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CHAPTER 4

1A 1118-61

4.1 Introduction

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

The hard X-ray transient 1A 11381 was first discovered during an outburst
in 1974 by theAriel-5 satellite 5). The outburst lasted 440
days and no significant flux could be observed afterwardsa#ohs with a period
of 405.6 s were observed by Ives el Al. (1975) and were ihyitialerpreted 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 identified as thetBeke 3-64Q0Wray 793
by [Chevalier & llovaisky [(1975) and classified as an O9.5&/8tar with strong
Balmer emission lines and an extended envelope by JanbePact al.[(1981).
The distance was estimated to be Bkpc {Janot-Pacheco ef al. 1081). The classi-
fication and distance were confirmed|by Coe & Payne (1985) byobérvations
of the source. The X-ray spectrum of the pulsar was fitted wifower law with
a photon index of" ~ 1, with a marginal spectral softening (fo~ 0.9) during the
peak of the outburst (significant at-onfidence level).

A second outburst occurred in 1992 and was observe@GROBATSE (Coe
et al.1994). The measured peak pulsed flux wa$0 mCrab for the 20-100 keV
energy range, similar to the 1974 outbulst (Coe Et al.|19%kakthi et &l. 1976).
It was followed by a period of elevated emissio5 days after the main outburst.
This lasted for~ 30 days (sek Coe etlal. 1994, Fig.1). Pulsations with a pefiod
406.5 s were detected up to 100keV and the pulse profile shaveaayle, broad
peak, asymmetric at lower (20—40 keV) energies. A spin-up.@16 gday 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 (B« 0.9) keV during the later
phase of elevated emission. Multi-wavelength observatienealed a strong corre-
lation between thél, equivalent width and the X-ray flux, which aIIot al.
(@l) 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 gesfo~ 409 s, which
were also detected in quiescence (Rutledgelet al/ 2007).

The source remained in quiescence until 2009 January 4, alieind outburst
was detected bgwift (Mangano et al. 2009). Pointed observations \@ift/XRT
allowed the detection of pulsations with a period of 484 0.02 s reported later by
Mb%. The complete outburst was regularly mogtevith RXTE. IN-
TEGRAL observed a flaring activity 30 days after the main burst (Leyder et al.
M). Suzakuobserved 1A 111861 twice, once during the peak of the outburst
and also~ 20 days later when the flux returned to its previous level (h$, 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 analyssedvan absorption fea-
ture at~ 55 keV, confirmed independently witBuzaku(S. Suchy, in preparation).
We interpret this feature as a cyclotron resonance saagtéeature (CRSF), which
is observed for the first time in this source.

4.2 Observations

The outburst was observed by several X-ray missions. Theesdight-curve as
observed bySwift/BAT with marked observation times by various satellites is pre-
sented in Fig_4]1. The source flux peaked on 2009 JanuanSift(BAT count-
rate 0.12 counfs corresponding te- 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 totalsexe 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. détte were reduced
with the HEASOFT version 6.8 and a set of calibration filesiar 20091202. The
spectral modeling was performed with tX§PECpackage version 12.5.1n. The
energy range 3.5-25keV was used for €A and 18-120keV for th&lEXTE
spectra. Based on an analysis of recent Crab observatiofsped 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, propDsBB#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 1H@L 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-fit results IRGin=407.719(9) SPspin= —4.6(2)x
10"ss, at a folding epoch of MJD 54841.62 (the uncertainties gingmarenthe-
sis are at & confidence level and refer to the last digit given). The iéseésiduals
for pulse arrival times are presented in figl4.2. Note thatabtained parameters
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characterize the pulse period evolution during R¥TE observations only and are
not consistent with the pulse period value provided by Magg2009). This in-
consistence is not surprising, because the luminosity @andenthe accretion rate
were significantly higher during thRXTE 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 expetiebe significantly
lower) gives a longer pulse period than indeed was directhasared at the time.
Note also that our solution does not account for the Doppiayé caused by or-
bital motion, because the parameters of the orbit are unkreowd our data do not
allow us to find an unambiguous solution for the orbit. Thénested 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 difficult to separate it
from the dfects of the orbital motion. Moreover, Coe et MQ%) setepk that
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 0.04 s d* and flux are somewhat higher (by a factor of
~2-3) than reported 94) for the previous agtlmbserved with
CGRQOBATSE. The stronger spin-up measured for the current ostbarlikely
caused by the higher flux and consequently higher accresitsh (although it is
difficult to directly compare BAT and BATSE fluxes, because BATS&asured
only pulsed flux and the energy ranges are slightffedent). A potential dference
in the orbital phase during the two observations may alscebpansible for the
difference in the observed spin-up rate.

A set of pulse profiles in several energy ranges was constiugith the deter-
mined period. The pulse profile significantly changes witergyp as shown in
Fig.[43. At energies below 10 keV the pulse profile has twkge®he secondary
peak amplitude decreases towards higher energies, dmappa@bove 10keV. A
shoulder appears on the other side of the main peak at alsathe energy. The
pulse profile becomes single peaked and gradually more symcraed narrow at
higher energies. A similar behavior was observed prewowith CGRQBATSE
d_gC_o_e_eTa’ 4). The pulse fraction, defined Agak— Amin)/ (Amax+ Amin) iN-
creases with energy in a similar way to other accreting psigxcept for a drop at
around 8 keV, where the second peak disappears (sde Hig. 4.3)
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Figure 4.2: Best-fit residuals for the pulse arrival times determinedyu@XTE PCA light-
curve (i.e. diference between pulse arrival times as observed (O) and as calc(@@ted
with an assumed pulse period and derivative). Solid, dashed and dio#edcorrespond
to fits including the pulse period derivatives up to second, first and (morestant 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 diicult 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 orbltal@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 ptise.

Such a search was carried out by Staubert, Pottschmidt,sben&o, Wilms,
Suchy, Rothschild, & Santangelo (2011) using the s&X&@E pulse-arrival times
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Figure 4.3: Normalized “pulse phase™“energy” matrix WsiPCA (below 22 keV)
andHEXTE (above 22 keV) data and pulse profile evolution with energgliée at

a constant energy gives a background-subtracted pul$igeprormalized to unity
at the pulse maximum (shown in the middle pane, the pulsel@sddire shifted
with respect to each other to avoid confusion). Contoursasgmnt 2- and 3r sig-
nificance levels for the absorption feature in the residt@lhe fit with CompTT
model modified by photoelectric absorption and emissiomdin6.4 keV. The pulse
fraction, defined as¥max— Amin)/ (Amax+ 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 outburét (Coe el al. 1994).

First we attempted to fit th&XTE pulse arrival times assuming no 2nd pulse
period derivative and a circular orbit which yieldagini ~ 55Its, Py ~ 24d,
Too MJID ~ 54845, Pspin ~ 407.7 s andPspin ~-1.8x10""sst. 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-fieatricity and longitude
of periastron passage age- 0.10(2) Q = 310(30Y) 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 tohblite at least slightly
eccentric. The final best-fit parameters are summarizedidte[Z&a].

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)

Q*, deg 310(30)

e 0.10(2)
PspinS 407.655(1)
PspinsSt  1.8(2)x 1077

Table 4.1: Orbital element®gpin, Pspm atTrer = 54841259391. Parameters marked bagre
not formally required by the fit (see text).

energy channel matrices for all eight detectors availabtké HEASARC archi®
| 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 profilesLd integration interval for each).
For each resulting pulse-profile | then determined the alrtime in the same way
as for theRXTE data via template matching (a high qualRXTE pulse profile
in the same energy range was used as a template) BARSE data only covers
~12d, so we fixed all orbital parameters exceptTgs to the ones estimated from
the RXTE fit. This resulted in the best-fit solution witPspin = 40653(2) F’spm =
-3.1(9)x 10 "ss ™, andlgg MJID = 486335+ 2.5.

Note, that the dference between thigg values determined fdRXTE andBATSE
datasets corresponds to 258.83 orbital cycles assumirmital period of 24.0d.

tp://heasarc.gsfc.nasa.gosmptoridatabatsépulsay ground foldegA1118-61
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Figure 4.4: Best-fit residuals for the pulse arrival times determinetyu®XTE PCA (out-
burst January 2009, left) al@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 cydkssést integer mul-
tiple), we can determine a cycle length of 23.98(1) d whemtaknto account the
uncertainties follgg 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 thePq, 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 refine the orbital solutios@ore observations of
the source will become available.

Additional evidence for the- 24 d 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 4240710 (Eyles @ 975; Ives|etodl5), MJID 48626.0

| 1994) and MJD 548454 (Mangano ét al. 2009; Demishet al. 2010b;
ILeyder et all 2009) with an uncertainty of about 1 day in eambec 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 orbitaliquebr

On the other hand, the outbursts in 1992 and 2009 were fotldweperiods of
enhanced activity with peaks separated from the main osittyr~ 24 d. Partic-
ularly Fig. 1 in[Coe et al[(1994) shows that the main outburas followed by
several peaks, the largest of which are arowri2bd and~ 49d (the intensity of
these peaks is by factor of 2 lower than that of the main osthum Fig.[45 we
show theRXTE ASM daily light-curve in vicinity of the third big burst (of Jan-
uary 2009). Three peaks may be identified witki70d after the main outburst,
none of which is exactly at periastron. The second and tiné 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 daRXTE ASM light-curves re-
veals no significant periodicities, however the bins withierate above the aver-
age background level tend to cluster around phase 0, asguih@meriod of~ 24 d
(see Fig[4p). Note, that the rate of coincidences of smak$l with phase zero
is significantly higher if we assume that the separation betwthe large outbursts
is 259 cycles (i.e.Porp = 24.012(3) d) than for other values in range from 255 to
263. This is definitively not a proof (otherwise it would besalevident from the
periodogram), but is probably an indication that the separanay be indeed 259
cycles.
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Figure 4.5:RXTE ASM light-curve in the vicinity of January 2009 outburst. Three minor
flares separated by 24 d can be identified after the main outburst. Figure credit: Staubert

et al. (201f1).

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 different energy ranges
were previously described by power law and bremsstrahludpts I.
11976 Coe et al. 1994). These models, however, do not desmuibdata adequately.
Our results show that the broadband continuum of 1A +8l8can be well de-
scribed by th&DCUT, NPEX, andCompTT models|(Coburn et &l 2002; Mih&ra 1995;
[itarchuk & Lyubarsklj 1995), modified by photoelectric abstion and an iron
emission line at 6.4 keV.

All tested continuum models in their best-fit residuals slaoprominent absorp-
tion feature at- 55 keV. The inclusion of an absorption line with a Gaussiaticap
depth profile leads to a significant improvement of fit quailityall cases (see Ta-
ble[4.2). We interpret this absorption feature as a CRSFE fHature was detected
in the spectrum of 1A 11181 for the first time. The observed energy of the fea-
ture is one of the highest known and corresponds to a madisti®~ 4.8x 1012 G

(Harding & Lail2006) in the scattering region. Preliminatyase-resolved analysis
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Figure 4.6: Frequency histogram of small flares with peak #ux5 ctgs (from smoothed
daily RXTE ASM light-curve) as function of 24.012 d phase. Figure credit:Staubeti et a

(2011).

has shown that the energy of the CRSF does not change sigtiifieath the pulse
phase (see Fi§. 4.3).

The best-fit residuals dfDCUT andNPEX models show also a prominent emis-
sion line-like feature at 8 keV. Similar features at fierent energies were reported
for a number of sources (Coburn elial. 2002; Rodes-Roca20@9 and references
therein)/ Coburn et al. (2002) suggested that the emploiedgmenological mod-
els for the continuum may be oversimplified for the real searand hence may be
responsible for thisféect. On the other hand, Rothschild et al. (2006) suggested
that the feature may be associated with the fluorescencectpe 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 §8p
Suchy et al, in preparation).

We found that the inclusion of an emission line with Gausgieofile may help
to account for this feature and does not significanffge other model parameters.
The x? substantially improves for fits witEDCUT andNPEX models, accordingly
we included the line in all fits with those models. The enengg the width of the
line were fixed at 8.04 keV and 0.01 keV, corresponding to tipperK,, line, as

proposed by Rothschild etlal. (2006).
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Figure 4.7: Best-fit residuals for various continuum moaélsA 1118-61. A line-
like emission feature at 8 keV was modeled with a narrow line with Gaussian
profile as described in text. The absorption feature 28 keV was included for
PCA only, to account for the similar residuals in the Crab speut(see text).

The fit may be slightly improved by the inclusion of an additb 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% significance with maximum likelihood ratio (MLR) and Eﬁxel-

, 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 first harmonic at 55 keV) could be mor@diilt to detect due
to this instrumental feature usi@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 first time since 1992 a major outburst of théX8eay binary 1A 111861
was observed in 2009 January WX TE, following a trigger fromSwift/BAT.
Strong pulsations with a period of 407.72s and a spin updoBx 10" s st were
detected. A similar temporal behavior was observed WGRGQBATSE during
the previous outburst. ThHRXTE timing data also provides a hint on 24 d orbital
periodicity.



74 Chapter 4: 1A 111861
Parameter FDCUT NPEX CompTTsixo3 CompTT
Ny © 4‘9J:8:6 3,5t8:4 0,0j8:4 0.2f8:§
Exp® 22.769 22.76% 22.769 235723
22 ® 1.69 1.69 1.69 4.6*}%

0. 0.0 0.0 o+0.0
T2 o.ozt?'gi 0.032%01 o.ost?_gi 0.09i8_8‘2‘
Ecyc® 55.1%;? 55.2%; 529%; : 55.5%;%
ooy ® 1044, 1189 10247 13355
Teye 0.8j8:& o.gtg;& 0.6721 0.9723
r o.73jg;§g Iy 0.167093
Ecut® 16.5%:8 I -2.0 T 6.0jg;§ 6.0jg;§
b) . 0.02 b) .02 .04
Efoig ® 120192 A 0.16j%02 To® 1.47‘:%03 1.44f%05
kT ® 7.9jg;8 7.2j§;8 7.7j§;8
Ere® 6.5:01 6.457504 6.4"505 6.4%505
ore® <04 <03 <03 <03
d 3 0.7 0.3 0.3
A 3% 3.2197 2703 2753
Acy@ 245 193
Aricomprr @ 2272 107797 10.1+92 9.8723
Xred/dof 1.0483 0.85983 1.0884 0.7282

Table 4.2: Best-fit results for flerent models. An emission lin€() with energy and width
fixed at 8.04 keV and 0.01 keV was addedriUT andNPEX models. 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 fixed to those obtained frain f@s). For
CompTT model they? may be improved by allowing the line parameters to vary (last column).

Notes. @ Parameter frozen during the fit. ® [keV] © [1072phkeV-1cm2s
@ (103 phcnm2s71] @ [atoms cn?]

A broadband spectrum of the source was obtained for a firgt, @md an absorp-
tion feature at- 55 keV, interpreted as a CRSF was detected. The inclusidmeof t
feature significantly improves fit results with all applieshtinuum models and its
energy does not depend significantly on the model used.



CHAPTER 5

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 helponstrain the mag-
netic field of a neutron star in those sources. The contentisfgart is mostly
based on several papers published and submitted duringaitieon the thesis, i.e.

IL(20104,b); Staubert étlal. (2011); Dewoksh et al.[(2011H,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 a680 s X-ray pulsarﬁﬁ76), accreting from the dens
wind of the optical companion. The wind’s mass-loss ratdefdptical com onent
is one of the highest known in the galaXylioss ~ 10 °Mgyr—1 m

Because the terminal velocity of the wind is very lom(~ 300-400 km S Kaper

et al/2006), the accretion rate is high enough to explaimbserved Iuminosity of
Lx ~10%’ergs™. The distance to the source is estimated to be betw@ear014 kpc
(M@O) and 5.3 kpc (Kaper ét al. 1995), depgrutirthe spectral clas-
sification of Wray 977. The latest estimate is 3 ). The orbitis
highly eccentric with an eccentricity 6f0.5 and an orbital period of 41.5d (Koh

et al. 1997). The absence of X-ray eclipses, despite the kagjus R ~ 43 R,) of
Wray 977 80), constrains the inclinatioreainghe range 44 78°
with a best-fit value of ~ 66° (Kaper et al! 2006; Leahy & Kostka 2008). The
source exhibits regular X-ray flares about 1-2 d before thiagteon passage (or-
bital phase~ 0.95). There is also an indication of a second flare at orbitasph
~05 . 7). Several hypotheses have been propo tain the
observed orbital lightcurve, including a circumstellasldt@_e%%' 7) and a

quasi-stable accretion stream (Leahy & Kostka 2008). @ind 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 801-2
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 byBATSE (Koh et all1997; Bildsten et Al. 1997). The spin-up trend re-
versed in 1993 (Pravdo & Ghosh 2001) and ever since the peisedohas been
increasingl(La Barbera etlal. 2005: Kreykenbohm Bt al. 2004)

The X-ray spectrum of the GX 382 is rich in features. The lower energy range
is subject to heavy and variable photoelectric absorphite et al[ 1976). As
shown by Kreykenbohm et al. (2004) and La Barberaet al. (R@Qartial covering
model with two absorption columns is required to descrilgegbectrum. There is
a complex of iron lines at 6.4 to 7.1 keV_(Watanabe ét al. 20@8high-energy
cutaf at ~ 20 keV, together with a deep and broad cyclotron resonarattesitig
feature (CRSF) at 30-45keV, is present at higher energiekigflima & Mihara
11992; Orlandini et al. 2000; Kreykenbohm 004; La Baaet al. 2005). The
CRSF is highly variable with pulse phase, and it exhibiteriesting correlations
with the continuum parametefs (Kreykenbohm ét 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 v@giently. Braking torques are
then required to explain the observed long pulse periods.cbmmonly assumed
that the observed pulse period is determined by the equdlibrques &ecting the
neutron star or relaxes to the value determined by this d@gudraking torques
are generally associated with the coupling of the neutrarsstagnetic field with
the surrounding plasma. The drag force depends on theveelatiear speed of
the field lines at a certainffective radius, which in turn depends on the magnetic
field strength. Theféciency of braking decreases for slowly rotating and weakly
magnetized neutron stars so a strong field (up ﬂé@@ﬁ@ﬁ) is required
to spin down a slowly rotating accreting X-ray pulsar everther. This results
in an apparent contradiction with field estimates obtaimethfthe CRSF centroid
energy, which i3 ~ (E¢yckeV/1157)x 101%G ~ 4x 102G in the 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 significant height (Baskdutayaev 1976), com-
parable to the neutron star radius. We investigate thistgsis usindNTEGRAL
and BATSE observations to study the spectral and timing properti€sX801-2.




Chapter 5.2: Observations and data selection 77

5.2 Observations and data selection

We rely on data fromBIS (the ISGRI layer) andJEM-X, because of limitecsPI
sensitivity for variable sources. Among theTEGRAL instruments/BIS has the
largest field of view and, therefore, the highest probabditobserving the source.
We used a total of 554 available public pointings with GX 3@Mwithin the IBIS
half-coded field of view for the pulse period determinatiae.( for Table[5.311).
These data include a long observation that cove88% of the orbital cycle and is
long enough to allow binary ephemeris estimation (283 jragstin INTEGRAL
revolutions 322-330). Three dedicated observations (séel5.3.2) were also
performed during the pre-periastron flare and were useduttygshe spectrum of
the source.

We also used results provided by (A8 M/RXTE teams aMIT and at theRXTE
SOF (Science Operation Facility) andOF (Guest Observer Facility) dtASA’s
GSFC(Goddard Space Flight Center) aGGRO BATSEpulsarDISCLA histories

data by Bildsten et all (1997) to study the long-term evohutf 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 I.
@). It allows to determine the Doppler delays and theeefioe orbital parame-
ters of the system. A fixed phase of the pulsating flux from aguouk observed at

times (Nagase et al. 1882):

1. 1.
Tn=To+Pon+ EPPon2+ ZPPe?nd+ ...
...+asin()Fn(e w, Tpa,6)

(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 tleplkr parameters for
an eccentric orbit. These are the projected semi-majoreesirs in light secondsi(

is the orbit inclination), the eccentricity the longitude of the periastran, time of
periastron passageea, and the mean anomaty= 27(T — Tpa)/Porp. TO 0btain a
solution for the unknown pulse and orbital parameters, abarmaf 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 motzhanges due
to the intrinsic variation of the spin period are subtracted. Best-fit residualalso shown.
The best-fit periastron passage time is marked with a vertical line. Thed&®XTE ASM
orbital profile with the pre-periastron flare is plotted in gray.

must be found during the fitting procedure to obtain a seffsigtent 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 (seele.g. Staebel 2000).

Using archivall SGRI observations and the standad$A 6.1 software provided
by 1SDd], we constructed lightcurves with 20 s time bins in the eneange 20—
40keV and determined the pulse arrival times (each pulsiguobtained by fold-
ing ~ 20 individual pulses) for data from revolutions 322-330ngsa technique
similar to the one bi@ﬁllg?). This is the of§TEGRAL observa-
tion to cover a significant fraction of the orbital cycle, amdllows the estima-
tion of binary parameters. We then used Eql 5.1 to deterfjrieand Tpa. The
other orbital parameters were fixed to values reportem @7). Our
best-fit values ar@pyise= 684.1618(3) sPpuise= 4.25(22)x 10-8s st at the epoch
535238, andTpa = 5353163(1) MJD. All uncertainties are avlconfidence level
unless otherwise stated. Pulse delays from the orbitalomathd residuals of the
best-fit are plotted in Fid. 5.1. Comparing olga value with the historical val-

ues reported by White & Swank (1984), Sato et lal. (1986) and étal. (19977)

Ihttpy/isdc.unige.ch
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Figure 5.2: Residuals to fit over periastron passage times for orbiiabpeith (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. Theitualf the fit improves
significantlﬁ. The residuals to fit both with and without inclusion of a dacu
change are plotted in Fig.5.2. Our best fit valuesRyg = 41506+ 0.003 d and
Porb = (-3.7+0.5)x 10°8s s at the reference time reported loy Sato étlal. (1986):
Tpao = 4390606+ 0.11. This estimate is consistent with the direct measuresnent
of the orbital period both 86) an).

It should be emphasized that the commonly used valugg£21.498 d by Koh
etal. (1997) was obtained by comparison of fhg values as well (the authors com-
pared their value to that By Sato et al. (1986) under the gstiomof a constant
orbital period). On the other hand, all published measurgsi@cluding ours are
consistently described when an orbital period derivatvancluded. For the time
of the INTEGRAL observation, the predicted orbital perioc~igl1.472d. The pe-
riastron passage time measured with the orbital periodeviatad to this prediction
does not change significantlypa = 5353165+ 0.01 MJD.

Because the pre-periastron flare in the orbital lightcufvéa@ source is associ-
ated with the periastron passage time, an additional chaclbe made using the

2They? drops from 52 to 0.52 with an F-test significance-d8%
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MJDgps Period, s. MJQys Period,s.

52833.5 6813+0.04 53538.0 684€9+0.12
53088.0 68312+0.07 53541.6 684+0.04

53525.9 683+0.1 53545.6 6847+0.04
53528.5 68419+0.16 53549.4 6845+0.05
53529.7 6845+044 541119 68462+0.06
53535.0 6843+0.05 54277.6 6835+0.07

Table 5.1: Pulse period values obtained with archlWTEGRAL data. An updated
ephemeris was used to correct the lightcurve for binary motion. Tle isrestimated 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 3042 (all bands combined) into parts ef5 orbital
cycles in length and folded each part with the orbital peRg@=41.498 d to obtain

a series of orbital profiles. The relative phase shifts aedasociated orbital peri-
ods were then determined in the same way as for the pulsedpditi@ best-fit value
for a constant period iBop, = 41482+ 0.001 d. The mean value of the orbital pe-
riod, calculated using,,, and Por, 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 availatNd EGRAL data by the observa-
tion time by the “k-means” clustering algorith). The number of
groups was chosen such that the mean number of X-ray pult@a wine group was
~50. We searched for pulsations in each of the groups withrefmding (Lars-
son[1996). A few groups where no pulsations were found becafimsifficient
statistics were rejected afterwards. The results aredlisterable[5.3.1L and plot-
ted in Fig[5.B together with historical values for claritpn average, GX 3042
continues to spindown after the filN TEGRAL observation of the source.

5.3.2 Spectral analysis

The observations listed in Talle 513.2 were used to obtaimtbadband 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
pipelin@ for spectral extraction. A systematic error of 1% forl@8GRI and of 2%
for all JEM-X spectra was assigned as suggested in the OSA documentation.

Savailable at httpfisdc.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 phemafogical multi-
component models. The continuum of GX 3@lhas been modeled with a cuf-o
power law modified at low energy by photoelectric absorptién iron emission
K. line has been also observed. In fact, there is a complex ofimes between 6.4

INTEGRAL MJD of Orbital
science window observation phase

Exposure,
ksec

Rate
tss

05180027-66 54110.5-12.2 0.96-1.02 91.66
05730048-60 54276.3-76.9 0.95-0.97 31.98
0574001240 54277.6-78.9 0.99-1.02 69.38

98
163
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 usil§@w! light-curve).
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and 7.1 keV/(Watanabe et/al. 2003; La Barbera &t al.|2005)séraee not resolved
with JEM-X. We therefore used a simple Gaussian-shaped profile wigbrdaridth
to formally describe this feature.

The photoelectric absorption of the source’s spectrunrismgty variable, and at
least two absorption columns are identified. Part of the Kemission is thought
to be strongly absorbed close to the neutron star, whilemailsgion 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 absgak 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. emerging spec-
trum depends on the optical depth and generally has a pawesthape, with a
cut-off at an energy corresponding to the temperature of the Corzpigrmedium
(~ 3kTe, ISunyaev & Titarchy 0). Phenomenological models aimeatrib-
ing this shape regardless of the optical depth. For GX-20tivo models have
been used in literature._La Barbera €t al. (2005) adopteddified “high energy”
cut-off, while|Kreykenbohm et all (2004) used a so-called Ferma®aut-df. As
discussed ih Doroshenko et al. (2008), both models destiéd& TEGRAL data
well with parameters close to the published ones. It is sdmagwdificult, however,
to interpret these results from a physical point of view. Weréfore focus here on
a different description.

One of the first physical models to describe Comptonizatjgecsa was pro-
posed by Sunyaev & Titarchuk (1980). Compton scatteringtiong magnetic
field is a more complicated problem (Lyubarsky 1986; Mesga@&dagéell 1985b),
but for the saturated case.(> 1) a blackbody-like spectrum is formed in both
cases|(Lyubarsky 1986). The Sunyaev & Titar¢Huk (1980) misdimcluded in
the standardSPEC distribution asCOMPST Free parameters include the elec-
tron temperature of the mediufy, optical depthre, 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 fitted with the pgraakborbedCOMPST
model. The fit results are listed in Table 513.2. Since theaptlepth of the Comp-
tonizing medium is very high, we verified that a simple blacklyymodel provides
an equally good description of the data. The unabsorbedsdlux in the same
energy range is 1.8x 108 ergcnt? s in both models.

A CRSF was necessary in the fit. This was included assumingiagzm-shaped
profile. With the inclusion of the line thgrzed dropped from~ 3.8 (depending on
the model) to values around 1.2 (see Table .3.2).
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Parameter Absorbed Absorbed
blackbody COMPST
Np.1[10%%atomgcn?] <4 <4
N 2[10%2atomgen?] 178362 1756104
Cr 0.798j§§8§ 0.78t§;§§
EgabdkeV] 458+% 459+%
T gabdkeV] 15.oﬁf§ 15.1%}8
dgabs 57.45%3;33 57.93_*6%33
Apbyst 0.31f§;02 0.35j§:05
Te[keV] 5.1%02 5. 1t8;Z
Te - 42348
Ere[keV] 6.32+0.02 6.323182
orelkeV] 0.36_*§f§§ 0.38f§f§§
x?/dof 1.19149  1.17148

Table 5.3: Fit results for phase averaged spectra. Uncertaintieg@essed at 90% confi-
dence level.

5.4 Discussion

5.4.1 Orbital period evolution

Our estimate of the rate of orbital period ded@y/Porb ~ —3.25x 10°yrt ex-
ceeds that of other known sources at least by one order of itmdgn Previous
detections include Cen-X3 with Posp/Porp = —1.738x 10 6yr1 , and
references therein), SMC-X with Porb/Porb = —3.36 X 108yr-1 and Her %1
with Porn/Pory = —1.0x 10 8yr (Staubert et al. 2009). GX 302 is very dif-
ferent from all these systems. It is younger and has a higtdgrmric 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 fitting thenadd pulse delays
as a function of the orbital phase, and they may in princigecbrrelated with
other model parameters, particularly with the longitudperastron due to apsidal
motion. The span of our data used for the pulse time arrivalyais does not allow
bothTpa andw to be reliably constrained simultaneously. All publishetreates
of w 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 @RS16 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 #ljoss~ 10°M, yr-1, [Kaper et all. 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 significant
loss of the angular momentum. The optical star becomes lassive, leading to
a longer orbital periodM@bl), 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 toassoat the material
carrying the angular momentum away must come from the Vjcisfithe neutron
star, since it is the neutron star’s orbital motion that ispansible for the bulk
of the angular momentum in the system. Two mechanisms caulegéponsible
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 carryingesangular momentum
away, since the interaction with the neutron star changettajectory. Second,
before the matter is accreted onto the neutron star, itaoterwith the neutron
star's magnetosphere (leading to spin-up and spin-dowhneofitutron star, as will
be discussed below). However, the interaction with the ratagphere may also
lead to a magnetically driven outflow of material (lllarion& Kompaneets 1990;
Lovelace et all 1999; Klochkov etlal. 2009), again carryingwdar momentum
away. In addition, tidal coupling of the rotational freqogrof the optical star
with the orbital frequency could play some role, althougtinestes by Leahy &
Kostka (2008) and Hildit¢h (2001) suggest that, despiténthle eccentricity, this is
probably not very fiicient. 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 observedmtaL__deQ?):iitdithat along lived
accretion disk may sometimes form in GX 3@L Both episodes are character-
ized by an increased source flux, which implies an increasection rate. The
infrequent occurrence of such episodes argues againsyfithesis that they are
triggered by tidal overflows at periastron (see Layton £1998) and suggests that
mass loss episodes of Wray 977 may be responsible for M@?).
As concluded by Koh et &l 7), 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 diyatepends 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 witBATSE (Bildsten et al! 1997), we used the
data products available at tl@®&GROmission web- pa& The pulse frequency and
pulse frequency derivative histories are provided for thére BATSE lifetime.
Both were determined for a set ef4 d intervals using the phase connection tech-
nique assuming the ephemeris|by Koh étlal. (1997) for bimamgion corrections
(see Bildsten et al. 1997; Koh et/ al. 1997 for details). TheespondingBATSE
pulsed flux in the 20-50 keV energy range, averaged over teeval is also pro-
vided.

Contrary to the report bjnam & Baykal (2000), a correlation between the angu-
lar frequency derivativedf = 27v) and the flux (see Fi§.3.5) was found (Pearson
correlation cofficient 0.96, null hypotheses probability 807°).

The discrepancy between our findings and the ones reporiiedin &
(M) lie in their method of estimating frequency derivesi. 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 assuhs the frequency
values provided b@%b@ﬁ) alone characterizebesge pulse frequency
during the corresponding observation time, while the aye@ulse frequency also
depends on the frequency derivative included in the fit anth@observation length.
For this approach to work it is required to remove the fregyederivative in the
fit for the pulse arrival times in the raBATSE data, which was not done Byam
& Baykal (2000). There is also a second point to question @irthnalysis. To
obtain values of the first derivativénam & Baykal (2000) use frequency values
on intervals of~30d, comparable to the orbital period of the system. Both the
pulse frequency and the flux are known to change on much shorte scales in
GX 301-2. Averaging on such a long interval smoothes out most of thedhd
pulse frequency variations, making itfiicult to find the correlation between the
two quantities.

On the other hand, we usedand flux values directly measured for each observa-
tion with phase connection. The points in Hig.]5.5 were algdiby averaging the
provided frequency derivative values of points with flux igigen range. The stan-
dard error was used as an uncertainty estimate. We excluthdpin-up episodes
observed bly Koh et al. (1997) (i.e. MID 4844048463 and MJZB8949245) and

4ftp://heasarc.gsfc.nasa.goemptoridatabatsgpulsarhistoriegDISCLA _histories-
/gx301m2_psr_hist.fits
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intervals where pulsations were not detected reliablylkageet all 1997) from the
further analysis.

To investigate the accretion models and compare them toatse de need to
express the accretion rate as a function of the count ratea trvial task. The
conversion depends on the distance, the radiafiiveiency of accretion, and the
beaming factor. We assumed that the mean source flux deneed 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*” erg st ~ 10! g s which corresponds to a radiative accretidiiogency
of ~ 10%, Ly ~ 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 torqe, hence the torque balance, depends sig-
nificantly on the éiciency of angular momentum transfies and on the relative
velocity of the neutron star and the wind.

The orbit of GX 3012 is eccentric, so the orbital speed of the neutron star
changes significantly along the orbit. The wind, on the otieerd, is also accel-
erated from the sound speed at the surface of Wray 92D km s1) to a terminal
velocity of 300-400 kms' at infinity 5):

V() = Vo + (Voo —VO)(1— R, /r)P (5.2)

wherev is the velocity at the surface of the star close to the sourédp., the
terminal wind speed, ang ~ 1 for O-type stars. Radial and tangential velocity
components of the neutron star as function of orbital pliese

vy = \/Epesine, Vi = \/Ep(1+ecose) (5.3)

whereu = G(Mgpi+ Mns), p= a(l-€?), eis the eccentricity, and~ 1.2x 103 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 functionseodrhital phase, the
relative velocity varies only by a factor of 2 (see Figl5.®ach flux bin in FigL5b
contains measurements performed dfedent orbital phases. We then calculated
an average relative speed for each flux bin to properly estilRg It turns out,
however, that the relative speed varies only within 5% antsequentlyRa does
not change significantly (see Fig. b.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 thedkceeds a certain
value. The value ok, can, therefore, be estimated using the observed frequency
derivative over accretion rate dependence. We only medlsueso the accretion
rate andky are parametrized by the assumed distance. For each distatioe
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Figure 5.5: Angular frequency derivative correlation with flux. FIuBATSE-pulsed flux in
the 20-40 keV energy rangBATSE DISCLA data provided by Bildsten etal. (1997) on the
CGROmission page are used to obtain the plot. Example of fitting lllarionov & Koreetmn
(1990) (solid black) anld Davidson & Ostriker (1973): Davies bt al7@)9Bisnovatyi-Kogan
,Ei) (dashed red) models for an assumed distance of 3kpc is pldtpaxis shows the
estimated accretion rate for this distance. The vertical line indicates theftoealring the
observation. Shaded area represents average relative velocity méutren star and wind
for a given flux bin (right scale).

range of published estimates from 1.4 to 5.3 kpc, we caledl#tie accretion rate
and estimatedk,, and B as free parameters of models defined by equafions 2.17—
[2.8 where we assumedM.4M,, R=10°cm, I=1.4x10*® g cn?, v,=300km s?,
k=2/3, and¢é=0.87. The estimated values are presented inEif). 5.7 kf hange is

in line with estimates obtained by Ho (1989) and with lateirols that the average
amount of angular momentum transferred from the wind to thénon star is rela-
tively small [Rufert et all 1992; Rfiert{1997). It is likely that the mechanisms to
generate the braking torques assumed in the models mayradtameously, so we
attempted to find the magnetic field required in this case blyding both torques.
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Figure 5.6: Sketch of the GX 362 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~ 380 km s, and distances to the periastron distarck75x

103 cm.

The required field strength, however, is not significantlyused and still exceeds
10 G (see Figlal7).

Itis important to emphasize that the frequency derivatiettherefore the torque
affecting the neutron star are consistent with zero for thesseesource flux. This
means that, for the average conditions during the obsengtthe period is close to
a so-called equilibrium period (i.e. when the torques atari®d). This is also in
line with the long-term pulse period evolution (see Eig) 5The knowledge of the
equilibrium period allows to estimate the magnetic fieldtfer average luminosity
even without knowing the exact dependency of torque withihasity. For exam-
ple, for the Davidson & Ostriket (1973), Davies et al. (197Bjsnovatyi-Kogan
d@) model in the case of torque equivalence, the fieltigthemay be expressed
as

1/2

1/2 ’ / -2
4 kw Meq Vrel
B~ 3x10G (o 25) (1017 g/s) (400 km/s) (5-4)

P \(Pon \ Y2 M V¥ R 3
><(6805)(415d) (1.4|v|®) (106cm) '
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Figure 5.7: Results of fitting frequency derivative — flux correlatioze(&ig[5.5) with II-
larionov & Kompaneets (1990) (solid), Davidson & Ostriker (1973)vi@a et al. [(1979),
Bisnovatyi-Kogah[(1991) (dashed) and a model with both braking &srdu place (dotted)
depending on assumed distance, hence mean accretion rate. Thiedeqgagnetic field
strength B (bottom panel) depends on tifieceency of angular momentum transtey (top
panel), which is constrained by the fit.

The equivalent equation for the lllarionov & Kompaneetsqdpmodel is

1/2

K 7/8 K -7/8 f -7/8 Me
B~2x104G[ 2| (=% (—) d 5.5
% (0.25) (2/3) 087) \10t7g/s 55
viek | 2( P 5)7/8 ( Porb )‘7/8 M\ ( R )‘3
400knys 680 415d 1.4My ) \1Bcm/
Both values are in the same order of magnitude as first estimiay| Lipunol
(1982). The strength of the magnetic field calculated unHerassumption of
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an equilibrium period using the models for systems acgyeftiom the persistent

disk (Lovelace et al. 1999; Ghosh & Lamb 1979) is even strotgd 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 theeqeériod 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
find that the spectrum is described well not only with phenoohegical 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 tordftiestiag the neutron
star usingBATSE/DISCLA data byl Bildsten et all (1997) and find that the rota-
tional frequency derivative is correlated with the flux. Weoafind that the fre-
quency derivative is zero for the average count rate, which signature that the
observed pulse period reflects torque equilibrium duriegatservations time span.
We investigated several published torque models to cdnstine magnetic field
strength and found that all of them require the field to-bk0** G. The magnetic
field strength derived from the observed CRSF energy turhgodie~ 4 x 1012 G,
i.e. at least an order of magnitude less than from the timRagssible 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 all 2003) and a B0.5Ib super-
giant (HD 77581), which eclipses the neutron star everytaklgycle of Poyp ~
8.964d (van Kerkwijk et gl 1995). The optical companion hasassnofM ~
23M,, and radius oR ~ 30R, (van Kerkwijk et al! 1995). The mass-loss rate is
Mopt ~ 10®Mo yr~* (Nagase et al. 1986) via a fast wind with terminal velocity of
v ~ 1100 km s* (Watanabe et al. 2006), typical for this class. The neuttanveas
discovered as an X-ray pulsar with a spin periodPgfi, ~ 283 s mm&.

The X-ray spectrum of Vela X-1 is similar to the one of othecrating pulsars,
and is usually described with a citpower law. A cyclotron resonance scattering
feature (CRSF) a1 ~ 25 keV (Makishima & Mihara 1992) and the first harmonic
atE, ~ 55 keV (Kendziorra et al. 1992) were reported for the sowttepugh there
are also non-detection reports for the low-energy feai).

The source is highly variable with an average X-ray lumityo&@ssuming a dis-
tance of 2 kpc, as reported by Naghse 1989) df« 10%¢ ergs s1. Aside from the
usual flaring activity, similar to that seen in other windz@ating pulsars, abrupt
“off-states” (when the source becomes undetectable for sewdss periods), gi-
ant flares (with flux up to 20 times brighter than typical flaresd quasi-periodical
oscillations are observed in the source (Kreykenbohm| 206184).

6.2 The torque models and the data

The rotational dynamics of a neutron star is governed by ¢helarating and brak-
ing torques fecting it [Z5). The accelerating torqig 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 &$aey 1975) as shown

in (Z8). Note, that[{Z16) simply shows that the orbital dagmnomentum captured
atRg is transferred to the magnetosphere, and while thé&icantk,, does depend

on wind structure, the functional dependence does notitiiav & Sunyaey 1975).
This fact is also confirmed by hydrodynamical simulations (989

(19921 Ruffert[1997) withk,, € [-1.2,+0.4]. It is also worth to mention that the mag—
netosphere adjusts to changes in wind structure orAthentimescale~ Ry /c
which is short comparing to the timescale of typically oledraccretion rate fluc-
tuations, so hysteresigfects 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 Chagfér 2 can be resporfsibtee braking
torqueK_.

If the braking and the accelerating torques are balanced{i. = K_), the spin
frequency remains constant and it is usually called the ifisgum frequency”.
Assuming that the observed pulse frequency is close to thiditegum value, it is
possible to estimate the magnetic field if the accretion isatemown. Under this
simple assumption, the magnetic field of Vela X-1 resultsa@b- 10'3 G for both
torque models (assuming the average accretion ratd ef4 x 1016gs1). Such
a strong magnetic field is required because the braking éonqust balance the
large specific angular momentum of captured matter. Indétd relative velocity
of the neutron star and wind is smalt 675kms?), then the capture radius and
the specific angular momentum of the captured matter are.larg estimate the
relative velocity of the wind and the neutron star we folldve tsame approach
as in Chait§l5 and assume the binary system parameterseitpgrQuaintrell
et al. (2008). We would like to stress, that although the tealnwind 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 field can be obtainttkitlependence
of the frequency derivative on the accretion rate is known. olir analysis of
GX 301-2 we obtained this dependence using the frequency deeMaistory mea-
sured by Bildsten et &ll (1997) in a long-tel@GRO BATSE pulsar monitoring
campaign. The analysis of these data revealed a correlzftibe frequency deriva-
tive with the observed flux and allowed us to simultaneoustineate the magnetic
field strengthB ~ 104G andk,, ~ 0.2.

For Vela X-1, however no frequency derivative information is avaiainl the
correspondingCGRO BATSEdata set]

Ltp://heasarc.gsfc.nasa.goemptoridatabatsepulsarhistoriegDISCLA _histories-
/velax1_psr_hist.fits
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To estimate the frequency derivative we compared frequealties reported by
Bildsten et al.|[(1997) in pairs of adjacent time intervalfie Tnethod was verified
with the data of GX 3042 and the expected correlation was obtained. Applying
the same method to Vela X-1 gives the “flux”-“frequency dative” correlation
shown in Fig[Gl. We wish to observe thiaam & Baykal (2000) used a linear fit
over a number of adjacent frequency values (over an intefva#5 d for Vela X-1)
to obtain frequency derivative estimates for several smiof theCGRO BATSE
sample, and found no correlation of the frequency derieatiith the flux. As
we argued in Chaptéil 5, this is in fact an expected resulcesihe timescale of
frequency modulation is known to be much shorter than therats used bynam
& Baykal (2000), so short term variations were simply smedtbut.

The observed ‘flux™-“frequency derivative” correlationrche fitted using equa-
tions [Z.6), and[(Z.14) of(2.118) to estimate the magnetid irength and thé&,,
codficient. Note that eguatioﬁ (Z18), which describes the bratorque in the II-
larionov & Kompaneet 0) model, contains the addition&nown codicient
ki = ké/2n < 1 that can not be estimated directly from the observed atiosl.
Whilellllarionov & Kompaneets (1990) suggédst- 0.1 on the basis of general con-
siderations, it is still worth to verify how the uncertaintyk; affects the magnetic
field.

It is easy to see from the observed “flux"-“frequency denixgdt correlation
(Fig.[63) thatw = 0 for the average flux value. This finding 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 strongigests that the neutron
star spins at nearly-equilibrium frequency. Assuming that K_, from (Z.6) and
@17) we havek = f(kw, B, Meg):

ki = ku

P Re,eq)z
Porb RM,eq
The dynamical equatiofi{2.5) in the case of ithe lllarionov &ntpaneets (1990)
model, can then be rewritten as
: . 2n Peq ( Rw )2
lw = kyM — 1-— 6.2
I:)orbRé[ P RM,eq ( )

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

(6.1)
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given neutron star

- 12 M (MY
w=69x10 kw(4x1015g/s)(1 (Meq) X

( Porb )_1 Urel Mo (6.3)
8.964d 575kmys 1.4Mg '

showing thatw = f(ky, M). It is now possible to constraik, from the slope of
the observed correlation, which givég = 0.44(4). The magnetic field is then
determined from[{6]1). Fd¢ < 1 we obtainB > 2.1x 103G, assumindr ~10 km

for the neutron star, while fok = 0.1, as proposed H;LLLLa.LLQnDL&_KQmpﬁn_d
(1990), we haved = 1.6(3)x 1014 G.

For the_Bisnovatyi-Kogan (1991) model the situation is danps there are only

two unknown parameters, for which we obtaia B2(3)x 1013 G, andk,, = 0.35(3)
directly fitting the observed correlation.

6.3 Discussion

The observed “flux”-“frequency derivative” correlationiigportant for two reasons.
First, it shows that the pulse period is close to equilibriduming the observations
becausev '~ 0 corresponds to the average flux. This rules out the sceoatlined
by7), who suggests that the currently obsdprey pulse periods of
many accreting pulsars may be retained from the past peofddss accretion rate.
Second, the “flux"-"frequency derivative” correlationails to eliminate ambigu-
ity in magnetic field strength associated with the unknownstantsk,, ki, which
may in principle depend on wind parameters arftiediconsiderably for dierent
sources.

From a physical point of view, the observed spin-up rate efrthutron star at
high accretion rates places a lower limit on the specific Exgunomentum of cap-
tured plasma (no matter how complex the wind structure andhieraction with
the neutron star are). The observed spin-down rate allasestalput a lower limit
on the braking torque. The dependence of the pulse frequaeriyative on flux
therefore unambiguously shows, that the long equilibriudse period in Vela X-1
is attained due to theffective braking, and not because the orbital angular momen-
tum is transferred to the neutron starfii@ently as often assumed.

The neutron star can only spin-down due to the interactidh@magnetosphere
with the in-falling plasma (no matter how complex this irtetion may be), and cur-
rent understanding is that théieiency of braking depends on the magnetosphere
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Figure 6.1: Angular frequency derivative correlation with flux fola&-1. The flux is
BATSE-pulsed flux in the 20—40 keV energy rand@ATSE DISCLA data provided by Bild-
sten et al.[(1997) on th6 GROmission page are used to obtain the plot. Best fit predictions
forllllarionov & Kompaneetd (1990) (dashed black) and Davidson &ie (1973); Davies
etal. (1970); Bisnovatyi-Kogah (1991) (solid red) models are ploffée. top axis shows the

estimated accretion rate. The vertical line indicates the average flux do&rapservation.

size, so a strong magnetic field is required as we have deratesabovl

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 find some indication besides the torque théloat the magnetosphere
of the neutron star in Vela X-1 is indeed large.

2Here we wish to note, that the observations constrain the etagphere radius, and not the mag-
netic field itself. The connection between the magnetospteaslieis and the magnetic field is strictly
speaking non-trivial (for instance it may depend on the magmétere shape and wind structure). The
standard definitior[{218) yields however a factor~a? accurate estimate of the magnetic field strength
according td Arons & Led (1980)
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6.3.1 Other evidence for a strong magnetic field
a) The “off-states”

Besides the usual flaring activity typical for the wind-aatarg pulsars, several so-
called “of states” were reported for VelaX-1 (Inoue et [al. 1984; Lapsaball
11992;| Kreykenbohm et &l. 1999, 2008b). In all cases the sofluz abruptly and
dramatically decreased to a level below the instrumentadigeity for a duration
ranging from several pulse periods to several hours. Thevesg to the average
flux level was also very fast (tens of seconds) in most caskessd &-states were
interpreted by Kreykenbohm etldl. (2008b) as the onset afthealled “propeller
regime” (lllarionov & SunyaeV 1975), when the accretionnibibited by the rotat-
ing magnetosphere. This happens when the magnetosphars batomes larger
than the so-called co-rotation radius: a radius where thal langular Keplerian
velocity matches that of the neutron star._Kreykenbohm le28108b) suggested,
that the transition to the “propeller” stage is triggeredasignificant fluctuation in
wind density or wind velocity close to the neutron star. Tregmetic field required
for the onset of the “propeller” regime for a typical obsehlometric flux of
several times 10 ergs s is (Cui[1997):

b \7/6 = d Mo \Y3
B=7.6x1 3( ) 4
6x10°( Z535s) \/ 1&9ergcm2§1(1kp0)(1-4Mo) G 64

The average flux of Vela X-1 is 10%ergscm?s ™1, so a significant drop of about a
factor of~ 10% in wind’s density would be required (Kreykenbohm €t al. 26)0@r
the onset of the “propeller regime” if one assumes a magfietitof B ~ 2x 102 G
as estimated from the CRSF energy. The density in a radidtiven wind may
fluctuate by up to factor of foaccording to calculations by Runacres & Owocki

), so this is not excluded. We would like to point outwbkwer, that normally
observed flux variations in Vela X-1 are much smaller as noaetil above, the flux
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
fluctuations, which is predicted to be almost independentherdistance from the
optical companion (Runacres & Owocki 2005), so one wouldeekthe “df states”
to occur with the same probability at all orbital phases.

The “off states” reported in the literature however cluster cloghé@pastron as
summarized in Fig. 612. The coverage of orbital phases igmoless uniform (in
fact, there are more observations at periastron), so tiusoisably not a selection
effect. Thisimplies that the chaotic fluctuations in wind dgnaie unable to trigger
an “off-state” on their own, and additional contribution from timec®th variations
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Flgure 6.2: Orbital phase distribution of thé states reported in the literatufe (Inoue ét al.
|, 19092; lal. 1999, 2008b). drhital ephemeris by

lKr_e_)Lkﬂnb_th_e_t_élL(ZQ_QBb) were used to calculate the orbital phaagnétospheric radii

for best-fit magnetic field strength with the Davies et é i1979) moddbjsdilarionov &

KompaneetSL(_lQ_bO) model (dashed) and the co-rotation radius (duitembntal 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 thed&the “off-states” are
triggered by relatively small wind density fluctuations quamable with the smooth
variations due to the orbital motion. The magnetic field nmuestthereforeB ~
1013 G as estimated from E.6.4. Note, that one still does expextiserve the “f-
states” at all orbital phases also in this case, but more dfteicinity of apastron.

b) Quasi-periodic oscillations (QPO)

QPOs with a period of 6820 s were reported for Vela X-1 by Staubert ét al. (2004);
IKreykenbohm et al| (2008b). These oscillations had a tesmsiature and were

seen only in a small part of the light-curve close to apastitre authors suggested

that the orbital motion through a “ray”-like fluctuation Azbula & Owocki

in wind density may be responsible for such a phenomenon.attig 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 flow is not homogeneous intrinsically and is ferttisturbed by the grav-
itational field of the neutron star and turbulent processesecto it @nﬂ%&hl
@) The magnetospheric radius is determined by the wéndity, 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 riotabf the magnetosphere
may therefore mediate the accretion rate and in this casexpets to see oscil-
lations at beat frequen@ypeat~ wns— weo Wherewc, is the Keplerian frequency at
the magnetospheric radius. This scenario is supportedéyattt that the QPOs
observed by Staubert et al. (2004) and Kreykenbohml et ab8{20occurred close
to the apastron and at least one minimum in the oscillatigigticurve coincided
with the “off-state”. One can therefore estimate the magnetospheiigcsrad

1/3 1/3
Rv=Rc= (GM) (iz) ~8x10°cm (6.5)

‘Uco (wns— Wpea

This corresponds to the magnetic moment of

~ {2M(GM)Y2R]/? ~ 3x 10%2erg G * (6.6)

or a surface magnetic field of 104G, i.e. comparable to the estimates obtained
from the accretion torque theory.

c) Noise power spectrum

Another hint on the magnetic field strength comes from theenkesi 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 (iosk Takeshima 1993).
Among other pulsars this behavior was reported by Revnivéseal. (2009) for
Vela X—1. A “perturbation propagation” model (Lyubarskii 1997) svaroposed
to explain the power spectrum in terms of inward-propaggatiass-flow 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 patiom timescaler
on the radius, and the break frequency corresponds to drceatdius where this
dependence changes, i.e. the inner accretion disk radngsevthe disk is disrupted
by the rotating magnetosphere.

Qualitatively, the picture shall be similar in the case oh&vaccretion because
from angular momentum considerations the perturbationsdcaler = 1/w shall
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also have a power law dependence on radiw€) ~ Qorb(Rs/r)2, while wi(r) ~
+/GM/r3 for disk accretion where it is limited by the Keplerian vallereality, the
perturbation frequency is probablyy, < w < wk, since otherwise an accretion disk
will be formed. The break frequeneyg and the magnetosphere radikg may
therefore be estimated as

Qom(Re/Rw)? < ws < (GM)Y2R 2 (6.7)

I:\>G(Qorb|:>s,pin/27r)1/2 sRus(G M)l/a(|:)3pin/271')2/3 (6.8)

which for the parameters of VelaX-1 implies a magnetospheadlius of 16 <
Rv < 10'%cm, or a magnetic field strength < 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 thatdlares reported by
Staubert et al! (2004); Kreykenbohm et al. (2008b) may ingipie be explained
by means of a flip-flop instability as originally proposed bgse authors, this re-

uires rather strong accretion rate fluctuations. On therdtiand/ Bozzo et Al.

)] Grebené 0) proposed that in super fast X-emstents (SFXTs) sim-

ilar flares may be explained via transitions betwedfednt accretion regimes (i.e.
“accretor”-“propeller” and so on) which are triggered byadhfluctuations in wind
velocity andor density. Taking into account the phenomenological sirities be-
tween VelaX-1 and SFXTs noted by Kreykenbohm et lal. (2008id) the “pro-
peller” interpretation of the “fi-states”, the same mechanism may be considered a
viable alternative to explain the short giant flares obsgime/ela X-1.

6.3.2 Observation of the ‘i states” withSuzaku
In the previous section we followed the interpretation & tbff-states” proposed

bylKreykenbohm et al. (2008b) as onset of centrifugal baffii@rionov & Sunyaev

), triggered by a drop in wind dengitglocity. The quality of theNTEGRAL
data which Kreykenbohm etlal. (2008b) relies on is, howewethme best possible,
so we decided to check if similar episodes were observed Hir ahissions with
better broadband coverage Amdstatistics.

Here we report on the analysis of public data obtained dusingakuwbserva-
tion of Vela X-1 in June 2008, with emphasis on thredf-&tates” found in this
observation. To our knowledge it is the first time, when tRjset of activity was
observed with an instrument sensitive enough to reliabhstain the flux from the
source during the “@-state”, as well as to perform the spectral analysis, toatlete
pulsations and to reconstruct pulse profiles.
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We will also discuss a possible interpretation of the resinlthe framework of
the “gated accretion” scenario proposed by Bozzolet al.gp@0explain the flaring
activity of SFXTs. In this scenario the observed luminosityings are associated
with the transitions betweenfiérent 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 dtyiof 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 i@ Some obser-
vational evidence for this scenario was reportem { Grebenév
(2010).

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

The observation we rely on issal00 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 presantE).[6.3. Three “&-
states” episodes, shown in the upper panels of Fig). 6.3 bmereed. As reported in
literature (Inoue et &l. 1984; Lapshov el al. 1992; Kreykeimh et all 1999, 2008b),
during the “df-states” the source’s flux drops abruptly and recovers afteeral
pulse periods. Marginal evidence for a residual pulsed goniswas reported by
Inoue et al.|(1984) based dfrenmadata. With the unprecedented sensitivity of
Suzakuwnot only we unambiguously confirm these findings but we cao sisdy
the “off-states” in detail.

Using the phase-connection technique (Staubert|et all)20@® assuming the
ephemeris by Kreykenbohm et al. (2008b), we determined e period to be
Ps = 283473(4) (all uncertainties quoted are at tonfidence level unless stated
otherwise). The marginal evidence for spin-up is not diaifly significant and
may be explained with the uncertainty on the orbital paransetNo change of the
pulse period in “@f-states” could be measured. Based on the obtained timing sol
tion, we constructed energy resolved pulse profiles for thigeeobservation, and
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for the “off-states” combining all three episodes. As it can be seengrid4, the
pulse profiles significantly vary with both energy and lunsity Very remarkable
appears the change around phag®75 at hard energies (20-60 keV) between the
normal and the “6i-state” profile. We also investigated the flux distributidrile
source following the approach of Fiirst et @010), whaelaon/INTEGRAL
data, showed that the flux distribution is approximatelynimgnal. Although the
lognormal distribution generally describes our data, axeex appears at low count-
rates (Fig[&b). This excess is due to th&-“states”. The flux distribution of the
“off-states” is still approximately lognormal (shaded area igf [E.B) but difers
considerably from the distribution of the rest of the lightrve. It is the “df-states”
component which mostly contributes to the low-countratekflseen in the overall
flux histogram. Implications of this finding are discussebtblve

f) Spectral analysis

We first analyzed the average spectrum of the entire obsenvatestablish a base-
line for the analysis of the ‘f6-state” data. Several phenomenological continua,
based on the models reported in literature for Vela X-1, wesed to fit the average
spectrum of the source. None of these models was able toilokesice broad-band
0.4-70keV spectrum. Particularly the spectrum below 5 kepdorly described by
cut-of power law models.

To model the continuum we used two components, combiningrgtanization
model (Titarchuk et al. 1996) and a power-law. Photoelecthsorption at lower
energies, a number of emission lines, an iron absorptioe etlg 7.26 keV (Na-
gase et al, 1986) were also necessary to fit our data. Two CBSRonics were
also required by the fit and were modeled using a multipiea@aussian profile.
The best-fit parameters are summarized in Table 6.1. THst&tstis significantly
worse for the “df-state” data, so a simpler model was used in this case: antedso
comptonization model with the addition of an iron absonpt&alge. No other spec-
tral features were required by the fit. The results of the fieate presented in Ta-
ble[6.1. The best fit spectra and the fit residuals are showigifeld. The average
absorption-corrected flux in the 0.4-70keV energy range was x 10 °%ergs?
for the complete observation and5x 10 %ergs? for the “off-state” spectrum.
Results of a more detailed spectral analysis, including@heasolved spectra, will
be published elsewhere.

Itis interesting to note, that the flostate” spectrum dliers considerably from the
spectrum observed during the eclipses. In the latter casgpbictrum is dominated
by emission-lines| (Watanabe et al. 2006) originating in sherounding plasma
illuminated by the X-rays emitted by the eclipsed pulsar.
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Toc KTc Tc Acomp __Nn10Patomscm? T Ar Ecycos  Ocye2s  Toye2s  Ecyes0  Ocyeso  Teyeso
"On”  0.98(2) 7.97(3) 15(2) 0.07(2) 1.45(8) 32(3) 0.07(2)6.&9) 7(1) 0.3(Q) 55(3) 13(@) 1.7(1)
“Off”  0.83(8) 21.0(1) %5, <003 1.4(1)

Table 6.1: Best fit parameters of the normal anfi-&tates" spectra. All uncertain-
ties are at & confidence.

6.4 Interpretation and discussion

First, we would like to summarize the observed propertiehefsource in its “f-
state”:

e The flux drops by factor of 10 or more on a timescale compatatitee pulse
period. The source remainsffdfor several pulse periods, and then the flux
is restored to the previous level on the same short timescale

e \elaX-1is observed to pulsate in theffestate”. No pulse frequency change
has been detected in theffestate”.

e A drastic change in the shape of the pulse profile shape appehigh ener-
gies. The narrow dip at pulse phas®.75, seen in the profiles of the normal
state at all energy ranges as well as in thi&-&ate” profiles at lower energies,
is substituted by a prominent peak in thet“state” profile at hard energies
(20-60) keV. This leads to a significant increase in the foacof the pulsed
emission in the hard energy range for théf“states”.

e The flux distributions of the normal andffestates” are significantly tfierent.
The overall distribution is composed of two approximatelgriormal peaks.

e The spectrum, although poorly constrained at high energrenges signifi-
cantly during the “@-state”. The temperature of the comptonizing medium
increases whereas the optical depth decreases. No CRSHuiserk by
the data, although the statistics at high energies doesllioat as to rule
out the presence of a CRSF completely, especially if therast shifted
to higher energies. The absorption corrected flux in the70.keV energy
range is~ 5x 10 %rgs cm? s, which corresponds to a luminosity ef
2.4x 10%%ergs s? for a distance of 2 kpc.

The observed pulsations, the luminosity and the hard gpactf the “df-states”
can only be explained if the emission is powered by the aicrref plasma onto the
magnetized neutron star. The absence of emission lineg ifoffistate” spectrum
strongly suggests that the source is not eclipsed, but ggfdh 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 0.4&¥ energy range using
data from all XIS units is shown in the bottom panel. The ugg@erels show close-
up views of the three detectedfstates. Here, the time axis is ticked every pulse
period.

it difficult, as argued by Kreykenbohm et al. (2008b), to explainathget of the
“off-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 flux distribution hi toff-states” were
due to drops of the wind density, one would expect them tordmrie to the lower-
flux tail of the normal flux distribution. On the contrary, they formiatishct low-
flux peakas observed in Fidg. 8.5. The lognormal flux distribution issinikely
due, as discussed U al. (2010), to the “grinding4 afumpy wind by
the magnetosphere, while changes of the distribution petensimay be associated
with changes in the way the magnetosphere-plasma intergutoceeds.

As discussed by Burnard etlal. (1983), plasma generallyrerie magneto-
sphere of accreting pulsars according to various instesli These authors also
conclude that, for the observed luminosities and spineplsriypical of bright ac-
creting pulsars, the plasma mainly penetrates the magietas boundary via
Rayleigh—Taylor instabilities. If the accretion rate dmases, 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 all. 1983).

The ways through which the plasma can penetrate the maghet@swere more
recently reviewed by Bozzo etlal. (2008), who also providstiteates for the leak
rates of various mechanisms. For a system with parametaifasto Vela X-1 in
“off-state”, the largest rate is expected to be provided by Kek @ection 3.2.2 of
Bozzo et al.|(2008) for the details). The accretion lumityois estimated in this
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Figure 6.4: The pulse profiles in fourftérent energy ranges are shown for the

normal (upper panels) and theffestate” (bottom panels).

case to be
LiH =~ GMnsMkn/Rns =

7.4 10%0 Ry0(L+ 16Rs10/ (SRw10))
(6.9)

HereRg10, Ru1o are the capture and magnetosphere radius respectivelyitgai
10%cm; pj e are the densities within and outside of the magnetospheneora-

ing to/Bozzo et dI.[(2008);k ~ 0.1 and the density ratio can be estimated to be
between
VPilpe _ |nknh” 1R§A10 52635 (6.10)
1+pi/pe 0.1pknh~ RMlO '

whereh is the fractional height of the area where the plasma and thgnetic
field coexist, in units of the total thickness of the KHI uriséalayer (Burnard et .
11983). Ps2g3s 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 observedi-state”
luminosity of ~ 2.4x 10%°ergs™®, a magnetic field oB > 2x 103G is required,
if the KHI unstable layer is relatively thirh(~ 0.05), or B ~ 104G, if h~ 1 as
suggested by Burnard etlal. (1983).

Evidence for such a high magnetic field in Vela X-1, surpggimstronger than
the one estimated from the CRSF energy, have been alreansdesd above. Here,
we wish to point out, that similarly to GX 362, 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,~ 4x 10%%ergs !, one expects that an accretion column with height up to

~ 10km will arise (Lyubarsky & Sunyadv 1988; Doroshenko éi28110a). This

implies a factor of 10 decrease in field strength at the tophefdolumn given




106 Chapter 6: Vela X-1

4 E
3L v-“'"'-n_‘ 4
: ] H
L AT
z
2L ]
| .
0 1 2 3

log(F)

Figure 6.5: Histogram of the measured count-rate of the XIS light-c(sokd line). The
same is shown for theflestates (shaded) and for the rest of the light-curve separately.

thatB ~ Bo((Rus+ 10)/Rns) 2 ~ 0.1Bq. It is therefore sfficient to assume that the
accretion column exists and that the observed CRSF fornseicto the top of the
column to reconcile the strong magnetic field required byotserved “d-states”
luminosity and the measured CRSF centroid energy. We vgtiudis this in more
detail in Chaptel]7.

The observed change of the high energy pulse profile is wpla@ed under the
assumption that an accretion column does indeed exist. Adm slip, evident at
high luminosity and softer energies, would be then due teethipse 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 wendshigh-amplitude
peak, which appears in the ffestates” pulse profile 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 wasudised b|.
(@) to explain the pulse profile variations of EXO 28305 during outbursts.

6.5 The “gf-states” in GX 30%2

Motivated by the fact that it is hard to imagine that Vela Xsllie only system in
which the “df-states” are observed, we performed a search for a simitzavier
in the archival PCARXTE light-curves of GX 30312 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 switci™and “on” could be found in
GX 301-2 light-curve. It is presented in Fig. 6.7 together with twiber examples
where only the beginning or end of theff'state” was observed. A similar behavior
may be present also in 4U 1538-52, although the case is neimimg and we will

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

The discovery of the “fi-state” in GX 3012 (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 “f-states” in GX 3032 and Vela X-1.

First of all, we wish to make it clear that the similaritiegaroperties of the “&-
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
“off-state” in GX 30%2 is~ 1000 s, about two pulse-periods, also is similar to that
observed in Vela X-1. Although it is flicult to discuss the pulse-profile changes
during the “df-state” in GX 3012 (as the “df-state” only lasts less than two
pulses), one may also notice some similarity in pulse-mrafilape changes. The
Fig.[6:8 from Gdits et al.[(2011) shows that, similarly to VelaX-1, in GX 3@
both pulse peaks disappear during théf-&tate” and instead a new one appears
in between. The count-rate in all threeff*states” of GX 30%2 is very similar
(~ 5ctgs in the full PCA range), which is in line with what is observad/ela X-1
and implies similar luminosity (see TaljleB.2).

To check if the spectral evolution is also similar we extedcspectra from the
“off state” and separately from the complete observation (9835@3-00), and fit-
ted both with acompT Tmodel. The results are summarized in Tablé 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 puleél@evolution suggests
the same interpretation as for Vela X-1.

The unabsorbed flux of.8x 10-%rgstcm in “off-state” impliesLy =~ 2 x
10%%ergst, which is also similar to Vela X-1. Using EQ. 6.9 one may alstirgate
the magnetic field from the observed X-ray luminosity, whiams out to be~
1-6x10"G assumindi ~ 0.05-1, i.e. in line with earlier obtained estimates.

6.6 Conclusion

We have investigated how the timing properties of Vela X+ loelp to constrain its
magnetic field. Following the lines of the similar work on GR13-2, we conclude
that, in the framework of existing accretion torques thearyery strong magnetic
field B~ 10¥ - 10 G is required to explain the long pulse period of Vela X-1 and
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Normal “off-state”
N, 10°?atomscm?  12.2(9) 122
To 0.93(5) 0.93
kT 8.5(4) 22312
T 9.2(3) 0.06(0.1)
AcompTT 0.020(1) 00001(5)
Ere 6.33(4) 6.33
Are 0.00079(8) 00002(1)
Lx3-50 2x10%%ergs! 1.8x10%%ergs?

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

its evolution. Using the long-term pulse frequency historgasured by Bildsten
et al. (1997) withCGRO BATSE we show that, consistently with model predictions,
the pulse frequency derivative is correlated with the flund we use this correlation
to estimate the magnetic field in the framework of torque nobg/Davies et al.
(1979) and_lllarionov & Kompaneéts (1990). In both cases gnatic field of the
order of 16— 10 G is required to explain the observed pulse frequency arskpul
frequency dependence on flux.

We argue that similarly to GX 3642, a rather low relative velocity of the wind
and the neutron star is the main reason why a very strong rtiadiedd is required.
While the measurements of terminal wind velocity for GX 3@Imay in principle
be questioned as the value 0305 km s? is rather untypical, the terminal wind
velocity in VelaX-1 has a canonical value 6f1100 km s and the low relative
velocity of the wind and the neutron star is the result of caotpess of the system.
We find that the strong magnetic field scenario allows alsajpteén other observed
properties of the system, particularly so-calledf“states”, quasi-periodic oscilla-
tions, and the noise power spectrum.

We presented first results of the analysis of an 108kz&akiwobservation of the
well known X-ray binary Vela X-1. With this observation werdfom the CRSF
at 25keV in the normal state. Due to the unprecedented satysitf Suzakufor
the first time ever it was also possible to study the propegfehe source during
the “off-states” reported previously as periods when the souroatidetected com-
pletely. We also detected pulsations, measured the speetnd the flux distribu-
tion in “off 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 lumigasit‘off-state” may
be explained in the gated accretion scenario developed byaBdi et al.[(1983) if
the neutron star is strongly magnetized and plasma enteréignetosphere via
KHI instability. To our knowledge this is the first time whelebretical consid-
erations regarding magnetosphere-plasma interactiamné®d et al. 1983; Bozzo
et al. 2008) find an observational support.

In the same context we have reviewed the properties of GX-3@uring the
newly-discovered “i-state”, reported by Giiis et al.|(2011) which we have found
independently. We conclude that theff*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 magfielit of the accreting pul-
sar, and the result seems to agree with other estimates fXve and GX 30%2.
Clearly, other sources may also “switct“9 so it would be extremely interesting
to search for evidence for this and to perform a comparativeysof a complete
sample of galactic accreting pulsars. We plan to carry ooh fiudy using the
INTEGRAL data, but this is future work.
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Figure 6.7: The three ‘fb-states” in GX 3012 observed with PCARXTE, see text for
details.
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Figure 6.8: Evolution of the pulse-profile in GX 302 as reported by Giiis et al.|(2011).
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occurring at cycle 6. Note the similarity with Vela X-1 (see 6.4), whex@main peaks
also disappear in the fBstate” and instead of a minimum a new peak appears.
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CHAPTER 7

The magnetic field and the CRSF energy

In the previous chapters the magnetic moment of the neutesa B Vela X-1
and GX 3012 has been estimated using the current accretion torquelsndele
veloped by lllarionov & Kompaneéts (1990) and Bisnovatyigiéh (1991), which,
one may argue, is still poorly verified. On the other hand,résult contradicts
the estimate from the energy of the CRSF. For instance fa Xel the observed
Ecyc ~ 22keV corresponds to a field &~ 102 x (E¢yc/1157) ~ 2x 102 G. 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 field or to adjust the accretion torque themayoid the strong field
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 accretituman or the accretion
flow above the polar caps). Given that the magnetic field wesith the distance
asB« R3, a factor of 10 dierence between the magnetic field estimates from
the accretion torque theory and the CRSF energy may be atexbfor if the later
forms at a heighH ~ Rys above the surface of the neutron star.

The X-ray pulsars are powered by accretion, so their luniin@slimited by the
back-reaction of the X-ray emission onto the accreting enalaximum luminos-
ity for the spherically symmetric accretionlisgq~ 1.3x 10%8ergs* and much less
for a magnetized neutron star. However there is a number m@fy)pulsars with lu-
minosities exceeding this value. To explain these soutmsancept of accretion
column was introduced by Basko & Sunyagv (1976).

In the case of a neutron star the accretion geometry is netigalh since the ac-
creting matter is funneled onto the magnetic poles of thérorwstar by the strong
magnetic field. The ram pressure of in-falling matter in tl@katively narrow ac-
cretion channel is balanced by the pressure of the X-raystomis 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 chawnéigaration. The ac-
cretion column arises if the luminosity* exceeds the critical value (Lyubarsky &

Sunyaev 1988):

L+ = 2cdCM ~6x10%ergs?, (7.1)
k R
Both Vela X-1 and GX 3042 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 coisialeo supported by
several observational facts. For instance, the obsenledtemperature of 4-5 keV
in both cases is in agreement with the value expected for ecsomith a lumi-
nosity close to the Eddington limit. Thefective critical temperature is defined
from Ly gaq = 4mR20 T2, wherelLy gqqis the standard Eddington luminosify{1.6).
This implies Tgqq ~2 keV for the standard neutron star parametdis=(1.4 M,
R=10° cm) and solar composition of the accreting matter. The eleskespectrum
is expected to be close to a diluted Planck spectBgnFg ~ BE(TC)/fé‘, with a
color temperaturd@, = f. T and a hardness factdg ~1.5-2 because of Compton
scatteringl(Pavlov et al. 1991). This qualitative pictusesimilar in the case of
Compton scattering in a strong magnetic fiéid__(gfiﬂm%o the observed
color temperature probably corresponds to a criti¢gkdative temperature at the
neutron star surface. Another strong argument that an tmereolumn of signifi-
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 significantigréases with the
increase in luminosity and hence column height (Lutovino¥s&gankol\' 2009).

The height of the accretion column may be estimated from basic consid-
erations. Because the magnetic field funnels the mattertbetpoles of the neu-
tron star the accretion column base radius can be estimaiedthe neutron star
magnetic moment ~ Rys(Rns/Rq)Y/2 (Lipunov[1987). The magnetospheric ra-
dius is~ (3-30)x 10°cm for a magnetic field in the range *#0- 104G, and
the corresponding radius of the column base is 200-500 m. atheetion col-
umn height may then be estimated using a cylindrical gegmegiproximation,
and the critical #ective temperature from the observed luminosity 16°’ erg
slx?2 O'SBTédd 2xrH. This simple estimate giveld ~ 8—20 km for GX 3012
(B=10'2-10"G andM = 1.2x 107 g s°1), and 3—7 km for Vela X-1 (sam@ and
M=4x10%gs™).

A more refined estimate was provided|by Lyubarsky & Sunya&@$):
1+m

/4

H~ r'nR\lsln(n—). (7.2)

e
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Herex is opacity andl is the characteristic size of the polar cap, while

GM M B2d% \Y*
m=— —, n:(—K) (7.3)
R L 7rc V2GMR

are the dimensionless accretion rate and a function cleiziog the geometry of
the column. The latter depends on the mass of the neutroiMstits radiusR and

magnetic fieldB, and on the diameter of the accretion coludw /%. Here

_ ( BR )2/7 (7.4)

2M V2GM

is the magnetospheric radits (LipuHov 1987). The heighhefdolumn estimated
with (Z.2) isH = 4 km for Vela X-1 andH ~ 10 km for GX 3012, in agreement with
the estimates above. As mentioned above, the estimateetiacccolumn height

H ~ Rqs allows to reconcile the observed CRSF energy with the senfiaagnetic
field of B ~ 1013 - 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 theretion stream
above the column or polar cdp. Kraus et lal. (2003) discusssidhe up-scattering
of the continuum emission in the accretion stream above ticeesion column
(where matter falls with nearly free-fall velocity~ 0.7c) may contribute a signif-
icant fraction of the total flux above the ctitenergy Ecut ~ 20 keV for Vela X-1
and GX 30%2). This emission component was required to explain therobde
pulse-profile shape and its evolution with energy in thealgsis.

We argue that for a magnetic field at the surface of the newttamin the range
of 10'3— 10" G, the cyclotron energy in the accretion stream at a heighewéral
kilometers above the surface of the neutron star will be aage to the typical
energy of the photons of the continuum, and therefore thigesoay 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 tlesima within the
accretion column is by definition Compton thick, otherwike tadiation would
simply escape from the sides of the column and would not lbaltre ram pressure
of the inflow. Part of the radiation obviously still escapesi the sides of the col-
umn and the parameters of the column are determined by thpesate (Becker &
Wolff|12005). A discussion of the accretion column models is beybedscope 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
field strength increase towards the neutron star surface.

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

Comptonization|( Lyubarsky 19B6). The theoretically céted spectra of the ac-
cretion columnl(Basko & Sunyaev 1976; Becker & W#@005) describe the main
properties of the observed continuum reasonably well.

As shown by Basko & Sunyaev (1976, see their Fig. 4 and accoyimgdiscus-
sion), the amount of energy released by a unit of height oatleeetion column is
almost constant, so a significant part of the emission coroes the upper parts of
the column. In fact, the observed cfitpower-law shape of the spectra of accreting
pulsars is interpreted hy Basko & Sunylaev (1976)/and Beckefoffil (2005) as a
superposition of the emission coming from thé&elient parts of the column.

The whole column contributes both to the continuum and tdahmation of the
CRSF. The magnetic field changes by a factor of 10-100 witencolumn (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
byNishimurhl(2008) who showed that a line-like CRSF is ptiéldicted in this case.
Although mS) considered smaller gradierast(ir of 10) of physical
parameters (i.e. temperature and magnetic field) acrossdlienn, he showed
that the resonant scattering may still produce line-likeoaption features. The
resulting spectrum and particularly the energies of thergimg absorption features
are, however, connected non-trivially with the maximaldigirength within the line
forming region making it diicult to estimate the field from the spectrum alone.

Note also that the observed continuum spectrum and the shépepulse profile
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strongly depend on the viewing geometry. The understanafitigeir formation is

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

The inner parts of the column are more likely to be obscuretheyeutron star,
so the relative contribution to the total spectrum of theargmd lower parts of the
accretion column is expected to change with pulse phasee e magnetic field
strength increases towards the neutron star and the odsERSF is a superposi-
tion of features formed at fierent heightM@OS), one can expect the
centroid energy of the CRSF to shift to higher energies asdhé&ibution of lower
parts (where the field is stronger) increases. The coroelaif the CRSF energy
with temperature was indeed reported for GX 3@by|Kreykenbohm (2004,
see Table 3) and is confirmed by our spectral analysis.

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

Also the pulse fraction is expected to increase with eneltggt (s with the tem-
perature in the column). This behavior is a known commorufeatf X-ray pulsars,
and Vela X-1 and GX 3042 follow it as well.

Another feature of the CRSF phase dependence that may betpreid the “line
width - line energy” correlation. When the vertical span @ thbserved part of the
column is short (which is when only the upper parts of the cwlare 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 fielet@ses 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. 712).
It was also reported by La Barbera et al. (2003) for Vela Xee(Big[7R).

Note that the discussion aboveviery qualitative and in reality the situation is
probably much more complicated. For insta@l@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 isuymiarted by the ra-
diation field and thus falls with nearly free-fall velociw ) 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 362 (left panel) and Vela X-1 (right panel). For GX 362 the
correlation was found by Kreykenbohm et al. (2004RXTE data (red crosses) and was
confirmed by my phase-resolved analysis (black points). For Velahé tesults reported by
ILa Barbera et all (2003) witBeppoSaxdata are plotted. The same correlation was reported
by[Coburn et d1/(2002) for a number of other sources observeXHE.

the column:

I 1-vcosd/c+2+/1-v2/c?sing
(1-vcosd/c)®

Hered is the angle between the emission direction and the plasioaityev (see
Fig.[7.3). Assuming that the plasma of the outer layer faith free-fall velocity

U= 1/@ one may estimate that for a column lower thai0 km most of the
emission is intercepted by the neutron star (seeEig). 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 identified (Ferrigno &t al. 2009). Hard éomissill be mostly re-
flected (Lyubarsky 1986). Note that there is a gradient inmeég field strength
across the surface of the neutron star as & éssiné proportional to latitude. Tak-
ing into account the enormous resonant cross-section opiexmpect that resonant
scattering will be also important for the reprocessed domnssThe observed spec-
trum will be therefore a pulse-phase dependent sum of thetrspgemerging directly
from the two accretion columns and the component reprodeéagbe atmosphere
of the neutron star.

The main message here is that the usual assumption thatetgyef a CRSF al-
lows to estimate the magnetic field of the neutron star is iified if we observe
emission from a small polar cap. Note that even in this caseedprocessing in

(7.5)
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Figure 7.3: Fraction of total flux from the column intercepted by the newtar 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 presentedigréky & Sun-
yaev (1988) (1-free-falling plasma, 2—deceleration zone, 3—gtaettling). The right panel
shows graphically how much light actually escapes from the column asdsgattered 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 beaetealso for other
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accreting pulsars. Indeed, the majority of pulsars whidhitika CRSF in their
spectra are luminous and therefore an accretion columiaélylto form in these
sources. One may argue that the luminosity estimates aralitega for the forma-
tion of accretion columns are somewhat uncertain (for mstathe configuration
of the magnetic field is important for the formation of thewsah), and therefore
high luminosities do not |m that the accretion columnlwideed form. This
issue was discussed 07), who investigated hevptilse-profiles of
accreting pulsars change W|th energy.

Using a sample of all pulsars in the Galaxy and Magellanicu@$ofor which
pulse-profiles in several energy ranges were avail 42007) found that
the sample may be divided in two groups: pulsars where treepariofile does not
change significantly with energy (“regular” ulsars , andsprs for which it does
change significantly (“irregular” pulsar 0Wticed that the “regular”
pulsars typically have luminosities belows x 1036 ergs st ~ L* defined by[(Z11),
while “irregular” ones are more luminous (see Figlird | I45ak|ng into account
that an accretion column is expected to form for higher lwsity pulsars and also
that it is dificult to explain the “irregular” pulse profiles if the emissicomes from
a polar cap 7) concluded that the change in puisfile 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 significant changes of the pulse-profile shm)

WhileKarind [2007) did not discuss CRSFs, it is important aterthat the ma-
jority of the pulsars which exhibit a CRSF in their spectm@iaot only luminous but
also fall into the “irregular” group (see Figure.4). | cates this as an indepen-
dent strong argument that these sources do indeed host @ti@eccolumn. One
definitively has to keep this in mind when estimating the nedigrfield of neutron
stars using the observed CRSF energy. | wish to concludeutiidtthe structure
of emission region, the formation of the spectrum and palgity of the CRSF in
accreting pulsars are really understood, it is dangerotedymnly on the observed
energy of the CRSF to estimate the magnetic fields of the oegtars.

INote that this was also a case for pulsars in Magellanic alouikre 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 profiles by luminosities. The same is shown for pulstrgselid 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 field obtained from the observed CR®Fggrwith the
stronger field required by timing considerations. The estérof the magnetic
field in the latter case is obviously model-dependent. Weilshthverefore discuss
whether it is possible to explain the timing properties afggeriod pulsars with a
model which does not require a strong magnetic field.

A brief review of all currently available torque models wasgem in Chapte[R.
As already emphasized there, the torque balance is detednbiy the interaction
between the magnetosphere and the plasma. As we have shopusk frequency
evolution depends on the magnetosphere radius, accretierand the rotational
frequency. Indeed, it is flicult to imagine, that the braking torque can be present
in absence of matter. | would like to point out, however, thatonly model which
satisfies this requirement and has a correct functionalrtpee, is the one by II-
larionov & Kompaneets (1990), and for this reason the esémiay Lipunov!(1987)
and Bisnovatyi-Kogar (1991) should be considered an ajipation.

Thellllarionov & Kompaneets (1990) model, on the other haaduires an out-
flow of matter to be formed. At the moment there is no directeobetional ev-
idence for such an outflow. The criteria for the outflow forimatformulated by
the model authors are qualitative, and do not take fact&esdiccretion geome-
try, plasma heatingooling timescales and details of magnetosphere-plastesa in
action.

In fact, this is a problem for the other models as well: ourrgamowledge of
the processes which lead to the angular momentum exchahgedrethe neutron
star and the accretion flow requires some qualitative assongpin order to esti-
mate the torquediecting the neutron star. We observe here, that these assasipt

(i.e. the presence of an outflowlin Illarionov & Kompanee®dQ) or of a shock in
thel Bisnovatyi-Kogan (1991) model) and the accompanyingistl justifications

answer mainly the question “how does the angular momentwhamge between
the neutron star and the matter proceed?”. We here wish ts fog 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 obseywatigrounds.

As pointed out by Illarionov & Sunyaey (1975) and Bisnovatgigan (1991) the
accretion from wind away from the magnetosphere boundagylraaonsidered as
a quasi-spherical adiabatic inflow. The orbital angular rantam of the accreting
matterL = kQRzG is conserved and hence it spirals-down to the neutron star wi
angular frequency

RG)Z,

wm(r) = Q(T 8.1)

and nearly free-fall velocity

Uff = T (82)

The matter falls down till the pressure of the magnetic fietghs it at the magne-
tosphere boundary. Here the matter couples with the magfietd lines and thus
acquires angular velocity equal to that of the neutron stflux of angular momen-
tum across the magnetospheric boundary must occur if thelamngelocity of the
in-falling matterwn, differs from that of the neutron star. In other words a torque

K = Im@m = AMR}, (wm(Rw) - w) (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 byctireteon flow. Here
A characterizes the moment of inertia of the plasma shell twimieracts with the
magnetosphere.

Once the matter penetrates the magnetosphere it contindeéalong the field
lines and exerts a spin-up torque

K; = BMRSw (8.4)

onto the neutron star. Hel® 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

lé» = AMRZ, (wm(Ru) — ) + BMRS w (8.5)
or, taking into accounf(8l1), as
l» = AMQRZ — (A- B)MwR,. (8.6)

HereRg andRy are gravitational capture and magnetospheric radii defige@. 1)
and [Z.8). We assume thAtincludes a factor cosy which emerges if they and
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Q are not aligned. Apparently it is required (although ndfisient) thatA > B for
the neutron star to spin down. The physical meaning of thgsirement is really
simple: the angular momentum flux throuBfy 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 outflow forms within the magnetosphere which carries thgeudar momentum
away as in the lllarionov & Kompanekts (1990) model. In soevess[[85) is a gen-
eralization of the Illarionov & Kompaneets (1990) model.amawe do not consider
by which means the angular momentum gets transported. Tyscgahmeaning of
(A—B)/Ais the fraction of angular momentum which is not transfetredugh the
magnetospheric boundary, or equivalently gets expellat the neutron star.

In thellllarionov & Kompaneets (1990) model the presence ofiaro-scale
outflow implies A - B) ~ 0.1. More than half of the angular momentum is not
transferred to the neutron star but carried away by the ouffioe authors fixA =
0.25).

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

Assuming thatA and B are constants (they may depend on the accretion rate
but the assumption is justified if we consider a fixed accretiieM ~ Meq when
w = 0), we can derive the connection between thefodents:

KIQRE o = kowR) (8.7)
herek; = A< 1, 0< ks = (A—B) < 1 (ky = ky andks = k; inllllarionov & Kompaneets

) model), andv, Q are the spin and orbital frequencies of the neutron star.
Note, that as we discussed in Chajiter 6, the[Ed. 6.3 allowsrtsti@ink,, = k;
from the observations assuming some reasonable wind peganand 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 o JTRépWU (8.8)

wherepy, v are the wind density and the relative velocity between wind the
neutron star. Froni.(8.7) we can substitkénto (8.8) and get

%-éé‘eq). (8.9)

|(}) = kzweqRi%/l’eqM
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Itis usually assumed that the accreting pulsars spin atyneguilibrium frequency,
SOw = weq. 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 densityRs = Rgeq and taking into account Ed._(8.8) the dynamical
equation may be rewritten as

M 47
| = koweqRey eqM [1— NTj 5 ] (8.10)

We can now dierentiate it with respect th to find out how the spin of the neutron
star is dfected by changes in accretion rate, so we can compare tHesnegh the
observed “flux"-"frequency derivative” correlation:

. 147
ow 3 Mgq
v kzwequA’eq(l— ol (8.11)
or, at the equilibrium
ow 4
| (a_M) = 7kzwequ,Leq. (8.12)
eq

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

M4/3
= M CEF IR (8.13)
The dynamic equation then takes form
| s (g
lw= kz‘”eqR%/l,eqMW (1— W , (814)
eq
and the partial derivative ovédl will be at equilibrium point
ow 40

| (W)eq = ﬁkza)eqR,%A’eq. (8.15)

The dependence of the spin frequency derivative on the @memate is therefore
the same in both cases o
w
I[—] =Cxk 8.16
(BM )eq zweng%A,eq ( )
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and only the constari is different. 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 (Ce< [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 field. It does not depend on the accretion rate oh@mndiative velocity
between wind and the neutron star. The problem is that we canamstrain the
numerical co#ficientky from first principles. Still we can put a lower limit on
magnetic field strength (sinde < 1 andC € [0.5, 2]):

P1oos( dw
Ru ~ 1.26x 10° (_) . 8.17
koC \OM /gq 68.17)

HereP1gosis the pulse period in units of 100s, aﬁ%)eq is in units of 101252

per 13°gs . From the observed “flux"—frequency derivative” corrétats one
immediately derive(sg—ﬁ)eq 1, ~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
fields of B> 10'3G for GX 301-2 andB > 5x 10 G for Vela X-1, i.e. still a fac-
tor of two more than required to reconcile with the observ&E energy. Keep
in mind also that this is a lower limit and if we consider théireates ofk; men-
tioned above and th&p < k;, we will come up with significantly stronger fields as
was shown in Chaptéi 6. Other means of estimation of the ntagjpigeric radius
considered there for Vela X-1 also give larger valuesRigr

We conclude here that a lower limit on the magnetic field caadtienated 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 field and believe that it may trigger importantife work aimed to
really understand the CRSF formation process in accretigpps.



CHAPTER 9

Summary and outlook

In this dissertation | studied the long-standing problerthefexistence of accret-
ing pulsars characterized by long spin periods. Accretngars 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, viahiapidly gains angular mo-
mentum while the accretion proceeds (spin-up torque). apiears to be the case
also under the most conservative assumptions about the@fraxf angular momen-
tum transferred to the neutron star. Observations showet al. ), however,
that the majority of known X-ray pulsars not only have londspweriods, typically
> 100, significantly longer than the one neutron stars aievsel to have at birth,
but also that many of these systems exhibit long-term spimrdtrends 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 ficiency of braking depends on the size of the magnetosphelre an
therefore the magnetic field of the neutron star. A strong fielisually required to
explain the observed long pulse periods.

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

In my thesis | have conducted a detailed observational stiidlgree 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

129
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of the source, | have discovered a cyclotron line- &b keV, which was later con-
firmed 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-profileggraependence,
while the pulse phase-resolved spectral analysis showesbwious dependence
of the CRSF parameters on pulse phase. These findings hanepbblshed in
Doroshenko et all (2010h); Staubert etlal. (2011); Suchy/ €2@11).

To study the properties of GX 362 | firstly used the data obtained in a dedi-
cated observation obtained WitNTEGRAL of the so-called “pre-periastron” flare.
| also usedNTEGRAL public archival data to extend my analysis to other orbital
phases. The search for a CRSF harmonic inItf€EGRAL spectrum was un-
successful and the results of the spectral analysis (imguaulse-phase resolved
spectroscopic) confirmed earlier published findings (Kemjohm et dl. 2004). |
therefore focused on the timing properties of the source ifinproving the or-
bital ephemeris of the system. To study in detail the sedir@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 flux (hence the accretion rates) indeed found for
GX 301-2. This came out to be a key finding of my research. In fact,, firgs
correlation unambiguously shows that the acceleratingbeakling torques of the
system are balanced, which is the essential condition medjfdr a sound estimate
of the magnetic field based on the torque theory. Second, dasuned spin-up
rate at high accretion rates provides evidence for a stronglerating torque and
consequently a similarly strong braking torque is requicedxplain the observed
equilibrium. Moreover, the modeling of the discovered etation, on the base of
the state of the art torque theory, has unambiguously @drifiat a magnetar-like,
B ~ 10" G is required to explain the timing behavior of the sourceisTmas a
surprising and key result. This part of my work was publisteBoroshenko et al.
d[ifﬁ}a).

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 aetiadield of > 103 G.
With the aim of obtaining an independent evidence of suchamgtfield, | also re-
viewed other observational properties of Vela X-1. As | shiowhaptef B, (1) the
distribution of the so-called ‘f-states” (when the source “switchef"ofor sev-
eral pulse periods) with the orbital phase; (2) the frequesfdhe quasi-periodic
oscillations reported by Staubert et al. (2004); Kreykénbet al. (2008b); (3) the
power-density spectrum of the X-ray emission can be nayuexiplained in the
ultra-strong field scenario. These findings were summaiizé&broshenko et al.

).
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To study the properties and the origin of thef*states”, | extensively searched
the public archival data on Vela X-1 of various missions.eehsuch episodes were
indeed observed bguzaku The low background level and the high sensitivity of
Suzakuallowed for the first time the detection of pulsations andghely of the
spectral properties of the source during thé&-state”. The observation of pulsed
emission suggests that accretion still proceeds, whicliesthat matter still leaks
through the magnetospheric boundary. In my thesis | ingrris result in the
context of the scenario proposed| by Burnard et al. (1983)evee KHI instability
is responsible for the leakage of the plasma. | also conchatehis scenario favors
a strong magnetic field.

The X-ray spectrum of Vela X-1 during the ffestates” changes drastically and
provides matter for future elaborations. While the ¢ufmwer-law spectrum in
normal state can be interpreted as emerging from the ageredlumn, during the
“off-states” the cutfd 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 Triimper et al. (2010) for AXPs. Mateow-luminosity
persistent sources like X Per also show similar spectrarg@sdts discussed above
are reported in Doroshenko ef al. (2011a).

To reconcile the values of the magnetic field estimated framue models with
the ones obtained from the detection of CRSFs in the speti&Xa301-2 and
Vela X-1, | carefully investigated a generalized torque eldd ChaptefB. | con-
clude that, based on very general angular momentum corigenaaguments it is
not possible to significantly reduce the required field tgkiimto account the ob-
served “pulse frequency derivative” — “flux” correlatiomdaa diferent scenario
should be invoked to solve the discrepancy.

So why a field ofB ~ 10— 1014 G is obtained from timing arguments and the
observed CRSF energy (20-50keV) gives us a magnetic field-d6 2 1012 G?
| 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 accretioras above the polar
caps. | estimate that a column height of several kilometershoth GX 3012
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
definitively contribute both to the observed continuum amthe CRSF (Basko &
Sunyaev 1976). On the other hand, the resonant scatterhegions with stronger
magnetic field (i.e. inner part of the column) might well remannoticed since the
spectra of accreting pulsars are relatively soft and it @wdad dificult 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 surpriéingears after their
discovery, but it's a fact. Even the most recent physical eedf the intrinsic spec-
trum from an accretion column_(Becker & WbPR007), do not take into account
important éfects like resonant scattering and the relativistic beartomgrds the
neutron star (Lyubarsky & Sunyaev 1988). Moreover, due ¢éocbmplicated geo-
metrical dfects (including gravitational light bending) the obserggectrum may
differ considerably from the intrinsic spectrum of the colu@l@.
It is also worth to note that recent studies of CRSF formatiomagnetized ac-
cretion Column8), concluded that line-bsorption features are
expected to form even if there is a substantial gradientenvdiue of physical pa-
rameters across the line-formation region. The observe8FCEhergy is therefore
non-trivially related to the surface field. In conclusiorpdlieve that there are too
many open questions regarding the formation of the CRSFeelyoon their ob-
served energies as the only estimate of the magnetic fieldeastar. All possible
ways to estimate the magnetic field shall be explored instead

Such an “exploration” has only been started in this thesizreMan be certainly
done to clarify the intriguing question of the field of “slowllsars:

e 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 flux in other accreting pulsars.

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

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

o Ifthe “off-states” are interpreted in terms of the “gated accretigghario as
proposed in this work, new interpretation of the quiescéattesof 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 “fi-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.

e | anticipate that in the “gated accretion” scenario one alguects to observe
“anti-off-states” from a source in quiescence. These are short flatie$uw
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 flares as well as the fefot®after the
flare may also help to constrain the magnetic field. This steneas dis-
cussed by Bozzo et al. (2008) in the context of super-fasayXtransients,
but similar activity may be observed also in normal pulsars.

e Magnetospheric flares similar to those observed in SGRs awdmAXPs
could be also searched for. Note that to find this type of #@gtim AXPs
many hundreds of kilo-seconds of pointBX TE observations were required
), so it could pass unnoticed in ordinary atiogepulsars. Note
also that the burst monitoring systems like GCN (includirATEand IBAS
on INTEGRAL) blacklist known accreting pulsars. On the other handether
is no reason to believe that this activity does not take p(agen the Sun
exhibits it!), and the fluence of the magnetospheric flarégl®ved to be re-
lated to the strength of the magnetic field providing yet bagtindependent
estimate of the field.

e 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 valuectrtfee modeling
of the pulse-profiles shall be considered integral partisfghoblem.

What are the magnetic fields of the neutron stars in accretiragypulsars? Do
we have evidence of magnetar-like sources in binary systefre CRSF tracing
the field of the neutron stars in binary systems? Is the tatgakage of the
plasma from the boundaries of the magnetosphere to thecewfahe neutron star
understood? Are the current models of the torque theoryusde® Do we have
evidence of short flaring activity from these systems? Andheyway do we have
evidence of the two regime of accretion accretion colymasinds in accreting
pulsars?

Some of the points above are already being addressed. Wtilie atoment |
have started the search for newff*states”, and for the detection of SFXT type ac-
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tivity and for magnetospheric flashes in accreting pulsarsgroup also continues
to work on pulse profiles modeling, on the formation of the ER&hd of the spec-
trum of accretion column. We also collaborate with a groullascow (K. Postnov
and N. Shakura) to further refine the torque theory. | singdrepe that at the end
of this journey, we will understand much more on the physfcgooreting pulsars.
Although discovered more than forty years ago they remacifiating objects and
may be the key to some unification theory of magnetic field ofjmetized neutron
star systems.
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