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Abstract

X-ray binaries are binary systems in which a compact object accretes plasma
from their non-degenerate primary stellar companions. According to the mass of
the primary star, X-ray binaries are divided in two classes: low mass X-ray binaries
(LMXB), in which the mass of the companion is less than or of the order of a solar
mass; and high mass X-ray binaries (HMXB), in which the mass of the primary is
usually more than ten solar masses.

The different phenomena observed are also related to the nature of the compact
object, which can be a white dwarf, a neutron star or a black hole. The fundamental
mechanism to produce the high luminosity observed in X-ray binaries (L ~ 103 —
108 erg/s) is accretion, by which the gravitational energy of accreted matter is
released and thermalised on the surface of the compact object.

Accreting X-ray pulsars are X-ray binaries and more specifically highly magne-
tised neutron stars (B ~ 10'2 —10'* G) in close binary systems accreting plasma
from their normal low or high mass companions. In these systems, at the so called
Alfven radius, the pressure of the infalling matter is balanced by the pressure of the
magnetic field of the neutron star. The accreted plasma is channeled along the mag-
netic field lines (which in the simplest approximation have the form of a dipole)
onto the neutron star surface. X-rays pulsations arise due to the misalignement
between the spin rotation axis of the neutron star and its strong magnetic field.

The observed phenomena of accreting pulsars are rather complex. They include
light curves, spin and orbital periods and their variability, energy dependence of
pulse profiles, as well as pulse and time dependence of energy spectra. It is through
the understanding of these phenomena, and their comparison with theoretical mod-
els, that mechanisms for the formation and transport of the radiation can be clari-
fied.

This work presents a systematic study of a sample of X-ray pulsars observed
with BeppoSAX mission. The sample includes all observed sources that show a
cyclotron line feature in their energy spectra. In the first part of the thesis the
basic properties of X-ray pulsars, the instrumentation onboard BeppoSAX and the



methods used for the data analysis are presented and discussed. The second part
presents the results of observations of nine X-ray pulsars. Most of these Bep-
poSAX data were analysed for the first time. Among the most interesting results
obtained in the work are the discovery of the cyclotron line feature in the unique
source GRO J1744-28, the transient bursting pulsar with intermediate type bursts;
the unprecedented temporal and spectral analysis of the BeppoSAX data of
XTE J1946+274 during its outburst in 1998; the study of the spectrum of Her X—1
that can be described for all 35 day phases with approximately constant photon in-
dex if a partial covering component is included in the model at some phases; the
comprehensive broad band timing and spectral analysis of the pulsars 4U 1626—67,
4U 1907+09, 4U 1538-52 and 4U 0115+63; the spectral and timing behaviour of
Cen X-3 during its low and high states.

The third part of the thesis is devoted to the study of the sample properties of the
X-ray pulsars with cyclotron lines. Through this study several correlations between
the cyclotron line parameters and the continuum were analysed and discussed in the
framework of the existing literature. I also show that the cyclotron line parameters
can significantly depend on the choice of continuum model. The observed rich
phenomena was eventually interpreted in the light of theoretical models recently
developed to explain the emission of these sources.



Zusammenfassung

Rontgendoppelsterne sind Doppelsternsysteme, in welchen ein kompaktes Objekt
Plasma von seinem nicht entarteten Begleiter, dem Primirstern, akkretiert. Abhén-
gig von der Masse des Primirsterns werden Rontgendoppelsterne in zwei Klassen
unterteilt: sogenannte low mass X-ray binaries (LMXB), bei welchen die Masse
des Begleiters in der Groenordnung von einer Sonnenmasse oder darunter liegt;
und high mass X-ray binaries (HMXB), bei welchen die Masse des Primirsterns
tiblicherweise mehr als zehn Sonnenmassen betrigt.

Die zu beobachtenden, unterschiedlichen Phianomene hingen auch mit der Art
des kompakten Objektes zusammen, das ein weiller Zwerg, ein Neutronenstern,
oder ein schwarzes Loch sein kann. Der grundlegende Mechanismus zur Erzeu-
gung der hohen Leuchtkraft (L ~ 10°> — 10°® erg/s), die in Rontgendoppelsternen
beobachtet werden kann, ist die Akkretion, durch welche die Gravitationsenergie
der akkretierten Masse freigesetzt und die Masse an der Oberfliche des kompakten
Objektes aufgeheizt wird.

Akkretierende Rontgenpulsare sind Rontgendoppelsterne, beziehungsweise, ge-
nauer gesagt, stark magnetisierte Neutronensterne (B ~ 102 — 10'* G) in engen
Doppelsternsystemen, die Plasma von ihrem normalen massearmen oder -reichen
Begleiter akkretieren. In diesen Systemen befindet sich am sogenannten Alfvén-
Radius der Druck der einfallenden Masse mit dem Druck durch das Magnetfeld des
Neutronensterns im Gleichgewicht. Das akkretierte Plasma wird entlang der Ma-
gnetfeldlinien (welche in einfachster Nidherung die Form eines Dipols haben) auf
die Oberfliche des Neutronensterns gelenkt.

Die beobachteten Phinomene akkretierender Pulsare sind recht komplex. Sie um-
fassen Lichtkurven, Spin- und Orbitalperioden, deren Verinderlichkeit, die Energie-
abhingigkeit von Pulsprofilen sowie die Puls- und Zeitabhidngigkeit von Energie-
spektren. Durch das Verstiandnis dieser Phanomene, und den Vergleich mit theoreti-
schen Modellen, konnen die Mechanismen zur Entstehung und zum Transport der
Strahlung erschlossen werden.

Diese Arbeit préisentiert eine systematische Studie einer Auswahl von Rontgen-
pulsaren, welche mit der BeppoSAX Mission beobachtet wurden. Die Auswahl bein-



haltet alle beobachteten Quellen, die eine Zyklotronlinie in ihrem Energiespektrum
zeigen. Im ersten Teil der Dissertation werden die grundlegenden Eigenschaften
von Rontgenpulsaren, die Instrumente, mit welchen BeppoSAX ausgestattet ist, so-
wie die Methoden, die bei der Datenanalyse angewendet werden, vorgestellt und
diskutiert. Der zweite Teil zeigt die Ergebnisse fiir Beobachtungen von neun Ront-
genpulsaren. Die meisten dieser BeppoSAX Daten wurden zum ersten Mal analy-
siert. Zu den interessantesten Ergebnissen der Arbeit zihlen die Entdeckung der
Zyklotronlinie in der einzigartigen Quelle GRO J1744-28, dem kurzzeitig ausbre-
chenden Pulsar mit Zwischentypen von Ausbriichen; die erste Zeit- und Spektral-
analyse der BeppoSAX Daten von XTE J1946+274, welche wihrend des Ausbruchs
1998 aufgenommen wurden; die Untersuchung des Spektrums von Her X—1, das
fiir alle 35 Tagesphasen mit einem annidhernd konstanten Photonenindex beschrie-
ben werden kann, wenn im Modell bei manchen Phasen eine teilweise verdeckende
Komponente mit einbezogen wird; die umfassende Zeit- und Spektralanalyse im
breiten Energiebereich der Pulsare 4U 1626—-67, 4U 1538-52 und 4U 0115+63;
das spektrale und zeitliche Verhalten von Cen X-3 sowohl im Zustand niedriger
als auch im Zustand hoher Leuchtkraft.

Der dritte Teil der Dissertation beschiftigt sich mit der Untersuchung der Eigen-
schaften der gesamten Auswahl an Rontgenpulsaren mit Zyklotronlinien. Durch
diese Untersuchung wurden mehrere Zusammenhinge zwischen den Parametern
der Zyklotronlinie und dem Kontinuum analysiert und im Rahmen der bestehen-
den Literatur diskutiert. Ich konnte ebenfalls zeigen, dass die Parameter der Zyklo-
tronlinie mafgeblich von der Wahl des Kontinuummodells abhidngen kénnen. Die
beobachteten, umfassenden Phinomene werden schlieflich vor dem Hintergrund
kiirzlich entwickelter, theoretischer Modelle interpretiert, um die Emission dieser
Quellen zu erklidren.
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Astrophysics is a branch of physics and astronomy which aims to understand the
physical processes in celestial objects based on the limited observational informa-
tion available. This mainly comes in form of electromagnetic waves in all energy
ranges from radio to gamma. The multi-wavelength observations, which changed
our view of the universe completely, became possible relatively recently: the radio
in the *30s and the far infrared, far ultraviolet, X-ray and gamma-range in *60s —
’80s of the last century. This work is dedicated to the analysis and interpretation of
the X-ray observations of the accreting neutron stars carried out by the BeppoSAX
mission in 1996 — 2002.



CHAPTER 1

X-ray Binaries

1.1 Neutron Stars

Immediately after the discovery of the neutron ) suggested for the
first time that a superdense state of matter might be realised also in macroscopic
objects, i.e., neutron stars (NSs, see a historical review by [Yakovlev et all |2Q]_3|).
Soon after Baade & Zwickyl (1934) suggested that such objects may form follow-
ing the core collapse of massive stars. A theoretical investigation of physical con-
ditions inside the then hypothetic NSs was published soon after b Eﬁ ).
In 1939 |Oppenheimer & Volkoff (1939), using the work ofmé (1939), calcu-
lated an upper bound to the mass of NSs, which is approximately 1.5 to 3.0 solar
masses (Tolman—Oppenheimer—Volkoff limit). However, only in 1967 A. Hewish
and J. Bell discovered the first NSs, observing radio pulsars (IHmmh_e_t_al“l%ﬂ
A year later Pacini @) wrote a predictive paper about the rotating NSs, pulsars
and supernova remnants. Accreting NSs in a close binary systems were later also
discovered as compact X-ray sources with the first X-ray satellite Uhuru in 1972
(Giacconi et all[1972).

In most cases NSs form during the core collapse of massive stars with mass on the
main sequence exceeding 8 — 10Mg. The core collapse is accompanied by type II
or type Ib/c supernova explosions, so the total number of NSs in our Galaxy may
be estimated based on the observed supernova rate, and turns out to be quite large:
~ 108 - 10°. NSs are not particularly rare objects.

They do have, however, many extreme properties. The radius of a solar mass
NS is just about 10 km, so matter density in the core is higher than that in atomic
nuclei pg ~ 2.8 - 104 g/cm3. However, unlike in atomic nuclei, in NS the gravity is
still able to balance the “strong” force making them unique natural laboratories that

The Nobel Prize in Physics 1974 was awarded jointly to Sir Martin Ryle and Antony Hewish “for
their pioneering research in radio astrophysics: Ryle for his observations and inventions, in particular of
the aperture synthesis technique, and Hewish for his decisive role in the discovery of pulsars”.

14



Chapter 1.2: Binary Systems 15

allow to study the fundamental physics under extreme conditions. Compactness of
the NSs makes them also an ideal probe to verify the predictions of general relativity
with high precision.

For the discovery and long-term observations of the double pulsar PSR 1933+16
astrophysicists J.Taylor and R.Hulse received the Nobel Prize in physics in 19937
Observations of this and similar objects provide the most precise mass estimates for
the NS masses, and the most rigorous verification of the general relativity including
the existence of gravitational wavedl. The summary of the combined measured
masses of the NSs in binary pulsars is presented on Figure [LT}

Although theoretical lower limit of the mass of a NS is about 0.1 M, in all cases
the observed masses exceed the solar mass. The maximal mass of the NS (Tol-
man—Oppenheimer—Volkoff limit) is also known only approximately (about 3 M).
The corresponding estimates of NS size lie in the range of 10 — 15 km. In fact, radii
of NSs can be less well constrained. So far the measurements of the radius have
been performed only for X-ray bursters (see for example ;

\Watts et all[2016; [Suleimanov et all2016). From the observations is also known

that NSs can have ultra-strong magnetic fields, up to 101 —10'* G (see for a review

[Revnivtsev & Mereghetti 2015).

1.2 Binary Systems

In most cases the progenitors of NSs are members of the binary systems (Fig. [[.2),
and the mass transfer between the binary components is thought to play essential
role in the evolution of the system and formation of NSs. However, the supernova
explosion accompanying the birth of the NS is likely to disrupt the binary, so the
majority of NSs are, in fact, observed as isolated radio-emitting pulsars. On the
other hand, the NS might also remain in binary, and then the mass transfer from the
non-degenerate might power accretion onto the NS. In this case the kinetic energy
of in-falling matter thermalises upon impact with the surface and is then emitted in
X-rays.

>The Nobel Prize in Physics 1993 was awarded jointly to Russell A. Hulse and Joseph H. Taylor Jr.
“for the discovery of a new type of pulsar, a discovery that has opened up new possibilities for the study
of gravitation”.

3The Nobel Prize in Physics 2017 was divided, one half awarded to Rainer Weiss, the other half
jointly to Barry C. Barish and Kip S. Thorne “for decisive contributions to the LIGO detector and the
observation of gravitational waves”.
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Figure 1.1: An up-to-date compilation of NS mass measurements in various source cate-

gories. From Ozel & Frgird (]M).
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Figure 1.2: Artist’s representation of a binary system with a Roche lobe accretion.

1.2.1 Accretion

Accretion is a very effective way to produce energy. So, accreting sources are
amongst the most luminous objects in the Universe. Their luminosity is given by:
dE ¢ mdM

L:—‘:G———G M 1.1
dt rodt r (1.1

where L is the luminosity, m and r are the mass and radius of the compact object,
M is the mass accretion rate of the mass inflow (see for a review |[Lipunov et al.
1992). It is seen that the higher accretion rate gives the higher luminosity. In the
X-ray binary systems (XRBs) containing a NS or a black hole (BH), the luminosity
Ly can reach up to ~ 103 ergs s™!. But there is a limit on the luminosity to the
accreting source, called Eddington luminosity. If we look at the plasma at a distance
R with the luminosity L, than the flux is given by:

L
= R
Photons and electrons in the plasma interact via Thomson scattering, and the
interacting force is

(1.2)

F
Fi=—2T (1.3)
C
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where

sr( ¢\’ -25 ., 2
or==\— ~ 6.7-107"cm (1.4)
(S

is the Thomson scattering cross section. The gravitational force by the central ob-
ject with mass M is given by:

GMm,
Fo = o (1.5)
And equilibrium
Fi=F, (1.6)
is possible at the critical Eddington luminosity:
4rGMmyc M
Ligg = =200 o8 LS8 (1.7)

agT Mo S

This is the maximum luminosity an accreting object can achieve because of accre-
tion, assuming spherically symmetric accretion and steady flow.

Mass transfer in binary systems is always accompanied by angular momentum
transfer, so, taking into account their moment of inertia, compact NSs must all be
spinning. If the NS is strongly magnetised, the captured matter will be funnelled
onto the magnetic poles, and the energy release will be anisotropic. Should the
magnetic and rotation axes be misaligned, the X-ray flux observed by external ob-
servers will vary periodically and the NS will appear as an X-ray pulsar (see for
a review Bildsten et al! Uﬂﬂ). If the magnetic field is weaker than ~ 103 G, the
matter is accumulated on the surface of the NS, which might lead to the ignition
of thermonuclear burning once the temperature and density exceed certain critical
values. In this case the so-called thermo-nuclear bursts are observed
[1993).

If the angular momentum of a particle is too high, matter can not fall directly onto
the compact object. Plasma follows the circular orbit with the lowest energy given
its angular momentum. But dissipative processes, like viscosity, are in place, and
the orbiting plasma looses angular momentum forming an accretion disk (Shakura
& Sunyaev|1973). To form the accretion disk the orbital radius has to be larger then
the effective size of the accreting object. This condition is always satisfied in case
of Roche lobe overflow (see Section[I.3) and sometimes for wind accretion.

1.2.2  Low Mass X-Ray Binaries

A low mass X-ray binary (LMXB) is a binary system with a NS or a BH compact
component orbiting the low mass optical star (less then 2M, A to M spectral class)

filling its Roche lobe (see for a review [Tauris & van den Heuvel 2006). The ac-

cretion onto the compact object proceeds via Roche lobe overflow, and typically
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an accretion disc around the compact object is formed. These systems are rela-
tively old, and the optical luminosity of the late-type non-degenerate companion
is typically much less than that of the accretion disk and of the X-ray luminosity
emerging from the compact object. Being old objects, LMXBs concentrate in the
thick galactic disk, the bulge, and in the globular clusters. The orbital periods of
these systems range form tens of minutes to several days. Typical luminosities are
of the order of 10373 erg s7!. About 20% of all known LMXBs are BH candidates,
while the rest mostly consists of weakly magnetised NS (B < 10'° G). LMXBs are
rarely observed as X-ray pulsars.

On the other hand, they often exhibit flux and spectral variability on all timescales,
including X-ray bursts, spectral state changes, and so-called quasi-periodic oscilla-
tions (QPOs). Most of this variability is thought to be related to the extent and
stability of the accretion disk.

Systems which exhibit thermonuclear X-ray bursts are called bursters. This type
of bursts (referred as Type I) is usually observed from systems with moderate local
accretion rates which are insufficient for stable burning of matter on the NS surface.
Matter thus accumulates until the temperature and the density on the surface reach
certain critical value sufficient to ignite thermonuclear burning, and then a burst is
observed. Systems with higher accretion rate and magnetic field sometimes also
exhibit X-ray bursts (so-called Type II), which are thought to have a different origin

). Type II bursts appear in binaries with a higher local accretion
rate and magnetic field (B ~ 10'° G). In these systems the matter follows the mag-
netic lines and falls down to relatively compact polar areas. This results in a higher
plasma density, so the thermonuclear burning is likely to be stable. The bursts occur
in this case due to the unstable accretion rather than due to unstable thermonuclear
burning.

1.2.3 High Mass X-Ray Binaries

High mass X-ray binaries (HMXBs) are systems with massive giant OB (more than
15M¢) or Be stars (more than 5Mg). The compact object is usually a NS, and only
a few systems likely host a BH. The Be systems have typically very eccentric orbits
with eccentricity e > 0.5, and the accretion mainly proceeds from the equatorial
wind of the Be star only when the NS is close to the periastron. Most of Be systems
are, therefore, transients (see Fig.[[3). The systems with OB companions, on the
other hand, typically have almost circular orbits with short periods and the compact
object accretes from the strong stellar wind of the companion (mass-loss rates are
up 107 My/yr, which implies X-ray luminosities of up to few 1038 ergs™!). Or-
bital periods of OB systems are usually from several hours to several tens of days,
whereas the Be systems have longer periods > 100 days. High mass stars evolve
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Figure 1.3: A compact object in an eccentric orbit around Be star (i.e. accretion is coming
directly from stellar wind, see [Bondi & Hoyle [1944). When the compact object is in the
periastron passage - the outbursts are observed. When it is outside the periastron, the BeXRB

is in quiescence. Image from Krgykgnt_)ghd dAEAI)

on timescale of ~ 10° yr M@), so it is clear that HMXBs are young objects.
NS in this systems are typically strongly magnetised with B > 10'2G and appear
as X-ray pulsars. The magnetic field is measured either indirectly using the spin
evolution of the pulsar, or directly using the so-called Cyclotron Resonance Scat-
tering Features (CRSF) observed in X-ray spectra of about half of all objects (see
Chapter2] Section2.2)).

1.3 Evolution in Close Binary Systems

The possibility of mass transfer between the components of a binary system im-
plies different evolution paths for all system components. While all stars do lose
some mass through the stellar wind, it is usually rather weak, and significant mass
exchange between the components normally occurs in close binary systems where
gravity of the more massive component might be sufficiently strong to allow direct
mass transfer. In the evolution theory of close binary systems, the Roche potential
is used to characterise the balance between gravitational forces from the compo-
nents and the centrifugal force. For point objects with masses M| > M» on circular
orbits with semi-major axis a| +a, = a in the coordinate system with X-axis point-
ing from the first star to the second and Z-axis directed along the orbital angular
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=
o

L3 + L2

Figure 1.4: Schematic view of the cross-section for equipotential surface in the Roche theory.
Some equipotential lines and the Lagrange points are indicated. The star M5 fills it’s Roche
lobe.

momentum, the Roche potential can be expressed as:
1
O = —szaZQR, (1.8)

where the dimensionless potential Qr(g) is a function of the mass ratio g = M>/M;.
The equipotential surfaces are found from the equation ®(x,y,z) = const. For cer-
tain potential value the two Roche lobes around the components come in contact
in the so-called inner Lagrangian point Li. Points L, Lo, L3 on the X-axis are
extremal points (maximum) for the Roche potential. In L4 and L5 the potential has
there a minimum (Fig. [[.4)).

The Roche lobes define volumes where the matter is gravitationally bound to a
given binary member, so both components are contained within their Roche lobes.
The radius of evolving star, however, changes with time and might at some point
exceed the Roche lobe size. In this case the upper layers of its atmosphere become
gravitationally unbound to the star. Most of the matter flows freely through the
inner Lagrangian point L; onto the other component (since there’s no change in
Roche potential there VO(L) = 0), which has a profound impact on the evolution
of both components. The mass transfer between the components typically happens
several times during the evolution of a binary system. Initially more massive stars
evolve faster, and the first mass transfer episode typically happens when the star
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leaves the main sequence and becomes a giant, and its radius starts to increase. If
the binary is compact enough, the giant might overfill its Roche lobe and then the
excess mass is transferred to the second component on the thermal time scale of the
supergiant (Kelvin—Helmholtz timescale):

2 2 -1
TM%TKH=%~3'1O7(£) (ii) yr. (1.9)
RL Ms) \Ro Lo
Here M, L and R are the mass, luminosity and radius of the star respectively and
G =6.6739x 1078 cm™3 g~! 572 is the gravitational constant.
For a qualitative understanding of the evolution of close binary system it is often
sufficient to assume conservative mass exchange (the full binary mass and the full
momentum are conserved).

1.3.1 Evolution of HMXB

Considering that this thesis primarily focuses on HMXBs, allow me to summarise

the evolution of two massive OB-stars in a circular orbit (Tutukov & Yungglsgﬂ

). Such system will go through the following evolutionary stages (Fig. [[L3)).

1. Both stars are confined within the respective Roche lobes. The duration
of this stage depends on the life time of the more massive companion on
the main sequence, and is about a few million years. At the end of this
time, in the center of the more massive star, a helium core with mass about
0.1 (M /Mx)'* My, is formed.

2. The more massive star moves to the red supergiant region and starts to lose
mass through the inner Lagrange point. The matter is transferred to the sec-
ondary star on thermal timescale (Eq. [I.9), so the duration of this stage is
very short (about few thousand years). As a result of this process the initially
more massive star is stripped off its hydrogen-rich atmosphere, and becomes
a non-degenerate helium star with a C — O core. If the initial mass exceeded
7 — 8 Mg, the remaining core will be quite luminous and so a strong stellar
wind might be launched. In this case a Wolf-Rayet star (WR-star) will form.

3. Helium in the core of the WR-star is burning to carbon. The time scale of
this stage is about 10° years. The number of such sources in the Galaxy is
estimated to be several hundreds.

4. The C — O core of a WR-star collapses to a NS in a supernova explosion of
type Ib (or Ic type if helium is left in the core). This happens in our galaxy
about 1 time in 100 years. The resulting binary system is likely to become a
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the number of binaries in the Galaxy, v - frequency of events. Image from
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so-called Be XRB with a Be star and a NS in a very elongated orbit. After the
supernova explosion the system can also be disrupted if the mass expulsion
is more than half system mass or if the explosion is strongly asymmetric and
thus the NS receives a strong “kick”.

. At this stage the binary system consists of a fast rotating Be star and a NS

(likely strongly magnetised) in an elliptical orbit. Be stars have strong equa-
torial stellar winds. At certain orbital phases (close to periastron) the NS
passes through this wind and can capture the matter from the companion.
The accretion rate can be significant, and the matter falls onto magnetic poles
producing a transient X-ray pulsar. Most of the observed X-ray pulsars in the
Galaxy are members of the Be systems. The duration of this stage is about
tens of thousands of years (the time of the Be star evolution).

. The secondary component gradually evolves and expands, so the NS might

at some point end up going through the outer layers of the red supergiant’s
atmosphere. In this case it will spiral down to the core of the supergiant
on timescale of several thousands years. The orbital angular momentum is
transferred to the the common envelope formed around both components,
which can be, therefore, expelled. The end-result of this stage is a hot helium
core (WR-star) with a NS in a very close circular orbit. If the NS managed to
penetrate deep into the companion’s core before the common envelope was
expelled, then the hypothetic Thorne — Zytkow object might be formed (i.e.
a NS with a dense extended envelope). Apparently the final product of the
evolution of this objects is a massive single NS or a BH.

. A WR-star at the end of the its evolution explodes as a supernova type Ib/c.

In most cases this leads to a disruption of the binary system, and, as a result,
two single NSs are produced. They move fast in the opposite directions (the
radio pulsars in the Galaxy are known to have large velocities). If after the
explosion the system remains bound, a double radio pulsar system might be
observed. This is expected to happen mainly in close binaries, so the two
radio pulsars, orbiting each other, are expected to lose orbital momentum
emitting gravitational waves: the system size decreases over time. Eventually
this leads to a merger of the two NSs accompanied by a huge energy release
(~ 10°3 erg). This energy is almost entirely converted to the gravitational
wave emission. The frequency of mergers of binary NSs in the Galaxy is
estimated at ~ 107 — 107° per year.

XRBs with a NS are usually classified either as LMXB and HMXB depending on

the mass of the non-degenerate companion: less than ~ 2M or more than ~ 8 M
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respectively. Systems with intermediate mass companions are very rare as they are
hard to observe due to a combination of selection effects. The main reason is that
the normal star is not massive and bright enough to drive strong stellar wind, like
in the HMXBs, and direct mass transfer via Roche lobe overflow is usually very
short (about one thousand years). Nevertheless there are known several Galactic
sources with intermediate mass companion (Her X—1 and Cyg X-2 to name the
most prominent ones).

1.3.2  Evolution of LMXB

The evolution of LMXBs is not so clear as in high mass systems. Here I refer to
the scenario described by van den Heuvel (1983). The progenitor of the compact
object (a NS or a BH) is a massive star, and this binary system has an extreme mass
ratio.

The massive star evolves first and devours the less massive one. This is the
common envelope stage, during which the orbit of the less massive star passes in
the common extended envelope of a massive star. The orbital motion is slowed
down and this stage ends after the ejection of the common envelope, or the merger
of the two stars. During the common envelope stage the massive star (the core of
the massive star) continues its evolution, and a supernova explosion happens. The
core should not be very massive for the binary system to survive.

If, after the supernova explosion, the orbital period in the binary system is short
enough to bring a companion with ~ 1M, into a contact with its Roche lobe during
a Hubble time, the binary becomes a LMXB with a donor of the main sequence.
The orbital period of these systems is usually about 10 — 12 hours or shorter. If the
orbit in the system is wider, than the mass transfer will start only then the donor
expands into a giant.

1.4 Recent Results

To conclude this chapter I would like to show some predicted total numbers of low
and high mass X-ray pulsars in the Galaxy and how many of them has been already
detected. Based on the paper by IDoroshenko et all (2014) the total numbers of
LMXBs and HMXBs in the Milky Way Galaxy are estimated to be 200’:%5 and
1101’}(8)0 respectively. The soon to be launched new X-ray satellite eRosita will be
able to discover a number of LMXBs Ny vxg = 130 —270(75 —95%) and HMXBs
Nymxs = 105 —-220(78 —96%) in the next few years.

Catalogs of known X-ray pulsars can be found in Liu et al} (2007) and [Liu et al!
) for the LMXBs and HMXBs respectively.




CHAPTER 2

Accreting Pulsars

2.1 A General View on Accreting Pulsars

In the XRBs emission is powered by accretion of matter transferred from the non-
degenerate donor star to the compact object: a NS, a white dwarf (WD) or a BH.
Accretion can proceed either from stellar wind or due to the Roche lobe overflow
of the non-degenerate star (Fig. 2.I). The potential energy of the captured matter
is converted into kinetic energy as the plasma falls towards the compact object, and
is then thermalised either upon the impact with the surface, or due to the viscous
tension in the accretion disk (see Fig.2.). The accretion disk is formed to remove
the excess of angular momentum. The captured matter therefore can not fall directly
onto the NS (Shakura & Sunyaewl1973). High kinetic energy of the accretion flow
implies high temperatures of 10° — 10! K when it is released and thermalised in the
emission region of the NSs, so radiation is emitted predominantly in the X-rays.

If the NS is strongly magnetised, e.g. B = 10'>—10'* G, the magnetic field might
overcome the enormous gravitational drag, and the accreting plasma then follows
the magnetic field lines and falls onto the relatively small polar areas with size of
< 1 km. This implies that the energy release will be anisotropic, so for an external
observer the emerging X-ray flux will vary periodically if the magnetic and spin
axes are misaligned. These sources are called X-ray pulsars. As already mentioned,
all accreting NSs in binary systems must be spinning due to accretion of the orbital
angular momentum. The spin periods P of pulsars are in the range from millisec-
onds to the tens minutes.

In the optical range the normal star is usually observed. This star is also variable
due to the irradiation by the compact object. The optical star can be an old star from
the halo of the Galaxy or also a young massive OB or Be star.

The luminosities of accreting pulsars might reach ~ 10°° ergs™!, and it was re-

alised early on (Basko & Sunyaevi|1976) that in bright pulsars the radiation pressure

dominates both magnetic field and gravity, and that the so-called accretion columns

26
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Figure 2.1: Summary of the various accretion regimes: from wind and from the accretion
disk. Image from [Doroshenkd (M).

must form. Within the accretion column the radiation balances the ram-pressure
of the in-falling plasma stopping it at certain height while the released kinetic en-
ergy of the plasma slowly leaks through the side walls of the column. They assume
that the hot plasma is significantly slowed down by the radiation pressure at some
height forming the accretion column. The excess of energy is emitted through the
optically thick walls of the column. [Basko & Sunyaey ) described two kind
of columns: “solid” and “hollow” (Fig. 2.2)).

While this scenario is probably the only way to explain the observed X-ray lumi-
nosities of bright pulsars, the details of the accretion column formation and struc-
ture, and the implicit observational phenomena are still unclear despite forty years
of studies. The column geometry and structure are defined by a complex interplay
of the magnetic field structure, local beam pattern of escaping radiation, angular and
spatial dependence of the opacity within column, that proved to be un-traceable
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Figure 2.2: Schematic representation of the two possible geometries of the accretion column:
“hollow” and “solid”, as presented by [Basko & Sunyaev (1976).

analytically. Several attempts to model it numerically have recently been started,
but they are far from being complete (see for example [Kraus et al/|1995; Ferrigno
et al. 2011;; Becker et al! 2012). One way to better understand the properties of
the emission region from an observational point of view is to study the pulse-phase
dependence of the pulsars X-ray spectrum, which constitutes a large fraction of the
present work.

The strong magnetic field starts to influence the accretion flow way before the
accretion column forms. The radius where the energy density of the magnetic field
exceeds the kinetic energy of the in-falling plasma is an important scale for the
physics of accreting NSs and is usually referred to as the magnetosphere radius.
The Alfvén radius or magnetosphere radius is defined as the distance at which the
magnetic pressure and the ram pressure are equal:
BZ lu2

Pmag = g = 86’

2.1



Chapter 2.1: A General View on Accreting Pulsars 29

M M~N2GM
Pram = pV* = V2 = . 2.2)
4rrly 4nr3/?

From the equilibrium of this two pressures the magnetosphere radius is:

rm =2.9x 108M" TR TL 2 1 T em, (2.3)

where M is given in units of Mo, Ry is given in units of 10° cm and Ls7 is the lumi-
nosity in units of 10°” erg s~!. Within the magnetosphere, plasma basically follows
the field lines, so any accretion disk is disrupted at the magnetospheric boundary.
The radius of the magnetosphere affects many of the observational properties of a
NS, including its variability, spin evolution and spectral properties.

The X-ray spectra of all accreting X-ray pulsars have similar shape which can
be described by a power law with a high-energy cut-off and a low energy roll-over.
The interpretation of the observed spectra is still not clear, although it is thought that
spectra are shaped by the comptonisation of cyclotron, thermal and bremsstrahlung
emission from the polar caps. The main components constituting the X-ray contin-
uum spectrum of an accreting pulsar Her X—1, according to the model by Becker
& Wolff (2007) are shown in Figure[Z3] The intrinsic spectrum is usually modified
by interstellar absorption. What is often observed are fluorescent emission from
several elements, most notably iron, formed in the plasma surrounding the NS. An-
other important feature observed in the spectra of about half of all pulsars is the
so-called Cyclotron Resonance Scattering Feature (CRSF, Chapter 2] Section2.2)).
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Figure 2.3: Theoretical model of the spectrum for Her X—1 by [Becker & Wolft (2007).
The plot shows the total spectrum as well as contributions from the comptonised thermal,
bremsstrahlung and cyclotron emission.
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2.2 Cyclotron Resonance Scattering Feature

Electrons moving in the strong magnetic field B follow a helicoidal trajectory along
the lines of the magnetic force with Larmor frequency (the gyration frequency)
B
wp == =22, 2.4)
roome
where e and m, are the electron charge and mass respectively. The gyration radius
can be derived as
meV

This equation shows that with the increasing B gets i, smaller. The high magnetic
field strength, typical for the NSs, implies a gyration radius close to the de Broglie

wavelength
h
/ldeBroglie = (2.6)
my

thus quantum effects become important. The electron motion perpendicular to the
magnetic field is quantised (m ) in equidistant levels (Landau levels)

2
B
E, = mec? \/1+( Pl ) o, 2.7)

C

where n is level number, p = m.v is the momentum of the electron parallel to the
magnetic field, B. ~ 4.4-10'3 G is the critical magnetic field strength. In the non-
relativistic case (B < B.) the difference between two Landau levels (see as a review

Llpunmm_aﬂllﬂd) is

heB B
~11.57———keV. 2.8
Me 102G 28)

Ecye = hw =

Within the emission region of accreting pulsars electrons constantly interact with
X-ray photons which scatter off the electrons and exchange energy and momentum.
The fact that the momentum of electrons can only change in discrete steps implies,
therefore, enormously enhanced scattering cross-section for photons with energy
close to spacing between the Landau levels. This implies that these photons can
not easily escape from the emission region which manifests as line-like Cyclotron

Resonance Scattering Features (Gnedin & Sunyaev [1974) in the spectra of the X-
3 5ulsars. Indeed, the decay rate from the excited to lower levels is described by

): 2 1/2
Vr:(amec )(E) 1058 1) (2.9

n B,
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The photons are therefore reemitted with basically constant energy E,, = hv, because
of the short electron’s life time at the high energy lavels. This process is called res-
onant scattering, and leads to formation of an absorption feature in X-ray spectrum
which is thus called Cyclotron Resonance Scattering Feature (CRSF). When n =0
we have a fundamental cyclotron line. For n > 0 we have cyclotron line harmonics.
The energy of the observed feature is directly related to the magnetic field, and thus
cyclotron lines are believed to be the only direct probe of the magnetic field of a
NS.

Note, however, that the line energy only gives an estimate of the magnetic field
strength in the line forming region, which is uncertain in some cases. Moreover, the
energy of the observed features must be red-shifted if the CRSF forms close to the
surface of NS. In this case the magnetic field may be estimated as

11.6xB
Eeye = TzlzkeV, (2.10)

where B, is the magnetic field strength in units of 10'? G, z is the gravitational

redshift, given by:
1 [ 2GMns
— =4/1- , 2.11
1+z Rc? @10

where R is the distance between the center of the NS and the region of the cyclotron
line formation.

The first cyclotron line in an X-ray binary was discovered by

) in the spectrum of the Her X—1 using data from balloon-borne detectors.

But this feature was first primarily interpreted as an emission line at ~ 58 keV (Fig.

24). After the start of the space age, the launch of the first X-ray satellites, and the

accumulation of observational data and theoretical evidence, it became clear that

the line in Her X—1 is an absorption cyclotron line at ~ 42 keV ;
Mihara et all[1990).

Only the fundamental line is significantly detected in Her X—1, however in other
sources a harmonic (as for instance in 4U 1907+09), or even multiple harmonics
(as in 4U 0115+63) are observed. The pulsar 4U 0115+63 was the first source in
which the CRSF harmonic had been detected ), and also the only
with five CRSF harmonics (Santangelo et all|1999; [Ferrigno et all2009) detected.

The list of known sources with cyclotron lines is presented in Table 211
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Figure 2.4: Emission line at ~ 58 keV in spectrum of Her X—1 as reported by
M). Subsequent observations showed that it was in fact an absorption feature at ~ 42 keV.
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Source Ecyc (keV)  Mission Reference
Her X-1 41 Balloon Truemper et al. (1978)
4U 0115+63 14,24,36, HEAO-1 Wheaton et al. (1979)
41,53 Ferrigno et al. (2009)
V 0332453 26,49,74 Ginga Makishima et al. (1990)
4U 1538-52 20 Ginga Clark et al. (1990)
47 RXTE,INTEGRAL Rodes-Roca et al. (2009)
CEP X—-4 28 Ginga Mihara et al. (1991)
45 Suzaku Jaisawal & Naik (2015a)
A 0535+26 46,100 HEXE Kendziorra et al. (1992)
Vela X—-1 24,52 HEXE Kendziorra et al. (1992)
Cen X-3 28.5 RXTE Heindl & Chakrabarty (1999)
BeppoSAX Santangelo et al. (1998)
4U 1626-67 37 BeppoSAX Orlandini et al. (1998)
RXTE Heindl & Chakrabarty (1999)
4U 1907+09 18,38 Ginga Makishima et al. (1999)
GX 301-2 37 Ginga Makishima et al. (1999)
XTE J1946+274 36 RXTE Heindl et al. (2001a)
MXB 0656072 36 RXTE Heindl et al. (2003)
XMMU J054134.7-682550  10,20? RXTE Markwardt et al. (2007)
EXO 2030+375 11 RXTE Wilson et al. (2008)
63? INTEGRAL Klochkov et al. (2008)
Swift J1626.6—-5156 10 RXTE Decesar et al. (2009)
1A 1118-61 55 RXTE Doroshenko et al. (2010b)
GX 304-1 51 Suzaku Mihara et al. (2010)
RX J0440.9+4431 32 INTEGRAL, Swift, RXTE  Tsygankov et al. (2012)
MAXIJ1409-619 44,73,128  BeppoSAX,ASCA Orlandini et al. (2012)
4U 1822-37 33 Suzaku SSasano et al. (2014)
RX J0520.5-6932 31 NuSTAR Tendulkar et al. (2014)
GRO J1008-57 76 MAXI Yamamoto et al. (2014)
IGR J17544-2619 17 NuSTAR Bhalerao et al. (2015)
GRO J1744-28 4.7 NuSTAR D’Aietal. (2015)
BeppoSAX Doroshenko et al. (2015)
2S 1553-542 235 NuSTAR, Chandra Tsygankov et al. (2016)
IGR J16393-4643 29.3 NuSTAR Bodaghee et al. (2016)
SMC X-2 27 Nustar,SwiftXRT Jaisawal & Naik (2016)
GS 1843+00 20?7 Ginga Mihara (1995)
OAO 1657-415 36?7 BeppoSAX Orlandini et al. (1999)
LMC X-4 100? BeppoSAX Barbera et al. (2001)
GX 1+4 347 INTEGRAL Ferrigno et al. (2007)
XTE J1829-098 18? RXTE Roy et al. (2011)
IGR J18179-1621 227 INTEGRAL Lietal. (2012)
4U 1909+07 447 Suzaku Jaisawal et al. (2013)
KS 1947+300 12.2? NuSTAR Furst et al. (2014)
4U 1700-37 37?7 Suzaku Jaisawal & Naik (2015b)
IGR J18027-2016 23?7 NuSTAR Lutovinov et al. (2016)

Table 2.1: List of sources with cyclotron line detected in the spectrum.Tentative line detec-
tions requiring an independent confirmation are marked with (?).
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BeppoSAX

In this thesis I will study the observations of accreting pulsars taken with the
BeppoSAX satellite in detail. Here I would like to focus on the main features of the
BeppoSAX.

The X-ray satellite BeppoSAX was a major program of the Italian Space Agency
(ASI) with participation of the Netherlands Agency for Aerospace Programs (NIVR)

). BeppoSAX, Satellite itliano per Astronomia X, was named
in honor of the italian scientist Giuseppe (Beppo) Occhialini after the launch of the
satellite from Cape Canaveral on 30 April 1996 into a low inclination (<4 degree)
low-Earth orbit. The nominal life time of the satellite, originally planned for 2
years, was extended several times until, on the 29th of April 2003, the satellite was
decommissioned and successfully deorbited into the Pacific Ocean.

The instruments on board of BeppoSAX cover a broad energy range with well
balanced performance from 0.1 to 300keV. All instruments have relatively large
effective areas and low background, good energy and time resolution, and imag-
ing capabilities in the soft energy range from 0.1 to 10keV (angular resolution of
about 1.”5). It’s high sensitivity allowed to use the full energy band even for weaker
sources (1/20 of 3C 273) and study the broadband spectral and variability proper-
ties of several classes of objects for the first time. The Wide Field Cameras (WFC)
and Narrow Field Instruments (NFI) allowed to discover and follow the X-ray af-
terglows of the Gamma Ray Bursts (GRBs for the first time, and to monitor the
long term variability of sources with fluxes as low as about 1 mCrab.

The configuration of the scientific payload is shown in Figure 3.1l The main
instruments have narrow field of view and are co-aligned with the Z axis of the
satellite:

e The MECS (Medium Energy Concentrator Spectrometers): a medium energy
(1.3 - 10keV) set of three identical grazing incidence telescopes with double

IGRB is a narrow beam of intense radiation that is observed in distant galaxies during a supernova ex-
plosion. The initial burst is usually followed by a longer-lived “afterglow” emitted at longer wavelengths
(X-ray, ultraviolet, optical, infrared, microwave and radio).

35
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Figure 3.1: BeppoSAX scientific payload accommodation (Boella et all|19974).

cone geometry (Citterio et al||1986;|Conti|1994), with position sensitive gas
scintillation proportional counters in their focal planes (Boella et al.[19971).

e The LECS (Low Energy Concentrator Spectrometer): a low energy (0.1 —
10keV) telescope, identical to the other three, but with a thin window position
sensitive gas scintillation proportional counter in its focal plane (Parmar et al.
1997).

e The HPGSPC, a collimated High Pressure Gas Scintillation Proportional
Counter (4 — 120 keV, FWHM energy resolution of 8% at 10 keV and 5.5% at
20 keV, Manzo et al/[1997). The detection chamber is filled with a mixture of
the two gases, 90% Xenon and 10% Helium, at 5 atmospheres, which allows
it to be sensitive up to 120 keV.

e The PDS, a collimated Phoswich Detector System (15 — 300 keV, FWHM
energy resolution of 24% at 20keV, and 14% at 60 keV, [Frontera et all|1997).
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The detector consists of a square array of four independent Nal(T1)/CsI(Na)
phoswich (PHOsphor and sandWICH) scintillation detectors. There are two
independent collimators, one for each pair of detectors, which can indepen-
dently rocked back and forth providing a direct measurement of the back-
ground, which is important at high energies.

Perpendicular to the NFI and pointed in two opposite directions there are two
coded masks proportional counters (Wild Field Cameras, WFC, M @).
The unprecendently large field of view of 20° x 20° with an angular resolution of
5" allowed to study a large number of transient sources in the energy range of 3 —
30keV.

The four lateral active shields surrounding the PDS were also used as detec-
tors to monitor gamma-ray activity of brighter sources with fluence exceeding >
1076 erg/cm? in the 60 — 600 keV range with ~ 1 ms time resolution.

The effective area of the BeppoSAX instruments as function of energy is shown
in Figure[3.2] The effective area of the NFI increases with energy following a power
law with the positive inclination, i.e. oppositely to the X-ray spectra of the majority
of objects. The HPGSPC and PDS were generally background dominated, while
the LECS and MECS were source dominated instruments. One important property
of the BeppoSAX scientific payload is the broad overlapping energy response of the
instruments, which allowed good cross-calibration of the instruments.

The main scientific result which brought the observatory BeppoSAX its interna-
tional fame was the discovery of X-ray afterglow of gamma-ray bursts with both the
WEFC instrument and NFI and to determine their position of about 1 arcmin. This,
in turn, allowed to detect damped optical and radio sources pointing to the origin of
gamma-ray bursts with large cosmological distances (Piran & Shaviv 2004). The
BeppoSAX also measured broadband (0.1 — 300 keV) X-ray spectra of a large num-
ber of sources, including active galactic nuclei (AGNs). With its lower background,
the hard X-ray spectrometer PDS was able to obtain AGN spectra in the hard X-
rays for the first time. These still remain among the highest quality X-ray broad
band spectra (Perola et al.[2002; Malizia et al.2003) ever obtained. Large exposure

accumulated with WFC, permited to accomplish a unique research of variables and

transient sources in the galactic center (in’t Zand et all2004; [Cocchi et al![1999).
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CHAPTER 4

Data Analysis and Spectral Models.

4.1 Observations

For the 6 years of BeppoSAX operations a number of different sources, including
X-ray binaries and pulsars, were observed. In this work I analysed high and low
mass X-ray binaries which contain a cyclotron line in their spectra.

Most of these observations have been already analysed and published. We have
reanalysed a good part of this data using a unified approach, and performed a more
detailed analysis, including phase resolved analysis for all sources. Eventually we
analysed the average properties of pulsars taking into account the full sample, com-
paring our results with the work by|CQ_b_1un_e_t_aL| (2002) and compare cyclotron line.
Six different models, not only phenomenological, but also more physical, were used
to fit the data. One of the aims of this work was to look how different spectral param-
eters, especially cyclotron line, depend on the spectral models. For all the sources
we have also performed the time analysis obtaining spin periods, pulse profiles and
pulse fractions. Table .T]shows the list of analysed sources.

4.2 Data Analysis

The standard BeppoSAX pipeline was used for the data reductionl]. Tn most cases
the HPGSPC and PDS were operated in rocking mode to monitor the background
along the orbit, and the background spectra were measured directly from the off-
source position. The background for the LECS and MECS were subtracted using
either the standard calibration files or spectra extracted from an annulus around
the source. Details on data reduction and spectral analysis can be found in the
BeppoSAX handbook. For the timing analysis, we transformed the arrival time of

1 http://www.asdc.asi.it/bepposax/
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Source Type Pory Pgpin Ecyc
days S keV
Her X-1 LMXB 1.7 1.2377 40
4U 1626—67 LMXB 0.02917  7.6679 38
4U 1907+09 HMXB 8.38 440 19, 39
4U 1538-52 HMXB 3.73 528.218 21,52
Vela X-1 HMXB 8.96 283 25,55
Cen X-3 HMXB 2.09 4.8 29
4U 0115+63 HMXB, Transient 24.3 3.61 11,22, 34,44, 55
XTE J1946+274 HMXB, Transient 169.2 15.82 38
GRO J1744-28 LMXB, Transient, Burster 11.8 0.467 4.5

Table 4.1: List of sources with cyclotron line observed by BeppoSAX.

photons to the solar barycentre reference system correcting for the orbital motion
of the earth and of the compact object using the orbital ephemeris for a given source
(if available).

To produce background subtracted spectra and light curves we used the standard
pipeline for the collimating instruments (the HPGSPC and PDS). For the imaging
instruments the MECS and LECS we either followed the standard analysis proce-
dure extracting the source spectrum from a circle with a radius of ~ 4 or 8 arcmin
around the target, and the background from a ~ 18 arcmin annulus centered around
the source, or used the blank-sky background calibration files. For the pulse-phase
resolved spectral analysis we used the TIMEFOLD program (by A. Segreto) to
produce the phase-energy matrix based on the filtered input event list, source spin
period and ephemeris.

We restricted the analysis to the 0.1 — 4keV energy range for the LECS, 1.65 —
10keV for the MECS, 4.5 — 34 keV for the HPGSPC, and 15 — 120 keV for the PDS.
For cross normalisation between the four instruments we introduce a normalisation
factor for each instrument, fixed to 1 for the MECS and free (but close to unity) for
the other instruments.

4.3 Spectral Models

To fit the extracted X-ray spectra, we used the XSPEC package (version 11.3.2 and
128, |Arnaud [1996). To systematically study the broadband X-ray continuum emis-
sion of the accreting pulsars in our sample we considered for each source several
continuum models modified with additional components, i.e. interstellar absorp-

2http://healsarc. gsfc.nasa.gov/docs/xanadu/xspec/
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tion, absorption or emission lines:

o A powerlaw with high energy exponential cutoff (Cutoffpl in XSPEC):

E
Cutoffpl(E) = KE Yexp (— ) 4.1
Ecut

where K is a normalisation constant in photons/keV/cm?/s at 1keV, I gives
the powerlaw photon index, E., models the cutoff energy of the exponential
cutoff (in keV).

e The power law plus high-energy cutoff model (Powerlaw and Highecut in
XSPEC):

(E < Ecu)
e~ (E=Ecu)/Efold (E > Ecut) ’

where I', E.y and Efog are the photon index, cutoff and folding energies
respectively. This model has a discontinuous derivative at the cutoff energy
E.y which can give a line-like residual errors. To successfully apply the
Highecut model we add the smoothing Gaussian as suggested by Coburn
et al. dZ_Q(ﬁ): a narrow (o = 0.1 - E), shallow Gaussian shaped absorption
feature (see Eq.[4.6).

Highecut(E) ~E T 4.2)

e A power law with Fermi-Dirac cutoff (Powerlaw and Fdcut in XSPEC):

E—F

Fdcut(E) ~ 1+ e E—Ea)/Ea’

(4.3)

where I', E.y and Egyq are the photon index, cutoff and folding energies of
this model (not the same with the Highecut model.).

e The Negative and Positive power law EXponential model (NPEX, M Mihard
[1995; Makishima et all[1999):

NPEX(E) = (A1 E™! + Ay E*)exp(—E /kT), 4.4)

where @ and a; are the positive power law indices, and Efyq is a folding
energy.

e CompTT - the analytic model by Titarchuk (@) describing comptonisation
of soft photons in a hot plasma (Sunyaev & Titarchuk 1985; Hua & Titarchuk
[1995; Titarchuk & Lyubarskij|[1995). We assume spherically symmetric ge-
ometry and consider input soft photon temperature, the plasma temperature,
and the optical depth free parameters for this model.
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e B - theoretical model for the emission from the magnetised accretion columns
which takes into account both thermal and bulk comptonisation in the accre-

tion flow (Becker & Wolff 2007). The model parameters are:
— the NS radius Rygs in km (to be fixed),
— the NS mass Mys in M, (to be fixed),

— the photon diffusion parameter & (order of some unities),

— the comptonisation parameter 9,

— the magnetic field B in units of 10! G,

— the mass accretion rate M in units of 10'7 g/s,

— the electron temperature T in units of keV,

— the column radius r( in units of m,

— the source distance D in units of kpc (to be fixed),

— the normalisation of the Black body seed photon component BBnorm
(fix it to zero at first),

— the normalisation of the Cyclotron emission seed photon component
CYCnorm (fix it to one),

— the normalisation of the Bremstrahlung emission seed photon compo-
nent F Fnorm (fix it to one).

The continuum emission is then modified by photoelectric absorption either around
the compact object (wabs in Xspec) and in the interstellar medium, and one or sev-
eral emission or absorption lines. We assume gaussian profile in either case:

e A simple gaussian line profile:
2
K E-FEy
A(E) = —exp(—().S(ﬁ) ] 4.5)
2102

Oline
line

where K is a total photons/cmz/s in the line. Ejine, and oipe are the centroid
energy, and width of the line, respectively.

e A gaussian absorption line:

by _o.5( E=Eline
Gauabs(E) = exp[—z1$ e 05( Tline ) ), (4.6)
V47T - Oline

where Ojine, Eline, and oine are the optical depth, centroid energy, and width
of the line, respectively.
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In some sources we have found that simple a single column photoelectric absorp-
tion (wabs in Xspec) was inadequate to model the broadband spectra. In these cases
we introduced a second absorber, presumably located close to the compact object:

PC(E) = par2-exp(—parl -o(E)) + (1 — par2). 4.7

Here o (E) is the photo-electric cross-section (not including Thomson scattering),
parl - equivalent hydrogen column (in units of 10*? atoms/cm?), par2 - covering
fraction (0 < par2 < 1).

The soft excess observed in some sources was modeled by the black body com-
ponent (bbody or bbodyrad in Xspec):

e Bbody is a blackbody spectrum:
E*dE
(KT)* (exp (%) - 1) ’

A(E) = 8.0525K (4.8)

where K = L39/ D7, Lso is the source luminosity in units of 10 ergs/sec and

D is the distance to the source in units of 10 kpc.

e Bbodyrad is a blackbody spectrum with normalisation proportional to the
surface area:

E%dE

A(E)=K-1.0344-1073
E)-1
exp(kT)

, (4.9)

2 . .. . .
where K = (IE)LI‘;) , Ry is the source radius in km and D is the distance to

the source in units of 10 kpc.
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CHAPTER 5

Hercules X-1

5.1 Source Description

Her X—1 and Cen X—-3 were the first X-ray pulsars discovered by the first space X-
ray mission Uhuru in 1972 (Tananbaum et alll1972:Giacconi et all[1973). Her X—1
is one of the brightest and well studied X-ray pulsars featuring an X-ray luminosity
of Lx ~ 2% 10%7 erg/s, for a distance of ~ 7 kpc (Reynolds et al![1997). The binary
system consists of an accreting magnetised neutron star, with 1.24 s spin period,
and an optical star HZ Her ) - a main sequence star of spectral type A/F
(Crampton & Hu;ghingé 11974) and mass M ~ 2.2M, ). This is a
rather rare system being the mass of the companion between typical values for high
and low mass X-ray binaries. The orbital period of the system is Py, ~ 1.7¢ (see
ephemeris in [Staubert et all[2009H).

Besides orbital modulation, Her X—1 exhibits also a log-term periodic variability,
a superorbital ~ 35-day cycle. During this period two so-called “on states” (when
the source is bright in X-rays) are observed: the main-on (~ 7 orbital periods long)
and the short-on (~ 5 orbital periods long) are separated by 4 —5 orbital cycles,

when the source has low X-ray flux, so-called “off-state” dﬁemnd_&_mmgdllﬂd,
Howarth & Wilson [1983; |Shakura et al!|[1999). The observed drop in X-ray flux

is thought to be due to the obscuration of the compact source by the outer edge of
precessing accretion disk. This is justified by the fact that fluorescent lines excited
by the X-ray emission from the NS are observed even during the off-states, where
the flux from the pulsar ceases. The interaction of the precessing disk with the
magnetosphere of the NS is also thought to be responsible for modulating the shape
of X-ray pulses with the phase of the 35 day cycle.

Roughly every ~ 5 years Her X—1 switches off completely, which is usually
referred to as an anomalous low states. During these periods almost no X-ray flux
is detected and the 35-day variability disappears (Parmar et all[1985; [Vrtilek et all
11994); [Parmar et all [1999; |Staubert et al! [2009d). The anomalous low states are

47



48 Chapter 5: Hercules X—1

Start time MIDgye N@ SSghase P,s Orb. state Exp(b)

24.07.1996) 50288 257 ~0.1 1.2377397(1)  main on 93
27.06.1998@ 50991 277 ~0.28 1.2377260(1)  main on 25
09.07.1998© 51003 277 ~0.64 1.2377260(1)  short on 32
12.07.1998©@ 51006 277 ~0.7 1.2377260(1)  short on 10
14.07.1998©@ 51008 277 ~0.77 1.2377260(1)  short on 10
08.07.1999%) 51368 1.2377470(5) anom. low
09.10.2000 51826 301 ~0.1 1.2377697(1) mainon 42
08.02.2001@ 51948 304 ~0.6 1.2377740(1)  shorton 34
@Number of the 35-day cycle following Staubert et al. (1983).

OMECS exposure, ks.

(©dal Fiume et al. (1998)

@These data were not published before.

©Qosterbroek et al. (2000) have analysed just LECS and MECS data.
(NParmar et al. (1999)

(DQOosterbroek et al. (2001)

Table 5.1: BeppoSAX observations of Her X—1.

thought to be due to decreased accretion rate, most likely associated with the state
of the donor star.

Her X—1 was the first source, where a cyclotron absorption feature was detected
at Ecye ~ 40 keV (IVoges et alll1982; Mihara et all[1990; IGruber et all2001). How-
ever, Staubert et al| (2014) showed that the energy of the cyclotron line has de-
creased since then by more than 4 keV. This behaviour is unique among the ac-
creting pulsars was associated with the accretion driven change in magnetic field

configuration (Klochkov et all[2015; |Staubert et al![2017). A broad emission iron

line in the spectrum near 6.4 keV is observed (Pravdo et all[1977;|Choi et all[1994;

[Ramsay et all[2002; Zane et all2004).

5.2 Observations

Her X—1 was observed by BeppoSAX 8 times at different phases of the 35-day cycle
(Tab. 3.1 with total MECS exposure time about 250 ks. These observations sample
a substantial part of the 35-day phase cycle.
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Figure 5.1: Her X—1 MECS light curves for observations summarised in Table GBIl Top
left picture is the main-on state on 24.07.1996 (257th 359 cycle), at the top right is the end
of main-on state on 27.06.1998 (277). Bottom left: the short-on state on 09.07.1998 (277).
Bottom right: the short-on state on 12.07.1998 (277).

5.2.1 Timing Analysis

The light curves with time bin of 256 s for all BeppoSAX observations, including the
main-on, short-on and the low states as observed with the BeppoSAX narrow field
instrument MECS in 2 — 10 keV energy range are presented in Figures [3.1]
They represent the three main-on and two short-on observations (one of them has
not been analysed before), an observation when the source was eclipsed by the
companion, and an observation during the anomalous low state.

Using the high resolution (A7 = 0.1 s) BeppoSAX light curves and orbital epheme-
rides from |Staubert et all (2009H), we determined the pulse periods for all observa-
tions with high accuracy using the phase-connection technique. The results are
summarised in Table 511
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Figure 5.2: Her X—1 MECS light curve for observations summarised in Table 5.1} Top left:
the short-on state (eclipse) on 14.07.1998 (277). Top right: the anomalous low state on
08.07.1999. Bottom left: the main-on state on 09.10.2000 (301). Bottom right: the short-on
state on 08.02.2001 (304).

Using the determined period values we obtained the pulse profiles in several en-
ergy ranges. In Figure the pulse profiles for the main-on state in July 1996
(257th superorbital cycle) are presented in 9 energy bands: 0.1-0.5, 0.5—-1, 1—
4keV for LECS, 4-10keV for MECS, 10— 15keV for HPGSPC and 15-20, 20—
40, 40-60, 60— 120keV for PDS. As one can see, the shape of the Her X—1 pulse
profile is strongly energy dependent. At low energies the single broad peak is ob-
served, whereas two peaks may be identified at higher energies
11997; [Vasco et all2013).

It is interesting to investigate how the relative power of pulsed and non-pulsed
emission changes with energy. We define the pulse fraction - as the ratio of the
pulsed flux to the total flux as a function of energy:
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Figure 5.3: Her X-1, 24.07.1996. LECS (0.1-0.5, 0.5—-1, 1-4keV), MECS (4-10keV),
HP (10-15keV) and PDS (15-20, 20-40, 40-60, 60—-120keV) pulse profiles.
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Frax — Fmin
F(E) Fmax + Fmin ’ (5 1)
where Fiax and Fp, are the maximal and minimal flux from the source within the
X-ray pulse.

The pulse fraction of Her X—1 as function of energy calculated using the pulse
profiles for the first observation in the main-on state (27.07.1996, 257) is presented
in Figure[3.4l The fraction of pulsed emission steadily increases with energy from
35% to 95% and has two features associated with the fluorescent iron iron line at
Efe ~ 6.4 keV and with cyclotron line at Ecye ~ 40 keV.

100 I I I I I
e
80 |- 44 -

70 (4%, —+—__F

60 - E

50 | E
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40 k- ]

30 | E

20 I I I I I
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Figure 5.4: Her X—1 pulse fraction in the main-on state, 24.07.1996, 257th 35-day cycle.

5.2.2  Spectral Analysis

For spectral analysis of the Her X—1 we followed the standard procedures described
in the introduction (see Chapter d). Her X—1 is one of the well studied sources
so we applied the models typically used in the literature for the spectral analysis.
The broadband spectrum can be described with an absorbed continuum (Ny ~ 1020
atoms cm™2) consisting of a cut-off power law and soft black body component
with temperature of ~ 0.1keV, which is required to account for soft excess. Two



Chapter 5.2: Observations 53

214 4
7.0 100 o
212
958 41
21.0
6.5) 9.6 40
> > > > 30
2 2208 ) 04 ]
£ H & 3 38
© < 20,6 c o
6.0 9.2 37
204 0.0 36
55 35
Highecut 20.2 ghecut 8.8 Fdcut N Fdcut
iT6 10 434 438 46 B0 4 8 T4 418 432 436 Waais w2 ws
Eeye keV Eeye keV Eeye keV Eeye keV
6.4
5.60
00 9.4
6.40 38
8.8 9.2 5.56
Q
> 86 5 635 ? > 5 5.54
2 2 2 9.0 S
e~ < ]
2 E 2 £ 532
S 8.4 ~z 3 ~
5 6.30 S
8 5.50
8.2
625 548
8.0 8. 5.46
NPEX NPEX BW BW|
4
8 42 W6 B 08 B2 46 @ B3 @7 B SMpEs o7 B
Eqyc keV Eqyc keV Ecyc keV Eqyc keV

Figure 5.5: Her X—1 contours (1, 2 and 30) for different continuum models in the main-on
state, 24.07.1996, 257th 35-day cycle.

fluorescent lines at ~ 0.9 keV and ~ 6.5 keV, and a CRSF with energy ~ 42 keV (dal
Fiume et al.|1998) are also required to describe the spectrum.

Her X—1 was observed by BeppoSAX 8 times (Tab. 5.1)). The first observation
on 24th of July 1996 (257 cycle) has the longest exposure with the best counting
statistics. This observation was in the bright, main-on, state and was chosen as a
representative observation to test all continuum models, which I used in the thesis.
In the case of the Her X—1, however, only four continuum models can provide
acceptable approximation of the phase averaged spectrum (Tab. 3.2): Highecut,
Fdcut, NPEX and BW (see Chapter[4)).

The statistically best fit has been obtained with the Highecut model. The param-
eters of this model are well constrained and do not exhibit strong inter-parameter
correlations as can be seen from the contours presented in Figure 5.3

Figure shows the broadband spectrum of Her X—1, observed by BeppoSAX
on 1996-07-24 during the main-on state (257 cycle). The top panel shows the
phase average X-ray spectrum with the best fit model (absorbed cut-oft power law,
Highecut, with a blackbody). The second panel shows the residuals due to the
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Parameter Highecut Fdcut NPEX BW
N%‘) 1.09*003 1127004 1.08+003 1.07+00
(b) 0.01 0.01 0.01 0.02
Ep 0.897201 0.88+001 0.867201 0.90+0:02
g;fgL 0.191+0005 20991 0.22+00! 02091
A;QL 52192 5.6103 6.6192 4.4+94
(b) 0.02 0.02 0.02 0.01
EE%K 6.54+0.92 6.5470.92 6.52+0.92 6.557001
0.03 0.04 0.03 0.03
a(Fe)K 0.387903 0.36+004 0.48+003 0.41+003
c 0.01 0.01 0.02 0.02
A](:g)K 0.45+901 0.43+001 0.54+002 0.48+02
0.15 0.29 0.22 0.30
E%C 42.18j00419 ] 42.0f8_%é 42.44j00_113 2 42.75%02370
+0.. +0. +0. +0.
oo 6.51 e 9'43‘8' 2 8.48_81 3 8.96+027
Seye 0.74%00, 1.52+018 112+
Teye 29.3430
() 0.0004 0.001 0.0004 0.002
szBb 0.0871*:0004 0,086 0001 0.0869700004  0.089+0:9%2
RY 4624220 475f%é§ 480*3 493+176
r 0.895+0:008 (5 g7g+0.009
E® 2004708 35617308
b 008 Qi036 +0.01
E0y 11.11+599 7.38+036 6.3678:8%
al 0.55%0
b . 0.04
kT®) 5.53+0.04
£ 1.9(-1.0)
0.008
5 1.082+0:008
B© 3.62
MY 3.68
(€3] 0.4
r 265.4+04
DM 6.6

Xfed/dof 1.16 / 624 1.27 /625 1.31/625 2.18 /655
@[10%atoms cm™2]

®keV]

©[1072 ph cm 2571

@Ry is the radius of the black body in km for the distance to the source
D = 6.6 kpc.

(e)[10]2 G]

(f)[l()17 g/s]

(€9) [km]

"[kpc]

Table 5.2: Her X—1. Main-on state on 1996-07-24, 257 35-day cycle. Parameters of the
4 different continuum models of the phase averaged Her X—1 spectrum. The values of an
absorbed and unabsorbed fluxes are Fy, = 6.68 x 10™%erg / cm?/s, Fupap = 6.97 x 10 %erg /
cm?/s respectively.
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Figure 5.6: Her X—1 broadband spectrum. The top panel shows the 0.1-110 keV unfolded
spectrum modeled using a cutoff power law and black body continuum model modified by
Fe L and Fe K emission lines and an absorption gaussian line at ~ 42 keV to account for
cyclotron line during the observation on 1996-07-24. The residuals are shown in the bottom
panels (1. Cyclotron and Fe K lines residuals. 2. The best fit residuals, )(fe 4~ 116

Fe K line at ~ 6.5 keV and cyclotron line at ~ 42 keV. On the bottom panel the best
fit residuals are shown. Her X—1 exhibits a rather broad iron line at ~ 6.5 keV with
a o of about 0.4 keV. We approximated this line with a single Gaussian, however,
some residuals remained (the bottom panel). Her X—1 also exhibits a soft-excess
at low energies which is approximated with an additional black-body component
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with temperature of about 0.1keV (McCray et al/[1982). The respective radius of
the blackbody emission region is Ry ~ 500 km.

McCray & Lamb (1976) suggested that this emission region is comparable with
the Alfven radius of the pulsar:

2 1/2°\2/7
em
NSO—) cm, 5.2)

Ry =43x 108(
ReL37

here p30 is the magnetic moment of the NS in units of 10°° G-cm?, Ry is the NS
radius in units of 10° cm, € = L/(GMM/RNs) is the ratio between the observed
luminosity and the total gravitational potential energy released per second by the
accreting matter, m is the NS mass in units of My (Burderi et alll1998). The ring at
the magnetospheric boundary might intercept a substantial fraction (> 10%) of the
hard X-ray luminosity and reradiate it in soft X-rays.

Spectra for all the BeppoSAX observations of Her X—1 can be fitted using the
same model (Tab. B.3]-[B3.3) consisting of:

e cyclotron line with energy ~ 42 keV,

e low energy absorption ~ 10?° atoms cm™2,

e black body component with energy ~ 0.1 keV,

e power law continuum,

e high energy cut-off,

e Feg and Fer, iron lines at the energies ~ 6.5 and 0.9 keV respectively,
e partial covering for some dates of observations (see text below).

For the observations close to the end of the main-on state (1998-06-27, 277 cy-
cle) and at the short-on states (1998-07-09, 1998-07-12 and 1998-07-14, 277 cycle;
2001-02-08, 304 cycle), in which the NS is already partially eclipsed by the accre-
tion disk, we have added a partial covering absorption component (PC) in XSPEC
to account for this absorption. We note that in this case the continuum parameters
remain stable throughout the 35-day cycle, whereas without adding the partial cov-
ering, the photon index varies strongly, which is not expected to be the case as the
accretion rate does not change substantially with 35 day phase (Fig. 5.7 Tab. 5.3),
see for example [Vasco et all (2013).

Phase resolved spectral analysis was also carried out (Fig. for the main-on
observations 24th of July 1996, 257 cycle. The absorbed power law model with
cut-off at high energies was used to model the spectra as function of pulse phase.
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The absorption column Ny was fixed at the average value for all phase bins. Fit
results are presented in Tables 571 A strong variation of the folding energy,
cyclotron line energy, black body normalisation and black body temperature with
pulse phase are observed (Fig. 5.8). Other parameters show no variation with the
phase.

5.3 Conclusion

For Her X—1 the timing and spectral analysis was carried out for all BeppoSAX
observations. Two of them (the main on from 1998, 277 35th day cycle, and the
short on from 2001, 304 cycle) have been not analysed before. Also Oosterbroek
et al. (2000) only reported on the analysis of LECS and MECS data for 2000-10-
09 observation during the first main-on state after the longest recorded anomalous
low-state. In this work the full analysis with all instruments are presented.

I determined the spin periods of the source, which are in agreement with values
reported in the literature (listed in Tab. [3.1). The light curves are presented in
Figures 5,11 For the first BeppoSAX observation (the main on in 1996, 257
cycle) the pulse profiles in different energy ranges and pulse fraction as function of
energy are also presented in Figure 33]and Figure 5.4

Four of six continuum models can have a reasonably good fit of the spectrum
(Tab.[3.2). The Highecut model provids statistically better and more stable fit for
all observations. The best-fit results of this model are presented in Tables[3.31 5.4 5.3
I found that the spectrum can be described for all 35 day phases with approximately
constant photon index if a partial covering component is included in the model at
some phases (Fig.[3.7). For the first observation the pulse phase resolved analysis
was also carried out. The results are presented in Tables 57 and Figure 5.8
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k(T}%‘;) 0.079j§$gg} 0.083j36;2ggj 0.084j?];§g} 0.086j§];‘(ég; 0‘089jg4:§g} 0.079j86;§g}
i P T S | M 8
£ Wt lZ 0o 8E  adl aeoed® 1ol st
E 06850 2061l 20464y, 498 13045, 173355
E H25Y 100%0 112 9898 120750 089573
Fer. 0.84705 0.887 00, 0.867 0.88700 0.94700 0.89%09
i, 024%p  019%m 0255 0255 017G 017X
A 4TS 46N 367 S35 06sTR 0.98%00
B G 6N 6STHE  esed eanE esud
Treg 048%0;  040%Ggs  04ITes  034%55  04dfgey 03650
A 0385505 04645 0375 036X5 02675 03650
1% sy
cif 03845,
F® 524 6.76 5.03 6.52 191 191

F?‘}i)ab 528 6.87 5.12 6.9 1.93 2.03

X2,y / dof 1.239/483  0.996/667 1.195/664 1.055/665 1.208/608 1.075/606
@[keV]

()This parameter was fixed.

(©110%%atoms cm2]

@Ry is the radius of the black body in km for the distance to the source D = 6.6 kpc.
©[1072 phecm™2 571

(DEquivalent hydrogen column for partial covering absorption in units 10??atoms cm™2.
(®Covering fraction.

(M The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range in units 10™%erg / cm?/s.

Table 5.3: Her X—1. Changing parameters with orbital cycles of the Her X—1 in power law
with high energy cut off continuum model (Highecut). Part 1, main-on states.
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35-day cycle 301 301 301 301 301 301
Phase of the cycle  (0-0.03)  (0-0.03)  (0.03-0.06) (0.06-0.07) (0.07-0.09)  (0.09-0.11)
Model High High+PC High High High High
EY) 41® 40.69+182 40.86*972 40917131 40137124 40.32¢)17
o 7™ 6.26%; 6.45j};§§ 6.96j{%§ 7.93%;% 4.3%04
Seye 0611 0SBIE 054N 06Ny 0.65Tgs 07477
Ny Ledl oo

i omts oo

R 591446 777772

e S L S R
Eo 7445 169607 20075 209105, 23955 20275
Efogd 1044750, 1132757 10.5703; 10.65755) 1033752, 10337525,
Ere, 089550 0924

O’(%{L 0.16*0%3  0.177003

Ao, 2853 334158

Eo 642505 652ggs 646l 653Ny 655 66%g
o 0.4® 0.4*911 0.4 0.4M 0.4 02601
A 03fE  0204E  03edl  oaefll oawgn  oay]
N 13521y

! 038

F — 3.38 — 5.59 5.67 —
F&. 3.38 3.66 5.15 5.72 5.83 5.60
X/ dof 1392/212 0.967/207 1.170/260 1.102/620 0.931/620 1.033/259
@[keV]

®)110%atoms cm 2]

(©Ryyp is the radius of the black body in km for the distance to the source D = 6.6 kpc.
@[1072 phcm™2 7]

(©@Equivalent hydrogen column for partial covering absorption in units 10*?atoms cm™2.
(NCovering fraction.

2

®The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range in units 10~%erg / cm?/s.
(M This parameter was fixed.

Table 5.4: Her X—1. Variation of the parameters with orbital cycles of the Her X—1 in power
law with high energy cut off continuum model (Highecut). There are no low energy data
(LECS) in some observations to determine values of Ny and kTyyp,.Part 2, main-on states.
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35-day cycle 277 277 277 277 277 277 304 304
Phase of the cycle  (~0.61) (~0.67) (~0.68) (~0.68) (~0.7) (~0.7) (~0.6) (~0.6)
Model High High High High + PC High High +PC High High + PC
ES, 4133722 4402720 41.96%12  41.74775] 41.74®) 41.74® 42,00 4221

(a) 1.33 1.78 0.92 b) b b 139 1.86
o5 S By BNy BT BME M) SN TSR
o 03 03 3503 7403 e 1501 8710 5700
NH(ﬂ) 0‘97%:%)08 0'87%05 036%5 0'77((]):?)06 7836 )50_0?6 o! 7%: 005 0‘87%:?)1 087({’)7]1

+ 0,005 Iy 0. +0.00: +0.005 iy "

k7("(;,)b 040837942(,5 0.0857%0 S0l o 0,0867%'7,06 0. 1077& 003 0.0827%905 0A097?_406, 0,0873_302 !
R 282424 271% 97+83 184+ 52+ 12143 115 17142
l-bh 0 811&7 ) 0 8715‘.'071 0 251?1702 0 89:'%2 ) 07’17101 0 9+6:?171 0 49171?01 0 86:'}"3[?4

m L R gL O e | Ty A
E?E; 17.22;8;;3 1591111%5 4.67%49 , 1636;8; o 4.65106252 2259;%; 16.49:&497 18.94+602:;57§
E%.Ogd 1041799 1319421 15577099 21,6609 12,1103 25621807 8397020 9.16*0%
E a, 0.91 +0.04 1 .0“’) 1A02+0.05 1.0“’) 1 .0“’) _— 1A0(b) .

s 007 +0.04 008 ® ® )
U(Fe) 0.157057 014799 015709 0.1 0.1 — 0.05 —

e. 0.3 0.1 0.1 b 0.03 0.05
A(Fe)L 0.7493 0.6 0.1491 0.1%) 0.07+9% — 0.05*3:93 —

a .05 . .05 X X . .03 .04
iy o4 63BN 6SGR  GSYAN e eerdh  easil  eseqy

a 0.1 0.11 0.06 0.07 b b) b; b;
o 049401 045101 04809 0541007 0.4® 0.4¢ 0.4®) 0.4®)
A:(f%( 0317002 0.2570:9 0.22+0:02 0.2670:0" 0.147091 0.1470:01 0.227001 0.217087

) 0.5 0.4 0.4

NHg 6.1%03 82704 7.6*03

(g 0.01 0.01 0.03
CF}: 0.55*991 0.73+991 0.48+0:93
F 1.45 1.43 1.29 1.29 0.905 0.905 1.16 1.16

o 147 1.45 1.292 1.31 0.905 1217 1.17 1.25

X2,y [ dof 1.039/515 12087598 1.077/536 1.056/540  1.258/353  1.064/351 2308/355 1.447/355
@[keV]

()This parameter was fixed.

©[102atoms cm 2]

@Ry is the radius of the black body in km for the distance to the source D = 6.6 kpc.
©[1072 phem=2 571

(NEquivalent hydrogen column for partial covering absorption in units10*2atoms cm=2,
®Covering fraction.

2

(D The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range in units 10~%erg / cm?/s.

Table 5.5: Her X—1. Changing parameters with orbital cycles of the Her X—1 in power law
with high energy cut off (Highecut) and power law, high energy cut off with partial covering
continuum model. Part 3, short-on states.
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Phase 0-0.1 0.1-02  02-03  03-04 04-05
ES) 4324703 41957014 3927704 40.43707¢ 40.0®
o, 6.09f§%§ 7.53f§;(;§ 6.84f§:‘8‘§ 6.053%'2?3 6.0®
Seye 0.84% 001 1367007 0.89%0 04874 0.1*501
kT 0.075*0:90%  0.051700¢  0.048*0:00%  0.069* 0002 0.087+0:003
RY) 534+20 502+29 467418 46410 s11+H1
r 0.897+0008 0 g5p+0003 () 97570006 () g6+0.02 0.79+002
Eg 22454000 27.3799¢ 26434008 16.92707° 18.86*0:5°
E%id 1247020 10327028 10.02*933  9.95%02¢ 786105
o, 08971 - - 088%0 08375
Try 0172504 - - 0162553 02650
Agy 0.03%55; — — 13553 011255,
B, 65750 65k 637Ig 65450 6.6250;
K T S
Afeg 033%g  019Zg;  035IpF  04ligy  044%Gy
FY 10.61 11.38 6.22 3.25 2.24
F 10.74 11.49 6.3 3.33 2.33

unab

)(fed/dof 1.065/687 1.285/690 1.499/678 1.156/661 1.154 /661

@[keV]

®)This parameter was fixed.

(©Ryy, is the radius of the black body in km for the distance to the source D = 6.6 kpc.
@102 phem™2 571

(©The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range

in units 10‘9erg /cm?/s.

Table 5.6: Her X—1. Spectral parameters as a function of pulse phase during the observa-
tion on 1996-07-27 (main-on state, 257 cycle). The interstellar absorption was fixed to the
average value of Ny = 1.09 x 102%atoms cm™2. Part 1.
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Phase 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 09-1
(a) 1.41 2.06 b b 1.32
EY). 34.32¢140 33.53+200 40.0® 40.0® 41.56*132
o 7.5+149 6.59+197 6.0® 6.0® 6.0®
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Ron ool 0asit8  gorith  genth ol
@ pah ol slh st josiidhe
+2. +2. +0. +0. +0.
E% 23.42_117312 24.792( ; 18.88_007925 19.3_8% 19.51_(1), i
+1. +2. +0. +0. +0.
A el bl (B gesdB omdld
Fo 0841007 (.8470.%4 0.85+0° 0.85+004 0.88+003
a 0.02 0.05 0.05 0.03 0.02
0'&6) ] 0241002 0237005 0247005 0.22+003 021902
2.3 6.0 4.1 2.5 2.5
A?e)L 13.0123 12,4469 9.3+41 120123 145423
a 0.03 0.04 0.03 0.03 0.05
Ego 655109 657100 6557003 6.58+003 6.52+003
a\@ 0.4® 0414000 (.44+0.06 0.4® 0.4®
(};e)K . 0.03 ' _8'82 . _8'82 ' 0.04 . 0.05
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FY 3.29 3.16 3.02 321 5.32
FO 3.4 3.29 3.15 3.34 5.45

unab
X2, /dof 1.198/688 1.077/655 1.153/679 1.142/672  1.216/683

@[keV]

(®)This parameter was fixed.

(© Ry, is the radius of the black body in km for the distance to the source D = 6.6 kpc.
@[1072 phem™2 57!

(©The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range

in units 10_9erg / cm?/s.

Table 5.7: Her X—1. Spectral parameters as a function of pulse phase during the observation
on 1996-07-27 (main-on state of 257 cycle). The interstellar absorption was fixed to the
average value of Ny = 1.09 x 102%atoms cm™2. Part 2.



CHAPTER 6

4U 1626—67

6.1 Source Description

The low mass X-ray binary 4U 1626—67 was discovered by Uhuru in 1972 (Giac-
coni et al.|[1972). It consists of an X-ray pulsar with spin period P ~ 7.67 s, and
an extremely low mass companion (0.04Mg for i = 18°,f < 1.3 - 107 My,
ILevine et all [1988), white dwarf KZ TrA, V ~ 17.5 mag (McClintock et all (1977,
@). The system has a very short orbital period Pq, ~ 42 min th_akmhaﬂ;MlQ&ﬁ)
and therefore belongs to the class of Ultracompact X-ray Binaries (UCXBs). The
low mass of the companion implies that the donor must be a hydrogen-deficient,
partially or fully degenerate star (see for example |Rapp_a.pm1_e_t_a]_.|ll%2])

Heinke et al. (2013) showed that 4U 1626-67 is indeed a persistent X-ray source
powered by a He-star donor. The accretion proceeds via accretion disk (Reynolds
et al. 1997) powered through the Roche-lobe overflow of the companion. The dis-
tance to the source 5 < D < 13 kpc was estimated from measurements of optical and
X-ray fluxes @aﬁaﬁaﬁjw)

The pulse-phase averaged spectrum of 4U 1626—67 can be fitted with an ab-
sorbed black body, a power law and a high energy cutoff. It also contained the Ne
line complex at ~ 1 keV (Angelini et al![1995). The Fe Ka line has been detected
in the 2010 Chandra and RXTE observations by [Koliopanos & Gilfanow M). A
cyclotron resonance scattering feature (CRSF) at ~ 37 keV was discovered by Or-
landini et al. (1998) in the BeppoSAX broadband spectrum, from which a magnetic
field of about 3.2(1 + z) X 10'2 G, where z is the gravitational redshift, was sug-
gested. The detailed study of the cyclotron line was recently carried out by Iwakiri
et al. (2012) using the Suzaku data.

The system exhibits a peculiar spin period evolution. Two torque reversal episodes
in 4U 1626—67 were discovered. The first one occurred in 1990 from spin-up to
spin-down (Wilson et all[1993; [Bildsten et all[1994; (Chakrabarty et al![1997) and,

after 18 years, in February 2008, a new spin-down to spin-up torque reversal was

65
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Figure 6.1: 4U 1626—-67 pulse profiles as a function of energy. LECS (0.1 — 2keV), MECS
2-4,4-6,6-8,8-10keV), HP (10 — 15keV) and PDS (15 - 30, 30 — 45, 45 — 60 keV).
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Figure 6.2: 4U 1626—-67 pulse fraction computed from the pulse profiles. P =7.6679(1) s.

observed (Camero-Arranz et al! 2010, 2012 Zhang & Li[2010). Another feature is

the 48 mHz quasi-periodic oscillation (QPO) of the X-ray emission
1990; Kommers et all[1998).

6.2 Observations and Data Analysis

4U 1626—67 was observed by BeppoSAX from the 9th to the 11th of August 1996
during its science verification phase. The net exposure times were 31 ks for LECS,
97 ks for MECS, 43 ks for HPGSPC and 52 ks for PDS. Differences are because of
the different criteria during passages in the South Atlantic Geomagnetic Anomaly,
rocking modes of the HPGSPC and PDS and due to the LECS being operated only
in satellite nighttime.

6.2.1 Timing Analysis

Using the epoch folding and phase connection techniques the spin period was de-
termined to be P =7.6679 +0.0001 s. Pulse profiles for the 4 NFIs folded with this
period are show at Figure 6.1l The pulse profile at low energies shows three peaks,
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while the high energies pulse profile becomes sinusoidal. Therefore, we confirm
the strong energy dependance of the 4U 1626—67 pulse profiles. As discussed by
) such behaviour is an indication to the anisotropy in the radiative
transfer in a strong magnetic field.

We also computed the pulsed fraction as function of energy the 4U 1626—67.
The results are presented in Figure The pulsed fraction steadily increases with
energy as typical for accreting pulsars.

6.2.2 Spectral Analysis.

The pulse phase averaged spectrum of the source is best described by a black body
component with a temperature k7 ~ 0.3 keV and an absorbed power law with high
energy cutoff (E¢y ~ 20keV). The Ne line complex at ~ 1keV and a cyclotron
resonance feature at ~ 38 keV (Fig. are also required to describe the spectrum
adequately.

From the six continuum models considered in the thesis only four of them can
describe the spectrum of 4U 1626—67 adequately. It was not possible to obtain
statistically acceptable fit for Cutoffpl and BW models. Best fit results for other
models are shown in Table[6.1] In general the spectrum is well described, however
taking into account that the aim of this work is to compare the behaviour of the
continuum in different sources and for most of them the Highecut model describes
the spectrum better then others, we choose this model as a reference for further
analysis.

Phase resolved analysis using the Highecut model was also carried out. The
variation of the parameters with pulse phase is presented in Table[6.2land Figure[6.4l
To obtain statistically significant results, we use four phase bins: the minimum,
maximum, and the rising and declining parts of the PDS pulse profile. The spectrum
of 4U 1626—-67 strongly changes with the pulse phase: it becomes harder at the
pulse maximum and softer in the minimum. As it can be seen from Table[6.2] the
cyclotron and iron lines parameters and the radius of the back body do not exhibit
strong phase dependence. The cutoff energy and the temperature of the black body
are correlated with hard flux whereas the folding energy and the photon index are
anti-correlated (Fig. [6.4).

6.3 Conclusion

Analysis of BeppoSAX observations of the LMXB pulsar 4U 1626—67 carried out in
1996 has been published by Orlandini et al! (1998); Orlandini et al! (1999), however,
I re-analysed this data set coherently with other pulsars in the sample. I carried out
spectral and timing analysis obtaining results consistent with those previously pub-
lished. On the other hand, here, for the first time, I obtain on energy resolved pulse
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Figure 6.3: 4U 1626—67 broadband 0.2 — 100 keV unfolded spectrum described with the best
fit continuum model (cutoff power law with a soft black body component, a narrow emission
line at ~ 1 keV and the absorption gaussian line at ~ 38 keV to account for the CRSF) as
observed by BeppoSAX. The second panel shows residuals associated with the cyclotron
line. The best fit residuals are also shown in the bottom panel.

profiles (Fig. [6.1)), the pulse fraction as function of energy (Fig. [6.2), and phase
resolved spectral analysis (Tab. Fig.[6.4). For spectral analysis I also explored
additional continuum models: Highecut, Fdcut, NPEX and CompTT (Tab. all
of which describe the data adequately and yield consistent results.
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Parameter Highecut Fdcut NPEX CompTT
N@ 9.3+19 9.8+19 6.2+07 4.1+11
0 prU I L [
i P ey im
©-0.3 =03 =03 V=03
() 0.01 0.01 0.01 0.01
kTng 0.29+001 0.3+001 0.32+001 0.35+001
R}()E 148 148 13% 13+
(D) 0.04 0.04 0.04 0.04
El\}’e 1.03+0:04 1.02+0:04 1.02+0:04 1.01+0:04
a%g;@ 0.005 0.005 0.005 0.005
A c) 3.1+1.7 4_1+2.2 5.2-%—2.3 5.3+1.9
FNe 0 8516%1 0 781%)%3 23 —22
Y -0.01 7 -0.03
(b) 1.19 2.49
ECEt 19.19°119 24,1828
ED 10.42+093  8.1%09
' ’ 0.04
al 0.32+0.04
a? -2.0
b 0.3 0.2
k{:) ) 6.1703 6.0ﬁ%%5
+0.
B e
+0.
75 15.86+042

o, /dof 1.036/363 0.981/365 0.978/365 1.043/365
@[1100atoms cm~2]

OkeV]

©[10™* phem™2 s71]

@Ry is the radius of the black body in km for the distance to the
source D =9 kpc.

(©Plasma temperature, keV.

(HPlasma optical depth.

(®This parameter has been fixed.

Table 6.1: 4U 1626—67 parameters of the 4 different continuum models of the phase averaged
spectrum. The absorbed and unabsorbed fluxes in the range 0.1 — 120keV are Fy, = 5.78 -
1079 ergscm™2s7!, Fupap = 5.92- 10710 ergs em2s~! respectively.
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Parameter ~ 0-025  025-0.5  0.5-075  075-1
E%‘;)C 38397197 36.91*09%  37.76*33, 3595432
o), 5.0¢) 4.1i§;§ 2.5 5.0)
Seye LO%s  L7%5  09%3  08%5
0 o3t 0ashE ool 0l
R?B) 1247 11*] 1443 1443
Exe 097Zp1;  098%g5; 104Gy LI8TGS
o 0.005 0.005 0.005 0.005
L N L
r 08248 064y 084R 091
E 16.92f] s 25.06%0:7997 21.38%1:221 L T4y
Efo 9.92+146 g 01*07 831121 946710,
F 5.04 5.66 4.63 2.68
F?ib 5.12 5.73 471 2.77
XYoo /dof  1.063/290 1.135/347 0.944/283 0.971/204
@[keV]

®[10* phecm=2 s71]
(©Ryp is the radius of the black body in km for the distance to the
source D =9 kpc.
@The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV

energy range in units 10™'%rg / cm?/s.

(©This parameter has been fixed.

Table 6.2: 4U 1626—67. Best-fit parameters for the pulse phase resolved spectrum for
Highecut continuum model. The interstellar absorption was fixed at the average value
Ni = 9.3 x 10%atoms cm~2 for all phase bins.



72 Chapter 6: 4U 1626—67
30 1.5
11.0
25 = 10.5
v __|_ ’ 10.0
5 20F .'.-\'\ PEEN :’,l,’\ II = 95
y s - -7 3 \\ I’ < 9.0 -
15} N ) m .
SR 8.5
10l SRR 8.0
e 75
5 I I I I 7% I I I I
0.0 02 04 06 08 1.0 0 02 04 06 08 1.0
1.00 0.38
0.95} 0.36| |
0.907\\\ 034
0.85F -
_ P - 0.32
[, 0.80 _+_ AN 030
0.751" Rl
0.70} 0.28
0.65 0.26
0.6% ‘ ‘ ‘ ‘ 0.24 ‘ ‘ ‘ ‘
0 02 04 06 08 1.0 00 02 04 06 08 1.0

Phase Phase

Figure 6.4: 4U 1626—67. Phase dependence of the parameters of the Highecut continuum
models (blue dashed - MECS pulse profile in 2 — 10keV, green dotted - PDS pulse profile in
15 - 60keV energy range).
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4U 1907+09

7.1 Source Description

4U 1907+09 was discovered by Uhuru in 1971 (Giacconi et alll1971) as a hard X-
ray source. The observed emission is rowered by wind accretion from a companion

identified in optical ) and infrared (Nespoli et all 2008) observa-

tions as a high-mass type O8/09 supergiant star. The lower limit of the distance of
about 5 kpc has been obtained from the analysis of interstellar atomic lines (Nespoli
et al. f(x%) and, together with the observed magnitude m = 16.37 mag, implies a
companion luminosity of L = 5x 10°Le, and a mass loss rate M = 7 x 1076 yr~!.
This is consistent with the spectral classification and the observed X-ray luminosity
(Doroshenko et alll2012).

The orbital period of the system is relatively short with Py = 8.3753d. The
eccentricity is e = 0.28 and the semi-major axis asini = 831ts
11998). Makishima et all (1984) discovered X-ray pulsations from the source with
period P ~ 440 s thus establishing it as a typical wind accreting X-ray pulsar. The
spin period evolution is complicated, which is also consistent with accretion from
wind, The observed pulse period increased until 2004 (in_'t Zand et al.|1998: Baykal
et al. 2006) when it started to spin-up dErJ.tZ_ﬁ‘E 2006). A second torque reversal
episode was reported in 2007 — 2008 yr ) when the observed spin
period started to increase again.

A CRSF was discovered by Makishima (1992); Makishima et all (1999) at ~
19 keV using the data from Ginga satellite. Later Cusumano et al. (1998) reported
detection of the first harmonic at ~ 39keV. The observed line energy implies a
relatively low magnetic field of about 2.1 x 10> G (especially taking into account

long spin period of the source). [Hemphill et al! (2013) have reported some evidence
for a positive correlation between the cyclotron line energy and luminosity. An

emission iron line at ~ 6.4keV was also detected by \Cusumano et al! (1998) in
BeppoSAX data.
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Figure 7.1: 4U 1907+09, LECS, MECS, HPGSPC and PDS light curves during the Bep-

poSAX observation.

7.2  Observations

The source was observed by BeppoSAX on 1997 September 27 — 28 with integration
time of 27, 64, 29 and 31 ksec for LECS, MECS, HPGSPC and PDS respectively.

7.2.1 Timing Analysis

The light curves for all NFIs are presented in Figure [ZIl The gaps in the light
curves are due to the satellite passages over the South Atlantic Anomaly and Earth

occultations. The high intensity at the beginning of the li

ght curve is likely asso-

ciated with the periodic primary flare observed by Tenma (Makishima et alll1984).
Several so-called “off” states similar to that reported by [Doroshenko et al| (2012)

are also evident in the light curve.
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Figure 7.3: 4U 19074009, pulse fraction.

The spin period, determined from the BeppoSAX data is in agreement with the
historical trend reported by [Fritz et al] (2006). The measured period is P ~ 440.99 s.
The pulse profiles for 4 NFIs (from 0.1 to 50 keV) folded with this period are shown
in Figure[Z2] The pulse profiles at soft energies consist of two peaks separated by
half of the pulse phase with a deep and a shallow minimum between them. At
higher energies the first peak disappears and the shape of the other one changes.
Note that the change of the pulse profile shape occurs around the cyclotron energy
(~ 19keV).

The pulsed fraction of 4U 1907+09 as a function of energy is presented in Fig-
ure[73] The fraction of the pulsed emission increases with energy in the 2 — 30 keV
energy range, from 15% to 80% and has two features associated with the fluorescent
iron line at Efpe ~ 6.4 keV and with the cyclotron line at Ecyc ~ 19keV, which is a
strong argument in favor of the CRSF interpretation of the observed feature. Below
the 2keV and above the 30keV the pulse fraction exhibits reverse dependence on

energy.
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Parameter Highecut Fdcut NPEX Cutoffpl CompTT
Né)) 2.72jg(;)gsg9 2.68f8(:)852 2.6j3(;)}59 2.4j36}66 3.00jgagsgg
EleC 19.441'0:61 20.56f0:41 20.1 lJ_'0:44 19.97:“1:24 20.091’0:44
Tioge Lotes  32i5 33148 0875 31103
(zls)yc 39.5771]'6]20 43'274{% 40.32_216786 40.077]]'2093 40.95722;1
Tacye 3.06% 55 10.287) |3 962755 37975 9657508
EE?) 6.447 6% 6.447 0% 6.447 505 6.487 6 6.447 %9
Af, 22103 20503 2558 2.9707 247555
Ef;;)[ 12.64_0:55 54.4_2'336 1 1.49_0:71
B 116135, 0.041:(1)3
al 0.6970:03
a2 -2.0
k{()h) 6.030.07 6.5170%
i O
Tp(h> +0.24 622
Ebg;np 11.77+924
aég%mp 23493
bump 325533
)(%es / dof 1.176 /437 1.308 /437 1.261/437 1.186 /435 1.315/437

@[10Zatoms cm 2]

®[keV]

©The width of the Fe-line has been fixed at the value ope = 0.005 keV.

@104 ph cm~2 571

(©Plasma temperature, keV.

(DPlasma optical depth.

Table 7.1: 4U 1907409 parameters of the 5 different continuum models of the phase av-
eraged spectrum. The absorbed and unabsorbed fluxes in the range 0.1 — 120keV are
Fyp =772 - IO‘IOergs em 257, Fupap =9.14-10710 ergs cm 257! respectively.

7.2.2  Spectral Analysis

The broad-band X-ray spectrum of 4U 1907+09 can be adequately described with
an absorbed cut-off power law continuum (Ny ~ 10?2 atoms cm™~2) modified by the
fluorescent line at ~ 6.4 keV, and CRSF with energy ~ 19 keV and its first harmonic
at ~ 39keV. In the case of the 4U 1907409 three continuum models can provide ac-
ceptable approximation of the phase averaged spectrum, namely Highecut, NPEX
and CompTT. The best-fit results are presented in Table [Z1]
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Figure 7.4: 4U 1907+09 contours (1, 2 and 30) for different continuum models.

The results for the Fdcut and Cutoffpl models are also included as it is pos-
sible to obtain statistically acceptable fit with both models. However, the best-fit
cutoff and folding energy values for the Fdcut are unrealistic at Eqy, = 54 keV,
Eto1d = 0.04keV. On the other hand, the Cutoffpl model only allows to obtain a
statistically acceptable fit if an additional “bump” around 12keV is included in the
fit. As such, we conclude that the description of the spectrum with this models is
not feasible. The BW model is not included in the table as it can not adequately fit
the spectrum.

Note that in all cases some residuals remain around 1 keV. The available statistics
and energy resolution of MECS/LECS does not allow a detailed analysis of the
spectrum in this region, however, we note that the observed excess most likely
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Figure 7.5: The top panel shows the 4U 1907+09 broadband 0.1 — 110keV unfolded spec-
trum with high energy cutoff continuum model (Highecut) with Fe-emission line and two
absorption gaussian lines at ~ 19 and ~ 39keV as observed by BeppoSAX. The residuals
are shown in the bottom panels (1. Two cyclotron and Fe-lines residuals. 2. The best fit
residuals, sze g~ 1.24).

arise due to blending of several emission lines from the wind of the companion
unresolved by BeppoSAX.

Statistically the best fit is obtained with the Highecut model. The parameters of
this model are also well constrained and exhibit no strong inter-parameter correla-
tions as can be seen from the contours presented in Figure [Z.4l

Figure shows the broadband spectrum of the source as observed by Bep-
poSAX on 1997 September 27 — 28. The top panel shows the phase-averaged X-
ray spectrum with the best fit model (absorbed cut-off power law, with Highecut).
The second panel shows the residuals associated with the cyclotron line and its first
harmonic at ~ 19 keV and ~ 39keV. In the bottom panel the best fit residuals are
shown. 4U 1907409 exhibits also a narrow iron line at ~ 6.4 keV.

Phase resolved spectral analysis was also carried out (Fig. [Z.6). The absorbed
power law model with a cut-off at high energies was used to model the spectra as
function of the pulse phase. Absorption column Ny and iron line parameters were
fixed to the average values for all phase bins. Fit results are presented in Table [Z.21
Strong variation of the cutoff and folding energies as well as of the photon index
with pulse phase is apparent as shown in Figure[Z.6l Other parameters show weak
variation with pulse phase as expected.
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Parameter 0-02 02-04 04-0.6 0.6-0.8 0.8-1

(@) 1.58 1.27 0.86 1.02 0.11

E(l‘;)yc 20154138 20.37 03 21.017080 18747102 20.19701!

a 1.94 1.04 1.89 0.42 0.015

T oy 2.94* e 2.62% ki 1 .85“_;0276 2.88j8%5‘ 0.06J_r00%33
+0.. +0. +0. +0. +0.1

61(?; 0.57701'1892 0.4870'521 0'5’0'9856 0.587032288 0.97701'4792
+1. +-0. +2. +3. +1.

Ee 37.65% )82 39.57+,% 37.88733¢  40.117328  41.62*1 72

ol 13698 30631 s7snE 2390 361

ey 6.88%%2 2.968e-20(0.01) 1 .84f(')(~);; 2.1 sjg;gi 3.37jz;§4

X 0.01 0.04 . .02

r(a) 1.423)1'0;8 1.03;)(_)0727 1.2;)_%H 0.981020123 1.39j+01'0229
+1. +0. +1.45 +2. .

E% 11.857%'23 13.24700'652 12.17_5(3)6 17.92723'735 22.95%2
+2. +0. +2. +2. +2.

Ele # 13.95263 6.26704 13.09226  7.76*27.  15.83*2%
F(B) 3.76 7.0 6.1 8.2 6.23
an?db 4.65 8.26 7.15 9.21 7.35

X2, /dof  1.178/319 1.185/391 1.107/403 0.959/401 1.003/401

@[keV]

()The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV
energy range in units 10~ 'Verg / cm?/s.

Table 7.2: Phase resolved spectral parameters of 4U 1907+09 for the Highecut contin-
uum model. The interstellar absorption and Fe-line parameters were fixed at the aver-
age values: Ny = 2.72t8:8g atoms cm™2; Epe = 6.44f8:8§ keV, og. = 0.005 keV, Age =
2.2i8'i x 104 phem™2 571

7.3 Conclusion

I reanalysed the data of the HMXB pulsar 4U 1907409, observed by BeppoSAX
in 1997 (Cusumano et al|[1998; ldi Salvo et all[1999). The measured spin period
is in agreement with that previously reported by ldi Salvo et al! (1999). Using the
measured spin period I investigated the evolution of the pulse profiles (Fig. and
pulse fraction (Fig.[Z3) with energy.

The pulse phase resolved spectroscopy (Tab. Fig. was also carried out
for the first time for this data set. For the first time I get also a good approximation
of the spectrum using several continuum models (Tab. [Z1) and all NFI’s, whereas

\Cusumano et al! (1998); di Salvo et al/ (1999) only used MECS, HPGSPC and PDS.
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pulse profile in 15 — 60 keV energy ranges).Absorption column Ny and iron line parameters
were fixed at the average values.



CHAPTER 8

4U 1538-52

8.1 Source Description

High mass X-ray binary 4U 1538—-52 is an eclipsing system consisting of the BOIab
supergiant star QV Nor (17Mg, Reynolds et alll1992) and a neutron star. This Sys-
tem has an orbital period of ~ 3.728d (Clark [2000; [Falanga et al![2015) and a spin
period of about 529's (Davison et all1977; Becker et all[1977). It was discovered
in the third Uhuru survey (Giacconi et all|1974). Initially two solutions for the
orbltal eccentricity were reported: ~ 0.08 (Corbet et all[1993) and ~ 0.17 -
). The X-ray eclipse lasts a significant fraction of the orbit at ~ 0.6 d (Becker
et al. ll9_U|). The average flux has been estimated ~ (5 —20) X 10710 erg sThem™2
in the 3 — 100 keV range m M), which corresponds to the X-ray lumi-
nosity is ~ (2 —7) x 10°% erg s~ assuming the distance to the system of ~ 5.5 kpc
[1977; [Parkes et al![1978). Note, however, that reported distance es-
timates range from 5.5 + 1.5 kpc (Crampton et all|1978) to 6.4 + 1.0kpc (Reynolds
et al.[1992). The mass of the compact object has been also determined, and turns
out to be fairly low for a NS. Rawls et al! (2011 and |Ealanga_e_t_a]_,| (2015) re-
port 1.104£0.177M® and 1.02 +£0.17M® respectively (assuming the eccentricity
¢ =0.18(1)). In the recent work by|Falanga et al/ (2015) the ephemerides, the orbital
period decay rate, and masses of both companions were confirmed and refined.
Nevertheless, presence of the X-ray pulsations from the compact object and the
observed CRSF in its spectrum imply that the source is clearly a NS. The CRSF
~ 20keV was discovered by IClark et all (1990) using the Ginga observations.
The first harmonic at ~ 47 keV was later discovered using the data from the RXTE
and INTEGRAL observatories (IRQd_Qs;RQc_a_c_t_athmg) The source spectrum also
exhibits an emission iron line at ~ 6.4 keV first reported by Makishima et al. (1987)
and several other emission lines between ~ 1 —3keV dRngs;Ro_Qa_Qt_alJ |2Q]_l|).
Note that the observed CRSF energy implies B ~ 2x 101> G (m @), ie.
unlike the mass, close to the canonical value.
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The spin evolution of the source is quite complicated and also confirms the NS
origin of the compact object. Two torque reversals have occurred, one in 1988 from
spin-down to spin-up ) and one, back to the spin-down, in ~2009.
Currently 4U 1538-52 is followmg the same spin-down trend (Finger et al 11 2009;

[Hemphill et all2013).
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Figure 8.1: 4U 1538-52, LECS, MECS, HPGSPC (with the 256 s bin time) and PDS (455 s
bin time) light curves during the BeppoSAX observation.

8.2 Observations

4U 1538-52 was observed by BeppoSAX from the 29th of July to the Ist of August
1998 with 32, 70, 35 and 37 ks exposure for LECS, MECS, HPGSPC and PDS
respectively. The source was in eclipse during the first quarter of observation, as
can be seen in the light curves of the 4U 153852 presented in Figure Bl We
performed the temporal and spectral analysis on the out-of-eclipse data only.
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Figure 8.2: The pulse profiles of the X-ray pulsar 4U 1538—52 as a function of energy. LECS
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8.2.1 Timing Analysis

Using the high resolution BeppoSAX light curves of the 4U 1538—52 and the epheme-
rides fromm ), we determined the pulse period P =528.218+0.001 s
with a high accuracy using the phase-connection technique.

Using the measured period value we obtained the pulse profiles in several energy
ranges. In Figure the pulse profiles of 4U 1538—52 in 7 energy bands are
presented: 0.1 —4keV for LECS, 4 — 10keV for MECS, 10 — 20keV for HPGSPC
and 20 - 25, 25 - 30, 30 — 50, 50 — 60 keV for PDS.

As one can see, the shape of the 4U 1538-52 pulse profile is strongly energy
dependent. In the 0.1 — 20keV and 25 — 35keV energy bands the pulse profile
consists of two peaks with a strong main peak and a smaller secondary. At high
energies a single broad peak is observed. The secondary peak disappears at the
~20keV, i.e. close to the cyclotron energy (see below, 8.2.2)).

Using the obtained pulse profiles we calculated the pulsed fraction as function of
energy as presented in Figure The fraction of pulsed emission increases with
energy from 30% to 100% in the 5 —20keV and 30 — 50 keV energy ranges. Below
5keV and above 20keV the pulsed fraction decreases with energy. The decrease
of the pulsed fraction at higher energies is likely associated with presence of the
CRSF at 21 keV.
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Figure 8.3: 4U 153852, pulse fraction.
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8.2.2  Spectral Analysis

We performed a spectral analysis of the 4U 1538—-52 for the out-of-eclipse data in
the energy range 0.1 — 120 keV. The broadband spectrum can be described with an
absorbed cut-off power law continuum (Ny ~ 10?? atoms cm™~2) modified by a flu-
orescent iron line at ~ 6.4keV and two absorption features with energies ~ 21 keV
and ~ 52keV required to account for the CRSF and its first harmonic (Clark et al.
1990; [Rodes-Roca et all2009; Hemphill et all2013).

The best-fit parameters for five considered continuum models are presented in
Table 8.1} Highecut, NPEX, Cutoffpl, CompTT and BW. Note, however, that only
the first three models provide a reasonably good approximation of the phase av-
eraged spectrum and exhibit no systematic fluctuations in the residuals (Fig. [8.4).
Furthermore, only Highecut and BW models result in a good fit for the spectrum

Figure 8.4: 4U 1538-52. The best-fit residuals for the considered continuum models. Note
that Fdcut does not provide an adequate description for the spectrum. The NPEX, Cutoffpl,
CompTT models require additional emission line-like component, i.e. “bump” at ~ 12keV
which is not required for Highecut and BW models. Out of these two models the former
provides a statistically better fit.
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without the mysterious “bump” at 12 keV reported, but not explained in the litera-
ture for several sources. This additional component was first introduced by
) for several sources to account for systematic miscalibration of RXTE effec-
tive area due to the presence of copper line from wiring of the detector. However,
subsequently a similar component was also identified in observations from other
satellites, so this interpretation is questionable. On the other hand, it is quite likely
that this component is associated with the oversimplified modelling of the broad-
band continuum, as it often appears only for a particular continuum model. For this
reason, I conclude that this component has probably no physical meaning and shall
be avoided if it is possible to obtain an acceptable fit without it.

To assess the inter-parameter correlations we also present several sets of contours
for the most important model parameters in Figure 831
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Figure 8.5: 4U 1538-52 contours (1, 2 and 30) for different continuum models.
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Parameter Highecut NPEX Cutoffpl CompTT BW
(@) 0.02 0.06 0.06 0.07 0.03
N(PL) 1 .66’:0(')0129 1 .49f000576 1 .49fOO0562 0.884_’0(_)0265 1 .29f00119
+0. +0. +0. +0. +0.
EEE)“ 20514019 21257036 2132702 21891025 22424019
0.16 0.67 0.63 0.32 0.32
T eye 2.44’:8(1)g 206):8‘?)% 2.1 lfg‘gg 3.394:8'(3)4 4.84t0‘3
+0. +0. +0. +0.
Oieye 0.52% 03 0.3606 0.3750s 0.62% 0
Teye 17.11+291
(b) 2.0 442 421 ’
E%bc)yc 52.0977%, 54.027375 53.0555%,
1.04 2,95 3.13
Toeye 3.64%}‘% 7.19:'(2)g5 6.45%%4
+1. +0. +1.
T gaw o Sas LA
+0. +0. +0. +0. +0.
EFg 6.347 005 6.39% 1 0e 6.39%0e 6367000 6.3870 02
o-i:%) 0.0001(1) 0.14(5) 0.14(5) 02490 0.17(5)
c 0.5 0.8 0.7 0.8 0.8
AFI?) 2.7 3:.4;90835 3.43)0845 4'0t0'§ N 3.6555
. +0. +—/.
EI(JZ;)mp 12‘477025 12.49_0‘28 13.53_7‘19
0.31 0.64
T 3317031 32610% 235(-5)
AL, s s s
P +0.01 +0.05
r " 1. 14_0()0113 0.81 _000955
+0. +0.
Ef?)l 13.9678}§ 12.99%03
+0.
Efoa 11.85%7 4 006
cx; 0.850(:)1 p
. —.
b 1.36 0.07 0.11
k{;) ) 12.4+}3¢ 5. 12188; 2.73+011
+0.
g3 Do
Tp 009
£ 1.38j§<§
6 3.535053
BY) 1.82
M® lel?7
(h) 5.5
ro. 62.927
DY 6.4

)(fes /dof  1.056/373 0.981/370 1.046/371 1.139/376 1.332/376
@[10%2atoms cm 2]

®[keV]

©[10* phem™2 s71]

(@Plasma temperature, keV.

(©Plasma optical depth.

(f)[ 102 G]

@[10'7 g/s]

(h)[km]

(i)[kpc]

Table 8.1: The best-fit parameters of the 5 different continuum models of the phase averaged
spectrum of 4U 1538—52. The absorbed and unabsorbed fluxes are Fyp, = 9.24 x 10~ 1%erg /
cm?/s, Funap = 1.05 x 10™%rg / cm?/s respectively.
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Figure 8.6: 4U 1538-52. Top panel shows the broadband 0.1 — 120 keV unfolded spectrum
with the cut-off power law (Highecut) continuum model including the iron line line and two
absorption features ~ 21 keV and ~ 52keV as observed by BeppoSAX. Bottom panel shows
residuals for (1.Cyclotron and Fe-lines residuals. 2. The best fit residuals with X}Z’e .~ 1.06)

Based on the results shown in Table Bl contours shape and residuals for the
different continuum models, we conclude that the Highecut model provides the
most robust description for the source spectrum and thus have chosen it for further
analysis. The observed spectrum, modeled with the Highecut, and its residuals are
shown in Figure[8.6l The top panel shows the pulse phase averaged X-ray spectrum
with the best fit model (absorbed cut-off power law, Highecut). The second panel
shows the residuals associated with the two cyclotron lines at ~ 21 keV, ~ 52 keV
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Figure 8.7: 4U 1538-52. Changing spectral parameters with phase with the Highecut
continuum model (the dashed blue line is the MECS pulse profile in the 2 — 10keV energy
range and the dotted green line is the PDS pulse profile in the 15 — 60 keV energy range).

and the narrow iron emission line at ~ 6.4keV. In the bottom panel the best fit
residuals are shown. Some residuals are still visible in the soft energy range below
1 keV, as in some other sources (e.g., 4U 1907+09, Her X—1). For 4U 1538-52
this “soft excess” can not be described with a blackbody like component, so we
conclude that it is likely associated with a blend of several unresolved emission

lines (Rodes-Roca et all2011)).

Pulse-phase resolved spectral analysis was also carried out (Fig. [87). The ab-

sorbed cut-off power law model (Highecut) was used to model the spectra as a
function of the pulse phase. The absorption column Ny and the parameters of cy-
clotron line harmonic (Eacyc, 02cyc) Were fixed at the average values for all phase
bins. The Fe-line was not required for the phase resolved spectra (amplitude less

than 10~ photons cm

,28

-1

at 1o confidence level).
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We used 9 phase bins (0-0.1,0.1 -0.2,0.2-0.3,0.3-0.4, 0.4 -0.5,0.5 - 0.6,
0.6 - 0.7, 0.7 = 0.8, 0.8 — 1). The fit results are presented in Tables B3l and
Figure[87 A strong variation of the folding energy, photon index and depth of the
fundamental cyclotron line with pulse phase is observed. Efyg and photon index I'
exhibit a similar behaviour. ¢j¢yc is roughly constant during the main peak and has
a maximum at the secondary one. Other parameters only exhibit minor variation
with phase as expected.

8.3 Conclusion

I presented the results of the detailed timing and spectral analysis of the HMXB
pulsar 4U 1538-52 observed by BeppoSAX in 1998. The measured spin period
is in agreement with the value published by [Robba et al! (2001) who reported on
the analysis of the BeppoSAX data including the eclipse. Here I only considered
the data out of eclipse which allowed to study the energy dependence of the pulse
profiles (Fig.[8.2) and pulsed fraction as function of energy (Fig.[8.3) in more detail.
For the average spectrum, I investigated multiple continuum models and conclude
that the best one is the Highecut (Tab. Bl Fig. [84 [8.6). The pulse phase
resolved spectroscopy in 9 energy bins was also carried out (Tab. Fig.[B7).
Most of the spectral parameters exhibit little variation with pulse phase, however,
CRSF parameters do change significantly.
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Parameter 0-0.1 0.1-0.2 02-03 03-04 04-05
(@) 0.5 0.68 0.42 0.91 1.01
(lf;)yc 2115703, 21567048 22.12+04 21.56*090 224510
a 0.57 0.6 0.48 1.14 0.99
oye 2917027 2.98%08 2151048 2297114 2.44*99
Sleye 0.39j§;§§ 0.43j§:é% 0.47j§;§2 O.Sjg(-)?é o.43j§;(1é
r(a) 1.18;)];0424 1.013)%0231 1.11;%033 1.18j03;023] 1.223%0922
+1. +1. +1. +3. +1.
Egj)t 14.44_?.3? 15.67_11_2871 16.715% i 15.79_111789 12.39_%_%5
+1. +1. +0. +1. +1.
E%d 16.41719 11.8%027  9.96*036, 9.51% 148 12,7146
FFB 10.88 12.42 11.01 8.21 5.12
F?m)ab 12.44 13.58 12.39 9.3 5.92
X /dof 09627465 0.994/384 1.193/453  0.932/354  1.138/359
@[keV]

()The values of absorbed and unabsorbed fluxes in the 0.1 — 120 keV

energy range in units 10™'%erg / cm?/s.

Table 8.2: 4U 1538-52. Phase resolved spectral parameters for the Highecut continuum
model. The interstellar absorption and parameters of the first cyclotron line harmonic were

fixed at the average values: Ny = 2.72f8:88 atoms cm™2; Ejeye = 52.09f%:(7)1 keV, oocye =
3.647 M keV. Part 1.
Parameter 0.5-0.6 0.6-0.7 0.7-0.8 0.8-1
(@ 052 052 057 142
E(l‘g)yc 2129703 21427057 21317037 2117708
a 0.44 0.45 147 2.09
Tleye 2'48t8'§§ 3.23i8'§2 2.811’8_?2 4.6t1(')81‘%6
51 1.14*0 1.39+0 0.92+0- 0.51+0-
0 el oem D%an e
Ey IS8312 167655 1248780 1366537,
+0. +1. +0. +4.
Ef%d 71537074 693735 8.27753 18417557
F(E 5.79 7.16 6.5 5.36
F?m)ab 6.62 7.89 7.12 6.39
szes / dof 1.016/344 1.031/306 1.026/345 1.033/400
@[keV]

® Absorbed and unabsorbed fluxes in the 0.1 — 120keV
energy range in units 10~'%erg / cm?/s.

Table 8.3: 4U 1538-52. Dependence of spectral parameters of 4U 1538—-52 on pulse phase

for the Highecut continuum model. The interstellar absorption and parameters of the

first cyclotron line harmonic were fixed at the average values: Ny = 2.72j8'8g atoms cm™2;

Eocye = 52-09f%191 keV, oocye = 3.64f}:(1)‘31 keV. Part 2.
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Vela X-1

9.1 Source Description

The eclipsing HMXB Vela X—1 was discovered in 1967 (Chodil et all[1967) and
it is today one of the most well-studied X-ray pulsars. It exhibits pulsations with
a period of ~ 283's (McClintock et al!|1976) modulated with an orbital period of
8.964 days (Forman et al|[1973; lvan Kerkwijk et al!|1995).

The optical companion star is a massive (M = 23My and R = 34Rs) B0.5Ib su-
pergiant HD 77581 (Brucato & Kristian [1972; Hiltner et all Lgu I_%Q)
which looses mass at an estimated rate of (1 —7) X 10‘6M@ yr Hutching: '

lusd; Kallman & White 1982; ISadakane et al/l1985; [Sato et al) lusﬂ

) through a fast wind with a terminal velocity of ~ 1700kms™!

d]luprﬁ_e_el_al] 11980). The compact object in Vela X—1 is one of the most massive
NSs (1.9M) (Barziv et all 2001 |QJ.Laer_Qll_e_t_aL| 2003). Due to the small dis-
tance between the two components of the system (orbital radius is of just about 1.7
stellar radii) the NS is deeply embedded in the stellar wind of the supergiant (Na-
gase [1989). Together with its relatively close distance of ~ 2kpc (Nagasd [1989),
this makes Vela X—1 one of the brightest persistent X-ray pulsars in the sky and a
prototypical wind-accreting system.

The matter from the wind of the optical companion is accreted by the NS yielding
average X-ray luminosity of ~ 4 x 103® erg s~!. Note however, that Vela X—1 is an
extremely variable on short time scales. The system is known to exhibit so-called
giant flares with flux increasing by a factor of 20 on a timescale of hours, and
the “off-states” where the source becomes basically undetectable for several pulse
periods (Staubert et all[2004; [Kreykenbohm et al![2008; Doroshenko et all2011)).

In the X-ray spectrum of Vela X—1 a strong variation of the absorption column
on short time scales and with orbital phase is observed (Haberl & White”199d; Fiirst
etal.2010). The spectrum also exhibits a variable iron emission line at ~ 6.4 keV as
well as a number of lines from other elements. Two cyclotron lines at ~ 25 keV and

93
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Date Obs. time (ksec, MECS) Orb. phase(“) Period (sec)
1996-07-14® 48 0.28-0.35 283.201(1)
1996-12-23© 96 0.38-0.5 283.271(1)
1996-12-24© 99 0.51-0.63 283.271(1)
1997-11-24@ 100 0.83-1.00 (+eclipse)  283.5549(1)
1997-12-24@ 76 0.22-0.32 283.452(1)
1997-12-25© 76 0.32-0.42 283.452(1)

@Ephemerides from Falanga et al. (2015).
®)Orlandini et al. (1998)

(©La Barbera et al. (2003)

@These data were not published before.

Table 9.1: BeppoSAX observations of Vela X—1 analysed in our work.

~ 55keV have also been reported in the source i 11992; Kreyken-
bohm et al.[1999,2002; 2003: Maitra & Paul 2013H).

9.2 Observations

Vela X—1 was observed by BeppoSAX several times within 1996 — 1997 (Tab.
with a total MECS exposure of about 535 ks.

The light curves with time bin of 256 s for all BeppoSAX observation as observed
with the MECS in the 2 — 10keV energy range are presented in Figure 0.1l They
illustrate the variability features briefly mentioned above, i.e. the flares, low and
off-states, as well as a period when the NS was eclipsed by the companion. Note
that unlike the off-states the fluorescent lines are still observed during the eclipse,
i.e. the source is still emitting the X-rays.

9.2.1 Timing Analysis

Using the high resolution BeppoSAX light curves and orbital ephemerides from
Falanga et all (2015), we determined the pulse periods for all observations using
the phase-connection technique. The results are presented in Table [0.11

We choose the 1996-12-24 observation as a reference for the further total timing
and spectral analysis as it has longest exposure. Using the measured pulse period
values we obtained the pulse profiles in several energy bands. In Figure the
pulse profiles for the observation 1996-12-24 are presented in 6 energy bands: 0.1 —
4keV for the LECS, 4 -7, 7 — 10keV for the MECS, 10 —20keV for the HPGSPC
and 20 — 60, 60 — 120keV for the PDS. As one can see, the morphology of the
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Figure 9.1: The MECS light curves of Vela X—1in 2 — 10keV energy range. On the top pan-
els are observations from 1996-07-14 (low and high states; left) and 1996-12-23/24 (right).
Bottom: 1997-11-24 (the low state, the high state, contains several flares, and the eclipse;
left) and 1997-12-24/25 (during this observation a few flares and the off-state were observed;
right) dates of observations.

Vela X—1 pulse profile is strongly energy dependent. At low energies five peaks
are observed, whereas only two peaks may be identified at higher energies. The

pulsations are detected up to ~ 120 keV.

The pulse fraction of Vela X—1 as function of energy calculated using the pulse
profiles for the observation in 1996-12-24 is presented in Figure The fraction
of the pulsed flux increases with energy in the 5 — 60 keV energy range, from 35%
to 75%. Below 5keV the pulse fraction shows a reverse dependence on energy

similarly to more other pulsars in the sample.
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Figure 9.2: The pulse profiles of the X-ray pulsar Vela X—1, in 1996-12-24, as a function of
energy. LECS (0.1 — 4keV), MECS (4 — 7, 7 — 10keV), HPGSPC (10 — 20keV) and PDS
(20 - 60, 60 — 120 keV).
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Figure 9.3: Vela X—1, 1996-12-24, pulse fraction.

9.2.2  Spectral Analysis

To assess possible spectral variability I extracted the broadband spectra in the 2 to
120 keV energy range separately for all observations. The broadband spectrum may
be described with an absorbed continuum consisting of a cut-off power law. In some
observations the complex intrinsic absorption is evident which I account for using
the partial covering absorption model (see Chapter[d). The emission Gaussian line
at ~ 6.5 keV, and two CRSFs with energies ~ 25 keV and ~ 55 keV are also required
to approximate the spectrum.

Vela X—1 was observed by BeppoSAX several times (Tab. @.1). As already said,
I chose the observation on 24th of December 1996 as a representative observation
to test all continuum models which I use in the thesis. In the case of the Vela X-1,
however, only four continuum models provided acceptable fit for the phase aver-
aged spectrum (Tab. Fig.©04): Highecut, Fdcut, NPEX and CompTT.

Figure[@.3]shows the broadband spectrum of Vela X—1 as observed by BeppoSAX
on 1996-12-24. The top panel shows the phase averaged X-ray spectrum with the
best fit model, i.e. the absorbed cut-off power law (Highecut) modified by a partial
covering absorption. The second panel shows the residuals due to the Fe-K line at
~ 6.5keV and cyclotron lines at ~ 25keV and ~ 55keV. In the bottom panel the
best fit residuals are shown.
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Figure 9.4: Vela X—1 spectral residuals for four different continuum models in 1996-12-24.

Spectra for all the BeppoSAX observations of Vela X—1 can be approximated
using the same model (Tab. [0.4). The best fit residuals and the residuals of the
cyclotron lines for all observations with Highecut continuum model are shown at
Figures respectively.

Pulse phase-resolved spectral analysis was also carried out (Fig. for the ob-
servation performed on 1996-12-24. The absorbed power law model with cutoff
at high energies (Highecut) was used to model the spectra also in this case. The
absorption column Ny was fixed at the average value for all phase bins. Fit results
are presented in Tables Most parameters exhibit a strong variation with
phase as illustrated in Figure
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Figure 9.5: Top panel shows the broadband 2 — 120 keV unfolded spectrum of Vela X—1 ob-

served on 1996-12-24 approximated with a cutoff power law continuum model (Highecut)

modified by Fe-emission line and absorption Gaussian lines at ~ 25keV and ~ 55keV. Bot-

torn panel shows residuals for: 1) Cyclotron and Fe-lines residuals; 2) The best fit residuals.
red ~0.8.)

9.3  Conclusion

Vela X—1 was observed by BeppoSAX several times (Tab. [9.1). Part of these data
were analysed and published (Orlandini et all([1998 |La_B_arb_e_[a_e_t_al,| 2003), how-
ever, analysis of the observations on 1996-12-24 (second part), 1997-11-24 and
1997-12-24 is reported for the first time here.
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Figure 9.6: The best-fit residuals for Vela X—1 broadband spectrum for all BeppoSAX obser-
vations and Highecut continuum model.

For all observations a basic spectral and timing analysis was carried out. More
detailed analysis was done for the longest observation (1996-11-24) including:

e evolution of the pulse profiles with energy (Fig.[9.2),

e analysis of the pulsed fraction as a function of energy (Fig.[0.3)),
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Figure 9.7: Vela X—1 spectral residuals after exclusion from the model of the emission iron
and cyclotron lines for all BeppoSAX observations (again, for Highecut continuum model).

e detailed spectral analysis with several (Highecut, Fdcut, NPEX CompTT)
continuum models (Tab. Fig.[0.4),

e pulse phase-resolved spectral analysis (Tab. Fig.[0:8).
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Figure 9.8: Vela X—1, 1996-12-24. Variation of the best-fit spectral parameters with pulse
phase for Highecut continuum model. For reference the pulse profiles in the 2 — 10keV
(MECS data, dashed blue line), and 15 — 120keV energy ranges (PDS data, dotted green
line) are also shown.
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Parameter Highecut Fdcut NPEX CompTT
Bige D mle oSl Poos P00Tan
e 4.68_8_(1)? 5'07‘8%% 6.0_%%4 5.62_882
51(%0 0.26f+0(;)061 0.24%(;)0219 o.32i&0§9 0.23;?;(5)2
oo Dham o San
T 6.9*04 1435701 1259172 11.06*]4
52(%0 0.62*00% 1967003 1.19*014 0.997014
Ey. 6487003 647TI0G  648IGE 6475
o 0.13(1) 0.11(1) 0.103(5) 0.082(5)
A%) 18902 1g02 21903 o04
NHg 9.21*010 896706 9.01*071 1018098
c 0emEs oetEE 0590 062100
r(b) 1.332;;3;?;35 1.307{868358},

E%};)t 23.91013  51.85+03%

Efoa 13'59J—r8213 782)181%3

al 0.72+003

) -2.0

kT 738506 77700
T 0.00176010
T§> 10.6*92

XYoo /dof  0.813/283 0.856/284 0.789/284 0.900/284
@r10%2atoms cm~2]

®keV]

©[1073 phem2 571

(@Equivalent hydrogen column for partial covering absorption

in units 10?2atoms cm™~2.

(©)Covering fraction.

(HPlasma temperature, keV.

(®©Plasma optical depth.

Table 9.2: The best-fit parameters of the broadband phase averaged spectrum of Vela X—1 for
four different continuum models (for the representative observation performed on 1996-12-
24). The absorbed and unabsorbed fluxes in 2 — 120 keV energy range are Fy, = 6.2x 10 %erg
/cmz/s, Funap =7.2X% 10_9erg/ cm2/s respectively.
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Parameter 1996-07-14/high  1996-07-14/low  1996-12-23 1996-12-24

(a) 0.11 0.1 0.02 0.03
N%_Zl)) 1.74*911 8.47+0.1 1.39j000221 3.14j000f8
+0. +0.
E%g)yc 25.01721 25.03+0:18
0.45 0.21
Teye 541507 4.687 15
61cyc 021t88i 026t88i
Egyyc 60.11+193 60.11® 57.27+0:3¢ 552704
T 8.1510¢ 6.94* 15 8451036 6.9%01
0.1 0.3 0.05 0.05
52(be)c 1.4j%.(1)2 0.6’:%%3 0'77i8'8‘3‘ 0.62j8_8§
+0. +0. +0. +0.
Egbe) 6.48_8_&21 6.46_8_8% 6.49+003 6.48+003
+0. +0.
ol 0.13+004 0.15+097 0.12(1) 0.13(1)
Ay 8.2+0. 42402 2.2+02 1.8+02
0.01 0.01 0.003 0.006
r(b) 1.0931)_%lg 1.24j000517 1.397’:00 03 1'3328'?93
+1. +0. +0. +0.
EC}L]“ 21.01 18 24.89+037 24.08+0.10 23.9+013
E! ?j : 13.39+09 11.33+047 14.89*018 13.59+0.1>
(d) ’ ’ 0.63 0.14
NHg 12.49*093 9214014
(e 0.01 0.004
e 025901 0.627+0.904
FY 17.2 8.8 6.9 6.2
FI 17.7 9.8 7.5 7.2
Xa / dof 1.058 /187 1.033/206  0.997/282  0.813/283
@r102%atoms cm™2]
B keV]

©[1073 phem™2 s71]

@Equivalent hydrogen column for partial covering absorption
in units 10?>atoms cm™2.

©)Covering fraction.

()The values of absorbed and unabsorbed fluxes in the 2 — 120 keV energy range
in units 10_9erg /cm?/s.

(®This parameter was fixed.

Table 9.3: Variation of the spectral parameters of Vela X—1 with time/orbital phase for the
cutoff power law continuum model (Highecut). Part 1.
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Parameter 1997-11-24/high  1997-11-24/low  1997-12-24  1997-12-25

Ngj 27.97f§;§§ 18.58f§§g 2.26tg(;)g§1 1.47tg(;)g3;2
E\) 26.1504 25.23+080 27.54*041 2782103
leye 24955 26155 26655 0715
Sioxe 0095 0138 01039 015
Ey), 56.52+0:08 59.59+19) 54.45+030 5634034
heye 807054 9.447 )58 83105 735%0%
i 03B ol ool oysik
UFS 0.35%) 01 0.35%5 0 0.2 01 0.15%5 04
Ap 7.1j§;% 3.9%07 9.8+03 3.2702
r(b) 0.91t$08§8 0.981'?(:)86%1 0.66j§§8§ 1.215%30380883
Eou 20.98+088 20.21+09! 22217013 2323+008
Eg, 11.2%0:12 1409739 9.89+008  13.94+097
N

C;EE

FJ 16.4 7.0 9.8 7.7
FI 20.1 8.4 10.0 7.9
Xasg | dof 1.576/286 1.130/225  1.345/555 1.366/573
@[10%2atoms cm 2]

O[keV]

©r10-3 ph em2 s

(@Equivalent hydrogen column for partial covering absorption
in units 102%atoms cm™2.

(©Covering fraction.

()The values of absorbed and unabsorbed fluxes in 2 — 120 keV energy range

in units 10_9erg /cm?/s.

Table 9.4: Variation of the spectral parameters of Vela X—1 with time/orbital phase for the
cutoff power law continuum model (Highecut). Part 2.
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Parameter 0-0.1 0.1-0.2 0.2-0.3 03-04 0.4-0.5

Ef. 284723% 25917112 27017135 2461020 2353706
o-<;;>yc 2.87+112 4.12@ 4954098 3781067 518+0.560
g ol o o ool osidf
Eyye 57.857440 50597257 50.74%29 54477233 55421143
T 1055728, 4.14%2% 1009 63728 52744
be 06608 07908 13602 07701 osol
Ey) 6487008 6570 6.56%g0s  64ITGE 6.42700
0'?%) Se-11(1) 0.09(1) 0.1@ 2e-25(5) le-25(1)
c +0.4 +0.5 +0.4 +0.4 +0.5
Ars Nt S r SRt o
@ TR g 104005 am 1404 1g A% oo
E% 24.21+_017%3 24.19;%% 37.21;?.?.;6 18.91%)_%5 21.89;821
E,{O : 1328977 14461122 11314180 12624047 12154064
Ny 431%057 9287042 9.09%072 8.5710% 10.12%13
oty o7l ool ol ossy
Fflg) 43 2.6 44 5.8 6.7
Fo 4.9 34 5.8 6.8 7.8

szes / dof 1.1/354 0.888/354 1.04/355 0.913/353 0.828/353
@[keV]

() The values of absorbed and unabsorbed fluxes in 2 — 120 keV

energy range in units 10~%erg / cm?/s.

@©[1073 phem™2 571

()This parameter was fixed.

Table 9.5: Part 1. The best-fit parameters for pulse phase resolved spectral analysis of
Vela X—1 using the Highecut continuum model (observation 1996-12-24). The absorption

column has been fixed to the average value Ny = 3.15f8'8431 atoms cm ™.
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Parameter ~ 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 09-1
Ef. 24.09109% 22451074 250@ 2577326 291714
ol 3.110¢ 4.0@ 5.0 5771262 3.79+1%
51(2y)c 0.18%3636 0.33f§;§§ 0.46f§0§j 0.19%37?3 0.172&%
Ey). 56.8311%6 50,0 55.0 51954273 60.6*3:%
e 567122 7.0 7.0 6.032  11.98*233
P e endh ewik el cudh
Fe ©=0.07 7-0.07 ©7-0.05 U7-0.07 U7-0.07
0';%) le-25(1) 0.1@ 0.1@ 0.1@ 0.1
c +0.6 +0.4 +0.3 +0.4 +0.4
o B e T AL
@ 1563 91099 2034 36y 038
EY 3270360 30490% 247103 23954209 22.97+088
E%) : 1505413 4011146 115408 122%085 12.96+120
N 7.8%09  1023*081 128106 g7+l g4rle
cl o oeThR 07l 0esE 0egh  0asl:
F;? 4.8 32 3.8 5.1 5.6
Fo 5.9 4.4 4.8 5.9 6.1
Yo /dof  1.101/353 1.087/357 1.257/358 0.899/354 1.035/354
@[keV]

()The values of absorbed and unabsorbed fluxes in 2 — 120 keV

energy range in units 10~%erg / cm?/s.

©[1073 phem™2 s71]
(This parameter was fixed.

Table 9.6: Part 2. The best-fit parameters for pulse phase resolved spectral analysis of
Vela X—1 using the Highecut continuum model (observation 1996-12-24). The absorption

column has been fixed to the average value Ny = 3.15%

0.03

0.04 atomscm™ “.

2



CHAPTER 10

Centaurus X-3

10.1 Source Description

Cen X-3 was the first discovered in 1967 (Chodil et alll1967) and several years
later recogmsed as a pulsar based on Uhuru observations (Giacconi et all 1971

11972). In fact, it was the first X- -ray binary pulsar ever discovered
observationally. Cen X-3 is also among the brightest accreting X-ray sources with
known orbital parameters. The spin period of the NS is 4.8 s, the orbital period is
2.1days (see ephemeris by [Raichur & Paul 201(; [Falanga et all[2015). The sys-
tem is eclipsing, which, combined with X-ray timing, allowed to determine the NS
mass at 1. 34+8 %SM@ dxan_dgLM_e_er_e_t_aﬂhD_Ol') The optical companion star was
identified as the O 6-8 III supergiant V779 Cen (m&s_kﬂ ) with a mass of
M =20.5+0.7M, (Hutchings et al![1979; |Ash et all[1999). The distance to the
source is uncertain. [Krzeminski (tLQMI), assuming a BO I companion, obtained a
distance estimate of ~ 8§ kpc. [Day & Tennant (1991), using dust-scattering measure-
ments, estimated a distance of 5.4 +0.3 kpc. This difference of ~ 2.5 kpc leads to a
factor of about two on the uncertainty for estimates of the X-ray luminosity.

Accretion in the system proceeds via an accretion disc (Takeshima et al!l1991!;
|Bl].dsjﬁn_e_t_alj 11997) fed through the X-ray excited stellar wind m
) The system exhibits two so-called “hlgh” and “low” intensity states with
luminosities of about (5 —10)x 1037 ergs™! and (1 —5)x 1030 ergs™!, respectively.
These states last from a few to ~ 110 days without any apparent periodicity (Paul
et al. 2003). The origin of this behaviour is still debated.

A cyclotron line and fluorescent iron emission line (at 6.5 +0.1 keV) in the X-ray
spectrum of the source were first reported based on Ginga data dN_agas_e_e_t_alJ[lM)
The cyclotron line at ~ 28 keV was later also confirmed with BeppoSAX observa-
tions (lS_anLangcJQ_e_t_alJ [1998). The magnetic field of the NS is thus estimated at
B~ (2.4—-3.0)x 10'> G. Observations with ASCA revealed that the earlier reported
iron line at 6.5keV is actually a complex of lines at 6.4 keV, 6.7keV and 6.97 keV

(Ebisawa et al}[1996).
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Start time MIJDgtart P@ Orb. state Exposuremecs, ks
12.08.1996® 50307  4.823(1) low 24
27.02.1997¢) 50506  4.814(1) eclipse+high 33
24.06.1999 51353 4.923(1) high+eclipse 29
06.06.2000 51701  5.007(1) low+eclipse 43

@yith the ephemeris from Falanga et al. (2015)

()del Sordo et al. (2000); Farinelli et al. (2016)

(©Santangelo et al. (1998); Burderi et al. (2000); del Sordo et al. (2000);
Devasia et al. (2010), MECS data; Farinelli et al. (2016)

(@These data were not published before.

(©Devasia et al. (2010), MECS data.

Table 10.1: BeppoSAX observations of Cen X-3.

10.2  Observations

Cen X-3 was observed by BeppoSAX four times (Tab. [[0.1). Observations covered
all typical accretion states observed in the system as illustrated by the background
extracted light curves with a bin time of 128 s at Figure[T0.1l The first observation
of Cen X—3 by BeppoSAX was performed on the 12th of August, 1996 in the low
state. Another low state observation was made on the 6th of June, 2000 although
the pulsar was eclipsed for a large part of this observation. During the other two ob-
servations the source was in the high state, also undergoing an eclipse. We excluded
eclipses from the analysis of all observations.

From the BeppoSAX data, using the orbital ephemeris by [Falanga et all (2015),
we determined the pulse periods of Cen X-3 for all observations as listed in Ta-
ble TO.T1

The broadband X-ray spectrum of Cen X-3 is typical for accreting pulsars and
can be approximated with an absorbed power-law with a high energy cut-off. As
already mentioned, it exhibits also a fluorescent iron line complex and a cyclotron
line at ~ 30keV. The iron line complex in Cen X-3 is also detected during the
eclipse, i.e. the lines likely originate from stellar wind ionised by X-rays from the

pulsar (Naik et al! ).

10.2.1 High Energy States
10.2.1.1 Timing Analysis

Using the high resolution BeppoSAX light curves of Cen X—3 and the ephemerides
from [Falanga et all (2015), we determined the pulse periods for all observations
with a high accuracy using the phase-connection technique (Tab. [I0.T).
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Figure 10.1: On the top panels are the Cen X—3 light curves during the low states using the
MECS data. The left panel shows the light curve on 1996-08-12, the right panel illustrates
an X-ray eclipse during the low state on 2000-06-06. On the bottom panels are the Cen X—-3
light curves during the high states using the MECS data. The two panels correspond to
observations performed on 1997-02-27 (left) and 1999-06-24 (right). Both light curves also
illustrate the X-ray eclipse. The time binning is 128 s in all cases.

We made a detailed timing and spectral analysis of Cen X-3 during the high
states (excluding the eclipse data). Using the measured period value we obtained
the pulse profiles in several energy ranges presented in Figures [[03l The
energy bands are 0.1 — 2, 2 — 4keV for the LECS, 4 — 7, 7 — 10keV for the MECS,
10 — 15keV for the HPGSPC (for the observation in 1997-02-27) and 15 — 20, 20
— 40, 40 — 60keV for the PDS data. The pulse profile is double-peaked at low
energies (from 0.1 to ~ 10keV). At high energies a single broad peak is observed

(see alsoNagase et al|[1992)
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Figure 10.2: The pulse profiles of the X-ray pulsar Cen X-3 from the 1997-02-27 observa-
tion as a function of energy using the LECS (0.1 - 2,2 —4keV), MECS (4 -7, 7 - 10keV),
HP (10 — 15keV) and PDS (15 — 20, 20 — 40, 40 — 60 ke V) data.

From the pulse profiles we calculated the fraction of pulsed flux as function of
energy as shown in Figure The energy dependence of the pulse fraction is
similar in both high state observations. It decreases from 0.1 to ~ 2keV and then
increases with energy. Features near the iron line and the cyclotron lines at ~ 30 keV
can also be identified.



112 Chapter 10: Centaurus X—3

0.12 keV

cts/s

=N WWRA &

cts/s
BUOWI00O—0 oo

cts/s

cts/s
rrrrTT
I T

———is

cts/s

cts/s

cts/s
SOO00000
o O—=NRWRA N WA N O\ 00 \O UOI0OTO—X)

Phase

Figure 10.3: The pulse profiles of the X-ray pulsar Cen X—3 from the 1999-06-24 observa-
tions as a function of energy using the LECS (0.1 - 2,2 -4keV), MECS (4-7,7 - 10keV)
and PDS (15 - 20, 20 — 40, 40 — 60keV) data.
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Figure 10.5: Ecyc — 0cyc contours for the different continuum models used for Cen X-3.
High state, 1997-02-27.

10.2.1.2 Spectral Analysis

Spectral analysis was performed for out of eclipse data of the high state observa-
tions 1997-02-27 and 1999-06-24 in a broad energy range of 0.1 — 110 keV.

For the first observation we tested six different spectral continuum models used
in our work, and an acceptable fit could be achieved for all models. However, the
Cutoffpl model needs a bump (a broad gaussian line) at ~ 9keV with a width of
~ 8keV. The best-fit parameters for all models are presented in Table 0.2
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To understand which continuum model provides better constraints for the CRSF
parameters we plotted the contours of the cyclotron line energy and the width for
all these models (for the first observation 1997-02-27, see Fig. [[0.3). Taking into
account the best-fit statistics, the shape of the contours for the CRSF parameters,
and the fact that the Highecut model works better for the majority of the sources
in our sample, we selected this model for the remaining analysis.

The best-fit results with the Highecut model for the observation in high state on
1999-06-24 are presented in Table

Note that a black body, to model the soft excess, and two Gaussian to fit an iron
emission lines were also included in the fit. The observed spectrum of Cen X-3
in high state in 1997-02-27 with a Highecut model, and residuals are shown in
Figure

The BeppoSAX results are thus generally consistent with earlier reports. The

rominent soft excess (in the region 0.1 — 1keV) first reported by
) implies a radius Rpp ~ 3 X 108 cm if modelled with a blackbody. This re-
sult is consistent with findings by [Burderi et al| (2000) and is comparable with the
Alfven radius (Eq. 3.2). Similar excesses were reported for several sources in the lit-
erature including Her X—1 (see the Chapter[3). It can also be fitted by a black body
model with approximately the same temperature of about 0.1 keV. The energy range
from 1 to 110keV is characterised by a power law continuum with a cutoff at high
energies. This is a typical spectrum for the X-ray pulsars. Cen X-3 also exhibits an
absorption feature interpreted as a cyclotron line, at the energy Ecye ~ 30keV. Two
iron lines were also observed at ~ 6.4keV and ~ 6.8 keV.

The pulse-phase resolved spectral analysis was also carried out for the high state
observation on 1997-02-27 (Fig.[I0.7)). The absorbed power law model with a cut-
off at high energies (Highecut) was used to model the spectra. The absorption
column Ny and the black body parameters were fixed at the average values for all
phase bins.

We used five phase bins (0 — 0.2, 0.2 — 0.4, 0.4 — 0.6, 0.6 — 0.8, 0.8 — 1). The
best-fit results are presented in Table [[0.3] and Figure [[0.7] The cutoff and folding
energies, as well as the cyclotron line parameters do not exhibit significant variabil-
ity with the pulse phase (see Tab.[I0.3). On the other hand, the photon index I' and
AFfe2 seem to be anti-correlated with the flux and the energies of both iron lines and
Are| seem to be correlated with the flux.
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Figure 10.6: The top panel shows the broadband 0.1 — 110keV unfolded spectrum of
Cen X-3 during the observation 1997-02-27 modeled with a power law, a high energy cutoff
(Highecut), a black body soft excess, and two narrow iron emission lines. The absorption
gaussian line at ~ 28 keV was also included to account for the CRSF. The other panels show
the fit residuals for: 1) Cyclotron, Fe-lines and the black-body component residuals. 2)
Fe-lines and black-body residuals. 3) The best fit residuals.
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1997-02-27 1999-06-24
Parameter Highecut  Cutoffpl Fdcut NPEX CompTT BW Highecut
(a) 0.04 0.02 0.06 0.1 0.01 0.14 0.03
Né‘) 1.88188Z l'gltg‘gé 1'80t8'8§ 1.65j8_8g 2.17j8_8g 0'87t3‘3ﬁ L74t8'3§
E 6.4470: 6.42+0- 6.44+0: 6.427+0: 6.43%0: 6.43%0. 6.52+0:
B e Caar Sl e e e L e
5 72008 r004 7008 007 52003 <2003 ge0is
E%:S2 6.87_8:97 6.8678:85 6.8678:25 6.8678:96 6.85 006 6.85 ‘003 6.9_01: i
+0. +0. +0. +0. +0. +0.3 +1.
AFS? 3.270()873 3.270(')727 3‘0700772 3'270(')775 2.9_00633 2~870{)2%4 o, 75
+0). +0.. +0.73 +0.73 +0.. +().3 +0.75
Eczc 27.66*073 26317027 28.48+07% 29,1307 29.56+0:3% 2876034 | 29.08+073
ol 7.92j§-j‘3’ 6429j§'§§ 6.98j§§3 6.62j§%§ 6.33j§-§‘%‘ 7.16703) 6.16jé—§§
i 93 33 ; : : X
Oeye 0772505 0.7125%, 113753 088706 0847555 036704
Teye 20.62¢
(d) 0.008 0.006 0.011 0.01 0.004 0.02 0.005
kz;gh 0.1o3lj8 1 0. 106133)_OO7 0.0995%5007 0.1 1%2 o 0.104;9 o0 0.143% 0; 0.0975(5)_1004
R 291 221 3.1% 1.30- 3.3l 0.3 3.0%-
r Liofbe o ostdbe | 154dbs 041 01 0.05 | 230001
“ ol o8 a2 o
E% 17'4961%%9 9.27+9% 22.9970];‘626 134778}?g
+0.3 +0.: +0.
Efold 7'09—0.30 5'4170.46 4005 8'21—0.18
al 0.56%5 0
a2 -2.0
d 0.03 0.03 0.11
kT@ 428003 4.50*0.93 2817411
o 0.20+003
‘r{}') 14.69*0.18
¢ : 1.31+006
s 42704
B® 35
M 3.7
g
D 8.0
@ 0.07
E?;)mp 9.17+0%
0.6
O-bump 8‘34t0.07
4G 370934
Y&, /dof  0.805/383 0.807/382 0.888/384 0.850/384 0.944 /384 13237416 | 1.126/487

@[1022atoms cm 2]

()[keV]. Width of the iron line fixed at o = 0.01 keV

©[1073 phem=2 s71]
D[keV]

()R, is the radius of the black body in 10°km for the distance to the source of D = 8.0 kpc.

(DPlasma temperature, keV.

(®Plasma optical depth.

() Magnetic field in units 10'> G.
(DMass accretion rate in units 107 g/s.

()Column radius, km.

(®Distance to the source, kpc.

Table 10.2: Cen X-3. The best-fit parameters for different continuum models for the

high state observations 1997-02-27 and 1999-06-24. The absorbed and unabsorbed fluxes
in the range of 0.1 — 120keV for the first observation are Fy, = 9.55-10~% ergem 257!,
Funap = 2.74-1078 erg cm 257! respectively. For the second observation: Fy, = 1.03 -

108 ergem™2s!, Fupan =4.65- 1078 ergem™2s71,
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Figure 10.7: Cen X-3. Variation of spectral parameters with the pulse phase (dashed blue
line shows the MECS pulse profile for reference, dotted green line shows the PDS) during
the observation on 1997-02-27 (high state).
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Parameter 0-0.2 02-04 04-0.6 0.6 -0.8 0.8-1
(a) +0.07 +0.16 +0.05 +0.11 +0.08
T Shamwm o Sy Soam SoTan 045
i) e Al Nt A A 1
Eg)e)2 6.94:889 6.74;?_29 6.59;8'85 6.87;(1)_88 6.9_+00098
7 A S s S
P am Chemm Dol 2TOcem 2
T 82814 BNS 00BN 1T B4"ye)
Seye 0.9t%;1 0.61f§;}j 0.83i8;15 0.84+! 0.87ﬁ§;£
L, Mg MOhp L 12 120
T ey Dohem Lo TR Soim
Eig 678704, 781708 69904 7274037 6.98+0¢7
Fh 0.96 1.07 1.34 1.08 0.92
F 3.41 3.53 3.93 3.02 5.17

Xas/dof  0.915/460 0.957/413 0.888/459 1.042/464 0.845/546

@T[keV]. Width of the iron line fixed at o = 0.005 keV

®[1073 phem=2 5717

©[keV]

(The values of absorbed and unabsorbed fluxes in the 0.1 — 120 keV energy range
in units of 10~ 3erg cm™2s7!.

Table 10.3: Phase resolved spectral parameters of Cen X—3 during the high state observation
in 1997-02-27 with the Highecut continuum model. The interstellar absorption and black
body parameters have been fixed at the average values.
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10.2.2  Low Energy States

Cen X-3 was observed by BeppoSAX in the low states on 1996 August 12 and
2000 June 6 (Fig. [[0.I). For the first observation the period of P = 4.823(1) s was
measured. The pulse profile obtained using the MECS data in the range of 2 —
10keV is single peaked as shown in Figure [[0.8]

Spectral analysis for the low states was performed also using the same model as
for the high state. Figure shows the best-fit spectrum for the first observation.
Note that, similar to previous reports for the low state, additionally we had to in-
clude a partial covering fraction absorption component (PC model, see also Naik
et al. 2011)) in order to achieve an acceptable fit. The soft excess is still present and
is approximated with a black-body with a temperature of kTyp ~ 0.1 keV. The iron
lines at ~ 6.4keV, ~ 6.8 keV and the cyclotron line are also detected. The cyclotron
line has a slightly lower energy than during the high state with Ecyc ~ 26keV as-
suming the fixed line width of oy = 3keV (which is not constrained by the fit).
The best-fit parameters are presented in Table [[0.4]
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0.8875

0.8000
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Figure 10.8: Cen X-3. MECS pulse profile in the low state in 1996-08-12 with the period
of P=4.823(1)s.
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Figure 10.9: Cen X-3, observation 1996-08-12, low state. The top panel shows the broad-
band 0.5-100keV unfolded spectrum modeled with partial covered absorbed cutoft power
law (Highecut). The black-body excess, two iron lines and the absorption feature at
~26keV are also included in the fit. The other panels shows residuals associated with 1)
The cyclotron, the iron lines, and the soft-excess. 2) The cyclotron line and the soft excess.
3) The best-fit residuals.
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Highecut+PC
Parameter 1996-08-12  2000-06-06
Nu,10%atoms cm ™2 1.7702 1.3%02
EY keV 6.41f§:§§ 6.52j§;§§
AFe1,1073ph cm™2s7! 2.2%0 0.6%
(a) 0.03 0.05
EY, keV L 6.884:8'?3 6.98j8‘?4
Ape2,107°ph cm™s 1.6%5 0.5,
(b) 131 38
EY), keV 26.3%3 26.0;0401
Seye 0.3f% 0.04f8;8}
kT, keV 0.11%5 0% 0.12%¢,
(c) 0.26 0.1
Ry, km 0.9f+001 i 0dps
r 08155 08470
Ecu, keV 14.61%0-3 13.7t8;§ |
Efola, keV 6.4+0-3 7'02t035g
N, 102atoms cm™  18.04*3%¢  26.89+603
d 0.04 0.06
Cpe 041700 04709
F(B), 10%rgs cm™2s~! 1.35 0.35
Fin)ab, 10~%ergs cm™2s™! 2.46 0.52
X%, | dof 1.055/327 1.346/226

@Width of the iron line fixed at o = 0.005 keV.
®Width of the cyclotron line fixed at o = 3 keV.
(©Radius of the black body in 103km for the distance
to the source D = 8.0 kpc.

@Values of absorbed and unabsorbed fluxes

in 0.1 — 120 keV energy range.

Table 10.4: Parameters of the phase averaged spectrum of Cen X-3 in low states with
Highecut+PC continuum model.
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10.3  Conclusion

The X-ray pulsar Cen X—3 was observed by BeppoSAX four times (Tab.[I0.1). Two
observations cover high state and the other two cover low state. I determined the
pulse periods, obtained the pulse profiles and the fraction of pulsed flux as a func-
tion of energy for the high state observations. For the first observation in the low
state the period and the pulse profile were obtained using the MECS data in the
energy range 2 — 10 keV (Fig. [[0.8). The spectral analysis was carried out for all
observations (Tab. [[0.4). For the first observation in the high state several
continuum models were tested and similarly to other sources, the Highecut seems
to provide the most consistent results.

The BeppoSAX data of Cen X—3 in the high state on 1999-06-24 was analysed
for the first time. For this data set the following results were obtained:

e the pulse period,
o the energy resolved pulse profiles were plotted (Fig.[10.3)),
e the pulse fraction as function of energy (Fig.[10.4),

o the spectral analysis using the Highecut continuum model (Tab. [10.2).



CHAPTER 11

4U 0115+63

11.1 Source Description

The bright HMXB pulsar with ~ 3.6 s spin period 4U 0115+63 was discovered with
the Uhuru X-ray satellite (Giacconi et al!|1972; [Forman et all|1978; Rappaport et al|
llm, |Cgmmsk;Lc_t_aL”l9_H) The binary has an eccentric orbit of e ~ 0.34 with an
orbital period of ~ 24.3 days and ay sini ~ 1401t s. The mass function is f(M) ~ SMg
(Rappaport et al!|[1978; Tamura et al![1992; [Lutovinov et all1994). The donor star
is the Be star V635 Cas (Hutchings & QrampLQﬂ 11981)) with the B0.2Ve spectral

type. The companion is strongly reddened with an apparent magnitude of V = 15.5
and the distance to the system is estimated at 7 kpc ( 2001).

Typically for Be systems 4U 0115+63 is an X-ray transient source. It mainly ex-
hibits %iant outbursts every 3 — 5 years (Wheaton et al!|1979; Okazaki & Negueru-
ela ) with a luminosity of more than 1037 ergs~!, although normal outbursts
were also detected. The quiescent luminosity is below 103* ergs™!
2001).

The CRSF was first detected in the spectrum of the pulsar about 30 years ago.
The source is famous for being the one with the most (four in addition to the fun-
damental) cyclotron line harmonics detected (Wheaton et all [1979; [Heindl et al)
11999: | elo et al.|l LQQQ M1ham et alll2004: [Lutovinov et all2000; Tsygankov
et al. 2 m , -). The energy of the fundamental one at
Ecye ~ 11keV has been reported to show some variation with luminosity from
~11keV at 5x10%7 —=2x 10 ergs™! to ~ 16 keV when the luminosity falls bel-
low ~ 5% 10%7 ergs~! (Mihara et al||[1998; Nakajima et al|2006; [Tsygankov et al|
M) However, [Miiller et all (2013) investigated this behaviour systematically
and no anti-correlation between the energy of the cyclotron line and the source
luminosity could be confirmed. On the other hand, Boldin et all (IZQ]_S]) attribute
this inconsistency to the use of a broad emission feature in some works to model
the continuum, so the issue is still not resolved. A possible solution was proposed
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by M M) based on Suzaku, RXTE, Swift and INTEGRAL observations
during the 2011 outburst. These authors suggested a possible presence of two inde-
pendent sets of CRSFs with ~ 11keV and ~ 15keV fundamental lines which can
change the relative depth with luminosity thus changing the observed energy of the
CRSFE.

Besides the complex X-ray spectrum, the source also shows drastic variations of
the pulse profile with energy and luminosity. Its pulse profile is similar to other
transient pulsars, i.e. it is double-peaked at the low energies and turns into single-

peaked above ~ 20keV (Lutovinov & Tsygankgj M). Furthermore, the shape

changes around the cyclotron line and harmonics. This complex behaviour has

been investigated in detail by several authors i 2000; Tsygankov
et al.h@ﬂ;ﬁ@gﬂﬁjﬂﬁ;m).

11.2  Observations

The source was observed by BeppoSAX four times during the outburst in 1999. The
observation log is presented in Table[[T.1] One observation was carried out during
the rising part of the outburst while the other three were in the declining phase.
Two additional observations were performed after the outburst in 1999 and 2000

(Fig. [T.1).

11.2.1 Timing Analysis

Using the high resolution light curves and orbital ephemerides from|Li et all ),
we determined the pulse periods for four observations during the outburst with high
accuracy, using the phase-connection technique. The results are presented in Ta-
ble [T.1l

Using the obtained periods we extracted the pulse profiles in several energy
ranges for all observations. In Figure pulse profiles for the observation in
1999-03-22 are presented in 11 energy bands: 0.1 — 2keV for LECS, 2 - 4, 4 — 6,
6 -8, 8 — 10keV for MECS, 10 — 15, 15 — 20keV for HPGSPC and 20 — 30, 30 —
60, 60 — 90, 90 — 120 keV for PDS. As one can see, the shape of the 4U 0115+63
pulse profile is strongly energy dependent. At high energies the single broad peak
is observed, whereas two peaks can be identified at lower energies. The detailed
analysis of the 4U 0115+63 pulse profiles in conjunction with the geometry and
beam pattern was made by ISasaki et all (2012).

The pulse fraction as function of energy calculated using the pulse profiles for the
first observation in 1999-03-06 is presented in Figure The fraction of pulsed
emission steadily increases with energy from 15% to 90%. Despite relatively broad
energy bands used, the pulse fraction also exhibits some features associated with
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Start time MIJDggart P, s@ Lgf), 1037erg s Exp.,ks(c)
1999-03-06 51243  3.6137(1) 3.5 49
1999-03-19¢) 51256  3.6141(1) 3.65 31
1999-03-224) 51259  3.6139(1) 3.32 36
1999-03-26® 51263 3.6136(1) 2.37 48
1999-08-03 51393 quiescence 35
2000-08-13 51769 quiescence 85

@with the ephemeris from Li et al. (2012).

(®luminosity in the 2 — 10 keV energy range for the distance to the source 7 kpc.
(©YMECS exposure.

@Ferrigno et al. (2011)

(©Santangelo et al. (1999); Ferrigno et al. (2011); Farinelli et al. (2016)

(NThese data were not published before.

(g)Ferrigno et al. (2009, 2011); Farinelli et al. (2016)

(h)Campana et al. (2001)

()Campana et al. (2002)

Table 11.1: BeppoSAX observations of 4U 0115+63.
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Figure 11.1: 4U 0115+63. ASM light curve. Dashed lines are the BeppoSAX observations:
1999-03-06, 1999-03-19, 1999-03-22, 1999-03-26, 1999-08-03, 2000-08-13.
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Figure 11.3: 4U 0115+63 pulse fraction in 1999-03-06.

cyclotron line harmonics. Similarly to many other sources in the sample the pulse
fraction decreases with energy below ~ 3 keV.

11.2.2  Spectral Analysis

We performed the spectral analysis in the energy range 0.1 — 120keV for all out-
burst observations. The broadband spectrum can be described as a typical absorbed
(Ng ~ 1022 atoms cm_z) cutoff power law continuum with a fluorescent line at
~ 6.6 keV. The signature feature of the spectrum is the five absorption features with
energies of ~ 13keV, ~23keV, ~ 34keV, ~ 45keV and ~ 55 keV.

Fit parameters for the first observation in 1999-03-06 for four continuum models
are shown in Table Acceptable fit can be achieved with Highecut, Fdcut,
NPEX and CompTT. However, the Highecut model fit is slightly better from a statis-
tical point of view. As it is the case also for the other sources in the sample, we use
the Highecut for further analysis. The best-fit residuals for all spectral models are
presented in Figure [TT.4

The best-fit spectrum for the 1999-03-06 observation and the Highecut model
together with the residuals are shown in Figure The top panel shows the
phase averaged X-ray spectrum, the second panel shows the residuals due to the
iron emission line at ~ 6.6keV, and in the bottom panel are the best fit residuals.
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Parameter Highecut Fdcut NPEX CompTT
(a) 0.01 0.01 0.01 0.02
Tt . o T S
Ey 6361008 66021 oSS 65508
+0. +0. +0. +0.
A(Ff) 3.470(’)407 2.927000(;1 2.0700401 i ~Uo0n
+0. +0. +0. +0.
Eo 13.39°007 13627001 1456*001  13.97+002
0.04 001 0.01 0.02
Tou  MTTem  MTewm 0w, ten
+0. +0. +0. +0.
6?;31 0.3577%%057 0.57478'8?2 1. 14378'8218 0.948_00%165
+0. +0.! +0.! +0.!
ECycz 22.55700(.)017 21.87&?011 23.478'8% 22.557(%)132
+0.1 +0. +0. +0.
(50();32 0.787000416 1.2870‘(?%11 1.8670(.)011 1.714_00%)95
g +0.. +0. +0. +0.
eye3 33.94_000019 31.1 5_(%)011 33.32_000012 32.1 5_00(.)013
+0. +0. +0. +0.
60(),%3 0.717000916 1.06578'891 1.8570()0014 1.5770(')0114
e +0. +0. +0. +0.
ECyc4 44.087000127 39.97%’%%)] 43.18_00(_35 41.34_00(_)015
+0.1 +0. +0). +0.
B g% sl saeshl  saonl
E© 5432704 50817001 5395+011 59 +0.12
Seyes 0.527003  1.00670%01  1.29*303  1.27+02
@ Q67008 1490007
Efa 10.387q05 815677, 0003
al 047275016
a2 2.0
() 0.004 0.01
T SS06G% 55610
+0.
TF 0.63_0003
¥ 27.0749%
Xio/dof  12/581 16927582 16547582 1575/582

@[1022atoms cm™2]

()[keV]. Width of the iron line fixed at op, = 0.1 keV
©[1073 phem™2 57!

DkeV]

©[keV]. 0ye2 345 =4 keV

()Plasma temperature, keV.

(®Plasma optical depth.

Table 11.2: 4U 0115+63. Continuum models for the observation in the 1999-03-06. The
absorbed and unabsorbed fluxes in the range 0.1 — 120keV are Fy, = 1.42-108 ergcm2s~!
Funab = 1.49-1078 erg em 257! respectively.

s

The residuals associated with the CRSF and its harmonics are shown in Figure T1.6]
4U 0115+63 is only known source exhibiting the fundamental cyclotron line with
four harmonics.

Spectra for all BeppoSAX observations during the outburst in 1999 can be de-
scribed using the same model (Tab.[IT.3)). The best fit residuals for all observations
with the Highecut continuum model are shown at Figure [1.7}
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Figure 11.4: 4U 0115+63 spectral residuals for four different continuum models tested for
the first BeppoSAX observation on 1999-03-06.

Pulse-phase resolved spectral analysis (in 10 equal phase bins) was also carried
out for the 1999-03-06 observation (Fig. [1.8). The same continuum model as
above was used with the absorption column Mg, the iron line energy Er. and width
OFe, all cyclotron line widths and the cyclotron line harmonics energy Ecycs (in
the last five phases) fixed to the phase-average values. Fit results are presented in
Tables (1.4 All parameters exhibit strong variation with phase as shown in
Figure 1.8

11.3 Conclusion

I analysed the data from BeppoSAX observations of the transient pulsar 4U 0115463
during the 1999 outburst (Tab. [[T.T). For all observations the pulse periods have
been determined. Using the obtained periods, the pulse profile evolution with en-
ergy has been assessed (Fig. [[T3). The phase-averaged analysis was car-
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Figure 11.5: The top panel shows the broadband 0.6 — 120keV unfolded spectrum of
4U 0115463 modeled as a cutoff power law (Highecut) continuum modified by a Fe-
emission line and a cyclotron line with its harmonics for the 1999-03-06 observation. The
other panels show the residuals associated with: 1) the iron line, 2) the best-fit residuals

(og ~12).

ried out testing several continuum models including Highecut, which was then
used for all observations (Tab.[I1.3)). The results for the 1999-03-22 observation of
4U 0115+63 were reported for the first time. The phase resolved spectroscopy was
also done for the 1999-03-06 observation using the Highecut continuum model

(Tab.[[T4 013 Fig. TT.8).
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Figure 11.7: 4U 0115+63 spectral residuals for four BeppoSAX observations during the 1999
outburst with the Highecut continuum model.
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Parameter  1999-03-06  1999-03-19  1999-03-22 1999-03-26
Ml g o
B Ry Shaar e O
AE?) 133 ;9_30407 13:1%517 123 52';490416 122 ;§+00308
Eo 575008 517026 457006 5 24007
et (710007 1 9e0r002 () A(1rr0.009 210,008
st Wm0y ON0acr 0724
o A Uik ot omed
60(}/:)2 303 79%4?—900416 3045988_3 00113 3(11_ 696 _-900112 071 _000115
cyc3 770.09 7% 013 97704 34257000
cycd =017 Y -0.26 U026 ©T7-0.32
5C(yec)4 0.6270:02  0.62*09%  0.627002 0.52%0:02
oS 54.32%04% 58391130 56.947078 55.41+083
G OSRR 025L 03 0w
F(d) 0.442;§;§§§ 0.453;§:§§§ 0.42%868084‘3‘ 0.4328680833
E% 8.62_060()62 7.77_0(;)0251 8.24_00;0155 8.16_00;0054
EE a4 10387002 10357021 10.38*01 10.57+0.94
FY 1.42 1.51 1.4 0.99
% 149 1.58 146 1.03
Xa./dof 127581  1.091/468 1.151/564 1.41/419

@[102%atoms cm™2]
(O)[keV] Width of the iron line fixed at or, = 0.1 keV
©[1073 phem™2 s71]

@[keV]

©[keV], 0eye2 345 = 4 keV
(NThe values of absorbed and unabsorbed fluxes in the 2 — 120 keV energy

range in units of 10~8erg / cm?/s.

Table 11.3: Variation of the spectral parameters of 4U 0115+63 with luminosity during the

outburst from BeppoSAX observations and the Highecut continuum model.
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Parameter ~ 0-0.1 0.1-0.2 0.2-0.3 0.3-04 0.4-0.5
Egagyc 14424074 12.66*05. 13667015 14037009 13.98+0.07
De Dlam 00an  0en  0%am  Oeg
2cyc U7 -043 TT-0.24 CTT-0.11 Y -0.07 T 7-0.08
e MWan O%am O9lem e M
3cyc 7 1-0.78 ST T-0.49 =023 7 -0.21 1Y -0.26
See 0Tae  OSam  07Tgw o 0Bae 10
4cyc 2 1-0.93 2 1-0.89 =06 =08 77-0.64
sy omdl osll ol owdl ol
e i oty At Rt
(55(%0 0.64}03918 0.44;%3 o.51+_10_31 0.47;911 0'7218'914
Are O e P | N
r(a) 0.5_000324 0'39‘8% 0. 14‘8‘% 0.1 1‘8’8% 0.28_8_%
E oy 4.82705 686254 8.897)p 9.31%51s 9.11%5 16
Elﬁgi | 1147027 1101702 9.88+01 10.05*0.16 11.04+014
F 1.0 1.25 1.58 1.45 1.22
Fi‘;)ab 1.06 1.32 1.61 L5 1.27
Xo./dof  1.807/581 1.593/580 1.723/594 2262/571 1.768/561
@[keV]

@103 ph cm 2571

(©The values of absorbed and unabsorbed fluxes in the 0.1 — 120 keV
energy range in units of 10 3erg / cm?/s.

Table 11.4: Part 1. Variation of the spectral parameters of 4U 0115+63 with pulse phase
during the observation 1999-03-06 for Highecut continuum model. The absorption column,
the iron line energy and the width, and all cyclotron lines widths have been fixed to the
phase-average values.
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Parameter 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 09-1
Eg’fyc 13521009 12.887016 1306021 14467030 1474704
518)6 0.54%0:02 0.4270:0 0.29%0:03 0.237003 0.23%0:03
Ey. 23.33*00T 22417046 23.11#00° 24.21%042 23.21*2
62(Zy)c 1.04%0:93 0.9+5:00 0.62+093 0.44+0:08 0.31*+5:06
Exg. 34.84103 3258704 33.67%057  33.68%10% 327975,
F3eye 0.73+0:07 0.74*00 0.65*01 0.65*013 0.54*0-12
Eg. 44.68*175  43.0°00 4574712 a420t76 42334318
Seye o.53j§;§ 0.77j§§é 0-53i§;§§ o.sstgé’f; 0.59%%%5
(55(2}),C 0.53f0:15 0.54f0218 O.Of0:3 0.1 1f0:5 0.4f0:4
Ag 4.0t%;§1 4.3t%;%1 3.4%%1 1.9%%1 2.5%;?%1
r(a) 0.3928;% 0.49;8;81 0.5628:% O.65+’_;)0:1%2 0.64;8;%
Ef};)‘ 8.87_8:}3 8.46_8:%Z 7.93_8:gé 7.0_0(:)253 7.05_0(:)221
Et(.% f 9.76*01 9.387043 8.4970-32 9.39703, 10.17+541
F 1.15 1.11 1.05 0.89 0.96
Fo 121 1.18 1.13 0.97 1.04
Xos/dof  2.083/577 1.786/592 1.835/600 1.788/591  1.783/590

@[keV]
®[1073 phem=2 571

(©The values of absorbed and unabsorbed fluxes in the 0.1 — 120 keV
energy range in units of 10 8erg / cm?/s.

Table 11.5: Part 2. Variation of the spectral parameters of 4U 0115+63 with pulse phase
during the observation 1999-03-06 for Highecut continuum model. The absorption column,
the iron line energy and the width, all cyclotron lines widths and the cyclotron line harmonic
energy Eyc5 have been fixed to the phase-average values.
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XTE J1946+274

The content of this chapter has been mostly published in[Doroshenko et al/ (2017).

12.1 Source Description

The transient X-ray pulsar XTE J1946+274 was discovered, at a flux level
Fo-12)kev ~ 90 mCrab, on September 15, 1998 by the All Sky Monitor (ASM) on
board the Rossi X-ray Timing Explorer (RXTE) (Smith & Takeshima|1998a). From
archival data, it was found that the source had been brightening from ~ 13 mCrab
on September 5 to ~ 60 mCrab on September 15. Coherent pulsations at ~ 15.83 s
were discovered in follow-up pointed observations by RXTE (Smith & Takeshima
). The source was also observed by BATSE on board CGRO

@) which reported a (20 — 50 keV) flux of ~ 15 mCrab.

The pulsar remained active for about three years as monitored by the RXTE/ASM.
Following the RXTE outburst detection, the BeppoSAX Target of Opportunity Ob-
servation Program on Hard X-ray Transients was activated at F(1_jp)kev ~ 44 mCrab
(Campana et al“l%), in the decline of the first, giant, outburst. The source was
also observed by the Indian X-ray Astronomy Experiment (IXAE) M M)
that revealed double peaked pulse profiles with a pulse fraction of ~ 30% in the
2 —6keV and 6 — 18keV energy band, and confirmed the secular spin-up of the
pulsar. The observed outbursts are most likely associated with the orbital motion.
Campana et all deQg) based on RXTE/ASM data reported evidence for the ~ 80d
periodicity, while [Wilson et all (2003) confirmed a 169.2 d orbital period based on
the X-ray timing measurements.

Verrecchia et al. (2002) identified the most likely optical counterpart as a
R ~ 14 mag Be star, that shows a strong H, emission line. This allowed them to
estimate a distance of 8§ — 10 kpc to the source based on the observed extinction.
\Wilson et al dZD_Q.’iI), using evidence for an accretion disc, estimated the distance to
be d =9.5+2.9 kpc.
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Several weaker outbursts followed the first one from 1998 to 2001

11999; [Paul et al! 2001; Wilson et all[2003). Similar behaviour

has been also observed in other Be systems (see for example (Caballero et al 112013).
The first outburst is, therefore, considered to be a giant one.

XTE J1946+274 remained in quiescence until June 2010, when the Burst Alert
Telescope (BAT) on board Swift and the Gamma-ray Burst Monitor (GBM) on board
Fermi observed a new outburst d_Knmm_e_t_athﬂlﬂ, |Emg§_ﬂ|2Q1ﬂ) The source has
been observed with INTEGRAL (Caballero et all 2010), Swift and RXTE (Miiller
et al.[2012), and Suzaku (Maitra & Péiﬂ; A ¢ et a ). Also
on this occasion, the source exhibited several outbursts of decreasing intensity, fol-
lowing the first one (Miiller et al| 2012).

Based on the RXTE data from the outburst in 1998, the broadband X-ray spec-
trum of the source was found to be similar to that of other accreting pulsars, and
a cyclotron line near 35 keV, has been reported by ). However,
based on data from the 2010 outburst, the presence of a cyclotron line at 35 keV

was excluded by Miiller et al| (2012), who suggested possible evidence for a Ci-

clotron feature at ~ 25 keV. On the contrary, based on Suzaku data,

dZQ]id) and Marcu-Cheatham et al dZQ]j) found marginal evidence for a line near
35 — 38keV, and no indication of the 25 keV absorption feature. In our work we
focused on the unpublished analysis of the 1998 observations of the source made
with BeppoSAX, focusing on the timing and spectral properties of the source.

12.2  Observations

XTE J1946+274 was observed by BeppoSAX in the framework of the AO2 pro-
gramme aimed at monitoring the spectral and timing behaviour of hard pulsating
transients as a function of luminosity. During the decline of the 1998 giant outburst
(Fig. [2.1) of the source, six pointed observations, at different luminosities, were
performed using the NFIs (Tab.[I2Z.1). The analysis of this data has been published
by IDoroshenko et al| (2017) for the first time.

12.2.1 Timing Analysis

We performed a detailed timing and spectral analysis of all BeppoSAX data. For the
timing analysis, the photon arrival times were corrected for motion in the solar sys-
tem, and in the binary system assuming ephemeris derived by [Wilson et all (2003).
To search for pulsation we used epoch folding, and the obtained period value and
uncertainties were refined using the phase-connection technique. We were not able
to find a common timing solution for all observations assuming a smooth varia-
tion of the period, and within individual observations the pulse arrival times are
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Figure 12.1: Light curves of XTE J1946+274 as observed by RXTE/ASM. Dashed lines are

BeppoSAX observations.
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Date MECS exposure F snab, L™,
time, ks 107° erg/ cm?/s 1077 erg/s

1998.10.09 29 4.42 4.48
1998.10.22 23 3.15 34
1998.11.08 28 1.37 1.48
1998.11.12 28 1.16 1.25
1998.11.22 12 0.63 0.68
1998.11.27 33 0.42 0.45

“Unabsorbed fluxes in 0.1 — 120 keV range.
**X-ray luminosity for the distance d = 9.5 kpc.

Table 12.1: Observations of the X-ray pulsar XTE J1946+274 by BeppoSAX.

consistent with constant periods as listed in Table [12.2] (all uncertainties are given
at 90% confidence level unless stated otherwise). The comparison of the periods
measurements during the outburst reveals a generic spin-up trend as shown in Fig-
ure[IZ.2] which can be approximated as P = 15.81951(2) s, P = —2.99(2) x 107 s/s,
P =3.82(4)x 10710 5/,

The pulse profiles folded with the best-fit period for the brightest BeppoSAX
observation are presented in Figure The pulse profile significantly changes

Date MJID  Satellite P,s Px1079, s/s
16.09.1998 51072 RXTE 15.83(2)
09.10.1998 51095 SAX 15.81955(4)
22.10.1998 51108 SAX 15.81662(4)
08.11.1998 51125 SAX 15.81440(4)
12.11.1998 51129 SAX 15.81414(4)
22.11.1998 51139 SAX 15.8137(2)
27.11.1998 51144 SAX 15.81369(3)
24.09.1999 51447 IXAE 15.78801(4) -1.54(37)
02.07.2000 51727 IXAE 15.76796(18) 1.86(49)
20.06.2010 55367 RXTE 15.755(3) -3.0(3)
30.062010 55377 RXTE  15.767(3) ~3.03)
11.10.2010 55480  Suzaku 15.75(11) —

cocococoo|

Table 12.2: Pulse-period history of XTE J1946+274. For the BeppoSAX data, pulsations
have been obtained using the phase connection method. Values for RXTE, IXAE and Suzaku
are known from |Smith & Takeshimad (1998b): [Paul et all (2001); Miiller et all (2012); Maitra

& Paul (2013a).
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Figure 12.2: XTE J1946+274 pulse period as observed by BeppoSAX. Uncertainties errors
are given with 1o confidence level (for the most points errors are inside the circles).

with the energy and it is characterised by two main phase regions: a “soft” peak at
phases ~ (0.5—1), and a “hard” peak at ~ (0 —0.5). The soft peak dominates at low
energies, while the hard peak appears at ~ 1 keV and steadily increases with respect
to the soft peak till at energies > 30keV it is the only emission left. Pulsations
extend up to ~ 70keV. The phase difference between the soft and hard peaks is
about half a phase.

The pulse profile shape also changes with luminosity as can be seen from Fig-
ure[12.4] In particular, both peaks become more pronounced at lower luminosities,
while the shift between the soft and hard peaks remains relatively constant.

The fraction of pulsed flux (Fig. decreases until ~ 4 keV, and then increases
in 4 — 60keV with a possible feature at ~ 38 keV (see, Section[12.2.2).

12.2.2  Spectral Analysis

The broadband X-ray continuum of the pulse-phase averaged spectrum can be de-
scribed with an absorbed power law cutoff at high energies. In addition, an iron
line at ~ 6.4 —6.6 keV, and an absorption line at ~ 38 keV for the CRSF are required
(Fig. by the data.

As a first step of the spectral analysis, we verified that the spectrum of the source
during the brightest BeppoSAX observation (which also happens to be one with the
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Figure 12.3: The pulse profiles of XTE J1946+274 in 11 energy bands observed with the
BeppoSAX satellite by LECS, MECS, HPGSPC and PDS instruments in 9th of October,
1998.
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Figure 12.4: The luminosity dependence of the soft (MECS data in 2 — 10keV range, black
points), and hard (PDS data in 20 — 40 keV, red crosses) normalised pulse profiles along the
outburst.

best counting statistics) can indeed be described with the several continuum mod-
els (Tab.[123): Highecut, Fdcut, NPEX and CompTT. For all considered continuum
models the addition of an iron line at ~ 6.4 — 6.6 keV, an absorption line with Gaus-
sian optical depth profile (Hemphill et all2013) at ~ 38 keV and a blackbody-like
component (bb) with temperature of ~ 2 keV were necessary.

The parameters of the CRSF were best constrained when the continuum was
fitted with the Highecut model. We use this model below (see Fig. Tab.[12.4)
for all observations.

To account for the residuals around 10keV, similar to those reported by
Miiller et all (2012), either a partial covering absorber (PC) or another absorption
line at ~ 10keV (with the width of ~ 2keV) was required. The quality of the fit
was comparable for all models tested. We have also found that the PC might be
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Figure 12.5: XTE J1946+274 pulse fraction for the brightest BeppoSAX observation in 10-
09-1998. The emission feature is around cyclotron line energy, Ecyc ~ 38 keV.

Pulse Fraction, %

substituted with an additional blackbody-like component (bb) with temperature of
~ 2keV.

The best-fit parameters for the three different models: with the PC and Higiecut
(i.e. the same as used by Maitra & Paul 20134); with Higiecut and bb; and
with Fdcut and additional absorption feature (Gauss at Eg = 10.2(5) keV with
o = 2.15)keV, i.e. the same model as reported by Miiller et all |2_Q1j), are pre-
sented in Table [12.3]

We note that the CRSF parameters are consistent within uncertainties for all mod-
els. The cyclotron line parameters are significantly constrained in the first of the
BeppoSAX observations. The feature is required also for the second observation,
however, the line width becomes unconstrained. Following Maitra & Paul (2!21,3d),
who reported that the line remains narrow at fluxes comparable with the dimmest
BeppoSAX observations, for the second observation we fixed the line width to the
same value of the first observation, which resulted in slightly higher value of the
CRSF energy Ecyc = 41(2) keV.

We have also performed pulse-phase resolved analysis for the brightest observa-
tion. To describe the phase resolved spectra, we used a Highecut model, modified
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keV/em? s keV

Figure 12.6: Unfolded spectrum of XTE J1946+274 on 1998-10-09 fitted with
Highecut+bb continuum model (top panel). The middle and bottom panels show the best-fit
residuals without and with inclusion of iron and cyclotron lines, respectively.

by partial covering or blackbody. We have found that at lower counting statistics
the parameters of the CRSF are better constrained when the additional blackbody
component is used.

Taking into account the observed pulse profile morphology and significant statis-
tics, we divided the data in five phase bins. In the case with the bb we fixed the
absorption, energy and width of the emission iron and cyclotron lines and the tem-
perature of the blackbody component at the average values (Tab.[I2.6). The phase
dependence of the best fit parameters is shown in Figure [2.7l It is interesting to
note that the depth of the cyclotron feature becomes consistent with zero at the first
pulse phases, meaning that the CRSF is statistically not significant. In fact, it is
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Parameter Highecut Fdcut NPEX CompTT
(@) 0.07 0.08 0.12 0.06
N%{b) 1.323)10‘?5 1.26f(3)'8(7) 1.473)14129 1'373{‘1’?
+1. +5. +1. +1.
E%C 38.34_11335 37.4_1i4221 38.49_13? 38.6_(1)_gg
+1. +1. +L +0.
T Jr e et SRt
0 21005 61008 62005 g pi005
g +0. +0. +0. +0.
E(FC% 6.62_8?5 6.61_8'?5 6.62_8?5 6.62_885
+0. +0. +0. +0.
A . OO | S
+0. +0.13 +0. +0.
kT(Bb L8775 1.5975 03 187504 1'6—0.04
RY 1.4%% 1.6%% 24410 221408
r 0.88*003  0.79%0%
EY 18.041033 355570
®) 0.36 1.76
Efold 9'36t0.54 5'12i1.11
al 1.16*032
a2 -2.0
b 0.02 0.14
kT®) 5424000 5627014
T{(f) 0.01+0:68
) 0.29
5 19.05°92

X,/ dof  1.065/599 1.089/600 1.069/600 1.086/600
@[10%atoms cm 2]

®)[keV]

©[1073 phem™2 s71]

@Ry is the radius of the black body in km for the distance to the
source D = 9.5 kpc.

(©Plasma temperature, keV.

(/Plasma optical depth.

® g =0.01 keV.

Table 12.3: XTE J1946+274 parameters of the four continuum models applied to the
phase averaged spectrum during the brightest observation. The absorbed and unabsorbed
fluxes reported in the range 0.1 — 120keV are F,; = 4.03 - 1079 ergs em 257!, B =
4.27-107% ergs cm~2s~! respectively.

only significant in the soft peak of the pulse profile, even if the counting statistics is
lower at this phase. We also note that the for the third phase bin the spectrum is con-
sistent with a pure power law, so the additional soft component or partial covering
are not required at this phase.
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Parameter 1998.10.09 1998.10.22 1998.11.08 1998.11.12 1998.11.22 1998.11.27
Ng; 1.3zjgl;g§5 1.12’:82:}22 0.92+01¢ 1.21j32;}7$6 127494 1.05j32;f521
E(%c 3834714 4079727, 360 3833*206 38000 3517733
eyt 4.55%133 4.0 4,00 0.9728 4,00 0.4729
S 0.3+6.% 0.3+O.1 0.12+0,01 1.1+8.§ 0.59+0,Ol 0.3+8.;§

b ~0.0s 00 or! 01 008 o
B ThaP P ol 0l ool orsdbe
AF?};) 1.170:22 0.77?):213 0.37(()):115 0.27%:123 0.05700:2071 0.15_8:(2)?
k(TfBb 1 .87;;3;;1 1 .96’:8: i 2.1 2j8; i 2.37j8;‘%;g 2.4’:% 3 1 .98j8;§8
Rio 1'41%3 1.2;:%:55 0.9;(98‘8 0.7; %6 O'7£ él 0.7;: :34
o Shm em Dlew  OTail L Tey o
E%E)l 18.04+_00£ 18.456(%:85 19.37+_001;‘;;35 19.16+61é97 26.84:4]2] 6 18.54;?:82
E%d 9362054 8.9%053 8.95% )% 98209 93734 10.355,57
Fe 4.03 29 1.28 1.11 0.63 0.4

E?ab 427 3.0 1.33 1.16 0.66 0.42
Xii/dof  1.065/599 1.104/151 0.971/283 091/173 0.888/63 0.894/212
@[10%2atoms cm 2]
®)[keV]

©r10-3 ph cm~2 571

@Ry is the radius of the black body in km for the distance to the source D = 9.5 kpc.
(©The values of absorbed and unabsorbed fluxes in 0.1 — 120keV energy range

in units 107 erg/cm 2/s.

(NThis parameter was fixed.

®ope =0.01keV.

Table 12.4: Variation parameters of XTE J1946+274 with flux, during decay of the 1998 yr
outburst observed by BeppoSAX with Highecut continuum model.

12.3  Discussion and Conclusion

We have analysed observations of XTE J1946+274 performed with BeppoSAX dur-
ing the October — November 1998 outburst of the source. We found that the broad-
band spectrum of the source has a complex shape, which is not described adequately
by the typically used phenomenological models, particularly in the energy region
around ~ 10keV. This is indeed in agreement with what reported by
(M) who, analysed observations of the 2010/2011 outburst of the source taken
with INTEGRAL, RXTE and Swift. Miiller et al| (2012) accounted for the residuals
around ~ 10keV by including additional absorption line. However, based on the
broadband spectra of accreting pulsars observed by BeppoSAX (see for example
Robba et al“ZJm; Doroshenko et al“ALlﬂ), we argue that residuals around 10 keV

are due to an incorrect modelling of the entire continuum rather than to some local
physical feature.
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Parameter Highecut+bb Highecut+PC Fdcut+Gauss
N 1.324007 1.63+003 1.32+000
(b) 1.45 1.54 1.36
Eo 38.34t11335 38.47t115_43 37.88j11(_)288
o 4.55*" 4.6 7.22%
o i +hids w0t
Oeye 0.30% 0% 027508 0.575,
(b.e) 0.05 0.05 0.05
EL. 6.627 2 6.66" 2 6.617 2
A 1.1f%% 1.o1t§:i§ 1.2jg§
r 0.88*)03 114%002 0.7*50s
(b) 0.53 0.4 1.32
ECgt 18.04f0434 18.57:“017 16.3J_r1.98
ED 9.4+04 9.98+041 8.1+93
(b) 0.12 ’ ’
KTy, 1.87+0:12 — —
K 2.2%0¢ — —
(a) ’ 1.72
Ny, — 12.53*172 —
0.03
Cp;f — 0.27:'0_03 —
EY — — 10.2%03
0_81) o o 2 1+045
N 1o+ 0D
G 0.09+002
x2 /dof  1.065/599 1.122/599 1.034/599
@[10%2 atoms cm 2]
®)[keV]

©[1073 phecm™2 571

@Ky = R?/ D7), where R? is the black body radius in km,
D%O is the distance to the source in units of 10 kpc.

For the XTE J1946+274 D = 9.5 kpc.

@ pe = 0.01 keV.

Table 12.5: Parameters of the spectrum of XTE J1946+274 in 1998-10-09 with different
description of the continuum: Highecut + bb, Highecut + PC and Fdcut + Gauss.
The values of absorbed and unabsorbed fluxes in 0.1 — 120keV energy range are F,, =
4.04x107° erg/cmz/ S, Funab = 4.27 X 1079 erg/cmz/ S.

In fact, following Maitra & Paul 121!135) who analysed Suzaku observations of
the 2010 outburst of the source, we successfully modelled the broadband BeppoSAX
spectrum of XTE J1946+274 using an additional partial covering absorber in com-
bination with the widely used phenomenological model Highecut. This implies
that part of the emission is absorbed within the binary system. To obtain a statis-
tically acceptable fit, a more elaborate modelling of the soft X-ray absorption has
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Figure 12.7: Phase dependence of the spectral parameters for the brightest observation with
Highecut+bb model. Blue dashed and green dotted lines show for reference MECS (2 —
10keV) and PDS (15 — 120keV) pulse profiles, scaled to match the respective parameter
range. The lower right panel shows the hardness ratio for the same energy bands.

been used by Marcu-Cheatham et al! (IMS), who, analysing a Suzaku observation
of the source at lower luminosity, considered absorption by different components
of the ISM.

In our analysis we have found evidence of a cyclotron line at ~ 38keV. The
observed line energy implies a value of the magnetic field of 3.3(1 +z) x 102G
assuming Ecye ~ 11.56 Byp / (1 +z), where z is the gravitational redshift of the
scattering region. As seen in Table[I2.3] our result is independent of the continuum
model used.

Our finding is consistent within 3-sigma with the value reported by [Heind] et all

) on the basis of RXTE data of the same outburst, but at the higher luminosity.
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Parameter  0-0.15  0.15-035 035-055 0.55-038 08-1
5% 0. 10;03;52} 0.03;§;3g{ 0.1 1;§;33§ 0.44;((?’;3}; 0.66;(%:3%2
o er e e s e
il A Ot -t o | N 8

© 139065 171708 1g6e:047  17gei0e2 ) 24+046
Eou 730G TN 1965h5 17865E 1924538
Efola 9.48%0¢ 9870 9.75%0% 845705 877505
F 2.44 3.38 3.23 3.66 3.14
Fing 2.59 3.56 3.43 3.91 3.36
Xaw /dof  0.990/398  0.869/400 0.975/407 1.017/419  0.985/419

@10~ phem=2s7T]

)Ry, is the radius of the black body in km for the distance to the source D = 9.5 kpc.
©[keV]

DThe values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range

in units 107° erg/ cm?/s.

Table 12.6: XTE J1946+274, 1998-10-09. Variation of the spectral parameters with pulse
phase assuming Highecut continuum model. The absorption, the energy and width of the
emission iron and cyclotron lines and the temperature of the black body component were
fixed at the average values.

Our result is also in agreement with the value of the CRSF energy reported by
Maitra & Paul (20134) with the Suzaku. We note, that the considered BeppoSAX
observation had been performed at significantly higher luminosity, than the Suzaku
observations. So there appears to be no strong correlation of the CRSF centroid
energy with luminosity. On the other hand, the centroid of the not very significant

(~ 2.807) line at ~ 35keV reported by Marcu-Cheatham et al! (2015) is slightly
lower. In our analysis we do not find evidence of any line at ~ 25 keV as suggested
by Miiller et al M), even if we use the same continuum used by
(@). Since the source had comparable luminosity in the two observations, the
reason for such a dramatic change is unclear. Conversely, [Miiller et all (2012)
report that they find two alternative fit solutions with lines at ~30keV and ~ 40keV,
and while the solution with a line at 25keV is most significant of the three, its
significance remains low at < 20.

A suggestion of the CRSF being located at 38 keV follows from the pulsed frac-
tion energy dependance which exhibits a feature around ~ 40keV (see Fig. [2.3).
Although the feature is marginally significant, we observe that a similar behaviour
has also been observed in other sources and can be associated with change of the
pulsar beam pattern around the resonance energy (Ferrigno et all2009; Schonherr

et al. 2!214]).
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We have also carried out the pulse-phase resolved analysis for the brightest Bep-
poSAX observation. Surprisingly, the CRSF is only detected at certain pulse phases,
namely in the second peak of the two peaked pulse profile. The statistical quality
of the phase-resolved spectra is comparable in all phase bins, so the feature does
indeed change intensity and energy with pulse phase. This could be understood
considering again the pulse profiles of the source.

As already discussed, the pulse profiles observed by BeppoSAX strongly evolve
with the energy (see Fig.[I23). The two peaks are separated by about half a phase,
and, therefore, likely represent two emission components with roughly orthogonal
beam patterns. m ) suggested that the two peaks might be related
to the emission from the two poles of the NS not diametrically positioned to each
other. On the other hand, the pulse profile evolution, and in particular the ~ 180°
phase shift between the soft and hard peaks can be qualitatively explained in terms
of the simultaneous presence of a “hard pencil” (aligned with cylindrical symmetry
about the dipole axis) and a “soft fan” (cylindrically symmetric around the axis
perpendicular to the dipole axis) beam components (m @). Provided
that ® + @ < 90° (O is the inclination of the spin axis, @ is the angle between the
spin and dipole axis) a single-peak pulse profile is produced by either pencil and
fan beams.

The absence of the CRSF at certain phases might be explained, therefore, if
only one of the components exhibits a CRSF in its spectrum. A similar scenario is
realised in the model proposed by [Poutanen et all (2013a) where reflection off the
surface of the NS is responsible for CRSF formation. Here we would like to note
that the reflected component is likely to be softer than incident emission, and the
CRSF in XTE J1946+274 is only detected in soft peak. The fact that the CRSF
parameters remain essentially unchanged despite an order of magnitude change in
luminosity, which was already noted previously by Marcu-Cheatham et all (2015),
also suggests that the CRSF shall be formed close to the surface of the NS, rather
than in a tall accretion column. This can be either due to reflection, or simply
because the source consistently accretes in the subcritical regime as suggested by
Marcu-Cheatham et al| (2015). A detailed modelling of the pulse profile, X-ray
continuum and CRSF formation is required to move from the suggested qualitative
interpretation to unambiguous and quantitative description of the observed phase
and luminosity of the spectrum. This modelling must take into account several
effects, from local beam pattern formation to propagation to the observer, which

includes gravitational light bending (Kraus 2001; [Kraus et al| 2003; Sasaki et al)
2012).
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GRO J1744-28

In this chapter I summarise my work on the accreting pulsar GRO J1744-28
which was observed by BeppoSAX during the outburst in 1997 and in quiescence
in 1998. The content of this chapter has been mostly published in
(2015).

13.1 Source Description

The peculiar transient X-ray source GRO J1744—-28 also known as the bursting pul-
sar, was discovered on December 2, 1995, with the Burst and Transient Source
Experiment (BATSE), onboard the Compton Gamma Ray Observatory (CGRO;
IFishman et all : [Kouveliotou et all[1996). Three major outbursts have been
observed since the discovery. The first lasted from the end of 1995 until the be-
ginning of 1996, the second from December 1996 until April 1997, and the third
from January to May 2014 dllcggn.aar_e_t_aﬂhﬂlﬂl, [Younes et all[2015; D’Aj et all
). The peak outburst luminosity in X-rays reaches Lx ~ 1037 — 10°8 erg s
1111999), while the quiescent luminosity is Lx ~ 1033-3* ergs~! (Wij-
nands & Wang m; ; M). The source ex-
hibits coherent pulsations with a period of ~ 0.467 s, associated with the rotation
of the NS i.e. it is an accreting X-ray pulsar in a binary system.
@) determined the orbital period and semimajor axis to be Py, = 11.8 days and
a=1.12R, (~ 7.8 x 10'? cm) respectively. The mass function was estimated to be
f(M)=1.36x10"*M,, implying, for the canonical NS mass of Mys = 1.4M, accre-
tion via Roche lobe overflow from a strongly evolved red giant remnant with mass
about 0.2 —0.7My, (Daumerie et all[1996; Miller [1996; |Sturner & Dermer [1996;
BBildsten & Brown [1997; Rappamrl_&_.lgsﬁ [1997). The photoelectric absorption

does not change significantly during the outbursts and is comparable with inter-
stellar absorption Ny ~ (5 —6) X 10?2 cm™2 in the direction of the Galactic center
where the source is thought to be located at distance of ~8 kpc (Dotani et al! (1996
INishiuchi et all[1999).

152
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Probably the most unusual property of GRO J1744-28 is the relatively short
~ 10 bursts observed from the source. Since the discovery, several thousands of
bursts have been detected d}M&dﬁ_e_t_aLHAM) During the bursts the flux increases
by an order of magnitude, and it is often followed by a drop to below the pre-burst
level for several tens of seconds to minutes depending on the burst fluence (Lewin
et al. 1996; Nishiuchi et all1999; [Younes et all 2015). Pulsations are observed
during the bursts, although with a phase shift of ~ 5% with respect to the persistent
emission (Kouveliotou et al![1996; Strickman et a1l[1996).

A similar bursting activity has been observed only in another source, the transient
LMXB MXB 1730-335, usually referred to as the Rapid Burster (RB)

11976; Lewin et al![1993). For both sources, it has been suggested that the origin of
the bursts could be due to accretion flow instabilities which intermittently enhance
the accretion rate onto the NS (so-called Type II bursts). However details are still
unclear. For instance, unlike the RB, Type I bursts, associated with thermonuclear
flashes on the surface of NS, are generally thought not to occur in GRO J1744-28.
On the other hand, contrary to the RB case, the duration of the GRO J1744-28
bursts is remarkably stable (~ 10s), and a large fraction of the bursts exhibit a tem-
poral profile characterised by a fast rise followed by an exponential decay typical
of classical bursters. Type II bursts in RB have rather irregular profiles. These
differences are likely related to the different magnetic field strengths of the NS
companion, which is expected, given the presence of pulsations, to be stronger in
GRO J1744-28. In the case of GRO J1744-28, [Finger et all (1996) reported an
upper limit on the magnetic field strength of B < 6 x 10'! G. This estimate is based
on the requirement that the plasma at the inner edge of the accretion disk (disrupted
by the magnetosphere) moves faster than the magnetic field lines as otherwise the
accretion would be centrifuﬁallf inhibited (so-called “propeller” regime, [llarionov
& Sunyaev M). Later ) found a possible transition to the “propeller”
regime in RXTE data at lower luminosity, which allowed for an estimate of the mag-
netic field at ~ 2.4 x 10!'! G. Recently m (2015) reported the observation
of an absorption feature at E ~ 4.7 keV, during the 2014 outburst of the source. In-
terpreting the line as due to cyclotron resonance scattering, the authors estimated
a magnetic field of ~ 5.3 x 10'! G in good agreement with earlier theoretical ex-

pectations. In our paper (Doroshenko et all[2015) we confirm the presence of the

cyclotron line at ~ 4.5 keV.
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MID  Exposure Period, s Lx ergs™!  Orbital
time, ks 2-10keV phase?

50528 117.5 0.467044(1)  2.8x10%7 0.9
50534 101.9  0.467044(1) 1.8x10%7 0.4
50550 51.6 0.46705(1)  0.46x10%7 0.8

50905 62.5 source in 0.8
50911 34.5 quiescent  3.8x10°*? 0.3
50913 67.5 state 0.5

“Ephemeris from Kouveliotou et al. (1996)
bThe average luminosity for 3 observations in quiescence.

Table 13.1: Observations of the X-ray source GRO J1744-28 by BeppoSAX. Luminosity is
estimated using unabsorbed flux in the energy range 2 — 10keV (MECS) for the distance
D = 8kpc.

13.2 Observations

GRO J1744-28 was observed by BeppoSAX several times from March 1997 to
April 1998 (Tab.[[3J). In Figure [3.1] the long term source light curve observed
by the ASM RXTE ) with superimposed BeppoSAX observations
is presented. The first three observations of BeppoSAX were performed in the de-
clining edge of the 1997 outburst, with a total exposure time for MECS of approx-
imately 270ks. In our work we use LECS, MECS, and PDS in 0.7 — 4keV, 2 —
10keV and 15 — 120keV energy ranges respectively. The HPGSPC was, unfor-
tunately, not operating during the first three observations. In the last three obser-
vations, the source was in quiescence and below the sensitivity thresholds of Bep-
poSAX, so it was not detected. The data from the quiescence, however, proved very
useful for the background subtraction of the outburst PDS data.

13.2.1 Timing Analysis

The 2 — 10keV MECS light curve of the first observation (MJD 50528) is presented
in Figure[I3:2] Bursts are clearly visible in the first two observations, whereas none
is detected in the last observation carried out close to the end of the outburst at
significantly lower luminosity. We detected 25 and 17 major bursts in the first two
observations respectively, with a flux increase of a count rate a factor 10 or higher
at the burst peak with respect to the persistent rate. Typical burst duration and the
interval between the bursts are ~10s and ~ 2000 s respectively (see also Fig.
where all detected bursts are reported). The inter-burst to burst fluence ratio in
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Figure 13.1: The light curve of GRO J1744-28 observed by the ASM onboard RXTE.
Dashed lines mark the BeppoSAX observations (Tab.[I3.1)).

the energy range 2 — 20keV is between 3 and 18, i.e. compatible with earlier
reports (Lewin et all[1996; Jahoda et al/[1997). The burst profiles exhibit variety of
shapes: most are rather symmetric and in this respect are similar to Type II bursts
observed in RB m ). However, about twenty percent (for example,
the next to last one in Fig.[[3.3) exhibit the characteristic exponential decay typical
of thermonuclear Type I bursts. The source also exhibited a few “smaller” bursts, a
factor of ~ 6 less luminous than the major bursts. These have already been reported
by Nishiuchi et all (1999) based on the ASCA data. We confirm the presence of the
low luminosity bursts, although the statistical quality of the data is not sufficient for
any detailed analysis.

As reported earlier by several authors (Lewin et all ﬂﬁ%; Younes et al“&j), a
flux drop following the burst is a relative common feature in GRO J1744-28. Such
a drop is observed in more than half of the bursts in our sample. In Figure a
fragment of the light curve in the 2 — 10keV is presented. The decrease of the mean
flux from the source after the burst, for about 100s, is evident. Note that a similar
flux depression is observed after Type II bursts of the RB and is usually associated

with the depletion of the inner edge of the accretion disk after the bursting event
due to enhanced accretion (Lewin et al. ).
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Figure 13.2: MECS light curve with bursts of the pulsar GRO J1744-28 in 1997-03-21 with
2 s bin time in 2 — 10 keV energy range. On the zoom picture the flux drop after the burst is
shown.

To study coherent pulsations, we corrected the photon arrival time for Doppler
delays due to the orbital motion of the spacecraft and the pulsar (using the or-
bital ephemeris of |[Kouveliotou et all [1996). Using the phase-connection tech-
nique (see for instance [Doroshenko et all|2010a) we measure the spin period to
be P =0.467044(1)s, P = 0.467044(1)s and P = 0.46705(1) s for the March and
the two April 1997 observations (all uncertainties are for 90% confidence level un-
less stated otherwise). Folding the light curves reveals sinusoidal, single-peaked
pulse profiles (Fig.[13.4). We find that the phase of the pulsed profiles during the
bursts is shifted by ~ 5% relative to the persistent state, which is consistent with
earlier reports by [Kouveliotou et al! (1996); [Strickman et all (1996). The morphol-
ogy of the pulse profiles appears to be consistent between the two observations and
shows no apparent dependence on luminosity.
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Figure 13.3: Light curves of all bursts of the pulsar GRO J1744-28 in 1997-03-21
(top) and 1997-03-27 (bottom), MECS.

The fraction of pulsed emission does change with energy. To estimate it we
assumed standard backgrounds for all instruments and also took the contamination
from the nearby sources to the PDS data (see Section [[3.2.2)). We found that the
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Phase

Figure 13.4: Pulse profiles of the pulsar GRO J1744-28 in 1997-03-21 for LECS (0.1 —
4keV), MECS (4 - 7,7 - 11.5keV) and PDS (12 — 45, 45 — 100keV). The spin period is
P =0.467044(1)s.

pulse fraction increases between 2 and 10 keV from about 5% to 20% (with a
notable exception of a region close to the fluorescent iron line, see also
), and then remains fairly constant between ~ 10% and ~ 30% for the first two
observations and between 20 — 80% for the third one. From 0.1 to 2 keV, the pulse
fraction decreases from 20 — 30% to 5% although our findings are at the lowest
energies and for the third observation are hampered by low statistics (Fig. [13.3).
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Figure 13.5: Pulse fraction of the pulsar GRO J1744-28 for 1997-03-21 - solid black line,
1997-03-27 - dashed red line, 1997-04-12 - dashed dotted blue line.

13.2.2  Spectral Analysis

GRO J1744-28 is located in the crowded Galactic Center region and a number of
sources fall into the field of view of the telescope. This might potentially affect
the spectral analysis, particularly for non-imaging instruments. Even the LECS and
MECS observations could be affected as the deep Chandra observation of the field
reveals ~ 40 sources within the standard region. However, GRO J1744-28 is the
brightest of these sources, therefore source confusion is not an issue for the imag-
ing instruments, MECS and LECS. We followed, therefore, the standard analysis
procedure.

The situation for the non-imaging instruments is more complicated. The MECS
image reveals at least two sources besides GRO J1744-28 within the field of view
of collimating instruments. These are detected irrespective of the brightness of the
pulsar (see Fig. and are plausibly identified as 1E 1743.1-2843 and Sgr A*.
To account for the in-orbit instrumental background which is rapidly changing and
for the contribution of the sources contaminating the PDS data, we extracted the
background-subtracted spectra for all observations (including those in quiescence)
using the standard pipeline. The standard pipeline allows to account for instrumen-
tal in-orbit background. Then we subtracted quiescent spectra (obtained during
the 1998 observations) from the source spectra obtained for the first three obser-
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Figure 13.6: MECS image centered at GRO J1744-28 in quiescence on 1998-04-02 overlaid
with contours from an observation in bright state (taken on 1997-03-21). Two additional
sources detected in the MECS field of view contaminate also the PDS spectrum.

vations. Apparently, an important assumption here is that the flux of the contami-
nating sources remains constant. To verify that we compared the soft X-ray fluxes
measured by the MECS which indeed remained constant. It is also important to
note that given their short duration, the contribution of the bursts to the persistent
spectrum is negligible.

We found that the observed broadband continuum spectrum can be described
with Highecut, Fdcut, NPEX and CompTT continuum models. In all cases the in-
clusion of the fluorescent iron K, line at ~ 6.7 keV, modeled with a simple Gaussian
profile, was also required.

All continuum models, which also include interstellar absorption
N ~ 5x10%?? atoms cm™2, give a reasonably good sze 4 (from 0.94 for the Highecut
model to 1.25 for CompTT model, see Tab. Fig.[1377). To demonstrate the evo-
lution of the parameters with the luminosity we used Highecut based on the formal
statistical quality and stability of the fit (Tab.[I3.3)). Regardless of the assumed con-
tinuum model, some residuals around 4 — SkeV (Fig. were clearly observed.
The absorption-like feature at ~ 4 keV was modeled with a multiplicative line with
a gaussian profile. This significantly improved the fit (see residuals of Fig. [[3.8).
The parameters of the line are presented in Table The chance probability
for fit improvement based on the F-test is marginal < 1072° for both observations
where the line is required (see, however, [Protassov et all M). The feature also
appeared in the phase resolved spectra (see Fig. Tab.[[3.41[13.3). Our findings
nicely agree with the absorption-like feature reported by (2019) based
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Parameter Highecut Highecut Fdcut NPEX CompTT
no CRSF

N® 5.7(2) 5.23(2) 5.55(8) 5.16(6) 5.84(3)

r 1.26(7) 1.147(3)  1.09(4)

Eeut 18.4(1) 18.1(1) 15(1)

Efold 11.7(4) 11.76(7) 1022 6.1(1)

ai 0.48(4)

(0%) 2.0

kT 0.18(3)

kT. 5.82(3)

Te 13.1(1)

Ere 6.69(2) 6.71(2) 6.70(2) 6.68(2) 6.72(2)

OFe 0.28(3) 0.38(2) 0.26(3) 0.23(3) 0.34(3)

AY 7.2(6) 10.2(4) 5.8(5) 5.8(6) 8.8(5)

Ecye 43(2) 4.47(9) 4.55(5) 42(3)

Teye 1.2(3) 1.1Q2) 1.2(1) 0.7(5)

Seye 0.12(4) 0.11(1) 0.15(1) 0.06(1)

szed/dOf 0.94/549 1.28/552 0.95/551 1.04/551 1.25/553
@in units 10?2 atoms cm 2
® K, line normalisation in units 1073 phcm

-2 S—l

Table 13.2: Spectral parameters of the persistent spectrum of GRO J1744-28 observed by
BeppoSAX in 1997-03-21 for various spectral models. All energies and line widths are given
in keV.

on XMM-Newton and INTEGRAL observations of the 2014 outburst.
(M) also found the two possible harmonics of the line at ~ 10keV and ~ 15 keV.
Unfortunately, we can not verify this result due to lack of the HPGSPS data in the
10 — 15keV range.

By interpreting an absorption-like feature observed at E ~ 4.5keV in the spec-
trum of GRO J1744-28 as a CRSF, a magnetic field of B ~3.7x 10" (1 +z) G is ob-
tained for the NS of the binary system. This is in strikingly good agreement with ear-
lier estimates of the magnetic field of this pulsar, which fall in range (2—7)x 10'' G
(Finger et all[1996; Rappaport & Joss[1997; ICuil1997; DAl et all2015)

We have also performed a pulse phase resolved spectral analysis to study the
variation of spectral parameters with the angle of view to the NS. Only data from
the observation on March 21, 1997 with highest luminosity and best counting
statistics was considered. To describe the phase resolved spectra, we used the
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Figure 13.7: The best-fit residuals for spectra derived from the observation 1997-03-21 mod-
eled as described in the main text. The best residuals obtained with the power law plus
high-energy cutoff model, Highecut, at the top panel.

same model as for the phase averaged spectrum, i. e. a power law with high-
energy cut-off (see Fig. [13.9] Tab. [[3.4] [[3.3). We divided the data in 10 equally
spaced phase bins. We ﬁxed the absorption component at the average value Ny =
5.71’8% x 10?2 atoms cm™2. The emission iron line at ~ 6.7 keV and the absorption-
like feature at ~ 4.5 keV were also included in the phase resolved analysis. We can
see the clear anti-correlation of the photon index with phase flux. The parameters
of the absorption and iron lines (line centroid and width) did not exhibit any signifi-
cant phase variation. The cut-off and folding energies appeared to be anti-correlated
with each other.

13.2.2.1 Analysis of the Burst Spectra

To investigate the burst spectra with significant statistics we aligned and stacked all
observed bursts using the burst start, defined as the flux increase above 150 cts/s, as
a reference.
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Parameter 1997-03-21  1997-03-27  1997-04-12

N 5.7(2) 5.7(2) 5.4(1)
r 1.26(7) 1.29(5) 1.24(3)
Ecu 18(1) 19.3(8) 24(4)
Efoud 11.7(4) 13.3(5) 12(3)
Ere 6.69(2) 6.70(3) 6.68(5)
OFe 0.28(3) 0.27(4) 0.24(7)
A® 7.2(7) 4.9(6) 1.2(2)
Eeye 43(2) 43(1) 4.3
Ocyc 1.2(3) 1.1(1) 1.1
Seye 0.12(4) 0.09(3) 0.00(1)
FY 10.1 6.5 1.2
F© 13.0 8.3 1.6

unab

)(rzed/dof 0.94 / 549 1.04 /531 1.06 / 487
@[10%2 atoms cm 2]

(®)K, line normalisation in units 1073 phcm
(©) Absorbed and unabsorbed fluxes in units
10 ergem™2s™! and in 0.1 — 120keV range.

-2 S—l

Table 13.3: Spectral parameters of the persistent spectrum of the low mass X-ray pulsar
GRO J1744-28 observed by BeppoSAX modelled by the Highecut continuum model. All
energies and line widths are given in keV.

We also subtracted the contribution of the persistent emission. We found that the
shape of the combined spectrum of the bursts departs significantly from that of the
non-bursting spectrum (Fig. [13.3).

We first described the burst spectrum with the Highecut and CompTT models.
Both models give formally acceptable results (see Tab.[[3.6). The spectral param-
eters of the Highecut model are similar to the ones reported recently by Younes
et al. (2015) for the burst spectra (I = 0.2+ 0.1 and Eggq = 7.6 +0.5keV). Such a
hard power law together with a soft cut-off are rather peculiar and not typical of
X-ray pulsars. This might suggest that the model describes a bump-like feature
at soft energies. In addition, the best-fit results for the bursts spectrum using the
CompTT model reveals a significant change, with respect to the persistent spectrum,
of both the seed photon temperature and the absorption column (see Tab. [13.6)),
which is difficult to understand. On the other hand, the apparent change of the seed
photon temperature might suggest an additional soft component in the burst spec-
trum. Indeed, including a blackbody component in either model allows to achieve
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Figure 13.8: The best-fit unfolded average persistent spectrum, modelled with the Highecut
continuum is shown in the top panel. We also present the best fit residuals without and with
the inclusion of a cyclotron line at ~ 4.5 keV. The best fit spectrum of the bursts modelled
with Highecut and a black body continuum is also presented together with the residuals for
the observation 1997-03-21.

comparable (or, in fact, slightly better) fit statistics while the other parameters of
the continuum remain close to ones measured for the persistent spectrum. In other
words, we find that the burst spectrum significantly differs from the persistent one at
soft energies, and this change is well accounted for by adding a soft blackbody-like
component to the unchanged continuum of the persistent spectrum. The blackbody
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Figure 13.9: Spectral parameters of the pulsar GRO J1744-28 in 1997-03-21 with the
Highecut continuum model as function of pulse phase. Phase: 0 — 0.1, 0.1 — 0.2, 0.2 —
0.3,03-04,04-0.5,0.5-0.6,0.6-0.7,0.7-0.8, 0.8 = 0.9, 0.9 — 1. Dashed lines are the
MECS and PDS pulse profiles, they are the same.

component has a temperature about 2.1 —2.2 keV and a size close to a NS radius (for
an assumed distance of 8 kpc). The burst spectrum does not exhibit any residuals
around the CRSF energy. The inclusion of a CRSF in the model, at the same energy
and width as in the persistent spectrum, does not significantly improve the fit (F-test
probability ~ 6 X 10‘2). We, therefore, consider the best-fit depth of 0.07(6) as an
upper limit. A Fe-K line is also marginally significant in the burst spectra of the
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Phase 0-0.1 0.1-02  02-03  03-04  04-05
ES). 425%000  438+032 415702 — 4274018
o) 1.14ﬁ‘8);§f 1.04t§;§% 1.37ﬁ§;§; — 1.22j§;§§
Seye 0. 12ﬁ8;§§ 0.o9t8;§2 0. 13t8¢§§ — 0.1 1t8:8?1
o aeam Shm Mag % Seg
Eo 262G ALSTg 2ONGH 193955 2044l
E{g&d 988" % 9.6 54 9547 1051775, 997

Fe 666250 67150 6750 674X 67500
Trog 024Zp08  037Zpp3 0355 036%5, 0277
Apeg 076Zpp* 0855 081G 109G 0745
FY 5.78 5.72 5.95 6.36 6.99

© 8.05 7.95 8.36 8.55 9.34

Xoy/dof 11097478 1.191/415 1.193/476 1.191/423 1.1/476

102 phem™?s7!]
(©The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range
in units 107° erg/ cm?/s.

Table 13.4: GRO J1744-28. Spectral parameters as function of pulse phase during the
observation on 1997-03-21, Highecut continuum model. The interstellar absorption was
fixed at the average value Ng = 5.7(2) X 1022 atoms cm™2. Part 1.

observation on 1997-03-27. We have summarised the fit results for the 1997-03-21
data in Table[13.6]

The appearance of a prominent, blackbody-like, spectral component, typical of
thermonuclear flashes in the combined burst spectra, might come from either all or
just some bursts. To discriminate between the two possibilities we first checked the
hardness ratio for individual bursts using the MECS/PDS light curves, but found
no significant variation between the bursts. We also attempted to group bursts for
spectral analysis, using different criteria (the bursts coming in a sequence of two,
single bursts, bursts with the same classical I type shape - fast rise and slow decline).
We found that for any grouping, the spectra had essentially the same shape with two
prominent soft and hard components. We concluded that the soft component seen in
the combined burst spectra is likely present in spectra of most, if not all, individual
bursts.

To investigate the pulse phase dependence of the black body and power law com-
ponents we carried out the phase resolved analysis of the burst spectrum. Unfortu-
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Phase 0.5-0.6 0.6 -0.7 0.7-0.8 0.8-0.9 09-1
ES) 421+0.13 — 4.21+021 — 4.34+0.18
EZ)C 1 13;8%2 . 1 13-*—8?11 o 1 07+828
o 003 08003 09038
Seye 0.11*+09 — 0.08%00 — 0.09*"
r 1 22+88£ 1 16+0.02 1 2+0.042 1 23+0.02 1 28+88£
0 ool ouE Tem (e S
gy 203158 188108 20SUEE 19325 2096558
+0. +0. +0. +0. +0.
E{Zﬁd 9.89_000564 10.44_00(')565 9.55_8'8% 10.64_000568 9.78_(1)_(%g
+0. +0. +0. +0. +0.
EFG)K 6.7 00 6.687 ) 0e 6.737 07 6.697 ) 0e 6.697 e
a 0.1 0.11 0.1 0.12 0.09
O-(Fbe)l( 0.31750s 04275 0.367 s 0477517 0.34%07
0.18 0.21 0.18 0.24 0.17
AFeK 0.73%515 1257573 0.77 14 1.3370%4 0.79%15
F(;) 7.59 7.75 7.44 6.91 6.29
F?C) b 9.93 10.17 10.08 9.28 8.63

sziza/ dof 1.22/481 1.498/429 1.258/478 1.373/428 1.125/475
@[keV]

®[102phem™?s7!]

(©The values of absorbed and unabsorbed fluxes in 0.1 — 120 keV energy range
in units 107 erg /cm?/s.

Table 13.5: GRO J1744-28. Spectral parameters as function of pulse phase during the
observation on 1997-03-21, Highecut continuum model. The interstellar absorption was
fixed at the average value Ny = 5.7(2) X 1022 atoms cm™2. Part 2.

nately, the statistics was insufficient to constrain all model parameters, so we kept
most of the parameters fixed to the best-fit phase averaged values, and only allowed
the normalisation of the continuum components to vary. The results are shown in
Figure[[3.101 The pulse fraction for the soft and hard components are 6.5% +3.4%
and 13.8% = 1.9% respectively, i.e. the hard component varies with pulse-phase
stronger than the soft one.

To explore the time evolution of both components along the burst, we performed
also time-resolved spectral analysis using the stacked data of all bursts. Time in-
tervals were selected so to have enough statistics to significantly constrain the fit
parameters. It is interesting to note, that both the temperature and normalisation of
the blackbody component (and thus the size of the emitting region) change along
the burst as shown in Figure [3.111

A possible nature of the thermal component could be caused by thermonuclear
flashes which possibly trigger the accretion rate enhancement responsible for the
bursts observed in the source. This hypothesis is based on several similarities be-
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Parameter Highecut bb+Highecut CompTT  bb+CompTT

N 5.0(3) 5.1(7) 3.4(2) 5.2
kT 2.1(3) 2.2(1)
RY 8(5) 8(3)
r 0.26(8) 0.8(4)

Ecut 4(1) 18(5)

Efold 7.6(2) 9(1)

kT 1.51(8) 0.2
kT, 5.4(2) 5.2(1)
Te 4.6(5) 18(1)

)(fed/dof 0.96 /408 0.95 /406 1.03 /409 1.02 /409
@in units 1072 atoms cm™2
®in km

Table 13.6: The best-fit parameters of the bursts spectrum GRO J1744-28 in 1997-03-21. All
the energies and the line widths are given in keV. The absorbed and unabsorbed fluxes in 0.1
— 120 keV energy range are F,p, = 6.09 X 1078 erg em 257, Fupap =6.83x 1078 erg em 257l

tween typical Type I bursts and the thermal component, namely, the burst dura-
tion of 10s, the inter-burst to burst fluence ratio and cooling as a burst progresses.
There are some observational and theoretical arguments that disfavour this hypoth-
esis. These cannot be verified with the existing data. The detailed discussion was

published in our paper (Doroshenko et all2015).

13.3  Conclusion

We presented the results of the analysis of three BeppoSAX observations, with a
total exposure time 270 ks, carried out in the declining phase of the 1997 outburst
of the bursting pulsar GRO J1744-28.

Pulsations with a period of 0.4670s with a stable pulse profile, that did not
change with time and energy, were detected in all observations. The pulsed frac-
tion was found to vary with energy, reaching a minimum of 10 — 20% in the energy
range 5 — 40keV and increasing for higher and lower energies, especially at lower
luminosities. Several tens of bursts with typical durations of about 10s were de-
tected as well. Depletion in the light curve is observed after at least some of the
bursts. The source luminosity typically increases by factor of ten during the bursts,
although a number of dimmer bursts are also observed.
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Figure 13.10: Changing normalisation of the soft (top) and hard (bottom) part of the bursts
spectrum with phase for the GRO J1744-28 in 1997-09-21. sze 4 lies in region from 0.97 to
1.45.

The non-bursting broad band X-ray spectrum was found to be well described
by several phenomenological models typically used for accreting pulsars. An iron
line at ~6.7keV and an absorption feature at ~4.5keV were also required to fit
the data. We interpret the absorption feature as a cyclotron line which implies a
magnetic field of the NS of B ~3.7(1+2)x 10'! ~ 5x 10'! G, considering the upper
limit of the gravitational redshift z = 0.3 for a canonical NS, if the line is produced
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:*u E A

18 - s J
s + ]
16

kTyp, keV
Rpp, km

Burcl time, s Burst time, s

Figure 13.11: Cooling of the soft component, during the bursts. The probability that the
observed temperatures are due to a statistical fluctuation is < 1.7 x 1078 (from Kolmogorov-
Smirnov test), so the trend is significant.
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at the NS surface. This value is in good agreement with earlier predictions and with
the recent observations of the 2014 outburst with XMM-Newton and INTEGRAL.
D’Al et all (2015) have detected the same feature at E ~ 4.7keV in agreement,
within uncertainties, with our measurement.

The average burst spectrum could be represented as a combination of the harder
non-bursting spectrum and an additional soft thermal component with temperature
of about 2keV. The burst spectrum requires neither the iron 6.7 keV line nor the
absorption feature at 4.5 keV. Both components are pulsed although the amplitude
is smaller for the soft component, ~6.5% vs ~ 13.8%.
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CHAPTER 14

Summary and Interpretation of Spectral Analysis Results

In the previous chapters, results of the broadband (0.1 — 120 keV) spectral anal-
ysis for the 9 accreting pulsars with cyclotron lines observed by the BeppoSAX
satellite were presented. For the first time such an analysis was done on BeppoSAX
data for a large sample of sources in a uniform and systematic way, so it is now
interesting to compare the results and attempt to assess similarities and differences
between the individual objects.

Tables [[4.11 summarise the basic parameters for the pulsars in the sample
including the spin periods, the X-ray luminosities and the energies of the cyclotron
lines determined in this work with representative observations. The best fit un-

Type Porp P Lxx 1037 D™
days S erg s~ kpc
Her X-1 1996—-07-24 LMXB 1.7 1 .2377397(1) 3.6 6.6
4U 1626—67 1996-08-06 LMXB 0.02917 7.6679(1) 0.6 9
4U 1907409 1997-09-27 HMXB 8.3753 440.99(1) 0.3 5
4U 1538-52 1998-07-29 HMXB 3.73 528.218(1) 0.3 55
Vela X—1 1996_12-24 HMXB 8.964 283.271(1) 0.3 2
Cen X-3 1997-02-27 HMXB 2.09 4.814(1) 21 8
4U 0115463 1999-03-06 HMXB 24.3 3.6137(1) 8.7 7
transient
XTE J1946+274 1998-10-09 HMXB 169.2 15.8262(1) 4.6 9.5
transient
GRO J1744-28 1997-03-21 LMXB 11.8 0.467044(1) 10 8
transient
burster

®Distance used to determine the luminosity of the source.
Table 14.1: Sample of the sources observed by BeppoSAX, their types, orbital and spin

periods, X-ray luminosity (in the 0.1 — 120keV energy band) and distance. Results are
presented for one observation from each source.

173



174 Chapter 14: Summary and Interpretation of Spectral Analysis Results

' Her X-1, main-on ”,W} ' Her,X-1, short-on"
M / |
'L /£ NN 4 f
e‘[ A\ 102} f !\\; 4

/ \

=z { \ s
1072 L | &
r 3
2 03k e
\
1073 E \

m"_‘ } } 10

5+ 4
: T@.WMWWWWWM;
B
- L
E ?*e*’»wWWW Wi
1

keV/em? s keV
keV/em? s keV

Ax?
|

-
Axy?
-

Ax?
L
3
=
= |
E
Ax?

mo

E, keV E, keV
107! T T T
I T i
2 WHWW | 103 E ,, 3
. 10 f ‘\ . 7 \*&*{',
3 e \ ]
; REEN |
E 10 ‘:_H m ﬂ 4 E 0 /// 3
\ 10 E / E
WL\\ 07— E
1074 } ‘ 1 ] 10 ‘;
H
L *;W“WWWW bl o w 4%*—*
&3 [ | o 40k
< i MH ] Y

Ax
Lhow
-+
==
=
:‘L
Ax
T
I
4
§
=
=
=
i

1 10 100

E. keV E, keV
107! T T 10°
4U 153383 Vela X1
102E Ei
" /’,._A_\\ il e 1
L ; ' 1
> / >
Z w0tk 7 fm, ERTSIN \ ]
- / - X
g 10k -+ 3 o
S oef / 1 S 4
o : H
0L/ 1
/ 10 \
105 L 1
108 E
0
N SF
< -0
15
2 F
o, 0
=
B

Figure 14.1: The best fits of the spectra for the sources observed by BeppoSAX and the
residuals: Her X—1 (1996-07-24 - left, 1998-07-09 - right), 4U 1626—67 (1996-08-006),
4U 1907+09 (1997-09-27), 4U 1538-52 (1998-07-29), Vela X—1 (1996-12-24). Part 1.
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Figure 14.2: The best fits of the spectra for the sources observed by BeppoSAX and the
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Ege  Abye B(1+2)"Tx10"

keV % G
Her X—1 1996-07-24 42187017 13(1) 3.6
4U 1626-67 1996-08-06 38.384% - 33
4U 1907+09 1997-09-27 19.447020  8(3) 1.7
4U 1538-52 1998-07-29 21.51t8:ig 6(2) 1.8
Vela X—1 1996-12-24 25.037018  13(3) 2.2
Cen X-3 1997-02-27 27.66*0 7 8(3) 2.4
4U 0115463 1999-03-06 13.39%007  10(3) 1.1
XTE J1946+274 1993-10-00  38.347}%° - 33
GRO J1744-28 1997-03-21  4.3'03  9(3) 0.4

*AEcyc is the amplitude of the change of the source cyclotron with pulse phase.

Table 14.2: Cyclotron lines energies and the values of the pulsars magnetic fields for the
sources observed by BeppoSAX.

folded spectra for all sources obtained in previous chapters are presented in Fig-
ures [[4.1] [[4.2] for overview. The best fit residuals are also included (for Her X—1
and Cen X—3 separately for the two luminosity states).

Already visual inspection of the spectra reveals the peculiar continuum shape of
the LMXB sources Her X—1 and 4U 1626—67, both of which exhibit a significant
excess in the soft part of the spectrum. As discussed in Hickox et all (2004), this
excess is likely associated with reprocessing of X-rays in the inner regions of the
accretion disc or atmosphere of the companion, which is consistent with the ob-
served drop in the pulse fraction reported in ChaptersBL[6l The spectra of the other
pulsars are qualitatively similar with each other, and are consistent with a comp-
tonisation spectrum where differences can mainly be attributed to different optical
depths, electron temperatures and cyclotron line parameters of individual objects.

Taking into account that there are likely significant variations of physical param-
eters across the emission region in X-ray pulsars, even the “physical” models used
here are, in fact, just a rough approximation. Choice of the continuum model is
thus somewhat arbitrary and may also affect the parameters of the cyclotron line.
It is interesting, therefore, to investigate how the choice of the continuum model
affects the deduced CRSF parameters from an observational point of view. This
issue is often discussed in literature for individual sources. However, it was never
addressed systematically using high quality data of a larger sample of pulsars.

In Figures [[4.3] [[4.4] the dependence of the line parameters for the six consid-
ered continuum models (Highecut, Fdcut, NPEX, Cutoffpl, CompTT, BW)
is presented for all pulsars in the sample (including the best-fit Xfe . for reference).
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Figure 14.3: Changes of the cyclotron line energy and width with different continuum models
of the BeppoSAX sources with the cyclotron line, which were analysed in this work.
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Parameter Her X-1 4U 1626—-67 4U 1907+09 4U 1538-52 XTE J1946+274
1996-07-24 1996-08-06  1997-09-27  1998-07-29 1998-10-09

N(a) 0_0109+0.0003 0‘094—0.02 2_72+0.06 1 .66+0'02 1‘324—0.07
i 0008 00t w068 00 008
r 0.8957 505 0.8550;1 L172503 L1450 0.88%003
(b) 0.44 1.19 0.77 0.18 0.53
E%E)t 20,94‘:888 19.1 9t(11‘8§ 12.64%0855 13.961’8}g 18.04%03365
+0. +0. +0. +0. +0.
Ef%d 11.11_8’{2 10.42_1.(2)8 11.6_007579 11.85_8‘:3 9.36_01%5
Ecye 42,184:0:11 38.38’:1:21 19.44% y 21.51* 19 38.34’:1:3
39.57f?'% 52.09f%“7’1
() +0.49 +1.1 +0.8 +0.16 +1.35
o 6.51 4.3 1.9 2.44 4.55
cye -0.16 -1.0 93, 003 -1.21
?a.O(L6 o 3'64’6 3
0.01 0.4 X X 0.1
Oeye 0.741’002 1.4“:03 0.26::'896 0.52;?% 0.33:01
23700 1.827 g1

szed / dof 1.16 / 624 1.036 /363 1.176 / 437 1.056 /373 1.065 /599
@r10%2atoms cm 2]
®)[keV]

Table 14.3: The best-fit parameters of the X-ray pulsars in the sample for the Highecut con-
tinuum with a smoothing Gaussian at the cutoff energy (one observation for each source).
Part 1.

As can be seen in the figures, in most cases it is possible to achieve acceptable fits
with all models and the line energy is not strongly affected by the model choice as
long as it provides an adequate description for the broadband spectrum.

However, this is not always the case for the width and depth of the CRSF, which
sometimes strongly depend on the choice of the continuum model. The greatest
changes are visible for the Fdcut model, which results in wider and deeper lines
compared to other models. This can be, for instance, due to the fact that this model
is unable to fully describe the intrinsic cutoff of the spectrum and the remaining
residuals are modelled as CRSF contribution. This shall be taken into considera-
tion when comparing CRSF parameters published in literature assuming different
continuum models, especially for data with low counting statistics. Indeed, in this
case, an incorrect choice of the continuum model might still yield acceptable fit
statistics, yet line parameters will be biased. It is important, therefore, to investi-
gate several continuum models and verify that the results are consistent.

As we know from the previous chapters, the most “universal” continuum model
out of all models considered is the Highecut with the smoothing Gaussian tied to
the cutoff energy (Tab. [[4.3l [[£.4). This model also yields better statistical quality
of the fit and stable fit in most cases. I conclude, therefore, that this model is the
best choice for sample studies of multiple accreting pulsars. On the other hand,
out of the two physical models considered, the CompTT appears to be more flex-
ible, although it still was not possible to achieve an acceptable fit for all sources
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Parameter  Vela X—1 Cen X-3 4U 0115+63 GRO J1744-28
1996-12-24  1997-02-27  1999-03-06 1997-03-21

NG 3.15%:%% 1.88j§:§§ 1.13j%;%§2 572)
r(b) 1.332j8;?g§ 1.19f00;0 a 0.442i8;8§3 1.26(7)
E%B)[ 23.9;51135 17.49+t()1£9 8.62f0(:)0062 18.4(1)
E% f 13.59*01°  7.09%030  10.38*002 11.7(4)
Ecpe 25.03f§:é§ 27.66%073 13397007 43(2)
55.27%%, ggi;%gz
44:081§:§§
+0.44
) +0.21 +0.99 54.3243.)(')‘}13
Tege 4681 79255 2757004 1.2(3)
6'9J—r8234 4
4
4
4
Seye 0.26;§:§i 0.77%0:18 0.357;§;§133 0.12(4)
002001 o7l
0.62-002
05270
X2 /dof 0.813/283 0.805/383  1.2/581 0.94/549
@102%atoms cm 2]
OkeV]

Table 14.4: The best-fit parameters of the X-ray pulsars in the sample for the Highecut con-
tinuum with a smoothing Gaussian at the cutoff energy (one observation for each source).

Part 2.

(Tab. [[Z.6). Taking into account that in some cases this model does provide
very good description of the data, it is likely that in other cases additional compo-
nents like reflection/partial covering absorption might contribute to the observed
spectra, which results in more complex spectral shapes. Note that while it is easier
to account for such components using the more flexible phenomenological models,
interpretation of the results might actually become more complicated.

Nevertheless, the phenomenological Highecut model is the only model which
does provide acceptable fits for all sources in our sample. The model was chosen
for the quantitative comparison of the spectra. The respective best-fit parameters
for all analysed pulsars are given in Tables [[4.3] [[4.4l
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Parameter 4U 1626—67 4U 1907+09 4U 1538-52 XTE J1946+274
1996-08-06  1997-09-27  1998-07-29 1998-10-09

N 0043001 3.00j§-§§ 0.88f§-§; 1.37j§-$§
b 02 . X )
k{;) ) 6.0ﬁ%%5 6.51f83 ; 5'12t8'8§ 5.62J_f8. Io

+0. +0. +0. +0.
T B T I 11
L0 Pty 09058 51 394025 6T
+1. +0. +0. +1.
EQ) 382U 2000703 218903 38.61:17
(b) 0.9 40.95625:1 0.32 0.99
+0. +0. +0. +0.
T 4.6*09 3.1 3.39%03 8.96+09
9.65f8-gé
0.3 X 0.04 0.11
Seye 1.5493 0.59" 0% 0.62+004 0.68*01}
2.0

-0.4
Xl /dof  1.043/365 1.315/437 1.139/376  1.086/600

@r10%2atoms cm2]
®)[keV]

Table 14.5: The best-fit parameters of the X-ray pulsars in the sample for the CompTT contin-
uum model (one observation for each source). Part 1.
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Figure 14.5: Correlation between the CRSF energy and width. The blue line shows the linear
fit to the points with o¢ye = 0.12E¢yc +0.8.
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Parameter  Vela X—1 Cen X-3 4U 0115+63 GRO J1744-28
1996-12-24  1997-02-27  1999-03-06 1997-03-21

(a) 0.29 0.01 0.02
Mo, s 2l OBy o
» o 0a0nE  omiB orse)
+6. +0. +0.
T 0’0010-82 0'20*000188 0.63%9 o0 0.18(3)
T 10.6792 14.6970:18 27,0700 13.1(1)
(b) 0.71 0.38 0.02
Eg) 26.68;10545 29.56+0:3¢ 13'97;8'8% 4.2(3)
555t 22.55_818g
32.15%0
7 T=-0.05
kvs
(b) 2 0.44 SZ.OJ:O'I%
Teye 5.62f8§2 6.33*043 3.44+002 0.7(5)
11.06+14 4
4
4
4
Seye 0.23j§;§§ 0.84+0.02 0.948j§:§(g 0.06(1)
0.99+0: 1.714%0:
-0.14 —8.8?5
1.57*0
1.47+§3§i
1.27+042
x2g/dof 0.900/284 0.944/384 1.575/582 1.25/553
@[10%%atoms cm 2]
D) [keV]

Table 14.6: The best-fit parameters of the X-ray pulsars in the sample for the CompTT contin-
uum model (one observation for each source). Part 2.

Figures show the dependence between the cyclotron line energy and
width, which appear to be correlated. A similar correlation was reported by Coburn
et al. (2002) for the sample of pulsars observed with RXTE. The first figure shows
only one measurement for each source (except for Cen X—3, which is presented in
high and low states). As we can see, the Cen X—3 in high state seems to deviate
from the general trend. However, as can also be seen from Table [4.]] Cen X-3
high state has the highest luminosity of all analysed sources. The low luminosity
state for Cen X -3, exhibits a slightly different behaviour, more in line with the other
sources. Figure shows the same correlation for all BeppoSAX observations
and all sources from the sample where the general trend appears clearer. While
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Figure 14.6: Correlation between CRSF energy and CRSF width for all BeppoSAX observa-
tions in the sample. The blue line shows the linear dependance o¢ye = 0.14E¢yc +0.1.

the correlation of line energy and width was reported previously, here I extend it
to lower energies. Indeed, GRO J1744-28 with the lowest energy of the CRSF
known so far seems to follow the same trend as other sources. Using the Monte
Carlo sampling, (Coburn et all (2002) has demonstrated that this correlation is real
and not due to the intrinsic correlation between the parameters in the spectral model,
which is actually consistent with qualitative agreement with theoretical predictions
for the Doppler line broadening.

Figures[14.7] show the observed relation between the energy and depth and
between the width and the depth of the cyclotron line. Both seem to be linearly
correlated in most cases (except 4U 1626—67). The general trend is again con-
sistent with findings by \Coburn_et all (2002), i.e. the lines become deeper and
broader with energy. This dependence is somewhat harder to interpret, as oppo-
site behaviour could actually be expected based on the expected cyclotron scatter-
ing cross-sections alone. Photon spawning, non-isotropic angular re-distribution of
photons and emission region geometry can be factors likely responsible for the ob-
served correlation (Coburn et all2002). Note that the low mass pulsar 4U 1626—67
deviates from the general trend and exhibits a deeper line than typically observed.
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The line depth is not very well constrained, but if this deviation is real, it can be
attributed to the fact that it has a low mass companion, which can imply a differ-
ent accretion geometry and chemical composition of accreting plasma compared to
other sources (see Chapter [6)).

30
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Ecur, keV
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Figure 14.9: Correlation between CRSF energy and the Highecut cutoff energy. The green
line shows the approximation suggested by Makishima et all (1999), Ecyc o< E&Z.

Figures 14.10l show the observed relation between the line centroid and
the cutoff energies. This correlation was also reported previously by Makishima
& Mihara deﬁ); Makishima et all deQg); Coburn et al! (IMQ) who found Ey «
EC7 . and associated cutoff with scattering around the cyclotron resonance energy.
\Coburn et all (2002) confirmed this correlation based on a consistent analysis of
a sample of pulsars observed by RXTE using the Cutoffpl model, and suggested
a change of the correlation slope above ~ 35keV. BeppoSAX data is qualitatively
consistent with this conclusion. [Coburn et al! (2002) also discussed possible origins
of this correlation. In particular, they argue that while the complex correlation be-
tween the CRSF and cutoft energies implies that the spectral break is related to the
B-field, it is not necessarily a magnetic effect. For instance, the temperature in line
forming region, which defines the cutoff, might depend on the magnetic field, thus
resulting in a correlation of the CRSF and cutoff energies. Observations of a single
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Figure 14.10: Correlation between CRSF energy and the Highecut cutoff energy for all
BeppoSAX observations of all sources (with the first cyclotron line harmonic for Vela X—1).
The blue line shows the linear dependance Ecyt = 0.22E ¢y +10.23.

source in a broad range of luminosities might be useful to clarify the situation. Un-
fortunately, none of the sources from our sample is suitable for such analysis due to
the limited range of luminosities covered by BeppoSAX observations. Nevertheless,
the observed phenomenological relation is definitively useful from an observational
point of view, particularly if statistics are insufficient to really constrain the CRSF
energy or even detect the line.

Besides the pulse-phase averaged spectroscopy, I have carried out also the pulse-
phase resolved analysis. It is interesting, therefore, to investigate how variable the
parameters of the cyclotron line are with respect to the pulse phase for the different
sources. The width and depth of the line were not well constrained in most cases,
so I focus here on the CRSF centroid behaviour. For each source and observation
where pulse-phase resolved analysis was done, I calculated the relative amplitude
of the CRSF centroid variability with pulse phase, defined in a same way as the
pulsed fraction (i.e. Agcyc = (Emax — Emin)/(Emax + Emin), Tab.[[42). As illustrated
in Figure [[4.11] the amplitudes lie in the 5 — 10% range for all sources and do not
strongly depend on line energy or luminosity.
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14.1 The Accretion Regime and the Geometry of the Emission Re-
gion

In the X-ray pulsars with a strong magnetic field plasma is funnelled to the small
regions on the NS surface close to the magnetic poles, the hotspots, at some dis-
tance from the NS where the magnetic pressure balances the ram pressure of the
plasma (see Chapter2)). Above a certain luminosity, called critical, the strong radi-
ation pressure force becomes dynamically significant and able to stop the infalling
matter above the NS surface (Basko & Sunyaev|[1976). The so-called accretion col-
umn starts to rise above the hotspot with the increase of the accretion rate. The two
cases are usually referred to as sub- and super-critical accretion regimes. The col-
umn height depends on the luminosity and is believed to affect the observed CRSF
energy, which is expected to be either correlated or anti-correlated with source flux

2006; Mushtukov et all2015).
Her X-1
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Figure 14.12: Dependance of the luminosity on the cyclotron line energy (the magnetic
field strength). The red and blue curves corresponds to the critical luminosity calculated by

Mushtukov et al! (2015) and [Becker et all (2012) respectively.
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It is interesting, therefore, to compare the luminosities of the sources from our
sample with their theoretically expected critical luminosities. Note that these are
subject to large uncertainties both from a theoretical point of view and due to the un-
certainty in the distances to individual sources. Nevertheless, Figure [[4.12] shows
the observed dependance of the CRSF energy on the estimated X-ray luminosity
for sources observed by BeppoSAX. To reflect the uncertainty in the theoretical
value of the critical luminosity, I also show two predictions: the red and blue lines
correspond to the estimates by Mushtukov et all (2015), and Becker et all (2012)
respectively. Table [[4.1] lists the assumed distances which I used to determine the
observed luminosities of the sources. Note, however, that in most cases these are
based on photometry of the optical companion and as such subject to large uncer-
tainties not reflected in Figure [[4.12)

One could anticipate that the amplitude of the CRSF variability with pulse phase
would be different for the two accretion regimes as the emission region geometries
are different in two cases. This does not seem to be the case, however, as illustrated
in Figure [[4.11]l which includes both sub- and super-critical observations. Note,
however, that there are no theoretical predictions for the amplitude of the line vari-
ability, so it is not clear what to expect from a theoretical point of view.

Differences in the emission region geometry may also be expected to affect the
observed width of the line. Since line width is correlated with line energy it is
more appropriate, however, to look at the fractional width defined as ocyc/Ecyc.
The line width is also expected to depend on temperature and, as discussed above,
seems indeed to correlate with the cutoff energy, which traces the temperature.
To investigate this in more detail, I calculated the fractional line width for each
source and plotted it against the cutoff energy and temperature, as shown in Fig-
ure It is interesting to note that the fractional line width appears to be
higher for sources which are expected to be in super-critical accretion regime (i.e.
Cen X-3, 4U 0115463, GRO J1744-28). This could actually be anticipated as in

this case the line forming region is expected to contain a range of field strengths
which must broaden the line ).

As already mentioned, the observed widths of the line are most likely associated
with Doppler broadening and the direction of photon propagation with respect to
the magnetic field, i.e. 0Epwam/E ~ VKT < cos® > with natural line widths of
~6keV at40keV ). The lines are thus expected to get broader with
higher temperature and for photons propagating along the field lines. For super-
critical accretion, the “fan” beam pattern is usually assumed, i.e. that the photons
escape from side walls of the column and predominantly propagate perpendicularly
to the field. Taking into account that the observed plasma temperatures are in fact
comparable for all considered sources, one could expect that lines get narrower at
high luminosities, i.e. in contrast to what is observed. This can be explained if
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the field in the line forming region is not uniform, which is actually expected for
an extended accretion column M). Alternatively, line broadening
in the super-critical regime can be explained if the photons propagating along the
field lines, rather than moving perpendicularly to them, are actually responsible for
the observed CRSFs. This is realised in the “reflection” model of line formation
recently proposed by Poutanen et all (2013H).

The fractional line width is also correlated with the cutoff energy for both high-
and low-luminosity sources. The correlation with temperature is, on the other hand,
not so pronounced. The reason might be that, while the cutoff energy is generally
expected to trace the temperature, the observed correlation between the two quan-
tities is rather loose as illustrated in Figure [4.14l A possible explanation for that
is related to the discussion of the correlation of the CRSF energy with the cutoff
energy mentioned before. Makishima & Mihard (1992); Makishima et all (1999)
argued that the continuum cutoff is associated with scattering around the cyclotron
resonance energy and, thus, is mostly a magnetic effect. On the contrary Coburn
et al. (2002) suggested that the broadband continuum represents a comptonisation
spectrum and, thus, the plasma temperature defines the cutoff energy. The latter
interpretation seems to be more plausible, however, even in this case, the presence
of the line may still affect the observed cutoff energy, which might explain its not
so strong correlation with temperature and a tighter correlation of the cutoff energy
with the CRSF parameters.
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Conclusion

The main goal of my work was to conduct a systematic and coherent investi-
gation of the temporal and spectral properties of X-ray pulsars showing cyclotron
lines. Therefore, I used as a homogeneous sample all bright accreting pulsars ob-
served with instruments of the same satellite, the Italian-Dutch X-ray satellite Bep-
poSAX, which provides high quality spectra in the broad energy range from 0.1 to
120 keV. Cyclotron lines in the spectra of X-ray pulsars are usually quite broad and
shallow and, thus, the line parameters deduced from the spectral analysis can of-
ten be affected by the choice of the continuum model. I therefore systematically
investigated, using different models, the influence of the spectral continuum on the
determination of the CRSF parameters. In addition, for observations with high
counting statistics, I performed pulse-phase resolved spectral analysis to investi-
gate the phase dependence of the continuum and CRSF parameters for a variety of
sources. Most of the data used in the project have not been analysed before and are
presented in this thesis for the first time.

During the analysis, I have discovered a cyclotron line in the spectrum of the
“bursting pulsar” GRO J1744-28, which was confirmed bym ) using
the observations of the source during its next major outburst in 2014. I have also
identified a thermal component in the burst spectrum of the source, which appeared
to be similar to that observed in classical bursters and which has been interpreted
as evidence for thermonuclear burning episodes, likely triggered by rapid accretion
rate fluctuations. These results were published in the Monthly Notices of the Royal
Astronomical Society journal, MNRAS, (I]lzmshenme_t_aﬂhﬂ]j)

Analysis of observations of another poorly studied source, XTE J1946+274, also
resulted in a publication (Doroshenko et all[2017). Here we were able to clarify the
long-standing debate regarding the energy of the CRSF observed in this source and
we investigated in detail the phase dependence of the broadband spectrum.

A systematic analysis was performed for all sources in the sample, which lead to
the results summarised in the thesis. In particular, for all sources and most observa-
tions I have

193
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e carried out pulse-phase averaged spectral analysis using a set of six pre-
defined continuum models,

e determined the spin periods of the neutron stars,

e obtained pulse profiles in several energy ranges and, if applicable, for several
luminosities,

e investigated the dependence of the fraction of pulsed emission on energy and
source flux,

e performed pulse-phase resolved spectral analysis for selected observations
using models providing the best description of the spectrum for a given source.

The results were discussed in the context of finding already published literature,
confirming in several cases results from other satellites. However, all commonly
used continuum models were applied systematically to a large sample of sources
for the first time. As a result, I have found that even the high quality BeppoSAX
spectra can be approximated with all considered continuum models in most cases.
Furthermore, I verified that the deduced cyclotron line energy does not strongly
depend on the choice of the continuum model, if this properly describes the spec-
trum, as it is often claimed in the literature. On the other hand, it was not always
possible to achieve a robust and well defined fit with all models and often the other
line parameters, i.e. depth and width of the line, did depend on the choice of the
continuum model.

I have found that in most cases the best and most robust description of the spectra
is provided by a model consisting of a power law with an exponential cutoff at high
energies (Highecut in XSPEC), complemented with a smoothing gaussian with
energy tied to the cutoff energy.

In addition, I was able to empirically identify some features of the studied sample
of pulsars, which are useful for future investigations of other sources and searches
for new cyclotron lines:

o the cutoff and CRSF energies were found to be correlated in terms of Eqy ~
0.2E¢y. + 10,

o the width of the cyclotron line was found to be correlated with its energy in
terms of oeye ~ 0.14E¢yc +0.1,

o the depth of the cyclotron line was found to be correlated with its width as
Ocye ~ 0.107¢ye +0.175,

e the amplitude of variability of the observed line energy with pulse phase was
~10% in all cases.
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For some sources several observations at different luminosities were analysed,
so I also investigated the luminosity dependence of the CRSF energy. No clear
correlation or anti-correlation was found with only a hint for positive correlation of
the line energy with flux observed for low luminosity sources like XTE J1946+274.
I found, however, that the width of the CRSF seems to increase at high luminosities,
likely due to the onset of an extended accretion column.

Finally, I also confirmed the presence of a soft excess below ~ 1 keV for several
objects, although it is hard to assess its origin based on BeppoSAX data alone.
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