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Abstract

The study of high-resolution X-ray spectra of neutron star low-mass X-ray binaries
(LMXBs) allows the investigation of the innermost parts of the accretion disk and
immediate surroundings of the compact object. The weak magnetic field of old
neutron stars present in such systems allows the accretion disk to approach very
close to the compact object, like in black hole X-ray binaries.

Using data from X-ray satellites such as XMM-Newton, RXTE, and BeppoSAX,
I studied the reflection component in two neutron star LMXBs: MXB 1728-34 and
4U 1735-44. 1 showed that the iron line at 6.4 — 7 keV is broad and relativistically
smeared, as in black hole binary systems and active galactic nuclei. This is com-
patible with an interpretation where the line is emitted in the innermost part of
the accretion disk. Moreover, I studied the changes in the spectral parameters in
4U 1705-44, in both the hard and soft states of the source. I derived physical and
geometrical parameters for the system in both states, such as the state of ionization
of the disk, the inner radius of the disk, the inclination angle of the system, and the
temperature of the electrons composing the corona.
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Introduction






High energy astrophysics is a relatively new discipline in astronomy that regards
the study of high energy processes releasing electromagnetic radiation in X-rays
and gamma-rays. The matter present in such environments, like for instance those
close to black holes, neutron stars and supernovae, is under extreme physical con-
ditions (extremely hot and extremely energetic), which cannot "yet" be reproduced
in laboratories.

Black holes and neutron stars are very exciting and intriguing objects in the
Universe, not only because of their compact nature, but also because of their in-
fluence on the surrounding matter. The observational evidence for their existence
comes from the study of active galactic nuclei (AGN), X-ray binaries, or pulsars.
These systems are among the brightest sources in the X-ray sky.

Binary systems are very common since the star formation process involves the
collapse and fragmentation of interstellar clouds, favouring the formation of proto-
stars in close proximity to each other. If the system is close enough, a mass transfer
can occur, which gives rise to accretion. This process liberates gravitational poten-
tial energy, making accreting objects potentially powerful sources of energy.

Black holes and neutron stars in LMXB systems are expected to show similar
spectra. Indeed, these compact objects have similar gravitational potentials since
the radius of a neutron star is about three Schwarzschild radii, very close to the
last stable orbit of material around the neutron star or a black hole of similar mass.
Therefore, the accretion flow is expected to be similar in both cases. On the other
hand, the discovery of any difference in the behavior of the accretion flow around
black holes and neutron stars will prove the existence of event horizons in black
holes. The spectral analysis of X-ray photons coming from these systems offers a
unique opportunity to understand their physics and investigate their properties.

The main objective of this thesis is to compare X-ray spectra of neutron LMXB
systems to those of the much better-known black hole systems, specifically by study-
ing the so-called reflection component in neutron star LMXBs.

The first part is devoted to an introduction to X-ray binary systems, in particular
their formation, the role that accretion plays in these systems, and the physical
processes occuring in such sources.

The second part concerns the data analysis. I first explain the progression from
the detection of photons to the data analysis. Then, I present the work I performed
on two LMXB systems containing a neutron star, MXB 1728-34 and 4U 1705-44,
and the tests I carried out on the reflection model Xillver.

The third part regards the conclusions about these sources, and a discussion of
the comparison between the X-ray spectra of neutron star LMXBs and black hole
binaries.






CHAPTER 1

X-ray binary systems
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1.3.2  From the accretion disk to the compact object . . . . . ... 26

More than half of all stars in our Galaxy are in binary systems. In a small
fraction of these systems, the two stars are close enough to considerably affect the
evolution of each other. Binary periods can be extremely different, ranging from a
few hours for close binaries to thousands of years |Griffin 1985]. Discovered in the
1960’s |Giacconi 1971, Giacconi 1972, Tananbaum 1972|, X-ray binaries are among
the most luminous objects in the X-ray sky. At present, more than 400 X-ray
binaries have been identified.

1.1 Formation and evolution

X-ray binary systems consist of two objects: a compact object (black hole or neutron
star) and a companion star, which both orbit the center of mass of the system. The
term cataclysmic variables (CVs) is reserved for binary systems composed of a white
dwarf and a normal star, where the accretion efficiency is much lower than in X-ray
binaries (see [Warner 1995, Hellier 2001] for a review).

In these systems, the matter that leaves the companion star (also called the
donor star) is accreted onto the compact object. The X-ray emission originates
from the conversion of the gravitational energy of the accreted matter into light,
through viscous processes or shocks occuring in the accretion disk. Depending on
the mass of the companion star, X-ray binaries are classified as low-mass X-ray
binaries or high-mass X-ray binaries (hereafter LMXBs or HMXBs). In the first
class, the matter is accreted onto the compact object by Roche lobe overflow via
an accretion disk, whereas in the second class, the matter is mainly accreted by a
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stellar wind (see Fig 1.1). Several other classifications exist. One of them is based on
the X-ray variability, where steady and transient sources constitute two categories.
In steady sources, the X-ray emission remains stable whereas in transient sources
(XRT), outburst phases are alterned with quiescence phases.

HMXB LMXB

7 stellar wind \
.
/ X - rays \

- \
A@)
NS

Figure 1.1: Comparison of HMXB and LMXB. Each panel presents an artist’s
view (top) and a schematic view (bottom) of the systems to illustrate the different
accretion modes, respectively by stellar wind and by Roche lobe overflow via an
accretion disk (indicated in yellow on the schematic view and seen from the top).

An interesting point related to X-ray binary sources is their evolutionary history,
from their origin until their final stages. Different scenarios are proposed and show
the difficulty in finding the origin of a system, in particular because of mass exchange
between both stars [Karttunen 2007]. Indeed, a star should follow its "normal"
evolution, depending only on its inital mass. However, due to the interactions with
the other star, the evolution is different.

The presence of a compact object in the binary system means that the progen-
itor was a massive star that underwent a supernova explosion. During this violent
process, a considerable amount of mass is expelled from the system, implying the
binary may be disrupted after this event. To maintain the binary system, differ-
ent explanations are proposed, as discussed by [Verbunt 1993]. Another important
point regards the link between X-ray binaries and radio pulsars [Verbunt 1993].
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1.1.1 Low mass X-ray binary systems (LMXBs)

At present, 187 LMXBs have been observed in the Galaxy and Magellanic clouds
[Liu 2007]. The companion star in such systems is a low-mass star (in general M < 1
Mg), older than the ones present in HMXBs, and associated with a late-type main-
sequence star or a white dwarf. The optical counterparts of LMXBs are intrinsically
faint objects.

Formation

An LMXB system can be formed by different processes: a) two stars may be directly
gravitationally bound from birth, or b) the system may be formed by capture of a
second star.

In the first case, the more massive star evolves faster to reach the giant phase,
during which a large portion of its envelope is either transferred to the companion,
lost from the binary as the companion spirals in, or lost from the binary by stellar
wind. Then, it undergoes a supernova explosion. If less than half of the binary
mass is lost in this extremely violent event, the binary survives. In the opposite
case, the binary can only survive if a kick velocity from the explosion happens
in the right direction. In conclusion, if the binary system survives the supernova
explosion, the system remains bound, and contains the new-born compact object
and the companion star. Fig. 1.2 illustrates this scenario.

In the second case, a massive star lives alone and becomes a compact object.
Because of a high star density environment, a star can be captured (in a close
encounter). This happens mainly in globular clusters. However, the vast majority
of the binaries which exist in our Galaxy must have been born in a bound state.

Roche lobe overflow

The companion star in an LMXB system is usually a main-sequence star, much
smaller than its Roche lobe. The Roche lobe is defined as the quasi-sphere influence
within which the matter is gravitationally bound. However, in one of the possible
evolutionary tracks of binary systems, the star follows its evolution and expands to
fill its Roche lobe when it reaches the red giant phase. The matter exceeding the
Roche lobe is no longer gravitationally bound to the star and can be accreted by
the compact object through the inner Lagrange point L.

In a reference frame in rotation with the binary system, a test mass m in the
system is subjected to a force FF = —mV®pg, which is expressed in terms of the
Roche potential ®y:

G M, GM, 1 )
& _ _ _ _ 1.1
R(T’) ‘T’-?"l’ ’T—T2| 2(U)>< (7’ TC)) ’ ( )

where r; and ry are the distances from the centers of masses M; and M to the test
mass at r, w is the angular velocity of the binary system with respect to an inertial
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P ob age
. ° 1500 days 0.0 Myr
15.0 1.6
Roche-lobe overflow @@ 1930 days 13.9 Myr
130 1.6
e
common envelope p
+ spiral-in
4.86
helium star O@ 0.75 days 13.9 Myr
4.8 16
supernova : ‘o 1.00 days 15.0 Myr
399 16
neutron star s e 2.08 days 15.0 Myr
13 16 ecc=0.24
LMXB EX®) L4ldays 224Gy
Y134 1.59
. e 12.3 days 2.64 Gyr
150 0.6

millisecond pulsar white dwarf

(PSR 1855+09)

Figure 1.2: An example of evolution of stars in a binary system leading to the
formation of an LMXB. Credit: Tauris & van den Heuvel 2004.

frame, w = <% 1/2, and a is the binary separation. This results in equipo-
tential surfaces (P = constant) which correspond to the sum of the equipotential
surfaces for each star (defined by their gravitational potential) and a centrifugal po-
tential associated with the rotation of the stars about the common center of mass.

The transferred matter has a large amount of angular momentum, therefore
forms an accretion disk around the compact object instead of being accreted radially.
The masses of the two stars may change considerably with the accretion process.
This leads to modifications in the star separation and orbital period. This accretion

mode is called Roche Lobe overflow and is typical of LMXBs.

NS LMXB

Neutron stars present in LMXBs have a rather low magnetic field (B < 1010 G),
indicating old compact objects. Many LMXBs show type I X-ray bursts, which are
thermonuclear flashes on the neutron star surface. They are interpreted as material
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Figure 1.3: Representation of the Roche potential in a binary system (with a mass
ratio of 2). Bottom of the figure: equipotential surfaces plotted in the equatorial
plane. L1, L2 and L3 are the Lagrange points where the effects of gravity vanish.
Mass can flow through the saddle point L1 from one star to its companion when the
star fills its Roche lobe. Author: Marc van der Sluys, 2006.

accreted onto the surface that reaches densities and temperatures sufficient for nu-
clear ignition. The burning is unstable and propagates around the star, resulting in
an X-ray burst. The detection of these bursts is proof that the compact object is a
neutron star, since a black hole does not have any physical surface.

An interesting point in the evolution of NS LMXBs is that with the transfer of
mass, angular momentum spins up the neutron star. When the mass transfer stops,
a millisecond pulsar may be detected, resulting in a very old "recycled" neutron
star, with low magnetic fields (see Fig. 1.2).

1.1.2 High mass X-ray binary systems (HMXBs)

HMXBs were among the first X-ray sources observed by the UHURU mission in
the 1970’s. At present, 114 HMXBs have been identified in the Galaxy, and 128
in the Magellanic Clouds [Liu 2006]. HMXBs are binary systems that contain a
young and high-mass companion star (M > 5 Mg) of spectral type O or B. These
stars generate very strong winds which are captured by the compact object orbiting
the massive star and converted into X-ray emission (e.g., Vela X-1 [Nagase 1986]).
Wind accretion yields to mass-loss rate of ~ 1074 —1076 M, /yr. Roche lobe overflow
may represent a small fraction of accretion in addition to the accretion due to wind,
however it cannot be the only accretion process since it becomes unstable after
~ 107 years if the ratio between the mass of the compact object and the mass of the
companion star is greater than unity [Lewin 1983|. This would lead to the inspiral
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of the compact object into the massive star. Fig 1.4 shows a possible scenario for
the formation of an HMXB system.

HMXBs can be divided into two subgroups: Be/X-ray binaries and SG/X-ray
binaries. In the first group, the companion star is a Be star i.e. a massive star on

the main sequence (type V), whereas in the second one, it is an evolved supergiant
(SG) O or B star.

. . P orb age
14.4 8.0 100 days 0.0 Myr
Roche-lobe overflow @@ 102 days 133 Myr
8.0
14.1
helium star ® 416 days 13.3 Myr
35 165
l.supemova 7 @ 423 days 15.0 Myr
33 16.5
neutron star  © o 5400 days 15.0 Myr

14 16.5 ecc=0.81

HMXB @@ - 1300days 246 Myr
T4 ” -

common envelope o
+ spiral-in °\

5.0

2.6 hrs. 246 Myr

helium star RLO (e} 3.5 hrs. 25.6 Myr
14 41

2. supernova o> o~ 1.5 hrs. 25.6 Myr
14 256

recycled pulsar young pulsar
14 14 7.8 hrs. 25.6 Myr
(PSR 1913+16) ecc=0.62

Figure 1.4: An example of star evolution in a binary system leading to the formation
of an HMXB. Credit: Tauris & van den Heuvel 2004.

Be/X-ray binaries

A large fraction of X-ray binaries (about 60% of HMXBs) belongs to the Be/X-
ray binary systems, in which the donor is a Be star and the compact object is a
neutron star (see [Reig 2011] for a review). These systems may present very eccentric
orbits, leading to transient behavior as the neutron star moves closer or farther away
from its orbital companion. Their X-ray activity originates from a disk of material
surrounding the equator of the rapidly-rotating Be star.
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HMXB X-ray pulsars

HMXBs are young systems, since the life of an OB star is short. If the compact
object is a neutron star with high magnetic fields (B > 10'° G) (a newly-born
neutron star keeps a large fraction of the magnetic field from its progenitor star),
the material will fall onto the magnetic poles [Lewin 1995]. If the magnetic and
rotation axes are misaligned, X-ray pulsations can be observed when the beamed
emission crosses the line of sight of the observer. The majority of HMXBs are
X-ray pulsars, most notably Centaurus X-3 and Vela X-1. The evolution of an
HMXB X-ray pulsar can then lead to the formation of a double neutron star system,
and possibly a double pulsar system (PSR J0737-3039 [Burgay 2003, Lyne 2004]),
when the companion star undergoes a supernova explosion (see Fig 1.4). The final
evolution of this system is the collapse of the two neutron stars into a single object
(probably a black hole), from which gravitational waves may be detectable.

1.2 Compact objects

During its life, a star is in equilibrium between its gravitation and thermal pressure
of gas. The main source of energy arises from nuclear fusion processes in the central
regions. The more massive a star, the more rapid its life, and the heavier the
elements synthesized by different nuclear reactions (H, He, C, Ne, O, Si, Fe). When
thermonuclear reactions are no longer possible because of the lack of nuclear fuel,
the gravitational collapse is inevitable since no force can oppose it. This results in
the formation of a compact object. Compact objects represent the last stage of the
life of a star, their nature depending on the initial mass of the star.

Defined by a mass confined to an extremely small size, compact objects are
classified into three categories: white dwarf, neutron star, and black hole, by order of
increasing compactness. The ratio M /R of an object increases with its compactness,
which can be calculated by the compactness parameter Rgc,/R, where Rge, is the
Schwarzschild radius defined as

2GM M
Rgen = R 3 <M®> km. (1.2)

This consists in comparing the radius of an object with that of a static black hole of
the same mass. This parameter is also called the relativity parameter since it shows
the importance of relativistic effects for an object.

The physics of these objects is completely different from what exists on Earth.
They represent invaluable laboratories for studying the behavior of matter under
extreme conditions. In white dwarfs and neutron stars, the density is so high that
formulae for classical gases are not appropriate anymore. These stars are held up
by electron and neutron degeneracy pressure, respectively, which counterbalances
gravity. As far as black holes are concerned, they are observed indirectly at different
scales by the motion of the matter in their vicinity and represent the most exotic
objects in the Universe, since no force can support their gravity.
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In the following sections, only neutron stars and black holes are being discussed
since this work is about X-ray binaries. However Table 1.1 presents a comparison
of the main characterisitics of compact objects, including also white dwarfs.

Table 1.1: Main characteristics of typical white dwarfs, neutron stars and stellar-

mass black holes. Note: "Counterbal. of self-grav." means "Counterbalance of self-

!

gravity" and "deg. press." means "degeneracy pressure".

White Dwarf Neutron Star Black hole
Progenitor Mass (Mg) 0.1-8 8—25 > 25
End stage of star Red giant Supernova Supernova
Mass M (Mg) 0.1-14 1-3 >3
Radius R (km) 10* ~ Earth 10 Rgep,
Density p (kg m~3) 109-10 10%8 -
Compactness param. 1074 0.2—-04 1

Counterbal. of self-grav. electron deg. press. neutron deg. press. -

1.2.1 Neutron stars

Neutron stars are some of the densest objects known in the Universe. They ex-
hibit conditions and phenomena not observed elsewhere (such as hyperon, decon-
fined quark matter, superfluidity, and superconductivity), and contain matter of
supranuclear density in their interior with most likely a large fraction of neutrons.
These relativistic objects represent ideal astrophysical laboratories for testing theo-
ries of dense matter physics, and provide connections among nuclear physics, particle
physics and astrophysics.

With typical masses M ~ 1.4 Mg and radii R ~ 10 km, neutron stars possess
an enormous gravitational energy Egray,

FEorav ~ GM?/R ~ 0.2 M¢?, 1.3
g

where G is the gravitational constant. Their mass being close to the solar mass for
a radius ~ 10° times smaller than the solar radius. Their mean mass density is

p=3M/(47R?) ~ 6 x 10" kgm™3 ~ 5 py, (1.4)

where p;, is the mass density of nucleon matter in heavy atomic nuclei:

Mn

5 =1.2x 10" kgm™?, (1.5)

n

with 7, and m, the radius and mass of a neutron. The central density of neutron
stars is even larger, reaching (10 — 25)py.
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The gravity of a neutron star is so large that free electrons are forced to combine
with the protons in the nuclei of atoms to form neutrons through the inverse beta
decay process:

p+e —n+ e (1.6)

Generated mainly in the neutron star core by the direct Urca processes, neutrinos
carry away energy and provide an efficient way to cool neutron stars.

Additionally, neutron stars show a variety of temperatures and magnetic fields,
which depend on their age. Young neutron stars can reach temperatures and mag-
netic fields higher than 10'% K and 10'® G, respectively, whereas old neutron stars
have generally much lower values of the order of T ~ 10" K and B ~ 10® G.

The following sections are devoted to the formation, discovery, internal compo-
sition, and mass-radius relations of neutron stars.

Formation of a NS

A neutron star can be obtained by two different scenarios : 1) the end of a massive
star or 2) a white dwarf with a mass that exceeds the Chandrasekhar limit.

In the first case, the neutron star corresponds to the final product of stellar
evolution. When a massive star is at the stage of giant or supergiant, it eventually
exhausts the nuclear fuel in its core. It follows that the core undergoes gravitational
collapse and becomes a neutron star, while the outer layers are blown away by an
expanding shock wave, producing supernova remnants. The whole event is usually
referred to as a type-II supernova explosion (see, e.g. [Imshennik 1988, Arnett 1996]
and references therein).

In the second case, the neutron star is formed via accretion-induced collapse of
an accreting white dwarf in a binary system. During the course of mass transfer,
the white dwarf mass reaches the Chandrasekhar limit (Mc, = 1.4 Mg), which
constitutes the critical mass above which the star is gravitationally unstable, and
collapses to form a neutron star [Bhattacharya 1991].

Discovery and evidence for NSs

One year after the discovery of the neutron by Sir James Chadwick, the existence of
neutron stars was proposed by Walter Baade and Fritz Zwicky in 1934. They also
suggested that supernovae could be at the origin of these compact stars [Baade 1934].

Scorpius X-1 was the first X-ray source ever detected outside the Solar System.
Discovered in 1962, it was latter classified as a high-luminosity LMXB containing a
neutron star with a low magnetic field. It constitutes the first detection of a system
with a neutron star, although the presence of the compact object in this system has
not yet been identified.

The actual discovery of neutron stars was performed through the detection of
pulsars, which are highly-rotating, magnetized neutron stars. In 1967, Jocelyn Bell
discovered the first radio pulses from isolated radio pulsars [Hewish 1968|. The
pulses are assumed to originate from beams of radio emission emitted along the
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magnetic axis, which is misaligned with respect to the rotation axis (see Fig 1.5).
The radio beam shows a behavior similar to a lighthouse beam that an observer
on Earth can detect as brief and regularly-spaced pulses of radio emission. One
year later, the discovery of two young pulsars in the Crab Nebula and in the Vela
supernova remnant proved that neutron stars were formed in supernova explosions.

© Mark A. Garlick / space-art.co.uk

Figure 1.5: Ilustration of a pulsar. The magnetic axis is inclined with respect to
the rotational axis. The pulsar acts like a lighthouse becoming visible when the
beam intersects the line of sight of the observer.

Then in 1971, another important event happened: the first evidence for the
presence of a neutron star in a binary system (such as Centaurus X-1) came using the
Uhuru X-ray observatory [Giacconi 1971]. The period of X-ray pulsations showed
sinusoidal variations, which suggests that the sources are members of accreting X-
ray binary systems. The changes in the period of the pulses are due to the Doppler
shift of the X-ray pulses in the binary orbit. In 1975, a binary system containing two
neutron stars, of which one is a pulsar, was detected by [Hulse 1975]. This binary
pulsar, known as PSR B1913+16, can be used for very sensitive tests of general
relativity. In 1982, [Backer 1982 observed a millisecond pulsar (B1937+-21) for the
first time. These objects show very stable pulse periods and weak magnetic fields.
They are old neutron stars which are said to be "recycled" following the accretion
of the matter from a companion star. In 2003, [Burgay 2003| discovered an amazing
system, the double pulsar PSR J0737-3039 (see also [Lyne 2004]).

Consequently, neutron stars have been found to be multiwavelength emitters.
They are now observed in radio, infrared, optical, ultraviolet [Mignani 2011], X-ray
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and gamma-ray spectral bands, but also emit high-energy particles, neutrinos and
gravitational waves. They can be detected as isolated neutron stars (radio pulsars,
magnetars, compact central objects in supernova remnants "CCOs"), or in binary
systems, the companion star being either a non-degenerate star, a white dwarf or
another neutron star.

Equation of state and structure

The observation of neutron stars offers the unique opportunity to test theories of
matter under extreme physical conditions. To determine the structure of these
exotic objects, one needs to understand the relations between pressure and density
at different stages in the neutron star interior. These relations constitute the so-
called equations of state (EOS). Many aspects of these equations are discussed in
[Shapiro 1983] and more recently in [Haensel 2007].

Since neutron stars are mainly composed of strongly degenerate fermions (neu-
trons, protons, electrons), the temperature dependence is mostly negligible and the
EOS can be calculated at 7" = 0. The methods employed to calculate the EOS are
different from the neutron star surface to the center. Atomic structure and plasma
theories are used for surface layers, whereas nuclear theory combined with plasma
physics in very exotic density-temperature regimes are required in deeper layers of
the neutron star crust. The core, where the composition of matter is largely un-
known, necessitates the many-body theory of dense strongly-interacting systems,
together with the physics of strong interactions of elementary particles. However,
the associated EOS remain strongly unconstrained, and this constitutes the main
mystery regarding neutron stars.

Based on the EOS, many stellar models are proposed and imply different maxi-
mum masses, from My ~ 1.4 Mg for the softest EOS to Mpyax ~ 2.5 Mg for the
stiffest ones. These models become still more numerous when the density increases.
Although its internal structure is not fully known, a neutron star is thought to be
subdivided into four zones of different density, plus a gaseous atmosphere less than
10 cm thick forming a surface layer [Zavlin 2002|. Fig 1.6 illustrates the structure
of a neutron star.

e The first zone is a thin outer crust which extends from the atmosphere bottom
to the layer of density p ~ 4x 10 kg m—3. Electrically conductive, the matter
is similar to that found in white dwarfs, i.e. composed mainly of heavy nuclei
together with relativistic degenerate electrons. This layer is about 300 m thick.
As the density increases, electrons have an energy large enough to induce
stable inverse [-decay, which enriches the number of neutrons in nuclei.

e A second zone called the "inner crust" is defined between p ~ 4 x 104 kg m—3

and p ~ 4 x 217 kg m™3 and is about 600 m thick. It consists of neutron-rich
nuclei, free degenerate neutrons and a degenerate gas of relativistic electrons.
With growing density, the fraction of free neutrons increases and the neutron
fluid provides most of the pressure.
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e The outer core also named the "neutron liquid phase" constitutes the largest
zone, being about 9.7km thick, until matter reaches p ~ 10'® kg m=3. The
matter consists of neutrons with a few percent of protons, electrons and
possibly muons, all strongly degenerate. The electrons and muons form al-
most ideal Fermi gases, whereas neutrons and protons (interacting via nuclear
forces) constitute a Fermi liquid and can be in a superfluid state.

e The inner core occupies the central regions of massive neutron stars (in case
of low-mass neutron stars, the outer core extends to the center). This region
is defined by an extremely high density p ~ 3 x 10'® kg m™ and a radius
of several km. Different exotic models have been proposed to describe its
composition of dense matter. They predict a hyperionization of matter with
the appearance of hyperons, pion condensation, kaon condensation, and quark
matter composed of u, d, s quarks. Note that the pion and kaon condensation
processes have not yet been discovered in the laboratory. The implications
of exotic forms of matter on the structure and stability of neutron stars are
discussed by [Camenzind 2007].

Mass and radius

Binary systems offer the opportunity to directly measure the mass of a neutron star
thanks to the orbital motions of the nearby companion. The mass function gives a
lower limit on the mass of a compact star :

K3, P (1—e2)*? 1)2
My — 0Pt 14+ = 1.7
X 271G sin® i + q) ’ (17)

where Kgp¢ is the semi-amplitude of the radial-velocity curve, P the period of the
orbit, e the eccentricity of the orbit, ¢ the inclination of the orbital plane to the line
of sight, and ¢ the mass ratio of the compact object to the companion star, which
is equivalent to the ratio of the semi-amplitude of the radial-velocity curve of the
companion star to the compact object.

The mean mass of a neutron star is estimated to be about 1.4 Mg, which co-
incides with the Chandrasekhar limit on mass for a white dwarf. The minimum
mass limit of a stable neutron star can be M < 1 Mg. Such low-mass neutron stars
are thought to result from the fragmentation of rapidly-rotating proto-neutron stars
[[mshennik 1992]. Additionally, the maximum mass of a neutron star is estimated
to be 3 My, which can be explained by the accretion of matter from a secondary
companion. In principle, a larger mass should not exist, since the nuclear and degen-
eracy pressures could not withstand the force of gravity anymore. This is called the
Oppenheimer-Volkoff limit and is analogous to the Chandrasekhar limit for white
dwarf stars. Hence the neutron star would collapse to form a black hole. Fig. 1.7
presents the estimates of the masses of compact object in several systems.

When a binary system contains a pulsar, its mass is determined with great
accuracy. The most precise values have been obtained for the double pulsar system



1.2. Compact objects 17

A NEUTRON STAR: SURFACE and INTERIOR
. S . .‘S}.ghti'
&y 177

CORE:

Homogeneous
Matter

Meutron Superfluid +
Neutron Vortex  Proton Superconductor

Figure 1.6: Structure of a neutron star. Credit: http://www.astro.umd.edu/
miller /nstar.html

PSR J0737-3039A /B (M = 1.3381 £+ 0.0007 Mg and Mp = 1.2489 £ 0.0007 Mg
[Kramer 2008]).
The radius of a neutron star can be estimated in different ways:

e from the density of nuclear matter,

3MN\ Y3
= (2= 1.
RNS (471',0) ) ( 8)

e from the neutron degeneracy pressure,

2 [ Z\%3 ,05/3
= 2 (2) 2 19

hence by equating Pyeg = Pyrav, the mass-radius relation gives

—(Z) (= Z —1/3
w=(G) (@) () G e
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Figure 1.7: Mass distribution of neutron stars and black holes, based on measure-
ments collected from the literature [Stairs 2004, McClintock 2006]. The neutron
stars occupy a relatively narrow mass range near 1.4 My . The error bars correspond

to 1o errors. Note that there are some uncertainties on the nature of the compact
object of 4U 1700-37, which could be a black hole. Figure from [Kaper 2006].

where Z is the atomic number, A the mass number, and A the Planck constant.

e from observational measurements of X-ray bursts of X-ray binaries containing

an old and weakly magnetized neutron star, or from the inner disk radius,
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which provides upper limits on the neutron star radius thanks to the iron line
profile. X-ray bursts, also called type I X-ray bursts, are associated with brief
thermonuclear flashes (~ 1 min) which arise when the matter accumulated
onto the neutron star surface reaches a critical mass. The bursts provide a
rare opportunity for the observer to measure the radius of a neutron star,
which radiates like a spherical blackbody of luminosity:

Lbust = 47 R{soT* = fxdnd®, (1.11)

where d is the distance to the neutron star, fx the flux of the burst, T the
temperature from the peak wavelength of the spectrum of the burst, and o
the Stefan-Boltzmann constant.

All of these methods provide comparable results. The typical size for a neutron
star is Rng ~ 10 km, however it can vary, in a quite narrow range, with the mass

of the compact object. This value is also consistent with the models derived from
the EOS.

1.2.2 Black holes

Black holes are among the most mysterious objects in the Universe, although from
a physics point of view, they can be considered to be very simple. Indeed, a black
hole is characterized by only three parameters: the mass M, the angular momentum
J, and the electric charge Q. A null value is often ascribed to the last parameter,
since as soon as a black hole gets a net charge, it quickly attracts an equal number
of opposite charges. Any other information is lost during black hole formation.
Black holes are classified into three categories: supermassive, intermediate, and
stellar-mass black holes. The main parameter which differs between these classes is
the mass. Moreover, the formation processes seem to be different. Characterized
by a mass M > 109 M), supermassive black holes are present in the center of most
(or possibly all) galaxies [King 2003]. However their origin is still unclear: were
they born before the galaxies or after? Are they the result of accretion of matter
or merging black holes? Simulations are performed in order to understand their
formation, and the role that they play in galaxies. A second class of these objects
is composed of stellar-mass black holes, which are associated with the end life of a
supermassive star. They are created by gravitational collapse when the star does
not have enough nuclear fuel to counterbalance gravitation forces. In that sense,
black holes are an extension of neutron stars, since they are more compact and
with a deeper potential well. In our Galaxy those for which we have an estimate
of the mass do not exceed 20 Mg. The third class corresponds to intermediate
mass black holes. Their understanding is important in order to put constraints on
the origin and properties of black holes. With a mass larger than stellar-ass black
holes, but much smaller than supermassive ones (M = 10?2 — 10* M), intermediate
mass black holes are expected to be present in ultraluminous X-ray sources (ULXs)
[Miller 2004a, Roberts 2007|. The existence of intermediate mass black holes was
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strengthened by the detection of the brightest ULX source HLX1 in the nearby
galaxy ESO 243-49 |Lasota 2011].

Detection of black holes

A black hole cannot be observed directly since it does not emit any radiation, which
is why it is called a "black" object. Therefore, it can be discovered only through
its gravitational influence on the neighbouring star or on the ambient gas medium
[Salpeter 1964]. To fully explain the term "black hole", the second word is associated
with the singularity that represents a hole in space-time; no matter or light can
emerge from it [Wheeler 1968|.

Supermassive black holes were detected indirectly by observing the elliptic mo-
tion of stars accelerated around a dark zone. They are also evident in active galactic
nuclei (AGN). In such galaxies, the supermassive black hole is very active because
of the large amount of accreted matter.

Stellar-mass black holes are detected in X-ray binaries thanks to the X-ray emis-
sion coming from matter in the accretion disk (for a comprehensive review on black
hole binaries, see [Remillard 2006] and references therein). In 1971, Cygnus X-1 was
the first object recognized as a black hole [Bolton 1972, Webster 1972|. At present,
about 20 X-ray binary are believed to contain a compact object too massive to be
a neutron star binary and are called black-hole binaries. Different studies were per-
formed to estimate the number of these systems in the Galaxy; they are estimated at
~ 108 — 10? [Brown 1994, Timmes 1996]. A similar result was obtained for neutron
stars in the Galaxy [van den Heuvel 1992, Timmes 1996].

As in the case of neutron stars, black hole masses can be determined from the
dynamics of their companion stars. Fig 1.7 and Fig 1.8 present the mass estimates
and a schematic representation of black-hole candidates.

When radio jets are detected in X-ray binaries that harbor a black hole, the
system is called a microquasar, a term that is used to refer to the similarity of
these objects and quasars (a class of AGN), which also show jets. The processes are
similar, but energetic and typical times scales with the mass of the black hole (see
the illustration in Fig 1.9). Therefore accreting black holes offer the opportunity to
study AGN indirectly.

All these sources are multiwavelength emitters. It is extremely interesting to
perform simultaneous observations of a source in different energy bands in order to
better understand the physics and the connections between a black hole and the
matter in its vicinity.

Event horizon

The event horizon of a black hole represents the radius of the sphere surrounding
the collapsed mass at which the escape speed equals the speed of light. It is defined
as:

_GM

Ry = 7[1 + (1 = a?)] (1.12)
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Figure 1.8: Representation of 16 black holes binaries in the Milky Way
[Remillard 2006]. The distance between the Sun and Mercury is indicated on the
top (0.4 AU). The inclination of the systems is indicated by the tilt of the accretion
disk. The color of the companion star indicates its surface temperature. Credits: J.
Orosz.

where a measures the spin of the black hole, which expresses the amount of its

angular momentum J:
cJ

GM?

The event horizon is usually expressed in units of the Schwarzschild radius Rggp.

a= (1.13)

This zone cannot be seen by an outside observer, since a photon travelling into
this zone cannot escape to infinity. Hence it defines a region of space-time from
which it is not possible to get any information. Because matter can fall in but never
leave, the mass of a black hole can only increase. As a consequence, the surface area
of the associated event horizon would always increases (apart from the Hawking
radiation). Immediately outside the event horizon, the region of space-time has an
extremely strong gravitational field.
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Figure 1.9: Schematic comparison of quasars and microquasars [Mirabel 1998].
Microquasars can be viewed as a smaller version of quasars.

Schwarzschild black holes

A non-rotating black hole with a null charge (J = @ = 0) is named a Schwarzschild
black hole. It is formed when a mass M collapses within a sphere of radius Rgcp.
Thereby a Schwarzschild black hole has an event horizon Ry = Rge,. In the case of
an AGN, considering for example a black hole of mass M = 10® My, Rsa, equals
3 x 108 km, whereas a stellar-mass black hole with M = 3 M, has Rgg, = 9 km. The
accreting material orbits the black hole before it crosses the Schwarzchild radius. In
general relativity, Rigco defines the innermost stable circular orbit [Shapiro 1983,
Kato 1998]. Closer to the compact object, a stable orbit does not exist, and material
plunges towards the event horizon quickly. In Schwarzschild black holes, Risco is
three times farther than the event horizon, that is Risco = 3 Rsch.-

One can estimate the accretion efficiency onto a Schwarzschild black hole by
assuming that accreting material follows Kepler orbits in an accretion disk and
slowly drifts inwards. The inner edge of the accretion disk coincides with the last
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stable circular orbit. The correct general relativistic result for the accretion efficiency
of a Schwarzchild black hole which accretes from a geometrically thin accretion disk
i8S Nace = 5.7 %.

The space-time metric associated with non-rotating black holes was derived by
Schwarzschild in 1916:

1
ds? = adt? — = [a7tdr? + 72(d6? + sin? 6 d¢?))] (1.14)
where oM
=(1-— 1.15
@ ( rc? ) ( )

This metric describes the interval between events in curved space-time and is de-
scribed only by the mass of the black hole.

Kerr black holes

Because the majority of stars acquire angular momentum when they form, black hole
remnants are expected to rotate too, unless an effective braking mechanism removes
it. The Schwarzschild solution of Einstein’s field equations for non-rotating black
holes can be generalized in the form of the Kerr solution [Kerr 1963] to describe
rotating black holes, or Kerr black holes. The Kerr metric depends upon the mass
and the angular momentum of the black hole. It can be written in the Boyer-
Lindquist coordinates:

2GM 1 [4GMrjsin®
ds2:(1— G2r>dt2—2{Gmsmedtd¢+pdr2
re ‘ 2 (1.16)
2GMri2 sin2 ’
+pd6® + (r2 +52+ W) sin? Gdng]
pc

where

A=7r2—(2GMr/c?) + 52,

p =12+ j*cos?0,

j = J/mec is the angular momentum of the black hole per unit mass which has
dimensions of distance.

The Newton angular momentum is defined as J = MwvR. One can calculate the
maximum angular momentum Jy,ax for a black hole by considering the entire mass
of the black hole M, the speed v = ¢, and the orbital radius which corresponds to
the event horizon of a Kerr black hole:

GM 1
RH == CT - 5 RSCh- (117)

with the spin parameter a = £1 in the formula of the event horizon, so that

GM  GM?

c? c

Jimax = Me . (1.18)

A significant property of accreting Kerr black holes is that the radius of the
innermost stable circular orbit of matter orbiting the compact object depends on
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whether the matter moves in the direction of rotation of the black hole (prograde) or
in the opposite direction (retrograde). In the case of maximally-rotating Kerr black
holes (a = +1) where both the compact object and the accreting matter rotate in

the same direction,

GM 1

Risco = Ry = 2 — 3 Rgsen, (1.19)

which is half of the radius of a Schwarzschild black hole of the same mass, whereas
in the case of counter-rotating particles,

GM
Risco=R_-=9R;+ =9 R (1.20)

One can estimate the accretion efficiency using the innermost stable circular
orbit in the Newton method:

1GM

Nace = 5 RCS ~ 50 %, (1.21)

with R = 0.5 Rgen. The correct general relativistic result is nacc = 32 %.

Both Schwarzschild and Kerr black holes represent gravitational singularities
where the curvature of spacetime is infinite. In the case of Kerr black holes, this
singularity is a ring in the plane perpendicular to the rotational axis, while it is
a single point for a Schwarzschild black hole. Both types have a spherical event
horizon where the escape speed is equal to the speed of light. However the event
horizon of a Kerr black hole is surrounded by a second critical surface called the
static limit, which has the shape of an oblate spheroid and which touches the event
horizon at its poles. The space between these two surfaces is called the ergosphere.

1.3 Accretion

Known since the 1940’s, accretion is an important concept in astrophysics, whose
pioneers were Bondi, Hoyle and Lyttelton. Present in different fields at different
scales, accretion plays a crucial role in the interstellar medium, AGN, and X-ray
sources, through the accretion of gas or matter onto a star, a supermassive black hole,
and a stellar compact object (black hole, neutron star or white dwarf) respectively.
To give a simple definition, accretion represents the accumulation of matter onto an
object under the effects of gravity. When matter approaches a gravitational body;,
in particular a compact object, it liberates gravitational potential energy, making
the accreting object a powerful source of energy [Frank 1992].

1.3.1 Accretion as a source of energy

As was said previously, accretion can be seen as a powerful gravitational energy
extractor. When matter falls onto a compact object, its kinetic energy increases at
the expense of its gravitational potential energy which becomes more negative.

In the close vicinity of the compact object, particularly in the case of a
black hole or a neutron star, velocities are expected to be highly relativistic
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[Mukhopadhyay 2012]. Then, when matter reaches the surface of the neutron star,
it rapidly decelerates and the kinetic energy is radiated as heat. In the case of a
black hole, there is no solid surface, but matter drifts inward until it reaches the
last stable orbit. According to classical calculations, this occurs when the rotational
energy of the matter is less than half the gravitational potential energy, i.e. :

L2 _ GMm
27 ~ 27r8co’

(1.22)

where L is the angular momentum of a mass of element m and I = mTIQSCO is its
moment of inertia at the last stable orbit. The condition that matter fall into the
black hole can be given in terms of the specific angular momentum J = L/m:

J < (GMT[SC())I/Z. (1.23)

Accretion luminosity

The gravitational potential energy of a test mass m in the gravitational field of a
compact object of mass M and radius R such that m << M, situated at a distance
T is:

GMm
Egrav(r) = — _— (1.24)

As the test mass moves from a very large distance r — oo to the surface r = R
of the central body, the energy difference AFEgray = FEgray(r — 00) — Egrav(R) is

released, hence
GMm

R
Considering that the central body accretes matter continuously at a rate M in the
time interval At, it therefore accretes the mass AM = M x At and liberates the
energy

AEgay = (1.25)

GMAM
—r
If the energy is radiated away at the same rate at which it is liberated, the luminosity
of the object due to the accretion process is:

AEgay = (1.26)

GMM
Lacc = . 1.27
: (1.27

The quantity L... is called the accretion luminosity. For a fixed mass accretion
rate, the accretion luminosity obviously increases with the compactness M /R of the
accreting object. This reflects the fact that for a given mass M, the depth of its
gravitational potential well increases with decreasing radius R.

To illustrate the power of accretion, the efficiency 74, defined by the expression

Lace = NaceMc?, (1.28)

where c is the speed of light, expresses the accretion luminosity as a function of the
rest mass of the accreted matter.
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To calculate the accretion luminosity of the accretion disk, a factor 1/2 is in-
cluded to take into account the fact that half of the gravitational potential energy
is converted into kinetic energy and half of the energy is available to be radiated
away by the disk itself:

1GMM

Lie = = 1.2
disk = 5~ (1.29)

Eddington luminosity

The Eddington limit plays a major role in accreting neutron stars. In such systems,
the matter coming from the companion star is accreted onto the compact object and
generates large luminosities. However if the matter accreted becomes too important,
the radiation pressure limits the accretion rate and therefore the observed luminosity.
The limiting luminosity is called the Eddington luminosity. This occurs when the
inward gravitational forces balance the outward radiation pressure on electrons and
protons constituting the ionized plasma:
GMmy, Lot

Faraw = Frad & ~ 55> = 75 (1.30)

where o is the Thomson scattering cross-section for the electron. The Eddington

luminosity is therefore:

4rGMmyc
Lpgq = ——, (1.31)
arT

M
Lpqq = 1.26 x 103! (M®> W, (1.32)

The mass accretion rate that corresponds to the Eddington luminosity can be
deduced from the previous equations:

: R
Mpqq = 1.26 x 1031%' (1.33)

It is important to note that Mggq does not depend on the mass of the star, but
only on its radius, whereas the Eddington luminosity is proportional to the mass.
For instance, the maximum accretion rate of a neutron star of radius £ = 10 km
is Mpgqqg = 1.5 x 1078 Mg /yr. Any additional mass is blown off by the radiation
pressure. In practice, magnetic fields and accretion disks modify the theoretical
values, although they remain a good approximation.

1.3.2 From the accretion disk to the compact object

Accreting matter from the companion star does not directly fall on the compact
object. Because of the conservation of angular momentum, it spirals around the
central object to form a flat structure, the so-called accretion disk. Friction forces
induced by the matter striking itself make its temperature increase to reach the very
high values responsible for the disk X-ray emission |Pringle 1972, Shakura 1973,
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Lynden-Bell 1974]. Thus, the accretion disk acts like a machine that extracts grav-
itational potential energy and angular momentum from plasma. The latter follows
circular Keplerian orbits around the compact object with speed v = (GM/R)Y/2.
The orbit of a blob of plasma in the accretion disk slowly decreases until it reaches
the accretor, losing gravitational potential energy while gaining kinetic energy.

Depending on the nature of the compact object, matter can arrive more or less
close to the compact object. In the case of a black hole, matter reaches the last stable
orbit, which depends on the spin of the black hole and on the direction of rotation
of the disk with respect to the compact object (see the previous part dedicated to
Kerr and Schwarzchild black holes). As far as neutron stars are concerned, magnetic
fields play an important role in the way the matter approaches and falls onto the
compact object. In the presence of strong magnetic fields, the matter follows the
field lines such that the matter falls onto the magnetic poles generating pulses, when
the direction of the magnetic axis is not aligned with the rotation axis, which cross
the line of sight of the observer. In this configuration, the inner accretion disk is
truncated at the magnetosperic or Alfven radius. Regarding low magnetized neutron
stars, the matter can reach the neutron surface. The boundary layer represents the
region which does the connection between the accretion disk and the neutron star
surface, and is an important source of luminosity.






CHAPTER 2

Physics of binary systems

Contents
2.1 Different components . . . .. .. ... ... e 29
2.1.1 The accretiondisk . . . . ... ... ..o 0. 30
2.1.2 Thecorona . . .. .. ... . .. 33
2.2 Physical processes in the accretion disk/corona system .. 35
2.2.1 Compton scattering - Comptonization . . . . ... ... ... 35
2.2.2  Photoelectric absorption . . . . . .. ... ... L. 42
2.2.3 The reflection component . . . . ... ... oL, 43
2.3 Thestatesofasource. ... ...... ... ... 48
2.3.1 Thesoft state . . . . . . ... .. ... ... 51
2.3.2 Thehardstate . . .. ... .. ... .. ... .. ... 51
2.3.3 General schemes for spectral transitions . . . . . . ... ... 52

As explained in the previous chapter, accretion disks play a major role in the X-
ray emission of LMXBs. However, to fully understand the physics of X-ray binaries
and to account for the spectra obtained from these sources, one has to mention the
crucial role of the corona composed of hot plasma that surrounds the accretion disk.

In the following sections, the accretion disk and the corona are discussed in more
detail. We discuss in particular the different types of interactions occuring between
photons and matter, the geometry of the disk/corona, and the states observed in
X-ray binary sources.

2.1 Different components

X-ray spectra of accreting binary systems typically exhibit a soft-thermal component
(a blackbody) associated with the accretion disk, and a hard X-ray component that
usually dominates the spectrum. The hard component is thought to result from
soft photons emitted by the disk that get Compton upscattered by high-energy
electrons that form a corona. This component can be fitted either by a power law
with a high-energy cutoff when the source is in the so-called hard state, or by a
blackbody when the source is in the soft state. A reflection component is often
detected in the spectra of such sources, and is thought to be due to the interaction
between the Comptonized photons and the cold matter in the accretion disk All of
these components are illustrated in Fig. 2.1.
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Figure 2.1: The three main components of the X-ray emission corresponding to
an accreting black hole (top) and a plausible geometry of the accretion flow in the
hard spectral state (bottom, side-view), where the black point, the blue slabs, and
the pink points represent the compact object, the accretion disk, and the corona of
electrons, respectively. From |Gilfanov 2010].

2.1.1 The accretion disk

The accretion disk consists of stellar plasma (from the external envelope of the com-
panion star), i.e. ionized gas whose properties are determined by ions and electrons.
Depending on the temperature, the matter is fully ionized or may recombine to form
neutral atoms at lower temperatures. The mass accretion rate and viscosity seem
to play major roles in the accretion disk structure and geometry.

There exist different solutions to the equations of accretion flow around the
compact object, leading to many models. One can distinguish different classes
of models, such as accretion flows radiatively efficient and radiatively inefficient,
depending mainly on three criteria: 1) the ratio between the heating rate and cooling
rate, 2) the opacity of the gas, and 3) the dominant pressure (gas or radiation).
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Whatever the configuration, they all involve an optically thick geometrically thin
accretion disk.

Standard model of thin accretion disks

Developed by [Pringle 1972| and [Shakura 1973|, the standard accretion disk, which
is geometrically thin and optically thick (with H < r where H is the thickness
of the disk and r its radius) is one solution among others. It corresponds to the
radiatively efficient case, where the disk is gas pressure dominated. The heating
produced by viscosity is radiated locally. The flow being optically thick, it is cooled
efficiently and its temperature is close to that of a blackbody.

Viscosity plays an important role in determining the accretion disk structure. To
infer more precisely the type and the influence of viscous forces, one can calculate
the Reynolds number R ~ L2/vT ~ VL/v, where L,T and V are the typical
dimensions of length, time and velocity of the flow, and v is the kinematic velocity.
If the Reynolds number is less than 1, viscous forces play a central role, whereas if
R > 103, the flow becomes turbulent [Landau 1987]. By inserting values in the case
of an accretion disk around a neutron star, R ~ 102 [Longair 2011]. This implies
that molecular viscosity does not play a major role in determining the structure of
the accretion disk; turbulent viscosity does. Thus the flow is strongly turbulent, and
the transport of momentum depends on the turbulence in the plasma. The turbulent
viscosity is often described as v = avsH, where « is the viscosity parameter and
vs the sound speed in the disk [Shakura 1973]. Turbulent swirls and velocities have
dimensions much smaller than the thickness of the disk and the speed of sound,
respectively. Hence, thin accretion disks are referred to as a—disks.

Moreover, the accretion disk is very likely magnetized [Balbus 1991|, which is
important to understand the transport of momentum on large scales. Magnetohy-
drodynamic turbulence generated in the disk is deeply studied in this context.

An optically thick accretion disk implies that photons scatter many times before
escaping the disk, so particles and photons continuously share their kinetic energies.
In perfect thermal equilibrium, the average particle’s kinetic energy equals the av-
erage photon energy, and a unique temperature 7' may be defined. Thus the disk
radiates from its top and bottom surfaces and the heat dissipated between r and
r 4+ Ar can be approximated by a blackbody emission from these surfaces, such as:
20T* x 27rAr, where o is the Stefan-Boltzmann constant:

3GmM
- 83

oT? (2.1)
M Dbeing the mass of the accreting object, r the radial distance from the center,
and 7 = 27rv, X the mass transfer rate through the optically thick disk of surface
density X, at the velocity v, |[Frank 1992]. Each annulus of the disk radiates like a
blackbody of temperature T' that depends on the associated radius r, as T ~ r3/4,
The temperature of the disk increases towards the compact object.

The total intensity of the disk is proportional to the surface area at temperature
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T and to the blackbody intensity at that temperature:

I(v) = /ZWTB(T, v)dr (2.2)

where
2hv? 1
2 (ehu/kT —1)

B(T,v) = (2.3)

is the Planck function. It results that the spectrum of a thin, optically thick accretion
disk has the form I(v) = v/ [Frank 1992]. At low frequencies, well below the peak
(hv < kT), the Planck function can be approximated by

202kT
2

B(T,v) ~ ~ V2T, (2.4)

C

which constitutes the Rayleigh-Jeans approximation. At frequencies well above the

peak, e"/kT > 1 the spectrum decreases exponentially

2h13
B(T,v) ~ T /AT, (2.5)
C

This is known as the Wien approximation.

As a result, the spectrum of the accretion disk in binaries is often fitted by a
blackbody which peaks at ~ 1 keV (Tygisx ~ 107 K), or by a multi-color blackbody
which approximates the black body emission at each radius of the disk, as illustrated
in Fig 2.2.
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Figure 2.2: Spectrum resulting from the superposition of black-body components
originating from individual rings in the optically-thick accretion disk. Figure from
[Hanke 2011].
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Accretion flow dominated by advection

Another family of models was proposed, since the standard disk model was not able
to reproduce the spectral energy distribution of some sources, especially low rate
accreting sources [Esin 1996|. Initially proposed by [Ichimaru 1977], the Advection
Dominated Accretion Flow (ADAF) model assumes that the inner region of the
accretion disk close to the compact object becomes optically thin and is replaced
by a hot flow [Narayan 1994, Narayan 1995b, Narayan 1995a, Abramowicz 1995,
Chen 1995]. This model has successful applications in particular with respect to
X-ray transients [Esin 1997|, some AGN |[Lasota 1996], and the Galactic center
[Manmoto 1997].

Because the accretion flow is not cooled efficiently by radiation, the viscous
energy is stored in the gas as thermal energy and is advected radially with the
flow onto the compact object [Ichimaru 1977]. Only a small fraction of the energy
is radiated away [Narayan 1996|. Therefore the radiation efficiency is significantly
lower than that of the standard disk model (see [Narayan 1998|, for a review and
references therein, [Kato 1998]). ADAF is very useful for inefficient accretion in
black holes because part of the accretion energy is advected into the black hole. In
neutron stars, the energy is eventually released by the surface of the neutron star,
and thus accretion is efficient there.

Advection-dominated accretion flows can occur in two regimes, depending mainly
on the accretion rate and the optical depth. In the case defined as the "slim accretion
disk", the accretion rate is high and the optical depth becomes very high too; the
radiation is trapped in the gas [Abramowicz 1998|. In the second regime where
the accretion rate is very low, the accretion flow is optically thin [Narayan 1994,
Abramowicz 1995].

Additionally, the magnetic field seems to play an important role on the struc-
ture of hot flow since the flow is highly ionized [Balbus 1998, Shadmehri 2005,
Abbassi 2008].

Alternative models are proposed and derived from the ADAF, which is a hot and
inefficiency accretion flow model. For instance one can cite ADIOS (Advection Dom-
inated Inflow-Outflow Solution; the advected energy is expelled in outflow instead
of crossing the event horizon as in case of ADAF |Blandford 1999]), LHAF (Lumi-
nous Hot Accretion Flow; it consists of an efficiency accretion flow [Yuan 2001]), or
CDAF (Convection Dominated Accretion Flow; the convection transports angular
momentum toward the inner part of the flow [Quataert 2000]). It is still not obvious
which of the different proposed geometrical configurations is the correct one.

2.1.2 The corona

The corona is composed of hot electrons (7' > 10° K), as opposed to the "cold"
accretion disk, and is responsible for producing the high-energy spectrum by Comp-
tonization. (This process is described more in more detail later). Energetic electrons
would occupy regions more or less important on the top and bottom of the disk,
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and not instead of it, as in the case of ADAFs where the corona is the inner part of
the accretion flow.

Different theoretical models have been proposed to account for its existence. A
first model suggests that the corona may be formed by evaporation of hot material
from the surface of the accretion disk [Shakura 1973]. Another one proposes that
the accretion disk would inject energy into an outer tenuous layer of its atmosphere
to form a hot corona |[Liang 1977|. By the mechanism of magnetic reconnections,
this would lead to a very hot, magnetically-confined structured corona analogous to
the observed structure of the solar corona [Galeev 1979).

Moreover, there are still strong uncertainties regarding the corona geometry.
Three main models are proposed: a) a "slab" or "sandwich" geometry, above and
under the accretion disk on the plane-parallel , b) a "sphere" geometry around the
compact object (ADAF like), and ¢) a "patchy" or "pill box" corona. These models
are illustrated in Fig. 2.3. It is not extremely clear where the hard photons are
produced in the different states, and this may also be linked to changes in coronal

—

geometry.

s  s—

Figure 2.3: Illustration of the possible geometries of the accretion disk (red) corona
(yellow): "slab" or sandwich geometry (top), "sphere" geometry, ADAF like (mid-
dle), and "patchy" geometry (bottom) [Stern 1995].

Acretion disk corona (ADC)

The simplest models able to reproduce the spectral features in AGNs and X-ray bina-
ries constitute the accretion disk corona (ADC) models [White 1982]. The standard
optically thick and geometrically thin accretion disk [Shakura 1973] extends close
to the compact object and is sandwiched between two plane-parallel of hot plasma
that form the corona.
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Until recently, this model was largely accepted [Galeev 1979, Haardt 1994].

Truncated disk model

The truncated disk model where the thin accretion disk is truncated and replaced
by an inner advection-dominated accretion flow (ADAF) represents an alternative
to the ADC model [Esin 1997, Done 2007]. In this model, a hot corona above the
disk is a continuation of the inner ADAF.

The global configuration of the thin accretion disk, the inner hot flow, and the
corona change with the mass accretion rate. At low mass accretion rates, the inner
ADAF is radiatively inefficient and the outer thin disk is found at large radii. At
high mass accretion rates, the ADAF becomes radiatively efficient and the system
more luminous. The ADAF progressively shrinks in size, whereas the thin accretion
disk approaches closer to the compact object. The truncated disk model accounts
for the spectral changes in X-ray sources (see the section dedicated to the spectral
states for more details).

2.2 Physical processes in the accretion disk/corona sys-
tem

As explained previously, the accretion disk and the corona form a complex system.
Since some regions of the hot corona are in contact with or in the close vicinity
of the disk of cold matter, important interactions take place. The main processes
involved in the interaction of high-energy photons with atoms, nuclei, and electrons
are photoelectric absorption, Compton scattering, and electron-positron pair pro-
duction. There is a competition between these processes, based on their efficiency
of cooling the medium at a certain energy. The efficiency of cooling depends on the
probability of interactions and is therefore directly linked to the cross-sections of
interaction (see Fig. 2.4).

In the following, the physical processes that dominate X-ray spectra of AGN and
X-ray binary sources are discussed. For more details about these processes and the
full demonstrations of the formulae, see [Rybicki 1979, Bradt 2008, Longair 2011].

2.2.1 Compton scattering - Comptonization

Inverse Compton scattering plays a preponderant role in the formation of the high-
energy spectrum of compact objects. How can a thermal (Maxwellian) distribution
of electrons produce a power-law spectrum? The basic reason is the superposition
of many orders of Compton scattering spectra, each one corresponding to a single
scattering process, when they are not too much separated in energy (i.e. for not too
large temperatures); the sum is a smooth power law.

First let us present a brief overview on the scattering of a photon by an electron.
Scattering is the simplest interaction between photons and free electrons. Depending
on the initial photon energy with respect to that of the electron, different regimes are
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Figure 2.4: Comparison of photoionization (red dotted line, [Morisson 1983]),
Compton scattering (on bound electrons and of Klein-Nishina in green solid line
[Storm 1967 and green dashed-dotted line, respectively), and pair production (blue
dashed line, [Storm 1967]) cross sections. The cross sections are given in barn for a
hydrogren atom with cosmic abundances [Malzac 1999].

discerned, such as Thomson scattering, Compton scattering, and inverse Compton
scattering.

Compton scattering

For low photon energies (hv < mec?), scattering of a photon by an electron at rest
is reduced to the classical case of Thomson scattering. In this process, the photon
is scattered in a random direction, and no change in the frequency of the radiation
is observed.

If the photon energy is comparable to, or greater than the electron energy, non-
classical effects have to be taken into account; this process is called Compton scat-
tering. The scattering is then modified by quantum effects through a change in
kinematics of the collision (because of the energy and the momentum of the pho-
ton), and an angle dependence of the cross-section (Klein-Nishina regime).

Compton scattering is not elastic since a recoil of the charge is observed, hence
a transfer of energy occurs. This implies that the initial and the scattered photon
energy are different. Let us consider that the incident photon has an energy hr and
a momentum hv/c, and the scattered photon has an energy hr' and a momentum
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hv'/c. The inital energy of the electron is its rest energy mec®. Its recoil energy is
ymec?, and its momentum associated is pe = y8mec = Ymev, where v is its recoil
speed, me is its mass, § is the speed parameter defined as 8 = v/c, and 7 is the
Lorentz factor v = (1 — ﬂQ)l/ 2. The photon scattering angle is 6.

The following relations are derived from energy and momentum conservation,
with both the electron and the photon treated as particles. Two equations are
required for the momentum, along the x and the y axis. The three conservation
equations give

hv + mec® = hv' + ymec? (2.6)
/
v _ cos 6 + yBmeccos ¢ (2.7)
c c
/
0= h” sin @ + yfBmecsin ¢. (2.8)
c

The initial (i.e. before the interaction) momenta and energy are on the left sides.
The longitudinal and transverse components of momentum are defined relative to
the direction of the incident photon. By combining these equations, the energy of
the Compton scattered photon is obtained:

hv

h' = . 2.9
Y 14 12 (1 — cos ) (2:9)

Mec2

The relation explicitly shows how the scattered photon energy is significantly
shifted as the incident photon energy hr becomes comparable to the rest energy
mec® of the electron. At much lower energies, the photon is scattered without
significant reduction in energy. At a given incident photon energy, the decrease in
energy is greatest when the photon is back scattered (f ~ 7 radians). Conversely, at
very high-photon energies (hv > mec?), a back scattered photon has energy mec?/2
irrespective of the incoming photon’s energy.

This energy change results in an increase of the wavelength of the photon given
by

h

MeC

N ==

(1 —cosb). (2.10)

The quantity h/mec = 2.426 x 10712 m is known as the Compton wavelength Ac.
The equivalent frequency and photon energy are 1.23 x 10?0 Hz and 0.511 MeV,
respectively. The equivalent energy turns out to be the rest energy of the electron,
mec? = 0.511 MeV.

The wavelength shift A — X\ is independent of the incident wavelength. The
fractional shift (A" — \)/\ becomes substantial only if the incoming wavelength A
is so short as to be comparable to 1072 m, at which point the photon energy
approaches that of the electron rest energy. For long wavelengths A > A¢ (so
hv < mec?), the scaterring is closely elastic; there is no change observed in the
photon energy.



38 Chapter 2. Physics of binary systems

Compton scattering is not isotropic, i.e. the probability for a photon to be scat-
tered through a certain solid angle df) is not constant. Indeed, the probability of
scattering is higher when @ is close to 0, which means that the photon has more
chance to be scattered (head-on collision). The angular distribution of the electron
after the scattering event or the differential cross section for Compton scattering are
given by the Klein-Nishina formula ([Klein 1929], [Rybicki 1979])

dokN 3 v 2 v v 02
-2 z 4 2.11
0 16T <V> i + » sin” 6 ( )
where
8m o 87 [ €2 ? -25 . 2
or= =T (ma) os2x 10 o

is the classical Thomson cross section, with 79 = €2/(mec?) = 2.82 x 10713 cm the

classical electron radius.
2

o. Therefore the scattering cross

sections on charged particles are different from the electron’s, smaller by a factor

Note that or is inversely proportional to m

of (me/mp)? ~ 10~7. That is why Compton scattering by particles other than
electrons is negligible because almost no momentum can be transferred.
The probability for a photon to be scattered to an angle 6 is given by

_ [ dokn _ [T dokn :
UKN_/M 10 (9)dQ—/0 10 (0)27 sin 6d6. (2.13)

So the total cross section is [Rybicki 1979]

1+ 3z
(1+22)
(2.14)
where z = hv/(mec?). This yields the following formulae for the total cross-section,
in the non-relativistic and extremely relativistic cases respectively:

3 1+z (22(1+2x)
OKN = ~ 0T 1+ 22

1
1 —1n(1+2x)} +%ln(1+2x) —

3

2622

OKN =~ 0T <1—2$—|— —l—) forr <« 1 (215)

and

1 1
OKN = %O’T; <ln(2m) + 2) forz>1 (2.16)

At high photon energies, the cross section is therefore reduced, so the Compton
scattering becomes less efficient.

For small initial energy hv, the Klein-Nishina formula approaches the classical
Thomson formula

doT 3 1+ cos?6
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Inverse Compton scattering

In the context of high-energy astrophyiscs, the electron is not at rest, but has an
energy substantially greater than that of the photon. When an electron and a photon
collide, net energy may be transferred from the electron to the photon. This process
is called inverse Compton scattering, to distinguish it from the direct Compton
scattering. The Compton scattering formula can be applied in the inverse case if we
change the frame of reference in which the electron is at rest. The collision is then
viewed in the rest frame. Transformation back to the laboratory or observer frame
yields the energy of frequency of the scattered photon.

Here again there are two regimes, depending on the energy of the incoming pho-
ton with respect to mec?. If the photon energy is smaller than mec?, the Thomson
regime is considered. In the opposite case, the recoil of the electron cannot be
neglected, and the Klein-Nishina regime is applied. In both regimes, the typical
photon gains energy.

The power emitted by Compton scattering by an electron of Lorentz factor v in
the case of an isotropic distribution of photons is [Rybicki 1979]

4
PComp = gaCUrad’YQBQ (2'18>

where Up,q is the radiation energy density of the photon field (before scattering).
If the photons have an energy E' = hv, the average relative gain in energy AE/E

during a scattering is:
- == ) 2.19
E ocUrad 37 b ( )

Thus a low-energy photon is converted into a high-energy photon by a factor
of order v2. Inverse Compton scattering process is therefore an effective means of
creating very high-energy photons.

Thermal Comptonization

A population of cold photons which encounters a region containing free electrons will
find its spectrum modified as a result of inverse Compton scattering given sufficient
optical depth. In the case that the electrons are on average more energetic than the
photons, the photons will, on average, be scattered to higher energies. In contrast,
if the electrons are less energetic, the photons will be scattered to lower energies.
When the spectrum of a source is primarily determined by Compton processes, it
is said to be Comptonized. In this case, the plasma must be thin enough so that
other processes, such as bremsstrahlung, do not dominate the spectrum instead.
The hotter the gas, the more chance of Comptonization.

If the electrons are non relativistic and the photons have an energy hv < mec?,
the relative change in photon energy AE/FE is

AE

I 3 (1 —cos®). (2.20)
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Figure 2.5: Comptonization spectrum arising from seed photons injected with a
blackbody temperature kTi, = 5 €V in an homogeneous plasma sphere defined by
the temperature kT, = 300 keV and the optical depth 7 = 0.1. The Compton orders
are also represented [Malzac 1999).

In the frame of reference of the electrons, the scattering is Thomson, thus sym-
metric around the incident direction of the photons. The average energy increase of

the electrons is
AE B hv

E MeC2

This explains the recoil effect undergone by the electrons.
In the opposite case, where the energy is transferred from the the electrons to
the photons, the average energy gain of the photons per inverse Compton scattering

for hv < mec?. (2.21)

is
% = g (%)2 for hv > mec?. (2.22)

When the process of multiple scattering of a photon is due to a thermal or
quasi-thermal distribution of electrons, the term "thermal Comptonization" is used.
Quasi-thermal means a particle distribution that is peaked, even if it is not per-
fectly Maxwellian, such as the electrons have a thermal distribution of velocities at

temperature T:

kTe = —=mev

3 1,
3 2.23
5 5 (2.23)
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with v the typical electron velocity. Hence,

AE 4T,

T 5 for hv < mec?. (2.24)
MeC

As a result, the relation describing the average energy change (gain/loss) of the
photon per collision, for both the high and low frequency regimes, is

% = (4kT, — hv) /mec?. (2.25)

Therefore, there is no energy transfer if hv = 4kT,, electrons gain energy if hv >
4KkT,, and photons gain energy if hv < 4kT,. When the electrons are hotter than
the photons, the fractional increase in energy is 4% per collision.

In addition to the distribution of the electrons, the determinant parameter for

the spectral shapes emerging from the plasma is its optical depth:
T =neoTR (2.26)

with ne the electron density, R the typical radius of the source and o the Thomson
cross section. The probability for a photon to cross the plasma without interacting
ise™".

The average number of scatters can be calculated assuming that the photon,
before leaving the source, experiences a sort of random walk inside the source. The
more important the optical depth, the higher the number of scatters before escaping.
When 7 < 1 most of the photons leave the source directly, without any scattering.
When 7 > 1, the mean free path is d = R/7 and the photon will experience, on
average, T2 scatters before leaving the source.

The fundamental parameter which measures the importance of the Inverse
Compton process is the Compton parameter y. It quantifies the average energy
gain of a photon when crossing the medium. This parameter is defined as the prod-
uct of the average energy change per scatter with the mean number of scatters N.
Brownian motion theory gives an estimate of the number of scatters: max (7, 72).

For a non-relativistic temperature and photons at low energy, y is defined by

kT,
2

y=4 x max (7, 72). (2.27)
If y > 1, the Comptonization process is important, because the Comptonized spec-
trum has more energy than the spectrum of seed photons. As a result, the total
photon energy and spectrum will be significantly altered, whereas for y < 1 the
total energy is not much changed. For more details, see |Ghisellini 2012].

In conclusion, soft photons from the disk gain energy by multiple Compton scat-
tering with the hot electrons forming a corona. This leads to a power-law spectrum
with a high-energy cutoff at ~ 3 kT, when the source is in the soft state, and ~ kT
when the source is in the hard state. The spectral shapes depend mainly on the
temperature and the optical depth of the plasma. The spectral slope becomes harder
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(i.e. the spectral index of the power law decreases I' < 2) when these parameters in-
crease. The energy cutoff is determined essentially by the electrons temperature; its
shape also depends on the optical depth. If the optical depth is sufficient, photons
will have time to thermalize at the electron temperature, and a saturation bump
will be visible at high energy (as illustrated in Fig. 2.5).

2.2.2 Photoelectric absorption

Photoelectric absorption (or photoabsorption) is observed in the spectra of X-ray
sources at low energy. Some of the X-ray photons are absorbed by particles in the
interstellar medium, between the source and the observer, such as the interstellar
dust, or material in dense molecular clouds. Furthermore, X-ray binaries may suffer
extra absorption from the companion star or from material in the accretion disk. It
is the dominant process at low photon energies (for £ < 1 — 10 keV). keV
This process corresponds to the absorption of a photon of energy hv by an atom
or an ion, and to the ejection of a bound electron. That is why this effect is also
named "bound-free" absorption. The incident photon transfers the totality of its
energy to the atom. If the energy of the photon is greater than the energy of the
X-ray atomic energy level Ey, an electron is ejected from that level. A large amount
of the remaining energy is carried away as the kinetic energy of the ejected electron
FE.:
Ee = hv — Enlj (228)

with Ey); the bond dissociation energy of the electron in the atom. The higher the
energy of the photon, the more likely it is for it to eject electrons that are more
bound to the nucleus.

The probability of absorbing photons is energy dependent; low-energy X-rays
are more absorbed than high-energy X-rays, since the cross section for photoelectric
absorption decreases as roughly 3. Moreover, the absorption cross section strongly
depends upon the atomic number Z of the elements (such as H, He, C, O, ...). Hence,
although heavier elements are less abundant than hydrogen, their contributions to
the total absorption cross section is more significant at X-ray energies. These factors
are combined into the photoelectric absorbing cross section defined by [Heitler 1954]

2\ 7/2 5
_ 4.5 [ MeC A
ok = 42071017 ( » ) X Gy (2.29)

where a = €2 /4meghe is the fine structure constant and o = 87r2/3 = €2 /6medm2ct
the Thomson cross section. This is the analytic solution for the absorption cross
section for photons with energies hv > Ep and hv < mec® due to the ejection
of electrons from K-shells of atoms (from 1s level). For more details about the
calculations of these cross sections, see [Karzas 1961].

Absorption cross sections are then summed, weighted by the cosmic abundance

of the different elements 1
o(E) = — nio;i(E). 2.
oe(FE) - % oi(E) (2.30)
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As hydrogen is the most abundant element, it is customary to express the ob-

served absorption as Ny, the equivalent number of neutral atoms per cm? in a

column between the source and the observer.

2.2.3 The reflection component

Relatively cold matter forming the accretion disk is irradiated by hard X-rays in
the vicinity of the compact object. It results in a reflected spectrum whose most
notable signature is the iron K« line at 6.4 — 7 keV. This emission line provides
an extremely useful spectral diagnostic for matter in the innermost regions of the
accretion flow around the compact object |[Fabian 1989]. Other notable features are
emission lines at lower energy, a Compton hump at ~ 30 keV, and Fe absorption
edges, as shown in Fig. 2.6.
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Figure 2.6: Monte Carlo simulation showing the reflection spectrum obtained by
an incident power-law X-ray spectrum (dashed line) on a cold gas with cosmic
abundances. The main reflected features are the Fe Ko fluorescent line at 6.4 keV,
the Fe absorption edge at 7.1 keV, and the Compton reflection hump peaking at
~ 30 keV [Reynolds 1996].
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The Fe line

The study of the Fe emission line shape constitutes a fantastic tool to infer properties
of the innermost regions of the accretion disk in AGN, X-ray binary systems, and
cataclysmic variables. It provides one of the most direct ways to probe the physics
of the region of strong gravity in the close environment of the compact object. In
the following, we discuss the origin of the Fe line, the influence of the inclination of
the system with respect to the line of sight and the ionization state of the matter
in the disk, on the line profile [Reynolds 2003, Fabian 2000].

Fluorescent and recombination emission lines are produced by irradiation of
the cold matter in the near vicinity of the compact object. Following the K-shell
photoabsorption by a high-energy X-ray photon, the inner shell electron of an atom
or an ion is removed. De facto, the ion becoming highly unstable, electron cascades
from higher shells of the ion will fill the vacancy. This process is accompanied either
by a radiative transition, such a Ko line photon (fluorescence), or by radiationless
transfer of energy to an electron (Auger effect) [Bambynek 1972]. Fig 2.7 illustrates
the atomic processes occuring in the disk. The probability that the ion de-excites
via fluorescence rather than Auger effect is given by the fluorescent yield, which
depends mainly on the nuclear charge (ox Z4). Low-Z elements overwhelmingly tend
to ionize, while iron and much heavier elements strongly tend towards fluorescence.

L Radiative
Photoionization recombination

© Auger ionization

{

Figure 2.7: Illustration of the possible atomic processes in the accretion disk.

Fluorescence lines are described first by the shell of the electron hole. In addition,
in analogy with hydrogen-like ions, o and /3 indicate the An of the transition. Hence,
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Table 2.1: Emission lines from neutral or weakly ionized iron (Fe I-XVII), and highly
ionized iron (Fe XXV and Fe XXVI). Adapted from [Arnaud 2011].

Spectral line Origin Transitions Energy (keV)
Fe Fluorescence Kaq 6.4038
Kas 6.3908
Fe XXV Recombination /Fluorescence R 6.7000
1o 6.6823
I 6.6676
F 6.6365
Fe XXVI Recombination Lyoy 6.9732
Lyao 6.9520

a Ka transition arises from n = 2 — 1 and Kf transition from n = 3 — 1, with
n = 1,2,3 corresponding to the K, L, M shells of the atom /ion, respectively. The
probability to emit a K5 photon is much lower than a Ka photon [Kikoin 1976].

Due to the combination of high fluorescent yield (wx p. = 34% probability,
[Kaastra 1993|) and its comparatively high cosmic abundance, the most prominent
line is the Fe Ko fluorescent line emitted at ~ 6.40 keV.

Depending on the ionization state of the plasma forming the accretion disk,
highly ionized iron can be detected at 6.67 — 6.70 keV and 6.95 — 6.97 keV, and is
associated with Fe XXV (He-like) and Fe XXVI (H-like), respectively. The lines of
He-like ions are formed partly by recombination of hydrogenic ions and partly by
fluorescence following K-shell photoionization of Li-like ions:

hv + Fe XXIV < e 4+ Fe XXV, (2.31)

whereas H-like lines are only formed by recombination [Hatchett 1976]. These lines
are reported in Table 2.1.

The iron line is intrinsically narrow but may appears broadened and skewed
toward low energies. Indeed, the line probably originates from the inner part of the
accretion disk (although this is still being discussed), where the effects of Doppler
broadening and gravitational redshifts produce strong distorsions onto its profile, as
illustrated in Fig. 2.8. Each "radius of disk" produces a symmetric double peaked
line profile by Doppler effect, with the emission from matter moving in the direction
of the observer (blue-shifted) and receding (red-shifted). Going closer to the compact
compact, matter moves faster and undergoes relativistic effects. Hence, in addition
to producing a broader profile in the innermost part of the disk, special relativistic
beaming enhances the blue peak of the line. Moreover, gravitational redshift shifts
the line to lower energy. Consequently, summing all the effects, the iron line appears
as a broad and asymmetric line.

In addition, the resulting shape of the line depends upon the inclination of the
system with respect to the line of sight. Consequently, the main parameters that
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Figure 2.8: Left panel: representation of the accretion disk from the top, with
matter approaching (blue) and receding (red). The dashed lines indicate two radii
of the disk. Righ panel: in the three upper squares, the effects produced on the

emission line profile (Doppler and relativistic effects) are represented. The two line
profiles indicate the emission from the radii represented on the disk (on the left), the
broadest one corresponding to the inner radius. The sum of these effects gives rise
to a broad and skewed Fe line shape, as shown in the fourth square [Fabian 2000].

determine the line profile are the inner radius and the outer radius of the disk, the
inclination of the system, and the radial dependence of the line emissivity. The
effects of these parameters are shown in Fig. 2.10 [Fabian 1989]. The line emissivity
is assumed to vary as r9, since the geometry of the inner accretion disk surrounding
the compact object is poorly understood.

Moreover, the emission line depends on the ionization state of the surface lay-
ers of the disk (due to the photoionization by X-ray irradiation). The ionization
parameter is defined as :

_ A Fx(r)

£r) = T2 (2:32)

where Fx(r) is the X-ray flux received by unit area of the disk at a radius r, and n.
is density of electrons [Reynolds 2003]. It measures the ratio of the photoionization
rate (proportional to n.) to the recombination rate (proportional to n2). Four
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regimes can be distinguished depending upon the value of the ionization parameter
[Matt 1993, Fabian 2000] (see Fig 2.9):

e £ <100 erg cm s~ ! : the neutral regime. The iron line is expected at 6.4 keV
in addition to a weak Fe absorption edge at 7.1 keV. This regime is also called
"cold" reflection.

e 100 < &£ < 500 erg cm s~! : the intermediate ionization regime. Fe XVII—Fe
XXIII' and a moderate absorption edge should be visible in the reflection
spectrum. Since there is a vacancy in the L-shell of the Fe ions, ions can
resonantly absorb the corresponding Ko line photons. Successive fluorescent
emission occur, followed by resonant absorption, until the photon is destroyed
by the Auger effect. Therefore a few line photons can escape the disk, resulting
in a weak iron line.

e 500 < & < 5000 erg cm s~! : the high ionization regime. The ions are too
highly ionized to permit the Auger effect. Line photons are subjected to
resonant scattering. The lack of a destruction mechanism implies that they
can escape the disk and produce a "hot" iron line. Fe XXV and Fe XXVI
should be emitted at 6.67 and 6.97 keV, respectively, in addition to a large
iron absorption edge.

e &> 5000 erg cm s~ ! : the fully ionized regime. No atomic signature should be
visible since the disk is too highly ionized. Consequently no iron line emission
or edge are produced.

The other emission lines

Besides the detection of the strong Fe line, other emission lines are sometimes ob-
served at lower energies, as shown in Fig 2.6. These lines are believed to have the
same origin than the Fe line, i.e. in the inner part of the accretion disk, following
the irradiation by hard X-rays. Their detection depends on their fluorescent yield
and on the ionization state of the disk.

The Compton hump

Photoabsorption and Compton scattering are the two main processes in competition
in the accretion disk. Depending on their energy, incident photons will undergo one
or the other one of these processes. For photon energies smaller than ~ 15 keV,
photons will be predominantly absorbed in the cold medium, whereas when E > 15
keV, photons will be mostly Compton scattered until they either escape the system
or are photoabsorbed. The result of both effects is a broad hump in the spectrum
at about 30 keV, also called a Compton reflection hump (see Fig. 2.6).

'Fe XXIII is a spectroscopic notation describing an emission or absorption line arising from

electronic transitions within an Fe™2?2 ion.
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Figure 2.9: Reflection spectra from ionized matter for different values of the ioniza-
tion parameter £. The dotted lines represent the level of the illuminating power-law
continuum associated for each value of ¢ [Fabian 2000].

The absorption edge

Another effect of the photoelectric absorption at low energy is the absorption edge.
The probability of absorbing photons of a particular energy dramatically increases
when the energy corresponds to the ionization state of an absorbing element, such
as H, He, C, O, etc. The resulting jump in cross section is called an absorption
edge. So the absorption edge may be produced and visible in the spectrum of X-ray
sources when the incident photon energy is hv = Fr. Ejection of electron from this
energy level is impossible if the photons are at lower energy. The strong Fe K edge
at ~ 7.1 keV (for neutral iron) can be detected in high resolution X-ray spectra of
X-ray binary sources (see Fig. 2.6).

2.3 The states of a source

An X-ray binary source observed at different moments can show a variety of spectral
shapes. By looking at its light curve, which represents the flux registered in a defined
energy range as a function of time, the X-ray emission is indeed highly variable on
time scales of minutes, days, months, or years. The All Sky Monitor (ASM) onboard
RXTE enabled the monitoring of the activity of many sources in a continuous way, by
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Figure 2.10: Influence of the inner radius of the accretion disk rj, the outer radius
To, the inclination ¢, and the emissivity index ¢, on the line profile. When one
parameter is tested, the other ones are fixed at r; = 10rg, 7o = 1007 , ¢ = 30°, and
q = —2 [Fabian 1989].

performing quasi-daily observations. It is now being replaced by the MAXI mission
onboard the ISS. Depending on the type of sources, successions of outbursts, which
correspond to a high X-ray luminosity and last from several days to several months,
are generally visible and are separated by periods of low X-ray luminosity.

Based on the spectral properties of the X-ray emitting components, different
spectral states are identified (see [McClintock 2006, Homan 2005|). The two main
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states are: the high-soft state, dominated by the thermal emission from the accretion
disk and observed during the outbursts; and the low-hard state, dominated by the
emission from the corona, during the low X-ray luminosity periods. The intermediate
state defines the transition phases between both states, as illustrated in Fig. 2.11.

The different states are most likely related to changes in the accretion
physics, such as the rate at which matter is deposited into the accretion disk
[Hameury 1986], the amount of matter in the accretion disk, the instabilities in
the disk [Mineshige 1989], and/or the way in which the matter moves into the com-
pact object. However, the processes underlying all these are not yet well-understood.
That is why it is important to investigate the physical conditions that give origin
to the different states.

In addition to spectral analysis, the timing analysis reveals the presence of fast
quasi-periodic oscillations (QPOs) in the power density spectra (PDS). PDS describe
how the power of a time series is distributed with frequency. Mathematically, it is
defined as the Fourier transform of the autocorrelation sequence of the time series.
QPOs are believed to originate in the innermost regions of the accretion disk around
the compact object.

Moreover, multiwavelength observations (radio, IR, optical, UV, X and gamma-
ray) bring a more complete view of what happens in the source, helping in the
understanding of state transitions.

M
A
High/Soft state I @ I T 05
Intermediate state T (] I T 0.09
Low/Hard state ] I + 0.0l

Figure 2.11: A possible side-view schematic representation of the accretion disk
(blue) and the corona (pink) for different states of an X-ray source. From the soft
to the hard state, the disk could be truncated farther from the compact object, the
corona more opaque, and the mass accretion rate lower.

In the following, the two main spectral states (the high-soft state and the low-
hard state) are discussed more in more detail. Then, the general schemes associated
with the state transitions for both black hole and neutron star X-ray binaries are
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exposed.

2.3.1 The soft state

A source is said to be in the high-soft state, commonly named soft state, because
of its brightness in soft X-rays and softness in hard X-rays. The thermal compo-
nent at ~ 1 keV dominates the spectrum. This component, associated with the
geometrically thin optically thick accretion disk, can be fitted by a blackbody or by
a multi-temperature blackbody. The disk is thought to extend down to the compact
object, i.e. the neutron star surface or the last stable orbit in the case of a black
hole.

At higher energy, a non thermal component is detected and is fitted by a weak
steep power law with a photon index I' ~ 2.1 — 3 (with N(E) oc E~T where N is
the number of photons of energy E). This soft power law is associated with inverse
Compton upscattering of soft photons coming from the disk by non-thermal distribu-
tion of electrons in a hot relativistic plasma (the so-called corona). This component
illuminates the disk and gives rise to strong reflection features [Done 2007].

The study of sources during the soft state is of great interest to prove the exis-
tence of a last stable orbit in black holes, and to estimate black hole spin. In the
case of neutron star binary systems, it is also important in order to understand the
role of the boundary layer located between the neutron star surface and the inner
part of the accretion disk. Moreover it helps to define equations of state of neutron
stars with more precision, providing direct values of the radius of these exotic ob-
jects. Consequently, the soft state offers a unique opportunity to study accretion
processes and relativistic effects very close to the compact object.

2.3.2 The hard state

When the soft X-ray luminosity is faint and the spectrum is hard, the source resides
in the low-hard state, also called hard state. The accretion rate is found to be
relatively low with respect to the soft state. The spectrum is dominated by a hard
power law with a spectral index defined as I' ~ 1.5 — 1.9, and a high-energy cutoff.

At low energies, the weak thermal component is consistent with the accretion
disk being cooler than in the soft state and thought to be truncated farther from the
compact object [Done 2007]. Evaporation of the inner parts of the disk could explain
this process but remains a hypothesis for the moment [Meyer 2000, Mayer 2007].

Since the disk is expected to be truncated at a larger radius from the compact
object and at a lower temperature than in the soft state, interactions between soft
photons from the disk and hot electrons forming the corona are less efficient at cool-
ing the corona by Comptonization. As a result, the corona dominates the spectrum.
Moreover, the disk is less ionized and the reflection features are weaker than in the
soft state.

Timing analysis reveals that fast time variability is dominated by a strong band-
limited noise. Sometimes low frequency QPOs are observed [Wijnands 1999].
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The hard state is becoming more studied in the context of multiwavelength
observations of X-ray binaries since clear connections have been noticed between
X-ray and radio properties with jet detection |Gallo 2012, Corbel 2003].

In conclusion, the hard and soft states represent two different behaviors of the
source in the spectral and timing domains. The study of these correlations in each
state is important in order to better understand the accretion processes. We note
that the spectral and timing variablities are easily observed in X-ray binaries whereas
it is more difficult in AGN, since the time scales in which changes occur are much
higher.

2.3.3 General schemes for spectral transitions

As explained previously, the spectral and timing analyses reveal that black hole and
neutron star binaries reside in different states. It is possible to follow the activity
of a source through the hardness intensity diagram (HID) in case of black holes,
and the color-color diagram (CD) for neutron stars, making the other intermediate
states appear.

Black hole binaries

The state transitions in black hole binaries are often divided into four or five canon-
ical states [McClintock 2006, Belloni 2010] related to the luminosity of the source,
the spectral and timing dominant signatures, and the presence or not of jets visible
in radio and near IR. With its "q shape", as illustrated in Fig. 2.12, the HID is
the most famous diagram capable to reconstruct the different phases of a source
during an outburst. In this diagram, the total count rate is plotted as a function of
hardness, which is defined as the ratio of the observed counts in two different energy
bands. Each side of the "q" represents a distinct state of the source:

e Low/Hard state (HS): associated with the vertical-right side of the "q", it
corresponds to the start and the end of an outburst. The spectrum is
usually hard, with a power-law index I' ~ 1.6 — 1.7. The timing analy-
sis (performing the PDS decomposition in some Lorentzian components) re-
veals type C QPO peaks. Compact jets can be observed in radio and IR
[Gallo 2003, Fender 2004].

e Hard intermediate state (HIS): marks the first transition between the hard
state and the soft state, on the top horizontal side of the "q". The spectrum
becomes softer, with I' ~ 2.4 — 2.5, and the disk component is more visi-
ble at low energy. The PDS looks like that in the hard state, however the
characteristic frequencies are higher.

e Soft intermediate state (SIS): the spectrum is slighlty softer than in the HIS,
however the timing properties differ from the previous states, with the ap-
pearance of type A or type B QPOs in the PDS.
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e High/Soft state: the spectrum is dominated by a thermal disk component,
leading at a very soft spectrum. Weak QPOs can be observed in the PDS,
with notably type B QPOs. When the source is in this state, no jet is detected
in radio wavelengths.

See [Casella 2004, Casella 2005] and references therein for explanations of the
different QPO types.
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Figure 2.12: Hardness-Intensity diagram (HID) corresponding to the outburst of
GX 339-4 observed in 2002/2003 with RXTE/PCA. The grey lines indicate the
state transitions presented in the text. The arrows on the bottom-left of the figure
represent the time evolution of the outburst, forming a "g-shape" [Belloni 2005].

Neutron star LM XBs

The HID with the "g-shape" previously described for black hole binaries is also
valid for neutron star LMXBs. However it is more widespread to trace the color-
color diagram (CD) of a source to follow its evolution and to classify sources into
two sub-classes: atolls and Z sources, named after the path they describe in the
diagram [Hasinger 1989] (see Fig. 2.13).

This diagram represents the soft color (ratio of count rates in the two lowest
energy bands) plotted against the hard color (ratio of count rates in the two highest
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energy bands). Atoll and Z sources differ mainly in terms of luminosity and magnetic
field, Z-sources having higher mass accretion rate and magnetic field (B > 10°
G) than atoll sources |Gierlinski 2002|. While Z sources are typically brighter (>
0.5 Lpqq) with a higher mass accretion rate, atolls are seen over the same range of
luminosity as black hole binaries (< 0.1 Lggq). Thus, atoll sources constitute a nice
sample of sources to compare the state transitions with black hole binaries.

Interestingly, atoll sources present two distinct spectral states: the soft "banana"
and the hard "island", named so from their shapes in the CD (see Fig. 2.13). Such
sources perform transitions between these states, tracing a C (or atoll) shaped path
from the hard island state at the top right of the C, down to the lower and then
upper banana branch at the bottom of the C, with the source luminosity and mass
accretion rate increasing. The correlation with the black hole binaries states is
clear, with the island state corresponding to the hard state and the banana branch
corresponding to the soft states.

In both atoll and Z sources, most of the X-ray spectral and timing properties
depend only on the position of a source in this diagram. The main parameter that
determines these properties and thus the evolution on the diagram is probably the
mass accretion rate r, which is linked to the accretion luminosity as Lge. = nmc?,
where 7) is the accretion efficiency.
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Figure 2.13: Comparison of color-color diagrams (CDs) associated with atoll and Z
sources. The increasing mass accretion rate is indicated by the arrows. Two states
are clearly defined for atoll sources, the island state (IS) and the banana state (LB
Lower Banana and UB Upper Banana), corresponding to the hard and soft states,
respectively. As for Z sources, three branches are distinguishable: the horizontal
branch (HB), the normal branch (NB), and the flaring branch (FB) [Migliari 2006].
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Although the broad aspects of X-ray binaries are well understood today, many
questions remain unanswered especially regarding the regions closest to the compact
object. The main physical questions that motivated my work concern the physics of
the accretion flow in the innermost region of the accretion flow. I have particularly
focused on the diagnostics brought by the study of the broad iron line that somehow
traces the interaction of the corona and the disk (reflection), but also helps us to
probe the effect of the huge gravitational potential through distortion of the line.
Some of the key questions are: do we find the same exact processes than in black
hole binaries? What is going on very close to the compact object? What is at the
origin of the spectral changes in such sources?

After ten years of operation, the X-ray satellite XMM-Newton offers an ample
archive of public data, which is extremely useful for determining the properties of
X-ray binary systems. In particular, it provides most of the detections of well-
determined profiles corresponding to broad iron lines. Thus XMM-Newton repre-
sents one of the best instruments at present to thoroughly study the iron line shape.

In this section dedicated to data analysis, I first explain the progression from
the detection of X-ray photons (with satellites such as XMM-Newton) to the data
reduction. Then, I present the work I performed on two neutron star LMXBs, MXB
1728-34 and 4U 1705-44, followed by a chapter devoted on the tests I performed on
the reflection model called Xillver.

Figure 2.14: Ilustration of the Galaxy with the positions of the Sun and the
two LMXBs studied: MXB 1728-34 and 4U 1705-44. The other circles indicate the
position of high-energy X-ray and gamma-ray sources observed with the INTEGRAL
satellite. All sources are represented by "big" circles for clarity. To respect their
real size, they should appear as very small points, like the rest of the stars on the
arms of the Galaxy. Adapted from an animation created by ESA: C. Carreau & E.
Kuulkers.
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X-ray astrophysics is a relatively new field (1960’s) which represents a real chal-
lenge for astronomers, since observations are possible only above the Earth’s atmo-
sphere. The X-ray waveband is situated between the ultra-violet and the gamma-
rays (see Fig 3.1), which corresponds to 0.1 < E < 100 keV (or 9 > A > 0.01 nm).
X-rays at low energy (corresponding to long wavelength) are called soft X-rays and
those at high energy (short wavelength), hard X-rays.

X-ray detectors are photon-counting, which implies that X-ray astronomy is a
Poissonian science. An incoming X-ray photon is related to "an event", which is
characterized by its position on the detector, its pulse height (connected to the X-
ray energy of the incoming photon), its arrival time at the spacecraft, and its shape
(used to separate X-ray events from particles). Data from X-ray observatories allow
us to better understand the nature of sources and the mechanisms by which the
X-rays are emitted.

I first give a bief review on the evolution of X-ray missions, from the first ex-
ploration of the X-ray sky, to the current satellites operating in orbit around the
Earth. Then I present the XMM-Newton observatory, since my work was mainly
based on its observations.

3.1 X-ray missions

The Earth’s atmosphere is opaque to X-rays (and that is essential for the appearance
and subsistence of life). Indeed, X-ray photons are absorbed by atoms constituting
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Figure 3.1: Illustration of the electromagnetic spectrum and some of its properties
across the range of frequencies and wavelengths. From Wikipedia.

the atmosphere through the photoelectric absorption. Consequently, X-ray obser-
vatories have to be launched above the atmosphere, as illustrated in Fig 3.2. Thus,
they are submitted to huges constraints of weight, size and cost.

In high energy astrophysics we use the corpuscular nature of the photons rather
than the wave one (as opposition to optical or radio astronomy). Because of the
weak flux emitted by an X-ray source (a flux of one photon per square centimeter
per second in the 1 — 10 keV range constitutes a bright X-ray source), individual
X-ray photons can be detected. Therefore, detectors look like those used in particle
physics experiments, such as proportional counters and scintillation detectors. More
recently, CCDs (Charge Coupled Devices) have been introduced. The instrument
detects the charge deposited on the detector by the incoming photon.

An ideal detector would possess a high spatial resolution, a large collecting area,
and good temporal and energy resolutions. However, the reality is different; such
detectors do not exist even if they become more and more advanced thanks to
technological progress.

3.1.1 History

X-ray astronomy was mainly born after the Second World War, in a military con-
text. The beginning of the X-ray sky exploration was first marked by the launch of
rocket flights above the atmosphere for a few minutes, to study the X-ray emission
from the solar corona. Then in 1962, R. Giacconi and his team, composed by H.
Gursky, F. Paolini and B. Rossi, detected a very bright, non-solar X-ray source later
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Figure 3.2: FElectromagnetic spectrum with the Earth’s atmospheric opacity and
the types of telescopes used to study parts of the spectrum. X-rays are blocked by
the upper atmosphere. Credits: ESA C. Carreau & E. Kuulkers.

designated Scorpius X-1 (because of its localization in the Scorpius constellation).
This discovery made it possible for him to be awarded the Nobel Prize for Physics
in 2002 for his development of X-ray astronomy.

With the improvement of detectors, offering in particular a better spatial resolu-
tion, Scorpius X-1 has been later identified as a binary system containing a neutron
star. Then, other X-ray binaries were detected in addition to X-ray emission from
supernovae and radio galaxies (e.g. M87, Cygnus-A).

In 1970, NASA launched the first satellite "Uhuru" dedicated to X-ray astron-
omy. Developed by Giacconi’s team, Uhuru performed a map of the X-ray sky
detecting more than 300 individual sources and providing systematic monitoring of
variable X-ray sources. Among its main discoveries, there are the pulsations from
X-ray binaries and the X-ray emission from galaxy clusters. During the following
years, new satellites were built (ANS, Ariel-V, SAS-3, OSO-8, and HEAO-1), each
time more sophisticated, with more efficient X-ray detectors. They helped to estab-
lish further classes of astronomical objects as X-ray sources, observed more types of
time variability from X-ray binaries, and detected the iron emission line.

A revolution in X-ray astronomy was introduced with the Einstein Observatory
in 1978. Thanks to the combination of an X-ray telescope and an imaging detector,
it provided the first X-ray images of many objects, and had the necessary sensitivity
for observing stars, binaries, galaxies, galaxy clusters, and AGN. Moreover the Ein-
stein Observatory was a real innovation since the data-reduction pipeline became
automated and the archive, public.

The 1980’s were years of progress for FEurope and Japan in X-ray astronomy;,
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with the launch of Hakucho, Tenma, EXOSAT (ESA), and Ginga. These X-ray
observatories permitted notably the discovery of quasi-periodic oscillations (QPOs)
in X-ray binaries, iron emission and absorption lines from AGN, and iron emission
lines from the Galactic center.

At the beginning of the 1990’s, the satellite ROSAT, which was the fruit of
a German, US, and UK collaboration, enabled the production of a catalog listing
more than 150000 objects thanks to the all sky survey during the first six months.
The satellite was also used for targeted observations, such as supernova remnants,
clusters of galaxies, structure in the interstellar medium, and comets.

Launched in 1989, the Russian X-ray/gamma ray mission Granat operated for
almost 9 years. Using the coded-mask technique, the SIGMA instrument was the
predecessor of the current INTEGRAL mission. Granat performed a very deep
imaging of the galactic center region and enabled the discovery of electron-positron
annihilation lines from the Galactic microquasar 1E 1740-294 and the X-ray Nova
Muscae.

In 1993, ASCA (resulting from a collaboration between ISAS and NASA) was
the first satellite using X-ray sensitive CCDs instead of proportional counters or
scintillators, providing better imaging and spectroscopic properties. The capabilities
of X-ray CCDs revolutionized X-ray astronomy thanks to their sensitivity and linear
brightness response. They represent an important step for technological advance and
to study the iron line in binary sytems with more accuracy.

Two years later, the satellite RXTE was launched by NASA. Designed to collect
many events from bright sources to examine their variability down to microsecond
timescales, the satellite was endowed of large area proportional counters. The all-sky
monitor (ASM) onboard RXTE was of great interest to track the brightest sources
on day to year timescales, allowing us to follow the evolution of their X-ray emission
with time and the discovery of many new transient objects. Amongst the numerous
results of RXTE, two of the most important are the determination of spin periods
in LMXBs and the detection of kHz QPOs in many sources. The RXTE mission
ended in January 2012 and the ASM was relayed by the Japanese MAXI detector
installed onboard the International Space Station (ISS) since 2009.

In 1996, the Italian-Dutch satellite BeppoSAX became the first X-ray mission
having capability of observing sources over more than tree decades of energy, from
0.1 to 200 keV, with a relatively large area and quite good energy resolution. The
wide spectral coverage permitted the study of several areas of X-ray astronomy
such as compact galactic sources (shape and variability of the continuum, iron line,
cyclotron lines, study of X-ray transients), AGN, clusters of galaxies, supernova
remnants, normal galaxies, stars, gamma-ray bursts.

The current generation of X-ray satellites is composed of the Chandra X-ray Ob-
servatory, XMM-Newton, INTEGRAL, Swift, Suzaku, MAXI and NuSTAR. These
satellites offer a better resolution than the previous ones, and are discussed in more
detail in the following section.
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Table 3.1: Completed and operating X-ray satellite missions (adapted from
[Arnaud 2011] and NASA’s HEASARC. Only the main space agencies are reported
for each X-ray mission, however there are often collaborations with other agencies
which are not mentioned here.

Name Operation years Bandpass (keV) Main Space Agency
Uhuru 1970 — 1973 1.7 - 18 NASA
ANS 1974 — 1976 0.2 -30 NISR/NASA
Ariel-V 1974 — 1980 0.9 — 1200 SRC/NASA
SAS-3 1975 — 1979 0.1 —60 NASA
0S0-8 1975 — 1978 0.15 — 1000 NASA
HEAO-1 1977 — 1979 0.15 — 10000 NASA
Einstein 1978 — 1981 0.15—20 NASA
Hakucho 1979 — 1985 0.1 —100 ISAS
Tenma 1983 — 1985 0.1 —100 ISAS
EXOSAT 1983 — 1986 0.05 — 50 ESA
GINGA 1987 — 1991 1.5 —500 ISAS
Granat 1989 — 1998 2 —100000 RSA
ROSAT 1990 — 1999 0.1—24 GAC/NASA
ASCA 1993 — 2000 0.4—-10 ISAS
BeppoSAX 1996 — 2002 0.1 — 300 ASI/NIVR
RXTE 1995 — 2012 2 — 250 NASA
Chandra 1999— 0.06 — 10 NASA
XMM-Newton 1999— 0.15—-15 ESA
INTEGRAL 2002— 4 — 10000 ESA
Swift 2004— 0.2 —150 NASA
Suzaku 2005— 0.2 — 600 JAXA/NASA
MAXI 2009— 0.5—30 JAXA
NuSTAR 2012— 5—80 NASA

NASA: National Aeronautics and Space Administration; NISR: The Netherlands Institute for
Space Research; SRC: Science Research Council (UK); ISAS: Institute of Space and Astronautical
Science; ESA: European Space Agency; RSA: Russian Space Agency; GAC: German Aerospace
Center; ASI: Italian Space Agency; NIVR: The Netherlands Agency for Aerospace Programs;
JAXA: Japan Aerospace Exploration Agency; RIKEN: Institute of Physical and Chemical Research
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3.1.2 The current generation of satellites

The current period is a "Golden age" for X-ray astronomy. It is the first time
that so many X-ray missions perform observations. Chandra, XMM-Newton, Swift,
Suzaku, INTEGRAL, MAXI and the recent NuSTAR, enable the combination of
high angular resolution, large effective area, agility, high resolution spectroscopy,
broad-band X-rays to hard X-rays, monitoring and hard X-rays, respectively. They
cover an extremely large energy range and allow the study of all types of X-ray
sources, from the most luminous to the most mysterious ones.

XMM-Newton

0.1 | 10 100 E (keV)

Figure 3.3: The actual generation of X-ray satellites (2012) covering a wide spectral
range, from 0.1 to 200 keV. The X-ray all-sky monitor MAXI onboard the ISS is not
represented here for more clarity; it covers the energy band 0.1-30 keV. The detail
of the energy range of the satellites is given in Table 3.1.

Most of these current missions are equipped with X-ray CCDs. They provide
substantially better spectral resolution than proportional counters, allowing to mea-
sure with higher precision absorption and/or emission lines such as the Fe line at
6.4 — 7 keV, the column density of absorbing material, the electron temperature of
hot diffuse plasmas, the power-law photon index in non-thermal plasmas, and the
detection of exponential cut-offs (if they occur in or near the CCD bandpass).

Launched in 1999, Chandra (NASA observatory) and XMM-Newton (ESA mis-
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sion) represent the beginning of the area of powerful telescopes for the X-ray sky
exploration. The Chandra X-ray observatory is designed to detect X-ray emission
from very hot regions of the Universe such as exploded stars, clusters of galaxies, and
matter around stellar-mass and supermassive black holes. The high resolution imag-
ing telescope provides images with angular resolution @ ~ 0.5 arcsec, comparable
to the best images obtained with the large ground-based optical telescopes.

Thanks to its large collecting aperture, XMM-Newton performs high spectral
resolution observations of X-ray sources. It represents one of the most successful
missions, because of its weight (the heaviest satellite) and its technology onboard.
More information are given later, in a section decicated to this satellite.

Swift is a NASA mission launched in 2004 and dedicated for answering and solv-
ing the gamma-ray burst (GRB) mystery. GRBs correspond to the most powerful
explosions in the Universe seen since the Big Bang, most likely associated with the
birth of a black hole in a massive stellar explosion, or to the collision of two neutron
stars. These explosions approximately occur once per day and are brief (from a
few milliseconds to a few hundred seconds) but intense flashes of gamma radiation.
As soon as Swift detects a burst, it relays its location to ground stations, allowing
both ground-based and space-based telescopes around the world the opportunity to
observe the burst’s afterglow.

Suzaku is the fifth japanese X-ray satellite. Since 2005, it has performed various
observational studies for a wide variety of X-ray sources, with a high energy reso-
lution and a high sensitivity over a wide energy range from 0.3 to 600 keV. Suzaku
is dedicated to the study of hot plasmas in various X-ray sources, to the structure
and evolution of clusters of galaxies, and to the spectroscopy and accretion flow of
black hole candidates, neutron star binaries and AGN.

INTEGRAL (INTErnational Gamma-Ray Astrophysics Laboratory) celebrated
the 10th anniversary of its launch in October 2012. Initially planned for a duration
of 2 years, the ESA scientific mission dedicated to hard X-rays and gamma-rays
is still operating. INTEGRAL uses coded aperture mask technique for three of
its instruments. Its main science objectives are compact objects, extragalactic as-
tronomy, stellar nucleosynthesis, the Galactic center, identification of high energy
sources, particle processes and acceleration.

MAXI (Monitor of All-sky X-ray Image) is a JAXA instrument onboard the ISS
that has continuously monitored astronomical X-ray objects over a broad-energy
band from 0.5 to 30 keV since 2009. MAXI enables the scan of almost the entire
sky once every 96 minutes. The monitoring of ~ 1000 X-ray sources allows one to
follow their evolution and to alert when significant flux changes of X-ray sources are
detected.

NuSTAR (Nuclear Spectroscopic Telescope ARray) focuses on the hard X-ray
sky. Launched on June 13 2012 by NASA, it uses grazing incidence optics with
long focal lengths (> 10 m) to obtain both a good angular resolution and a low
background. NuSTAR has for aim to study the hidden Universe, the distribution
of black holes through the cosmos to understand how they affect the formation of
galaxies, what powers the most extreme active galactic nuclei, but also the distribu-
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tion of stellar remnants in the Galaxy, the chemical enrichment from star explosions,
non-thermal processes, etc.

3.1.3 Future generation of satellites

A dark future for X-ray astronomy? The current world economic crisis context has
a serious impact on next generation of satellites; it becomes very difficult for some
countries to finance spatial missions. Unfortunately, some of them disinvest, thus
the project of a mission has to be re-evaluated, with some aims and instruments
cancelled. However, it is very important to keep some satellites in orbit, to cover
the very reach spectral X-ray range, and to pursue the multi-wavelength campaigns
in order to understand the complex emission processes of so many sources.

The future generation of X-ray satellites should help to answer to some of the
key science questions in the context of accreting objects, such as: what happens
close to the compact object? Is there an accretion flow between the inner part of
the disk and the compact object? What is its nature? How does accretion affect
immediate environment? How does a black hole grow up with time? Moreover it
should help to better constrain EOS of neutron stars, and to measure with more
accuracy black hole spins.

For this purpose, new X-ray observatories should provide a better low-energy
response, faster readout rates, larger effective area to collect more photons, while
knowing there is an upper mass limit for a satellite. For instance, XMM-Newton and
Chandra were designed with the maximum mass possible. Hence new technologies
must be used in order to make decrease their mass, such as silicon pore for example,
as proposed for the ATHENA mission. Moreover, it is important to have a good
angular resolution. Among the proposed projects to be the future X-ray satellites,
one can cite:

e ASTROSAT, "A Satellite Mission for Multi-wavelength Astronomy", is an
Indian mission which has some similarities with RXTE and SWIFT. It is
designed to perform a simultaneous multi-wavelength monitoring of intensity
variations of cosmic sources, a sky survey in hard X-ray and UV ranges,
broadband spectroscopic studies of X-ray binaries, AGN, supernova remnants
(SNRs), clusters of galaxies, stellar coronae, and studies of periodic and non-
periodic variability of X-ray sources. The launch of this X-ray mission is
forecasted to mid-2013.

e ASTRO-H, formerly known as "NeXT", is a Japonese mission (JAXA) dedi-
cated to provide insights into the behavior of material in extreme gravitational
fields, to determine the spin of black holes and the equations of state of neu-
tron stars, to trace shock acceleration structures in clusters of galaxies and
SNRs, to investigate the detailed physics of jets, and to trace the growth his-
tory of the largest structures in the Universe. The launch of ASTRO-H is
forecasted to mid-2014.
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SVOM, the Chineese-French "Space-based multi-band astronomical Variable
Objects Monitor" mission has been designed to study and better understand
Gamma-ray bursts (GRBs). It will permit to measure the broadband spec-
tral shape of the prompt emission and its temporal properties from visible
to MeV. Additionally, it will enable to quickly identify the afterglows of the
detected GRBs in the X-ray and optical bands, including those highly red-
shifted (z>6), and it will measure the broadband spectral shape of the early
and late afterglows in addition to its temporal evolution. The launch of the
SVOM mission is planned after 2018.

HXMT, the "Hard X-ray Modulation Telescope" is a collaboration between
China and the UK. Its high sensitivity and spatial resolution will enable the
production of an all-sky hard X-ray survey, to study AGN, hard X-ray spectra
and temporal variability of X-ray binaries, the nonthermal X-ray emission
properties of SNRs, Soft Gamma-ray burst Repeater (SGR), the structure
of magnetars, the matter state equation in strong magnetic field and with
high density, the hard X-ray emission of clusters of galaxies, and Gamma-ray
bursts (GRBs). The spacecraft is planned for launch between 2014 and 2016.

LOFT, "The Large Observatory for X-ray Timing" was selected by ESA as one
of the four mission projects of the Cosmic vision plan 2015-2025. Its main
scientific aim is to investigate the motion of matter down to the compact
object by studying the very rapid X-ray flux and spectral variability. Thanks
to its large area detector, it provides a fantastic tool to detect high frequency
QPOs, the iron line, the study of neutron star surface and EOS of ultra-dense
matter, and neutron star crust properties.

ATHENA, the "Advance Telescope for High ENergy Astrophysics", using
spectral, timing and imaging spectroscopy, is devoted to explore the extreme
physical conditions around supermassive black holes, and to determine the
contribution of accretion power to the energy budget of the Universe. More-
over, it will map the large scale structure of the Universe, and it will study
the physical state and cosmic evolution of the hot gas that forms the major
baryonic component of the cosmos.

Unfortunately, on May 2012, ESA’s Science Programme Committee decided to select
the Jupiter mission "JUICE" that was in competition with ATHENA. It will have
another chance to be selected and launch in 2028.

New projects are in conception phase, as for instance XTP "X-ray Timing and

Polarization", which is a chinese satellite, seen as a large area successor to RXTE.
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3.2 XMM-Newton

The X-ray Multi-Mirror Mission® (XMM-Newton) [Jansen 2001] is a product of
the European Space Agency (ESA), resulting from a consortium of 35 European
companies. Launched on December 10th 1999 by an Ariane 5 rocket from Kourou,
French-Guyana, XMM-Newton represents a veritable achievement of technologic
advances. It is the largest scientific European spacecraft to date.

With a mass ~ 3800 kg for a length of 10 meters, XMM-Newton follows an
eccentric 48 hour elliptical orbit. It travels at nearly one third of the distance
Earth-Moon when it reaches its apogee (114000 km), then it passes at about 7000
km above Earth when it is at its perigee, flying nine times faster (~ 24000 km/h)
than when it is at the farthest distance from Earth.

Figure 3.4: Artist’s conception of the XMM-Newton observatory in orbit around
the Earth. Image from the ESA website (D. Ducros).

The space observatory carries three X-ray telescopes equipped with three imag-
ing cameras (EPIC-pn, EPIC-MOS1, EPIC-MOS2) and two reflection grating spec-
trometers (RGS1 and RGS2), which can simultaneously operate, together with a
co-aligned optical telescope (OM). The configuration of the spacecraft is shown in
Fig 3.5. The unprecedented combination of large collecting area and high resolution
of the cameras, in addition to the possibility to make long uninterrupted exposures,
provide highly valuable observations.

The XMM-Newton mission has been designed to study a large range of objects,
from the enigmatic black holes to the origins of the Universe. Observing time is quite
difficult to obtain because of the huge number of competitive projects proposed by
the scientific community.

"http://xmm.esac.esa.int/
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Figure 3.5: Sketch of the XMM-Newton payload. On the lower left: the aperture
doors and the mirror modules with the two Reflection Grating Arrays. The optical
monitor is obscured by the lower mirror module. On the upper right: the EPIC
MOS cameras (green), the EPIC pn camera (purple), and the RGS detectors (red).
The direction of the incoming X-rays is indicated by the blue arrow on the left.
Figure adapted from the VILSPA XMM-Newton Science Operations Center (Dornier
Satellitensysteme GmbH).

3.2.1 How does it work?

XMM-Newton is equipped with solar panels to provide power (see Fig 3.4). The ESA
ground stations at Perth (Australia) and Kourou are continuously in contact with
the spacecraft, for real-time interaction over almost the entire orbit. The following
subsections regard the instruments onboard XMM-Newton.

The X-ray telescopes

The performance of X-ray telescopes is determined by three fundamental param-
eters: the image quality, the effective area, and the straylight rejection efficiency.
The image quality of an X-ray mirror depends on its ability to focus photons. Each
of the X-ray telescope has its own point-spread function (PSF). The PSF can be
severely affected if the source is too bright, when the count rate exceeds a few counts
per frame.

The effective area characterizes the capacity of detectors to collect radiation
at different photon energies (see Fig 3.6). The effective area is folded through the
response of the different focal instruments. The effective area of the EPIC-pn camera
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is higher than those of the two EPIC-MOS cameras. Indeed, the light does not follow
the same path in the three Wolter-type X-ray telescopes; the pn camera is in focus of
one of the X-ray telescope (Fig 3.7), whereas the two others telescopes have grating
assemblies that diffract a part of the incoming radiation onto their secondary focus
(Fig 3.8). The non-intercepted light, representing ~ 50% of the incident light, passes
through the primary MOS focus, while 40% is intercepted by grating plates of the
RGA. The remaining light is absorbed by the support structures of the RGAs.
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Figure 3.6: Effective area of the XMM-Newton X-ray telescopes, EPIC-pn, EPIC-
MOS, and RGS. The efficiency of the mirrors is higher in the energy range from
0.1 to 10 keV, with a maximum at about 1.5 keV. A pronounced edge near 2 keV is
associated to the Au edge. The effective areas of the two MOS cameras are lower

than that of the pn, because only part of the incoming radiation falls onto these
detectors. From the XMM-Newton Users’ handbook.

Last but not least, the efficiency of the stray-light rejections is an important
parameter that defines the performance of the telescopes. XMM-Newton mirror
modules are equipped with X-ray baffles (Fig 3.9) acting as collimators to reduce
considerably the amount of stray-light in the field of view of the focal plane cam-
eras, and with an electron deflector which produces a circumferential magnetic field
that prevents low energy electrons reflected by the mirrors reaching the focal plane
detectors.

XMM-Newton was built in conditions of exceptional cleanliness to preserve its
200 square meters of ultra-polished gold forming the telescope mirrors. These are
the most sensitive ever developed in the world.
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Figure 3.7: Light path in XMM-Newton’s open X-ray telescope with the pn camera
in focus. From the XMM-Newton Users’ handbook.
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Figure 3.8: The light path in the two XMM-Newton telescopes with grating as-
semblies. About 50% of the non-intercepted light passes to the primary MOS focus
while 40% of the incident light is intercepted by grating plates of the RGA. From
the XMM-Newton Users’ handbook.



72 Chapter 3. The detection of X-ray photons

Entrance
Baffles

Figure 3.9: Representation of one XMM-Newton telescope that consists of a mirror
assembly door (which protected the optics during integration, launch and early
orbit phase), the entrance baffle, the X-ray baffle, the mirror module, the Reflection
Grating Array (only in two of the telescopes) [Lumb 2012].

The EPIC cameras

The three European Photon Imaging Camera (EPIC) cameras perform extremely
sensitive imaging observations over a field of view of 30°, providing a moderate
spectral (E/AE ~ 20 — 50) and angular resolution (~ 6” FWHM) in the energy
range from 0.15 to 12 keV. All of the EPIC CCDs operate in photon counting mode
with a fixed, mode dependent frame readout frequency, producing event lists.

A selection of filters of different thickness mounted on a wheel in front of each
camera enables the rejection of long wavelength optical and UV radiation to optimize
the low energy response of the instrument.

Two of the EPIC instruments consist of arrays of Metal-Oxide-Silicon (MOS)
technology [Turner 2001], while the third EPIC detector is a pn CCD [Struder 2001].
These two types of camera are fundamentally different. The readout of the pn
chips is much faster than that of the MOS cameras, each pixel column having its
own readout node. Another important difference is that the MOS chips are front-
illuminated, while the pn CCDs are back-illuminated, which strongly affects the
detector quantum efficiencies. Below a few more details about these cameras:

e EPIC-pn camera are composed of X-ray CCDs. The heart of the pn camera
is a single Silicon wafer with 12 CCD (6 x 2 chips) integrated, as displayed in
Fig 3.10. With 64 x 200 pixels per chip, the pn camera offers a field of view
with a size similar to that of the MOS cameras.

e EPIC-MOS cameras are rotated by 90° with respect to each other (see
Fig 3.11). Each camera consists of an array of 7 CCD chips of 600 x 600
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Figure 3.10: EPIC-pn chip array consisting of 12 CCDs each of 13.6 x 4.4 arcmin.
From the XMM-Newton Users’ handbook.

pixels each. The physical size of each pixel is 40 pym, corresponding to 1.1 arc
seconds on the sky.

Figure 3.11: EPIC-MOS chip array composed of 7 CCDs each of 10.9 x 10.9 arcmin.
From the XMM-Newton Users’ handbook.
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EPIC cameras offer the possibility to work in a variety of modes of data acquisi-
tion: "imaging mode", "timing mode", and "burst mode" (see Fig 3.12), associated
with different imaging performance against timing resolution and maximum count
rate. The burst mode is only possible for the EPIC-pn camera. Imaging mode is
composed of the full frame mode (all the CCDs operate simultaneously), the ex-
tended full frame mode (for EPIC-pn only; the image collection time is longer than
in the full frame mode), the small window mode (only one CCD is used), and the
large window mode (a part of the area of the CCDs is read-out). The read-out time
differs from each other; the values are tabulated in Table 3.2 in addition to the live
time and the count rate capability. The live time corresponds to the ratio between
the time needed for the CCD to collect X-ray photons also called events (integration
time, including the time to shift events towards the read-out), and the frame time,
that in addition includes the time necessary for the read-out of the events. The
count rate capability refers to the maximum count rate possible for a point source
to avoid pile-up. This effect is discussed later in the chapter dedicated to the study
of 4U 1705-44.

Figure 3.12:  Operating modes for the EPIC-pn camera. Top left: Full frame
mode (all the 12 CCDs operate); Top right: Large window mode (half the area of
the 12 CCDs); Bottom left: Small window mode (a part of one CCD operates);
Bottom right: Timing mode (a single CCD is used). From the XMM-Newton Users’
handbook.
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Table 3.2: Characteristics of the EPIC-pn modes. Adapted from the XMM-Newton
Users’ handbook.

Mode (pixels) Time res. Live time Max count rate
[1 pixel = 4.1"] [ms] [%0] [s71]

Full frame (376 x384) 73.4 99.9 6
Extended full frame (376x384) 200 100.0 1

Large window (198x384) 48 94.9 6

Small window (63x64) 6 71.0 50
Timing (64x200) 0.03 99.5 800

Burst (64x180) 0.007 3.0 60000

The reflection grating spectrometers

The reflection grating spectrometers (RGS) [den Herder 2001] are only present on
two out of the three XMM-Newton X-ray telescopes. The RGS units consist of the
Reflection Grating Assemblies (RGAs) and the RGS Focal Cameras (RFCs). The
RGAs are mounted in the light path of the two X-ray telescopes with EPIC MOS
cameras at their primary focus, intercepting ~ 50% of the incoming radiation.

The RGS were designed for high-resolution X-ray spectroscopy and spectro-
photometry. They offer a high spectral resolution, with a resolving power E/AFE
from 200 to 800 over the energy range 0.35—2.5 keV. This energy band is particularly
interesting to perform detailed measurements of emission and absorption features
in a large variety of stellar, interstellar and extragalactic hot, ionized plasmas.

The optical monitor

Although XMM-Newton is an X-ray observatory, it is equipped with an optical
monitor (OM) [Mason 2001] co-aligned with the three X-ray telescopes. The OM is
dedicated to the detection of the optical /UV counterparts of X-ray sources seen by
the X-ray telescopes.

The instrument is a 30 cm Ritchey-Chretien telescope with a focal length of ~
3.8 m, associated with a photon counting detector operating in UV and the blue
region of the optical spectrum. This enables one to know the optical state of the
X-ray object the observer is looking at, since the majority of X-ray sources are
variable. The OM reaches a limit sensitivity at B=24 (magnitude) for a star viewed
with the detector in unfiltered light.

3.2.2 Data analysis

Since there is no data storage capacity onboard the satellite, the data are transmitted
in real time to the ground, to the European Space Astronomy Centre (ESAC) in
Spain. The science data are then processed at the XMM-Newton Survey Science
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Centre (SSC) at the University of Leicester, England.

The SSC, in collaboration with the Space Operations Centre (SOC) in Darm-
stadt, Germany, developed a software dedicated to the reduction and the analysis
of data collected by XMM-Newton: the Science Analysis Software? (SAS). Released
periodically, SAS contains more than 125 programs and scripts allowing astronomers
to extract and reduce data. It does not include tools for spectral, timing or image
analysis; this is performed in a second step (see the section dedicated to the spec-
tral analysis). It generates spectra, light curves, detector response matrices, etc,
which are needed to perform the analysis. In other terms, SAS allows the conver-
sion from instrument quantities into physical ones, in order to derive astrophysical
information.

XMM-Newton data are available in two formats: the Observation Data Files
(ODF), and the Pipeline Processing System (PPS). ODF data contain all data
necessary for processing an observation. PPS data contain among other things
calibrated photon event files, source lists, and images.

There is a procedure to follow for each instrument in order to obtain the final
spectrum corresponding to an observation. Below the main steps associated with
the EPIC data reduction® 4:

1. Generation of event files with the most recent calibration files corresponding
to the instrument, to obtain calibrated photon event files. The resulting files
are then used to produce light curves, spectra, etc.

2. Application of filters to the data, by selecting the energy range of the future
spectrum, the number and the pattern of the CCD pixels triggered for a given
event. Of course, the filters depend on each instrument, and so are differ-
ent for the EPIC-pn and the EPIC-MOS. Sometimes, additional filters are
needed, such as the temporal filters. They allow to remove soft proton flares
for example, that can be registered during an observation.

3. Extraction of the source spectrum. To do so, one needs to produce an image,
and to take the coordinates (the size and the position) of the region that has
to be extracted, centered on the object.

4. Extraction of the background spectrum, following the same method than for
the extraction of the source spectrum, but on a region far from the object.

5. Estimation of the amount of pile-up affecting the observation. Pile-up depends
on the brightness of the source, but also on the modes the EPIC detectors are
in. This effect occurs when a source is so bright that incoming X-rays arrive
on two pixels of the CCD, or on the same one more than once, skewing the
spectrum to higher energies.

http://xmm.esac.esa.int /sas/
3http://xmm.esac.esa.int /sas/current /documentation /threads,/
“http://heasarc.gsfc.nasa.gov/docs/xmm/abc/
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6. Generation of the detector response file RMF (Redistribution Matrix File),
which describes the response of the instrument as a function of energy and PI
channel.

7. Generation of the effective area ARF (Ancillary Response File), including
also the transmissions of the filters and the quantum efficiency curve of the
detector.

In the end we obtain high level scientific products (image, net light curves and
calibrated spectra) in a standard format (fits) that are usable by analysis softwares
that are common to all X-ray observatories.

3.3 Spectral analysis

X-ray spectral analysis is performed thanks to interactive X-ray spectral-fitting pro-
grams, such as Xspec® [Arnaud 1996] or ISIS® [Houck 2000|. These programs can be
used for all X-ray satellites since they do not depend on one detector in particular.

One first loads the source spectrum, the associated background, the detector
response matrix and effective area files, previously created with the SAS. If necessary,
data can be rebinned, by grouping a certain number of channels (or counts) per bin.
Then the energy range in which the analysis will be performed has to be specified.

However, the source spectrum obtained with SAS is not the real spectrum, but
the total photon counts (C) detected by the instrument in a given channel (PI). The
observed spectrum is related to the real spectrum S(E) by:

C(PI)=T / RMF(PI,E). ARF(E).S(E).dE (3.1)

where T is the exposure time (in seconds), RMF(PLE) is the instrumental response
matrix (without unit), ARF(E) the energy-dependent effective area of the telescope
and detector system (in cm?), and S(E) the source flux (in photon/cm?/s/keV).

Ideally, one would like to determine the real spectrum of the source S(E) corre-
sponding to an observed number of counts per channel C(PI). Since the response ma-
trix is usually not diagonal, the equation cannot be inverted. An alternative method
consists in assuming a physical model S(E), convolving it with the instrument re-
sponse files (RMF and ARF), and then comparing the result with the observed
counts. To do so, a "fit statistic" is computed from the comparison to evaluate
whether the model spectrum fits correctly the real data. This technique is called
the forward-folding approach.

The aim is then to adjust a model based on the physics of the source to the
data in order to have an acceptable fit on a statistical point of view. The initial
parameters corresponding to the spectral model are modified until the best value of
the statistic is found. If this value is unacceptable, a new model has to be chosen

"http://heasarc.gsfc.nasa.gov/xanadu/xspec/
Shttp://space.mit.edu/cxc/isis/
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and the procedure repeated (see Fig 3.13). Finding the best fit means minimizing
the difference between the observed data and that predicted. An important problem
that usually occurs in X-ray fitting is that the minimization algorithms usually find
best-fit parameters that correspond to local minima, and not global minima, of the
fit statistic used.

Xspec and ISIS include a wide range of spectral models, and use non-linear
fitting routines to find the best-fit parameters for each model. Other models can be
used by downloading tables and can be used without any problem.

Multiply by
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response

Compare
to data
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last iteration?
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Model

Define
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Figure 3.13: Forwarding-fitting technique used by Xspec. The scientist determines
a model that is calculated and compared to the observed data. The model is accept-
able if the resulting fit is statistically good and if it is physically plausible. Otherwise,
another model has to be chosen for the data. Adapted from [Arnaud 2011].

3.3.1 Models

As the statistician George Box said, "Essentially, all models are wrong, but some
are useful" [Box 1987]. The aim of spectral fitting is to understand the behaviour
of a source, of matter, through the physical insight. However it does not exist a
perfect model since they are all oversimplified, even if one tries to make them closer
and closer from reality.

Because many physical processes are occuring in a given source, an X-ray spectro-
scopic model generally results from the multiplication and the addition of different
components. Multiplicative components modify the whole spectrum, such as the
photoabsorption of the interstellar medium, or a normalizing factor that takes the
different cross calibrations of the instruments into account when data from different
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instruments or satellites are studied all together for instance. So they modify the
model by a certain factor depending on the energy. An additive component acts
only locally, at the energy given, as for example a Gaussian line, or a blackbody.
The resulting model ca be written as:

S(E) = My * Ma x (Ay + Az + Mz + Az) + Ay (3.2)

where M;(E) are multiplicative components and A;(E) are additive ones.

The model parameters will vary to find the values that give the best fit statistic.
These values are called the best-fit parameters.

To calculate the goodness of the fit, i.e. to evaluate how well the model explains
the observed data, a statistical test needs to be used. The most common one is the
Y2, defined as:

X’ =Y (Caaal PI) = Crnoael (P1))? /(o (PI))? (3-3)

where Cyqata(PI) is the observed counts, Cynoqel (PI) is the predicted counts assuming
a model, and o(PI) is the error for channel PI.

The x? statistic provides a goodness-of-fit criterion for a given number of degrees
of freedom v, and for a given confidence level. v corresponds to the number of
channels minus the number of model parameters. A fit is considered as good if
x%/v ~ 1. The ratio x?/v is called the "reduced x2": X?ed' If X?ed is much greater
than 1, this indicated a poor fit, whereas a Xfed is much less than 1 indicates that
the errors on the data have been probably over-estimated.

3.3.2 Error on the parameters

Once a model fits well the data, one can evaluate the values obtained for each
parameter of the model. To do so, it is important to know the error on the param-
eters. XSPEC and ISIS propose a command to derive the confidence intervals for
each parameter. The parameter considered is fixed at a particular value and the
other parameters are re-fitted. New values can be found. XSPEC uses a bracketing
algorithm followed by an iterative cubic interpolation to find the parameter value
at each end of the confidence interval.
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The Fe line in MXB 1728-34
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I dedicated the first part of my PhD to the spectral analysis of the low-mass
X-ray binary system MXB 1728-34, also named 4U 1728-34 or GX 354-0. Using
the data obtained with XMM-Newton, I mainly focused on the iron line for which
a long discussion is still being relevant. I investigated its nature and deduced some
information from the Fe line profile, such as the inclination of the source and some
properties about the inner part of the accretion disk.

XMM-Newton is one of the best X-ray observatory available at present to per-
form such study, since its instruments (in particular the EPIC-pn) offer a high
effective area below and above the Fe line energy, allowing us to have a good deter-
mination of the shape and width of the line, as well as the continuum.

4.1 MXB 1728-34

Discovered in 1976 by W. H. Lewin, MXB 1728-34 is classified as a neutron star
binary since type-I X-ray bursts have been observed in the energy range 1 — 18 keV
with the Small Astronomy Satellite SAS-3 [Lewin 1976, Hoffman 1976]. With an
intensity comparable to that of Crab Nebula, the bursts are quite frequent and often
separated by several hours (average time separation ~ 5 h).

The source being located between 4.1 and 5.1 kpc in the direction of the Galactic
center, the nature of the companion star is still unknown because of the high optical
extinction. By looking at the path the source describes in the color-color diagram,
the system is classified as an atoll source.
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4.1.1 The choice of the source

MXB 1728-34 is a source of particular interest for different aspects. First, because
the neutron star is weakly magnetized, the accretion disk can approach considerably
the compact object, as in the case of black hole binary systems. The study of this
kind of sources enables a direct comparison of the X-ray emission between both
neutron star and black hole binary systems.

In addition to its frequent bursts very well studied, MXB 1728-34 is interesting
for its timing properties. It is one of the best case where ultra-fast variations in the
X-ray light curve became evident through the detection of kilohertz quasi-periodic
oscillations (kHz QPOs), and nearly coherent oscillations during type-I X-ray bursts
in the power density spectra [Strohmayer 1996]. Different studies were performed
on these oscillations and revealed that the difference between the frequencies of twin
kHz QPO features, thought to be associated with the spin of the neutron star, does
not remain always constant [Mendez 1999]. The observed changes in the frequency
of the kHz QPOs seem to be driven by changes in the mass accretion rate in the
innermost part of the accretion disk.

Moreover, an observation of MXB 1728-34 was performed by XMM-Newton in
2002. An iron line seems to be detected, but no paper was published on these data
until 2010, when appeared a catalog paper dedicated to the nature and the origin of
the Fe Ka line in neutron star LMXBs observed with XMM-Newton [Ng 2010]. How-
ever, the source shows a different behavior with respect to the other ones, especially
about the continuum study. The authors mentioned: "The fits to the XMM-Newton
spectrum have significantly different continuum parameters when fitting the residu-
als at the Fe band with Models 1a or 1b, in contrast to all other observations. This
indicates that after including the line, the parameters of the fit change significantly
so the line fit may not be realistic.”. They explained such a behavior due to the low
luminosity of MXB 1728-34 by comparison to the other sources. Thus, the nature
of the Fe line in MXB 1728-34 did not seem to be clear and the data warrant a
particular attention.

4.1.2 The data

MXB 1728-34 was observed by XMM-Newton on October 2002 for a total exposure
time of 28 ks, by using the five X-ray instruments onboard the satellite, i.e. the
reflection grating spectrometers RGS1 and RGS2, and the cameras EPIC-pn, MOS1
and MOS2. The corresponding X-ray energy range covered is 1 —11 keV. The EPIC-
pn camera operated in timing mode to prevent photon pile-up.

I carried out the standard extraction of the XMM-Newton data, by following
all the steps as described in the XMM manuall. After having checked that the
data were not contaminated by solar flares during the observation time, I extracted
the spectrum corresponding to each instrument, the backgrounds associated, and I
checked that pile-up did not affect the data.

Ltp:/ /legacy.gsfc.nasa.gov/xmm/doc/xmm_abc_guide.pdf
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The EPIC-pn data have already been studied by [Ng 2010]. However I propose
another analysis and interpretation of the data, using all of the X-ray instruments
and applying different models for both the continuum and the Fe line.

4.2 1Is the Fe line relativistic?

The relativistic nature of the Fe line has been clearly confirmed in a large number
of AGN, for instance in MCG-6-30-15 [Tanaka 1995, Wilms 2001, Miniutti 2007]
(see Fig 4.1), 1H0707-495 [Fabian 2009, and others [Nandra 2007|, and black hole
binaries such as Cygnus X-1 [Fabian 1989, Miller 2002], GX 339-4 [Miller 2004b],
or GRS 1915+105 [Martocchia 2002| (see Fig 4.2). Nevertheless, it is still object of
debate for neutron star binaries.
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Figure 4.1: Fe line profile in the Seyfert 1 galaxy MGC-6-30-15 obtained from
XMM-Newton/EPIC-pn (red) and Suzaku/XIS (black) [Miniutti 2007].

The Fe Ka line is thought to be produced in the inner part of the accretion
disk. Thus, it is expected to be broadened and distorted due to gravitational effects
induced by the presence of the compact object. The shape of the line differs upon
the spin of the compact object and the direction of rotation of the accretion disk.
Fig 4.3 illustrates the changes in the shape of the Fe line of an accreting black hole,
in the case of a fast rotating spin, no spin, and fast retrograde spin. In accreting
neutron stars, the spin is usually not maximal, but in the case of a high rotation,
the neutron star may be oblated because of the centrifugal forces. It results that
the equatorial radius can be up to 1.5 times the radius at rest. However, in LMXBs,
the neutron star is accelerated by accretion of matter from the disk that transfers
angular momentum to the compact object and determines its spin. Therefore, the
resulting spin of an old neutron star should have the same direction than that of
the disk. A counter-rotating disk should only be present in young system where the



84 Chapter 4. The Fe line in MXB 1728-34

counts/sec/keV
1
T

—

5
Energy (keV)

Figure 4.2: Fe line profile of the microquasar GRS 1915+105 observed by Bep-
poSAX [Martocchia 2002].

neutron star has an intrinsic spin.

As a consequence, the iron line in LMXBs containing a neutron star is expected
to be distorted, even if the distorsions should not be as extreme as in black hole
accreting systems.
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Figure 4.3: Black hole’s spin determines the radius of the last stable orbit of the
accretion disk. The profile of the Fe line is more or less affected by the gravitational

effects, in particular the low energy extent of the line (Credit: Sky & Telescope May
2011).
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4.2.1 A debate on the (a)symmetry of the Fe line

Recently, [Ng 2010] performed a systematic study of the Fe line using 16 sources
observed by XMM-Newton (see Table 4.4). They conclude that the Fe Ko line
does not show any asymmetry and its origin in the inner part of the accretion disk
may be controversial. Fig 4.5 displays the Fe line profiles of the sources studied.
In parallel, [Cackett 2010] carried out a similar systematic analysis on Suzaku and
XMM-Newton spectra of 10 neutron star LMXBs (see Table 4.6). They obtained
different conclusions from [Ng 2010]: the Fe line is broad and asymmetric, as illus-
trated in Fig 4.7. We note that 6 same sources are part of both samples selected:
Ser X-1, 4U 1636-53, 4U 1705-44, GX 340+0, GX 349+2, and SAX J1808.4-3658.
Therefore, the nature of the Fe line inferred from the different studies does not
depend on a particular instrument, but mainly depends on the way the data are
analyzed (such as the pile-up evaluation, the continuum applied, and the models
used to fit the Fe line).

Source Class Observation Observation times (UTC) T C o] Pile-up  Columns
ID Start End (ks) (s7h removed
(year mon day) (hrrmn) (hr:mn)

4U0614+09 AUCXB 0111040101 2001 Mar. 13 12:27 17:11 10 240 [8] N 0
CenX-4 T 0144900101 2003 Mar. 01 15:11 14:48 - - - -
4U 1543-62 UCXB 0061140201 2001 Feb. 04 13:16 03:13 46 203 [5] N 0
4U 1608-52 A, T 0074140101 2002 Feb. 13 16:04 20:57 - - - -
0074140201 2002 Feb. 15 01:34 06:22 - - - -
4U 1636-536 A 0303250201 2005 Aug. 29 17:47 02:47 29 243 [15] N 0
0500350301 2007 Sep. 28 15:07 00:17 19 507 [11] Y 1
0500350401 2008 Feb. 27 03:38 15:01 37 652 [24] Y 3
GX 340+0 Z 0505950101 2007 Sep. 02 12:40 02:34 40 801 [50] Y 8
GX 349+2 Z 0506110101 2008 Mar. 19 15:07 23:00 7 2043 [69] Y 8
4U 1705-44 A 0402300201 2006 Aug. 26 04:27 14:57 35 30 [1] N 0
0551270201 2008 Aug. 24 01:41 17:15 45 742 [31] Y 7
GX9+9 A 0090340101 2001 Sep. 04 09:37 15:17 1 1380 [11] Y 4
0090340601 2002 Sep. 25 09:15 16:10 5 1458 [25] Y 5
4U 1728-34 A 0149810101 2002 Oct. 03 21:48 05:55 26 88 [1] N 0
4U 1735-44 A 0090340201 2001 Sep. 03 02:57 09:06 5 1198 [23] Y 3
SerX-1 A 0084020401 2004 Mar. 22 14:58 21:18 6 1074 [23] Y 4
0084020501 2004 Mar. 24 14:47 21:10 7 925 [14] Y 4
0084020601 2004 Mar. 26 14:18 20:41 5 1014 [32] Y 4
AqlX-1 AT 0112440101 2002 Oct. 27 01:03 03:30 - - - -
0112440301 2002 Oct. 15 01:55 04:17 - - - -
0112440401 2002 Oct. 17 01:42 05:52 - - - -
0303220201 2005 Apr. 07 14:30 18:58 3 228 [6] N 0
IGRJ00291+5934  AMXP, T 0560180201 2008 Aug. 25 04:45 14:25 - - - -
XTEJ1807-294 AMXP, T 0157960101 2003 Mar. 22 13:40 18:40 9 41 [1] N 0
SAXJ1808.4-3658 AMXP, T 0560180601 2008 Sep. 30 23:15 17:19 43 550 [10] Y 2

Figure 4.4: Neutron star LMXBs observations selected by [Ng 2010] to study the
Fe line profile. All these sources were observed by the XMM-Newton/Epic-pn in
timing mode. The source class is A (atoll), Z (Z source), UCXB (ultra-compact
X-ray binary), or AMXP (accreting millisecond X-ray pulsar). T means transient
system. The last column shows the number of columns excised from the centre of
the PSF to remove the pile-up effects in spectral analysis.

I re-analyzed the XMM-Newton data of MXB 1728-34 and by using different

models such as diskline and reflection models, I show that the iron line is broad and
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Figure 4.5: Ratio of the data to the continuum model for all of the neutron star
LMXBs analysed by [Ng 2010] for which significant Fe Ko emission is detected. The
line is fitted by a Gaussian profile plotted in red.

relativistic. This is consistent with a line produced in the innermost part of the disk
and distorted by relativistic effects induced by the presence of the neutron star.
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Source Class Mission Obs. ID  Obs. Start Date (dd/mm/yyyy) Exp. Time (ks)
Serpens X-1 A Suzaku 401048010 24/10/2006 18/29
XMM-Newton 0084020401 22/03/2004 6
XMM-Newton 0084020501 24/03/2004 7
XMM-Newton 0084020601 26/03/2004 7
4U 1636—53 A XMM-Newton 0303250201 29/08/2005 29
XMM-Newton 0500350301 28/09/2007 26
XMM-Newton 0500350401 27/02/2008 37
4U 1705—44 A Suzaku 401046010 29/08/2006 14/14
Suzaku 401046020 18/09/2006 17/15
Suzaku 401046030 06,/10/2006 18/17
XMM-Newton 0402300201 26,/08/2006 34
4U 1820-30 A Suzaku 401047010 14/09/2006 10/30
GX 17+2 4 Suzaku 402050010 19/09/2007 5/15
Suzaku 402050020 27/09/2007 6/18
GX 34040 4 XMM-Newton 0505950101 02/09/2007 33
GX 349+2 4 Suzaku 400003010 14/03/2006 8/20
Suzaku 400003020 19/03/2006 8/24
XMM-Newton 0506110101 19/03/2008 10
Cyg X-2 4 Suzaku 401049010 16/05/2006 < 0.5
4 Suzaku 403063010 01/07/2008 20/82
SAX J1808.4—3658 AMXP Suzaku 903003010 02/10/2008 21/31
XMM-Newton 0560180601 30/09/2008 43
HETE J1900.1-2455 AMXP Suzaku 402016010 16/10/2007 42/37

Figure 4.6:

Selection of neutron star LMXBs observations performed by Suzaku
and XMM-Newton to study the Fe line profile [Cackett 2010].
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Figure 4.7: Ratio of the data to the continuum model showing the Fe Ko emission
lines in the neutron star LMXBs studied by [Cackett 2010]. Data from Suzaku
are plotted in black (combined front-illuminated detectors), and those from XMM-
Newton are represented in red (PN camera).The solid lines indicate the best-fitting
diskline model.
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4.2.2 The models applied to fit the Fe line

To investigate the nature of the iron line, it is important to use adequate models.
To perform their analysis, [Ng 2010| used as a continuum model a blackbody and
a disk blackbody, both modified by photoelectric absorption from neutral material
(tbabsx (bbodyrad+diskbb) in Xspec). Then they fitted the excess at ~ 6.6 keV
associated with the Fe line with a Gaussian and with the laor model [Laor 1991],
which is initially concepted to model an emission line from an accretion disk around
a black hole.

They compared the x? obtained by both models and deduced that the Fe line was
equally well fitted by using either the Gaussian or the laor component. Therefore,
they concluded the Fe line does not show an asymmetric profile, which is usually
interpreted as an indication of relativistic effects.

The continuum I applied to the data consists in a Comptonization of soft photons
in a hot plasma (compTT; [Titarchuk 1994]), multiplied by the photoelectric absorp-
tion (phabs; photoelectric cross-sections of [Balucinska-Church 1992| with a new He
cross-section based on [Yan 1998| and standard abundances of [Anders 1989]). We
note that for dim sources such as MXB 1728-34, Compton scattering is expected to
play an important role. This is included in compTT.

A blackbody is usually necessary to represent the accretion disk, but its addition
did not improve the fit in a significantly way. I applied different models to fit the
iron line in order to understand whether the line is relativistic. First, I used a simple
Gaussian to fit the line. Then, more complex models were tested, such a relativistic
line coming from the accretion disk (diskline and relline) and a reflection model
(reflionx).

Gaussian

The Gaussian line profile is the simplest model one can apply on an emission line.
It is defined by:

2
AB) = K- 1% exp <—(E2U;El)) (4.1)

where Ej is the line energy in keV, ¢ the line width in keV, and K the normalization
given by the total photons cm™2 s~! in the line.

I added this component to the continuum model in order to fit the excess at
6.4 — 6.6 keV. The Gaussian is found to be at 6.57 +0.05 keV and the o parameter
frozen at 0.6 keV, since the width of the line is poorly constrained. This value
corresponds to the lower limit on the o found on the MOS data fitted independently
from the the EPIC-pn data. The addition of the Gaussian significantly improved
the fit (Ax? = 243 for the addition of 2 parameters). Fig 4.8 shows the data, the
model (the Gaussian component is visible in dotted), and the residuals obtained.



4.2. Is the Fe line relativistic? 89

: il
: | W w il W | N‘ 5
" *’} *\%j " !
il |
o Ui Mﬂw
\NH ‘H‘H\ “ ‘A‘M w MH #N + MW
=L |1 | |
i Energy (keV) ° 10

Figure 4.8: Top panel: EPIC-pn (black), MOS1 (red), MOS2 (green), RGS1 (cyan),
RGS2 (blue) data points of MXB 1728-34 in the range 1 — 11 keV. Bottom panel:
residuals (data-model) in units of sigmas for the Gaussian model (plus the contin-
uum).

Diskline

Although a Gaussian line provides an acceptable fit of the line profile, I tried to
physically interpret its large width by using models for a relativistically smeared
line in an accretion disk.

The diskline model describes the emission line profile from a relativistic accretion
disk around a non-rotating (Schwarzschild) black hole. Due to the approximations
employed, it does not include relativistic light bending, but all other relativistic
effects induced by the compact object in the accretion disk [Fabian 1989).

The diskline model can be obtained from a Gaussian profile, by fixing the
width of the Gaussian to zero o = 0, and by multiplying it by the kernel rdblur
[Fabian 1989].

The parameters associated with diskline are the line energy, the emissivity law,
the inner and outer radii of the accretion disk (in units of GM/c?), the inclination
of the system, and the normalization.

I applied the diskline component to the data instead of the Gaussian. The outer
radius of the disk was fixed at 1000 Ry and the inclination of the system with
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respect to the line of sight at 60°, since the source does not show any dip in its
light curve (implying an upper limit i < 60°; see the illustration on Fig 4.10). The
line centroid energy is found to be at 6.45 £ 0.07 keV and is compatible with a
fluorescent Ko transition from mildly ionized iron. The inner radius of the disk
is such that Ri, = 12 — 21 R,. The improvement of the fit with respect to the
Gaussian corresponds to Ax? = 26 for the addition of two parameters. Fig 4.9
shows the results obtained with the diskline component, which can be compared
with those including the Gaussian presented in Fig 4.8.
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Figure 4.9: Top panel: EPIC-pn (black), MOS1 (red), MOS2 (green), RGS1 (cyan),
RGS2 (blue) data points of MXB 1728-34 in the range 1-11 keV. Bottom panel:
residuals (data-model) in units of sigmas when the diskline component is added to
the continuum.

Relline

I also used a recent model for a relativistically distorted diskline called relline?
[Dauser 2010]. This model includes all relativistic distortions produced in a disk
around the compact object. I tested this model which gave results fully consistent
with diskline (in particular the energy of the line and inner radius of the disk) and
attests the relativistic nature of the iron line at 6.4 — 6.6 keV.

Zhttp://www.sternwarte.uni-erlangen.de/research /relline/
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Figure 4.10: Illustration of the "dip source" definition. An X-ray binary system is
called "X-ray dipper" when its inclination angle with respect to the line of sight of
the observer is ¢ > 60°. We note that 0° correponds to an observer placed at the
normal to the disk plane and 90° to an observer in the disk plane. Figure adapted
from Jimenez-Garate.

Reflionx

To test the consistency of the broad iron line with a reflection component, I applied
a self-consistent reflection model that takes both the reflection continuum and the
corresponding discrete features into account [Ross 2005]. Because a broad iron line
was identified in the previous models, I included a relativistic smearing using the
rdblur component. The fit is significantly improved (Ax? = 89 for the addition of
2 parameters), which testifies that the iron line is indeed broad and smeared in the
disk.

In this energy range, the reflection model is mainly dominated by the iron line.
However, it is interesting to compare the values of the parameters with those ob-
tained with the previous models. Some information were derived, such as an inferior
limit on the inclination of the source: 7 > 44°, and constraints on the inner radius
of the accretion disk: Ri, = 14 — 49 R,. These values are consistent with those
found using a diskline or a relline profile, even if the uncertainties are larger with
this model. Assuming a neutron star of 1.4 My, the inner disk radius is estimated
to be at ~ 25 — 100 km from the neutron star center, therefore the disk would be
truncated at a certain distance from the neutron star surface. Moreover, the incli-
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nation angle of the system: 44° < i < 60° is compatible with the absence of dips in
its light curve.

Fig 4.11 presents the results obtained when reflionx is applied to the data.
This self-consistent reflection model gives similar values for the spectral parame-
ters, which indicates that the fit is stable and does not depend on the particular
choice of the model used to fit the continuum or the iron line, and above all, that rel-
ativistic disortions are present in the accretion disk, favoring the relativistic nature
of the iron line.
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Figure 4.11: Top panel: EPIC-pn (black), MOS1 (red), MOS2 (green), RGS1
(cyan), RGS2 (blue) data points of MXB 1728-34 in the range 1-11 keV. Bottom
panel: residuals (data-model) in units of sigmas when the reflection component
reflionx is added to the continuum.

4.2.3 Different methods to compare the models

A relevant question in the context of data analysis is how can we attest a model fits
well data, and how can we judge if a model is preferable to another one. Different
tools and methods are at disposition. The easiest one is to have a look at the
residuals obtained for different models, and to compare them "by eye". Of course,
this gives only an idea, since most of the time, models give similar residuals. The
other methods use the statistic and so may include a possible error. However, they
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represent the best tool until now. Here I present a brief introduction to the methods
I used in the analysis of MXB 1728-34 to infer the validity of the models applied on
the XMM-Newton data.

F-test

The F-test is a very common test based on the F-statistic, which consists in compar-
ing two models by their x? and degrees of freedom. The F-test gives the probability
the model that has the smallest x? reduced (the second model) is an improvement
by chance with respect to the other model (the first one). In other words, it indi-
cates whether the improvement is statistically real. In principle, the second model
contains additional components with respect to the first model. These components
can also come from thawing a frozen parameter of the first model. The general limit
is 107%. If the F-test gives a value much inferior to this limit, the second model is
statistically better than the first one. However, they are some conditions to respect
for applying this test (see |[Protassov 2002]), in particular:

e the compared models must be nested

e the null values of the additional parameters should not be on the boundary
of the set of possible parameter values.

Bootstrap

A second method (more rigorous but more fastidious) estimates the variance or
other properties using an approximation to a distribution created by resampling
the observed data themselves. Concretely, it consists in producing Monte Carlo
simulations of a sample of data of equal size to the observed dataset, and comparing
models through their X?ed' Of course the larger the sample, the more valid the
test. The operation is repeated many times in order to obtain a statistically correct
result.

4.2.4 Results

All of the models tested are consistent with a broad and relativistic iron line. How-
ever, in order to assess the significance of the relativistic line smearing, I first com-
pared the diskline model with the Gaussian one, by producing an F-test. It gives a
probability of chance improvement of the diskline with respect to the Gaussian of
about 1074

To test the robusty of the previous results, I used the boostrap method, which is
based on the posterior predictive p values [Hurkett 2008|. For simplicity, I restricted
the data to the pn and the MOS2, since they give the best constraints in the iron
line parameters. These data were fitted with a simple Gaussian. By substituting
the Gaussian with the diskline model, the improvement of the fit corresponds to a
Ax? of 18 for the addition of two parameters. Then, I simulated 200 pn and MOS2
spectra, including a Gaussian in the model, which were fitted in a second step using
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diskline. The Ax? was registered for each simulation. Among the 200 simulations,
I twice found a Ax? higher than 18. Thus the probability of chance improvement
is 1%. This is in agreement with the 0.75 % calculated by the F-test performed on
the real data restricted to two instruments. Therefore, the diskline model is a real
improvement with respect to the Gaussian one.

Moreover, I applied an F-test to compare the reflection model reflionx with and
without the inclusion of relativistic smearing (rdblur). The F-test gives a probability
of chance improvement of 107'2, thus it confirms that the line is broadened by
relativistic effects induced by the neutron star.

4.3 Paper published in A&A in 2011

The results were published in the Astronomy & Astrophysics review. The most
important conclusions of this work are:

a) the Fe Ka line detected in MXB 1728-34 is asymmetric and relativistic,

b) the inclination of the system is such as 44° < i < 60°,

¢) the disk is truncated at 25 — 100 km from the neutron star,

d) the blackbody is not necessary in the continuum of the spectrum to correctly
fit the data.

The last two results, in addition to the value of the photon index I' = 1.8
and the other parameters obtained by the different models, are consistent with an
intermediate state of the source.
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ABSTRACT

We analyzed an XMM-Newton observation of the low-mass X-ray binary and atoll source MXB 1728-34. The source was in a low-
luminosity state during the XMM-Newton observation, corresponding to a bolometric X-ray luminosity of 5 x 10 dgl Kpe C18 sl
The 1-11 keV X-ray spectrum of the source, obtained combining data from all the five instruments on-board XMM-Newton, is
well fitted by a Comptonized continuum. Evident residuals are present at 6—7 keV, which are ascribed to the presence of a broad
iron emission line. This feature can be equally well fitted by a relativistically smeared line or by a self-consistent, relativistically
smeared reflection model. Under the hypothesis that the iron line is produced by reflection from the inner accretion disk, we can infer
important information on the physical parameters of the system, such as the inner disk radius, R;, = 25—100 km, and the inclination

of the system, 44° < i < 60°.

Key words. line: formation — line: identification — stars: neutron — stars: individual: MXB 1728-34 — X-rays: binaries —

X-rays: general

1. Introduction

Broad iron emission lines in the energy range 6.4—6.97 keV have
been detected in high-energy resolution spectra of many X-ray
sources containing a compact object, such as active galactic nu-
clei (e.g., Tanaka et al. 1995; Fabian et al. 2000) and X-ray bi-
nary systems containing a stellar-mass black hole (e.g., Miller
et al. 2002; Miller 2007, for a review), or a weakly-magnetized
neutron star (e.g., Bhattacharyya & Strohmayer 2007; Cackett
et al. 2008; Di Salvo et al. 2009; Papitto et al. 2009; Iaria et al.
2009; D’ Al et al. 2009, and references therein). Identified with
fluorescent Ka transition of iron at different ionization states,
these lines are generally interpreted in terms of reflection of the
central hard X-ray emission on the accretion disk (Fabian et al.
1989). Under this hypothesis, these lines are made broad and
asymmetric by Doppler and relativistic effects induced by the
Keplerian motion in the accretion disk near the compact object.
The shape of the line is therefore an almost unique proxy of
the innermost accretion disk close to the compact object (see
Reynolds & Nowak 2003, for a review), and, in particular, on
the inner disk radius. It also indicates the inclination angle of
the system and the ionization state of the reflecting matter. Other
reflection components like absorption edges and the Compton
hump, which are usually observed between 20—40 keV, are also
expected to result from photoelectric absorption and Compton
scattering of the main Comptonization continuum on the accre-
tion disk matter.

MXB 1728-34 (4U 1728-34, GX 354-0) is a low-mass
X-ray binary containing a weakly magnetized accreting neu-
tron star. The optical counterpart of this “galactic bulge” source
has not been identified yet, owing to the high optical extinction

Article published by EDP Sciences

toward the Galactic center. Discovered in 1976 with the Small
Astronomy Satellite SAS-3 (Lewin et al. 1976; Hoffman et al.
1976), this source belongs to the so-called atoll class (Hasinger
& van der Klis 1989) and shows frequent type-1 X-ray bursts
(e.g., Basinska et al. 1984) that are caused by thermonuclear
flashes on the neutron star surface. Furthermore, double-peaked
burst profiles have been observed (Hoffman et al. 1976), which
are explained as caused by photospheric radius expansion dur-
ing the burst (Taam 1982). These bursts have been used to
constrain the distance to the source, between 4.1 and 5.1 kpc
(Di Salvo et al. 2000; Galloway et al. 2003). The power spectrum
of MXB 1728-34 displays kilohertz quasi-periodic oscillations
(QPOs) in the persistent emission, and a nearly coherent oscilla-
tion at ~363 Hz during some bursts that has been interpreted as
the spin frequency of the neutron star (Strohmayer et al. 1996).

Spectral analysis of MXB 1728-34 has been performed in
the past using data from different satellites, such as Einstein
(Grindlay & Hertz 1981), SAS-3 (Basinska et al. 1984),
EXOSAT (White et al. 1986), SIGMA (Claret et al. 1994),
ROSAT (Schulz 1999), and more recently using BeppoSAX
(Piraino et al. 2000; Di Salvo et al. 2000), ASCA (Narita
et al. 2001), RXTE, Chandra (D’ Al et al. 2006), INTEGRAL
(Falanga et al. 2006), and XMM-Newton (Ng et al. 2010). The
X-ray spectrum is generally composed of a soft and a hard com-
ponent. The first one can be described by a blackbody or a multi-
color disk blackbody, and may originate from the accretion disk.
The second one can be fitted either by a Comptonized spectrum
or a thermal bremsstrahlung. The Comptonized model seems to
be more realistic, because it is efficiently produced by soft pho-
tons coming from the neutron star surface and/or boundary layer
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Table 1. Instrument modes, filters and exposure times.

Instrument Mode Filter ~ Exposure (ks)
pn Timing mode Thick 26.9
MOS1 Timing mode Thick 27.5
MOS2 Timing mode Thick 27.5
RGS1 Standard spectroscopy - 28.1
RGS2 Standard spectroscopy - 28.1

between the accretion disk and the neutron star and/or the accre-
tion disk, which are up-scattered by electrons in a hot corona.

A broad emission line at 6.7 keV has been often detected
in the X-ray spectra of this source and has been interpreted as
emission from highly ionized iron (e.g., Di Salvo et al. 2000).
The large width of the line suggests that it could come from an
ionized inner accretion disk (Piraino et al. 2000), or alternatively
it could be emitted from a strongly ionized corona. D’At et al.
(2006) have proposed an alternative model to describe the iron
line region using two absorption edges associated with ionized
iron instead of a Gaussian line.

In this paper, we present a spectral analysis of high-energy
resolution data taken by XMM-Newton on 2002 October 3 using
all five X-ray instruments on-board this satellite. The EPIC-pn
data have already been published by Ng et al. (2010), in a “cat-
alog” paper dedicated to the study of the iron line in 16 neutron
star LMXBs observed by XMM-Newton. Here we present a dif-
ferent approach to the analysis of these data, because we fitted
for the first time the XMM-Newton data of MXB 1728-34 with
a self-consistent modeling of the continuum emission and of the
reflection component. We also tried several models to fit the iron
line profile, such as diskline or relline, which are different from
the models proposed by Ng et al. (2010) (Gaussian or Laor). All
our results favor the relativistic nature of the line profile. We si-
multaneously fitted the spectra from all five X-ray instruments
on-board XMM-Newton, while the pn data alone are analyzed by
Ng et al. (2010).

2. Observation and data reduction

MXB 1728-34 was observed by XMM-Newton on 2002 October
3 for a total on-source observing time of 28 ks. The observa-
tion details for the instruments on-board XMM-Newton includ-
ing the European Photon Imaging Camera (EPIC-pn, Struder
et al. 2001), the MOS1 and MOS2 cameras (Turner et al. 2001),
and the Reflection Grating Spectrometer (RGS1 and RGS2,
den Herder et al. 2001) are presented in Table 1. The Optical
Monitor (OM, Mason et al. 2001) was not active during this ob-
servation.

The 1.5—-12 keV lightcurve of the All Sky Monitor (ASM)
on-board RXTE extracted within ~450 days the XMM-Newton
observation indicates that the source was not in a high activity
state, because it shows an average count rate of about 3 counts/s.

The XMM-Newton data were processed using the Science
Analysis Software v. 9. The EPIC-pn camera was operated in
timing mode to prevent photon pile-up. We created a calibrated
photon event file using the pn processing tool . Before
extracting the spectra, we checked for contamination from back-
ground solar flares by producing a lightcurve in the energy range
10—-12 keV. There were no high background periods during this
observation. We used the task to correct rate-dependent
CTI effects in the event list. The source spectrum was extracted
from a rectangular area, covering all pixels in the Y direction,
and centered on the brightest RAWX column (RAWX = 38),

A99, page 2 of 7

ASM counts/sec

1 1 1 1 1 1 1 1 1
52300 52350 52400 52450 52500 52550 52600 52650 52700 52750
Time (MJD)

Fig. 1. RXTE/ASM lightcurve covering the 1.5-12 keV energy range.
The vertical line indicates the time of the XMM-Newton observation
performed on 2002 October 3rd.

with a width of 13 pixels around the source position (be-
cause 90% of the source counts up to 9 keV is encircled by
53 arcsec, and 1 pn pixel is equivalent to 4.1 arcsec). We se-
lected only events with PATTERN < 4 (single and double pixel
events) and FLAG = 0 as a standard procedure to eliminate spu-
rious events. We extracted the background away from the source
(in the RAWX = 6-18). We also checked that pile-up did not
affect the pn spectrum using the task . The total count
rate registered by EPIC-pn CCDs was around 110 count/s, and
was 64 count/s in the 2.4—11 keV range, slightly increasing (by
5%) during the observation.

The MOS data were also taken in timing mode and processed
with the routine to produce calibrated event list files. The
source spectra were extracted from a rectangular box centered on
RAWX =320 (MOS1), and on RAWX = 308 (MOS2), selecting
an area 30 pixels wide around the source position, and covering
722 pixels on the Y (PHA) direction. Only events corresponding
to PATTERN < 12 and FLAG = 0 were selected, correspond-
ing to standard filters. The background spectra were extracted
far from the source, centered on the column RAWX = 240. We
checked that the MOS spectra were not affected by pile-up. The
count rates were estimated to be around 30 counts/s for each
MOS unit (20 counts/s considering 2.4—11 keV energy range).

Spectral channels of EPIC-pn and MOS spectra were re-
binned to have three channels per energy resolution element and
at least 25 counts per energy channel.

The two RGS were operated in the standard spectroscopy
mode. The RGS data were processed using the pipeline
to produce calibrated event list files, spectra and response matri-
ces. The count rates measured by RGS1 and RGS2 were around
2.5 and 3.5 counts/s, respectively. The RGS data were rebinned
to provide a minimum of 25 counts per energy channel.

3. Spectral analysis

Data were fitted by using X (Arnaud 1996) v.12.5.1. All un-
certainties are given at the 90% confidence level (A)(2 = 2.706).
We simultaneously fitted the broad band energy spectra of the
source obtained from all five instruments. Considering the best
calibration ranges of the different detectors, the data analysis
from EPIC-pn, MOS1 and MOS2 cameras was restricted to
the energy range 2.4—11 keV. This excluded the region around
the detector Si K-edge (1.8 keV) and the mirror Au M-edge
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Table 2. Best-fitting parameters of the continuum emission for
the XMM-Newton pn, MOS1, MOS2, RGS1 and RGS2 spectra of
MXB 1728-34.

Parameter Value
Ny (x10% cm™) 24+0.1
kTseed (keV) 059 + 002
kT, (keV) 2.74 + 0.04
T 16.5+0.2
Norm 9.54 +£0.02
Flux 2.0-10.0 keV (pn) 8.06

Flux 2.0-10.0 keV (MOS)
Flux 1.0-2.0 keV (RGS)
Total y? (d.o.f.)

8.17 (MOS1) — 8.07 (MOS2)
0.186 (RGS1) - 0.185 (RGS2)
1732 (903)

Notes. The model used to fit the continuum is cons*phabs*compTT.

The absorbed flux is in units of 1071® ergem™2 57"

(2.3 keV) that could affect our analysis. This problem was al-
ready noticed for the EPIC-pn observations performed in tim-
ing mode, e.g., Boirin et al. (2005), Iaria et al. (2009), D’ Ai
et al. (2009), Papitto et al. (2009), D’Al et al. (2010), Papitto
et al. (2010). We only used the RGS1 and RGS2 data between
1-2 keV to constrain the softest band.

The different cross calibrations of the five instruments were
taken into account by including normalizing factors in the
model. These factors were fixed to 1 for pn and kept free for
the other instruments.

We first fitted the continuum with a thermal Comptonized
model using (Titarchuk 1994), modified at low en-
ergy by the interstellar photoelectric absorption modeled by

using photoelectric cross-sections of Balucinska-Church
& McCammon (1992) with a new He cross-section based on
Yan et al. (1998) and standard abundances of Anders & Grevesse
(1989). The y?*/degrees of freedom (d.o.f.) of the fit was large,
1732/903. We then tried to add a blackbody component (
model) to improve the fit. The addition of this component turned
out to be statistically insignificant, thus we decided not to in-
clude the blackbody in our model. The values of the parameters
of the continuum emission are reported in Table 2.

With respect to this continuum model, an excess was present
in the residuals between 5.5 and 8 keV, probably indicating
the presence of iron discrete features. The fit was improved by
adding a broad iron emission line, modeled by a simple Gaussian
line (Model 1 in Table 3), centered at 6.6 keV with the o param-
eter frozen at 0.6 keV. Indeed, the width of the line was poorly
constrained, but when we fitted the MOS data independently
from the pn data, a significantly broadened line was detected,
with a lower limit on o of 0.55 keV. With the addition of the
Gaussian, the fit gave a y?/d.o.f. = 1489/901 (resulting in a sig-
nificant improvement of the fit, with a Ay? = 243 for the addition
of two parameters). We also tried to fit the line with a combina-
tion of two emission lines instead of a broad line, but the /\/2 was
worse ()(2/d.o.f. = 1531/901). So this broad line does not result
from a blending of iron line at different ionization state.

We then tried to substitute the Gaussian at 6.6 keV with
a diskline profile and obtained a slightly better result with a
)(z/d.o.f. = 1463/899 . The data and the residuals obtained using
this model are shown in Fig. 2. Owing to the large uncertainties
on the outer radius of the disk and on the inclination of the sys-
tem if they were let free, we froze the first one at 1000 R, and
the inclination at 60° (the source does not show any dip in its
lightcurve, implying i < 60°). The improvement of the fit cor-

responds to Ay?> = 26 for the addition of two parameters (the
F-test gives a probability of chance improvement of about 107%).

The F-test gives a reliable result in this case. In fact, accord-
ing to Protassov et al. (2002), the conditions that have to be sat-
isfied to use the F-test properly are: i) the two models that are
being compared must be nested; ii) the null values of the addi-
tional parameters should not be on the boundary of the set of pos-
sible parameter values. A comparison between a Gaussian and
a diskline satisfies these conditions, because a Gaussian profile
can be obtained by a diskline (which is indeed given by a narrow,
o = 0, Gaussian multiplied by the kernel ) and a good
approximation of a Gaussian profile is obtained by a diskline
for values of the parameters not at their boundary. However, to
assess the significance of the relativistic line smearing on a sta-
tistical basis, we used another statistical method based on the
posterior predictive p values described by Hurkett et al. (2008).
For simplicity, we restricted our data to two instruments (pn and
MOS?2). These data were fitted with Model 1 and Model 2, re-
spectively. We obtained an improvement of the fit correspond-
ing to a Ay? of 18 for the addition of two parameters when we
substituted Model 1 with Model 2. Then, we simulated 200 pn
and MOS?2 spectra according to Model 1, which were fitted in
a second step using Model 2. The Ay? was registered for each
simulation. Among the 200 simulations, we twice found a Ay?
higher than 18. So the probability of chance improvement we
gain from these simulations is 1%, which agrees with the 0.75%
calculated by the F-test performed on the real data restricted to
two instruments. Therefore, we can conclude that the diskline
model is to be preferred because it gives a probability of chance
improvement of the fit of about 10~* using all instruments.

This model (Model 2 in Table 3) gives an estimate of the
inner radius of the disk Ry, ~ 18 R, (R, = GM/c? is the
gravitational radius). Fixing the inclination to lower values (i.e.
i < 60°), worse X2 were obtained with the other diskline pa-
rameters drifting toward lower Rj,, higher rest-frame energies,
and higher emissivity indices in absolute value. We searched for
an absorption edge in the energy range 7—10 keV, but none was
significantly detected.

To fit the iron line, we also used a new model for a relativis-
tically distorted diskline, called I (Dauser et al. 2010),
which calculates line profiles taking into account all relativistic
distortions in a disk around the compact object. We also fixed the
outer radius of the disk and the inclination of the system to the
same values used in the diskline model. The y?/d.o.f. obtained
in these conditions is 1464/899. The best-fit line parameters ob-
tained in this way are perfectly consistent with those obtained
using the diskline model. In particular this model (Model 3 in
Table 3) estimates the inner radius of the disk to be Ri; ~ 19 R,.

We tried an alternative model for the iron features (see D’ Al
et al. 2006) using two absorption edges (instead of an emission
line), which are found at 7.50 keV (7 ~ 0.06) and 8.49 keV (7 ~
0.06), associated to mildly and highly ionized iron, respectively.
The /\/Z/d.o.f. for this fit is 1519/899 (which has to be compared
to 1489/901 that we obtained fitting the iron line with a Gaussian
(Model 1) or to 1463/899 that we obtained fitting the iron line
with a diskline (Model 2)). Therefore this model (called Model 4
in Table 3) gives a worse fit of the iron features than the previous
ones.

In order to test the consistency of the broad iron line with
a reflection component, we fitted the data using . a
self-consistent reflection model including both the reflection

! http://www.sternwarte.uni-erlangen.de/research/
relline/

A99, page 3 of 7



A&A 530, A99 (2011)

Table 3. Results of the fitting of MXB 1728-34 XMM-Newton data with different models.

Model 1: Model 2: Model 3: Model 4: Model 5:

Component Parameter Gaussian Diskline Relline Two edges Reflection
edge E edge (keV) - - - 7.5+0.1 -
edge T (x1072) - - - 6+1 -
edge E edge (keV) - - - 8.49*009 -
edge T (x1072) - - - 61 -
phabs Ny (x10% cm™) 22+0.1 22+0.1 22+0.1 24+0.1 2.7+0.1
compTT kT eeq (keV) 0.69 + 0.02 O.69j8:8é 0.68 + 0.02 0.62 +0.02
compTT kT, (keV) 32+0.1 33+0.1 33+0.1 3.1+0.1 -
compTT T 14.1’:83‘5‘ 13.9%03 14.0%05 152+0.3 -
compTT Norm (x1072) 7.6+03 74+03 7.5%03 83+0.3 -
nthComp r - - - - 1.84+004
nthComp kT, (keV) - - - - 49733
nthComp kT, (keV) - - - - 0.71%0%
nthComp Norm (x1072) - - - - 49+0.2
Gauss E (keV) 6.57 +£0.05 - - - -
Gauss o (keV) 0.6 (frozen) - - - -
Gauss Norm (x10™%) 8.8+ 1 - - - -
diskline E (keV) - 6.45*00 - - -
diskline Betor - (-2.8)02 - - -
diskline Rin (GM/c?) - 18+3 - - -
diskline Rou (GM/c?) - 1000 (frozen) - - -
diskline i(°) - 60 (frozen) - - -
diskline Norm (x10™%) - 9.6+ 1 - - -
relline E (keV) - - 6.43 +£0.07 - -
relline Index 1 - - 2.8’:8;% - -
relline i(°) - - 60 (frozen) - -
relline Rin (GM/c?) - - 19%3 - -
relline Rou (GM/c?) - - 1000 (frozen) - -
rdblur Betor - - - - -2.8 (frozen)
rdblur Rin (GM/c?) - - - - 20:’29
rdblur Rou (GM/c?) - - - - 1000 (frozen)
rdblur i(®) - - - - >44
reflion Fe/Solar - - - - 1 (frozen)
reflion r - - - - 1.84+004
reflion & - - - - 660 (frozen)
reflion Norm (x107%) - - - - 2.2

Total y? (d.o.f.) 1489 (901) 1463 (899) 1464 (899) 1519 (899) 1463 (900)

Notes. The five models reported in this table mainly differ in the modeling of the iron feature. In the first four models the X-ray continuum is fitted
with const*phabs*CompTT, to which a Gaussian line (Model 1), or a diskline (Model 2), or a relativistic line (Model 3) or two edges (Model 4) are
used to fit residuals in the iron K-shell range. Model 5 includes a different Comptonization continuum model and a self-consistent, relativistically
smeared reflection component: const*phabs*(nthComp + rdblur * reflionx).

continuum and the corresponding discrete features (Ross &
Fabian 2005), in addition to a thermally Comptonized contin-
uum modeled with , by Zdziarski et al. (1996), and ex-
tended by Zycki et al. (1999), instead of . The y?*/d.o.f.
was 1555/901, without the inclusion of relativistic smearing.
Because the iron line was found to be significantly broad in the
previous models (Model 1, 2, and 3), we added the relativis-
tic smearing using the component. The addition of this
component to the model constitutes Model 5 in Table 3 and led
to a y?/d.o.f. = 1466/899. The decrease of the y? for the ad-
dition of the relativistic smearing was Ay?> = 89 for the addi-
tion of two parameters (corresponding to an F-test probability of
chance improvement of ~107'2). Assuming that iron has a solar
abundance and freezing the emissivity betor index to —2.8 (value
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obtained with the diskline model) and the ionization parameter
& = Lx/(nr?) to 660 (this parameter tends to take high values but
is unstable during the fit, which is why we preferred to freeze
it), where Lx is the ionizing X-ray luminosity, n is the electron
density in the reflector, and r the distance of the reflector to the
emitting central source, the inner radius was estimated again to
be 20 R, and a lower limit to the inclination angle was found to
be 44°. In Fig. 3 we plot the residuals obtained with this self-
consistent reflection model in comparison with the continuum
and the model using the EPIC-pn data.

The residuals found with respect to the different models de-
scribed above do not show any evident systematic trend; the
large x? could be due to mismatches in the cross-calibration
between the different instruments (for more details, see the
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Fig. 3. Top panel: EPIC-pn data points of MXB 1728-34 in the range
2.4-11 keV. Bottom panels: residuals (data-model) in unit of sigmas
for the continuum model reported in Table 2, for Model 3 including
a relativistic line ( ), and for Model 5 using a relativistic reflec-
tion component ( ), respectively. Data were rebinned for graphi-
cal purposes.

cross-calibration document available on the XMM-Newton web-
page?) or to unresolved and unfitted features.

2 http://xmm2.esac.esa.int/docs/documents/
CAL-TN-0052.ps.gz

4. Discussion

We performed a spectral analysis of MXB 1728-34 observed
by XMM-Newton on 2002 October 3 in the 1-11 keV energy
range. The best-fit continuum model consists of an absorbed
Comptonized component; the addition of a soft blackbody com-
ponent does not improve the fit significantly. With respect to
this continuum model, evident residuals are present at 6—8 keV,
which can be fitted either by a relativistic line (such as diskline
or ) or by a self-consistent relativistic reflection model.

4.1. The continuum emission

The X-ray spectra of black-hole and neutron star in X-ray bina-
ries are generally described by models that include a soft/thermal
and a hard/Comptonized component; the electron temperature of
the Comptonized component significantly decreases when the
source transits from the hard to the soft state while its optical
depth increases. For hard spectra, Comptonization is unsaturated
and the spectrum may be approximated by a cutoff power-law.
In soft states, Comptonization is saturated and the spectral shape
can be approximated with a blackbody emission at the elec-
tron temperature. During the observation with XMM-Newton,
MXB 1728-34 was in a low-luminosity state, and presumably an
unsaturated Comptonization is the expected spectral shape. We
chose a continuum that consists of an absorbed Comptonization
model ( or C )because these models gave the best
fit to the broad-band (0.1-200 keV) BeppoSAX spectrum of
MXB 1728-34 (Piraino et al. 2000; Di Salvo et al. 2000).

A different continuum was used by Ng et al. (2010) to fit
the sample of neutron star LMXBs. Most of the observations,
including MXB 1728-34, were well fitted by a blackbody plus a
disk blackbody component, absorbed by neutral interstellar mat-
ter. The temperature of the blackbody and of the disk blackbody
component had values between 1.5 and 2.8 keV and between 0.6
and 1.3 keV, respectively, except for MXB 1728-34, for which
temperatures were found between 3.8’:?:‘1‘ keVand 1.9 +£0.3 keV,
respectively. An alternative model consisting of a blackbody and
a power-law was also used to fit the continuum. However, in
this case Ng et al. warn the reader that different continuum pa-
rameters were found when fitting the residuals at the Fe band
with different models, meaning that this line fit may not be re-
alistic. Moreover, it is noted that MXB 1728-34 was in a low-
luminosity state during the XMM-Newton observation and that
for such dim sources Compton scattering is expected to play
an important role but was not included in their models. In our
case, fitting the X-ray continuum with a Comptonization com-
ponent, the parameters of the continuum do not change signif-
icantly when we add a Gaussian or a relativistic line (such as
diskline or ) to the continuum. Our choice of the con-
tinuum modeling allows us to better constrain the profile of the
broad iron line. In this context, the choice of a particular fitting
to the line does not result in sensible changes of the parameters
determining the continuum emission. Moreover, when we tried
a self-consistent reflection model, we again found similar values
of the spectral parameters, which again indicates that the fit is
stable and does not depend on the particular choice of the model
used to fit the continuum or the iron line.

The equivalent hydrogen column inferred from the Galactic
photoelectric absorption component, Ny ~ 2.8 X 10> cm™2,
agrees with typical values for this source (Ng ~ 2.6-2.7 X
10?2 cm™2, Di Salvo et al. 2000; Piraino et al. 2000; D’ Ai et al.
2006). The Comptonized component can be produced by in-
verse Compton scattering from relatively hot electrons (k7. ~
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3.3 keV using the model or kT, ~ 4.8 keV using the
model) off soft photons (kTseeq ~ 0.7 keV using the
model or the model). The seed photons for
Comptonization are compatible with coming from the neutron
star surface. Indeed, we can estimate the size of the emitting re-
gion of the soft photons using the formula given by in’t Zand
et al. (1999). For this, one assumes that the bolometric luminos-
ity of the soft photons is equal to the corresponding blackbody
luminosity at the Wien temperature. The relative gain y = 5.01
(for a spherical geometry) takes into account the energy gained
by the photons scattered off relativistic electrons through the
inverse Comptonization process. This leads to a value Rgeq =
4.9ds; km, where ds; is the distance in units of 5.1 kpc, con-
sidering the unabsorbed flux that we extrapolated in the energy
range 0.1-150 keV, Fio; ~ 1.5(2) x 107 ergs cm ™2 s~
Usually a soft blackbody component is required to fit the
broad band X-ray spectra of LMXBs, most frequently inter-
preted as emitted by an accretion disk. This component is not
significantly detected in the XMM-Newton spectrum. This may
be ascribed to the relatively low X-ray luminosity of the source
during the XMM-Newton observation, specially in the soft band.
The bolometric X-ray flux in the range 0.1-150 keV also im-
plies a bolometric X-ray luminosity of Lx ~ 5x10%°d2  ergs™,
corresponding to 2% of the Eddington luminosity, that'is Lggqg =
2.5 x 10% erg s7! for a 1.4 M, neutron star (e.g., van Paradijs
& McClintock 1994). Indeed, during the high/soft state the disk
is expected to be very close to the compact object, while in the
low/hard state the disk should be truncated far from the com-
pact object, and therefore its contribution is expected to be less
important. We therefore conclude that the blackbody component
is just too weak to be detected. This agrees with the results ob-
tained from the fit of the iron feature with a reflection model.
This indicates that the inner accretion disk is probably truncated
far from the neutron star (R;, > 25 km), and with a relatively
high value for the system inclination with respect to the line of
sight estimated at 44° < i < 60°, which would further reduce the
disk luminosity with respect to the Comptonized component in
the hypothesis that the last one has a spherical geometry around
the compact object.

4.2. The iron line emission

Recently Ng et al. (2010) and Cackett et al. (2010) presented a
spectral analysis of a sample of neutron star LMXBs observed
by XMM-Newton and Suzaku, respectively, with particular inter-
est in the iron discrete features in these sources. While Cackett
et al. (2010) conclude that Fe K line profiles are well fitted by a
relativistic line model for a Schwarzschild metric in most cases
and imply a narrow range of inner disk radii (6—15 GM/c?), Ng
et al. (2010) conclude there is no evidence for asymmetric (rela-
tivistic) line profiles in the XMM-Newton data, although the line
profiles (fitted with a simple Gaussian or a laor model) again
appear to be quite broad, with Gaussian sigmas ranging between
0.17 up to 1.15 ke V. Another aspect relevant in this context is the
impact of photon pile-up on relativistic disk lines and continuum
spectra. However, as shown in Miller et al. (2010), while severe
photon pile-up may distort relativistic disk lines and continuum
shape, a modest pile-up fraction does not sensibly affect the line
shape. This is certainly the case of MXB 1728-34.

We tried different models to fit the iron line profile. Although
a Gaussian line provides an acceptable fit of the line profile, we
tried to physically interpret its large width using models for a
relativistically smeared line in an accretion disk.
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Using the diskline profile (Model 2), we find the line cen-
troid energy at 6.45 keV, compatible with a fluorescent Ke tran-
sition from mildly ionized iron (Fe — ). The inner radius is
in the range 12-21 R,. The line profile appears therefore to be
significantly broad and compatible with a diskline profile. The
results obtained by using a relativistic line profile correspond-
ing to Model 3, which uses the more recent instead of
diskline, are perfectly consistent with the diskline model. The
inner radius is estimated to be in the range 15-22 R,.

The line profile can be equally well fitted using a self-
consistent relativistic reflection model (Model 5). The addition
of the component significantly improves the y?. This in-
dicates that the line is indeed broad, and that the width of the line
agrees with a relativistic smearing in the disk. The value of the
inner radius is again consistent with that found using a diskline
or a relline profile, even if the uncertainty is larger (R;, = 13—
43 R,). For a neutron star mass of 1.4 M, the inner disk radius
is in the range 25—100 km from the neutron star center, and so
the disk would be truncated quite far from the neutron star sur-
face. The inclination angle of the system with respect to the line
of sight is found to be >44°, which is still compatible with the
absence of dips in its lightcurve (which implies i < 60°).

We also attempted to fit the iron feature using an alterna-
tive model (Model 4), consisting of two absorption edges instead
of a broad emission line (see D’Ai et al. 2006). Their energies
correspond to moderately ionized iron, Fe from IX to XVI, and
highly ionized iron, Fe XXIII, respectively. The fit was not as
good as with the previous models, because the corresponding x>
was larger by 56 with the same number of degrees of freedom.
We can compare these results with those obtained by (D’ Al et al.
2006), using simultaneous Chandra and RXTE observations.
The edges were found at slightly different energies of 7.1 and
9.0 keV, corresponding to weakly (Fe — ) and highly ionized
iron (Fe  — ), respectively. Although the fitting with two
iron edges cannot be completely excluded yet, we think that the
most probable explanation is that a couple of edges may mimic
the shape of a broad iron line, given the relatively low statis-
tics. We therefore favor the interpretation of the iron feature as
a broad and relativistic emission line produced in the accretion
disk, because this gives a better fit of the XMM-Newton spectrum
and very reasonable values of the reflection parameters.
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The second source I studied is another well-known neutron star LMXB: 4U 1705-
44. The aim of this work was to investigate the changes in the spectral parameters
when the source was in two distinct states: the hard and the soft states, to under-
stand what could be at the origin of these changes. An hypothesis proposed for
black hole binaries suggests that the accretion disk would be truncated farther from
the compact object in the hard state. I examined the case of 4U 1705-44 to infer if
this hypothesis could also be valid for neutron star LM XBs.

For this purpose, I constituted a sample of data coming from different X-ray
satellites: XMM-Newton, BeppoSAX, and RXTE, in both states. I applied different
models to the data sets and I compared the obtained parameters.

5.1 4U 1705-44

4U 1705-44, also known as MXB 1705-44 or GX 354-0, is one of the most studied

neutron star LMXB. The choice of this source is motivated by different reasons:
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1) 4U 1705-44 is a weakly magnetized neutron star, so similarities with black hole
binaries are expected in the accretion disk close to the compact object, 2) the source
shows clear spectral transitions from the hard to the soft state, 3) a strong iron line
has been detected with XMM-Newton in both states with a well-determined profile,
4) other emission lines and a Compton hump have been detected in the soft and in
the hard state, respectively, which gives the possibility to test the common origin of
all these features, 5) different observations were performed with different satellites
in both states, covering a broad-energy range. Therefore, 4U 1705-44 represents an
ideal candidate to perform such study.

5.1.1 The best-studied X-ray burster

Discovered for the first time in 1972 with the Uhuru satellite [Giacconi 1972], 4U
1705-44 is defined as a bright and persistent system showing type-I X-ray bursts
[Langmeier 1987]. Some bursts enabled the estimation of the distance of this source
at 7.4 kpc in the direction of the Galactic center [Forman 1978, Galloway 2008|.

4U 1705-44 is a well-known accreting LMXB that belongs to the class of atoll
sources. However, [Barret 2002 noticed that the source sometimes presents a similar
color-color diagram with respect to the one associated with Z-sources.

Different spectral and timing studies were performed since the source exhibits
two distinct states with a variability on all timescales, from months down to millisec-
onds. [Olive 2003] look for correlations between the timing and spectral parameters
to get further insights on the accretion flow changes associated with the state tran-
sitions.

Spectral analysis were performed using different observatories, such as Chan-
dra [Di Salvo 2005], INTEGRAL |Fiocchi 2007], BeppoSAX [Lin 2010], Suzaku
[Reis 2009b], and XMM-Newton [Di Salvo 2009, D’Ai 2010]. A clear Fe line is
present in the spectra, in addition to a Compton hump in the hard state.

As for timing properties, they were inferred mainly by RXTE. 4U 1705-44 shows
kHz quasi-periodic oscillations (QPOs) [Ford 1998, Olive 2003]. The frequency sep-
aration of the two peaks QPOs and the QPOs observed in X-ray bursts suggest
a beat-frequency mechanism [Miller 1998|. The frequency separation of the QPOs
in 4U 1705-44 implies that the spin period of the neutron star in this system is
3.35 +0.12 ms [Ford 1998].

5.1.2 The data selection

As mentioned previously, 4U 1705-44 represents a perfect candidate to study the
changes in the spectral parameters from one state to the other one. Unfortunately,
there are no simultaneous observations of this source, however, a total of four ob-
servations were performed with BeppoSAX and XMM-Newton (two in each state)
at similar flux levels. Fig 5.1 presents the light curve obtained with the All Sky
Monitor (ASM) onboard RXTE. The two observations performed in the soft state
corresponds at ~ 18 counts/s, and those realized in the hard state at ~ 3 counts/s.
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This is a very interesting point since properties of the source are expected to be
similar for similar flux levels.

XMM-Newton

ASM counts/sec

1 1 1
53000 | 54000 55000 5
Time (MID)
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Figure 5.1: The upper panel shows the light curve of 4U 1705-44 obtained with
RXTE/ASM on about 16 years. The two first arrows (in the yellow area) mark
the observations performed by BeppoSAX in August and October 2000, the two
other ones (in the mauve area) indicate the XMM-Newton observations performed
in August 2006 and 2008. The lower panels represent two zooms of the light curve
of the yellow and mauve areas. The blue triangles and the black crosses correspond
to the RXTE observations selected in the soft and in the hard state, respectively.

Moreover, it is very useful to combine advantages of the different instruments
to obtain the best constraints on models. XMM-Newton offers a good spectral
resolution close to the iron line and BeppoSAX makes the study possible on a large
X-ray range, from 0.1 to 200 keV.

Besides studying the spectral changes in 4U 1705-44, it would be interesting to
follow the evolution of timing properties from one state to the other one. RXTE
data constitute the best opportunity to do so, since this satellite has been designed
primarily to study timing properties of binary sources. The difficulty was to cre-
ate a sample of RXTE data with a flux similar to the ones of XMM-Newton and
BeppoSAX data. A solution was to produce a color-color diagram (CD) from the
XMM-Newton data, and a second one from the RXTE data available, using the
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Figure 5.2: Illustration of the energy ranges covered by the different instruments
used onboard XMM-Newton, RXTE, and BeppoSAX.

same energy bands for the two instruments (2.47 — 3.68 keV and 3.68 — 5.31 keV
for the soft color and, 5.31 — 7.76 keV, 7.76 — 10.22 keV for the hard color). After
having normalized each CD with the Crab colors, they were superimposed on the
same figure. As a shift was present between both diagrams, an adjustment by hand
was needed, by following their shapes. The resulting CDs are presented in Fig 5.4,
and the corresponding RXTE data selected are shown in Fig 5.1.

To summarize, a sample of data has been created in the hard and in the soft
states, since no simultaneous observations were performed. The satellites providing
the data cover a wide energy range, as illustrated in Fig 5.2, and combine large
effective areas (see Fig 5.3) with a high resolution. The aim is then to use the same
models in both sets of data, in order to have a direct comparision of the spectral
parameters. In the following sections, I present the study performed in each of these
states, the reflection components detected, and a possible scenario that can explain
the observed changes.

5.2 The soft state

The XMM-Newton/EPIC-pn data associated with the soft state of 4U 1705-44 are
of very good quality. The spectrum presents different emission lines, among them
a strong and extremely well-defined Fe line, in addition to an iron absorption edge.
However, the source being very bright during the observation, the question of pile-up
must be brought up and discussed.
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Figure 5.3:

Effective area: XMM-Newton/EPIC-pn (black), BeppoSAX/LECS
(red), BeppoSAX/MECS (green), BeppoSAX/HPGSPC (blue), BeppoSAX/PDBN
(cyan), RXTE/PCA (purple), RXTE/HXTE (yellow).

After having explained what is pile-up and its effects on the data, I present the
different models I applied, from the simplest ones (Gaussian, diskline models) to
the most complex ones (reflection models). In essence, by comparing the Gaussian
and the diskline models, I demonstrate that the iron line is relativistic. Moreover,
I show that the application of reflection models is consistent with a common origin

of the emission lines in the accretion disk, by processus of reflection of the main
component.

5.2.1 Pile-up in the XMM data in the soft state?

Different studies were performed on the XMM-Newton data of 4U 1705-44 by
[Di Salvo 2009, D’A1 2010, Ng 2010]. However, the authors disagree on the pile-
up fraction detected in this source, and above all, on the way pile-up affects the
data. This has important consequences on the results they obtained, especially
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Figure 5.4: Color-color diagrams of 4U 1705-44 produced by RXTE/PCA (red)
and XMM-Newton/EPIC-pn (black). The RXTE observations have been selected
in such way that they match with those of XMM-Newton, in the hard and soft
states.

concerning the debate on the iron line: the conclusions are in total contradiction.

What is pile-up?

Pile-up is an important effect to take into account that occurs especially in the case
of bright sources. This is related to a false or a bad photon detection on the camera
CCDs, because of an overexposure effect. Different situations can induce pile-up:

e "energy pile-up": if more than one photon hits the same pixel — a single
photon is read with an energy equal to the sum of the individual energies of
the incoming photons

e "pattern pile-up": if more than one photon is detected in two or more adjacent
pixels — photons are detected as one individual event having the sum of their
energies

In both cases, electronics cannot distinguish whether the signal registered corre-
sponds to the original photon energy, or to the combination of different photons.
If this happens sufficiently often, the resulting spectrum is erroneous, since some
photons are not detected at the correct energy. Therefore, pile-up can affect both
the spectral response of EPIC and the point spread function (PSF); see [Read 2011]



5.2. The soft state 109

for a comprehensive description of the EPIC PSF. The main effects observed on a
spectrum are a loss of photons, because a single photon can be read instead of sev-
eral ones, and an energy distorsion (a hardening of the spectrum) due to the charges
that are deposited by more than one photon and are associated with an artificial
hard photon instead of two or more soft photons.

Timing or burst mode is generally chosen for bright point-like sources in order
to avoid pile-up. Timing mode uses a single CCD situated at the center of the
pn-camera. The X axis corresponds to the projected image of the source, providing
the spatial information, whereas the Y axis is a simple measure of time. This makes
the read-out possible at high speed. Burst mode also operates with one CCD, but
the source position is not read out (rows 181-200 are dark) to permit a very high
time resolution, and the duty cycle is reduced to 3 %.

It is possible to qualitatively assess whether an observation is affected by pile-up,
thanks to the SAS task "epatplot!". This consists in comparing the observed pattern
distribution of single, double, triple, and quadruple events versus the expected model
pattern distribution within a source extraction region. If the distributions are not
consistent, it indicates that data are affected by pile-up (see Fig 5.5).

How to do in case of pile-up?

A common way to overcome pile-up is to exclude photons coming from the brightest
part of the source. Indeed, many photons may arrive at almost the same time, thus
they represent a strong risk to induce pile-up in the data. To solve the problem, the
core of the PSF has to be excised.

This implies an iterative approach, where the inner region of the PSF is removed,
then the new spectrum is extracted, and the "epatplot" task has to be re-called to
check the new pattern distributions. The procedure has to be repeated until the
observed and the modeled distribution functions are consistent. Of course, excluding
inner parts of the source reduces the number of events for the spectral analysis.
Therefore, it is a real compromise between having enough statistics to not distort
the data analysis, and excluding a correct fraction of the PSF.

The case of 4U 1705-44

The XMM-Newton/EPIC-pn data were acquired in the timing mode. However, the
counts per second registered are at the very limit of the accepted threshold to avoid
pile-up (~ 740 c¢/s for a threshold at ~ 800 c/s).

[Di Salvo 2009, D’A1 2010, Ng 2010| considered differently pile-up effects in these
data. While [Di Salvo 2009] neglected these effects, keeping all central columns of
the CCD to extract the spectrum, [D’Ai1 2010] excluded the brightest CCD column,
and [Ng 2010] excluded 7 central columns, which corresponds to ~ 90% of the
source counts. The conclusions inferred from their spectral analysis are different.
[Di Salvo 2009] and [D’Al 2010| agree on the asymmetry and relativistic nature of

"http: //xmm.esac.esa.int /sas/current /documentation /threads/epatplot.shtml
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Figure 5.5: Epatplot outfile of a source suffering from pile-up. The upper panel
presents the spectra (distribution of counts as a function of the PI channels) asso-
ciated with single, double, triple, and quadruple event patterns. The lower panel
shows the expected pattern distributions (smooth solid lines) and the observed ones
(histogram), in addition to the calculated observed-to-model fractions for single and
double events within a certain energy range. In all plots, single, double, triple and
quadruple event patterns are represented in red, blue, green and turquoise, respec-

tively.
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the Fe line, whereas [Ng 2010] concluded the Fe line does not show any asymmetry,
therefore it is unlikely relativistic.

To definitely disentangle the debate on these data, I carefully studied the conse-
quences that pile-up induces on the EPIC-pn spectrum. For this purpose, I extracted
spectra using different selections of the central columns of the CCD, as illustrated
in Fig 5.6. In each case, I used the task epatplot to estimate the disortions between
the observed spectrum and the expected one, and I evaluated the pile-up fraction
close to the iron line energy range. I applied the same model on all spectra, and I
compared the spectral parameters and the associated error bars.

-2 pn

pn-all pn-| pn

-3 pn-4 pn-5

Figure 5.6: Representation of the EPIC-pn CCD in timing mode with different
extraction regions. In the first case, all central columns of the CCD are selected to
extract the spectrum. In the second one, the brightest column is removed. In the
third case, the 2 brightest columns are removed, etc, until the last case where the 7
central columns are removed before extracting the spectrum.

The continuum model I applied on the different spectra consists of a blackbody
and a Comptonization model (comptt), modified by the photoelectric absorption
(phabs). Given that four emission lines were clearly visible in the data (see Fig 5.7),
four Gaussians were added at 2.6 keV, 3.3 keV, 3.9 keV, and 6.6 keV, associated
with S XVI, Ar XVIII, Ca XIX, and Fe XXV, respectively, in addition to an iron
absorption edge at 8.6 keV. The model was then multiplied by the rdblur component
to take relativistic effects produced close to the compact object into account. It gives
information on the inclination of the system and on the inner radius of the accretion
disk.

The results of the analysis show a variation in some parameters of the continuum
in the different cases studied, especially regarding the interstellar absorption column
density, the temperature and normalization of the blackbody component. As for the
discrete features and the disk smearing parameters, all values are compatible with
each other within the errors. However, the error significantly increases with the
decreasing counts, in particular from pn-4 until pn-7.

In order to assess whether the exclusion of some central columns of the CCD has
real effects on the spectral shape or simply induces a lack of statistics, I carried out
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the same analysis than described above but considering also the RGS data together
with the EPIC-pn ones. The values of the parameters become much more stable,
with the error bars considerably reduced. Therefore, the variation of the parameters
and the corresponding error bars fitting the EPIC-pn spectra alone are principally
caused by a decrease of the statistics when excluding the central columns of the
CCD, thus by a lack of constraints on the parameters.

I compared the deviation of single and double events at the iron line energy,
resulting from the task epatplot; the deviation is minimal for the pn-2 spectrum
(see Fig 5.10). The continuum parameters obtained from the BeppoSAX spectrum
[Piraino 2007| are perfectly consistent with those associated with the pn-2 spectrum.
Therefore, this spectrum (without 2 central raws) appears as the best compromise
between avoiding any pile-up effects and keeping sufficient statistics to perform the
analysis. In the following sections, any reference to the XMM-Newton/EPIC-pn
spectrum means the spectrum pn-2.
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Figure 5.7: Comparison of the residuals of the XMM-Newton/EPIC-pn data con-
sidering all rows of the CCD (black; [Di Salvo 2009]), without the brightest CCD
column (red; [D’Ai1 2010])), and excluding 7 central columns (green; [Ng 2010])),
when the continuum model is applied to the data. The continuum consists of a
blackbody and a Comptonization model (comptt), modified by photoelectric ab-
sorption (phabs).

5.2.2 The detected lines

As shown in Fig 5.7, the EPIC-pn spectrum exhibits a variety of rich features: four
emission lines and an absorption edge are clearly present. The most prominent
emission line is the Fe line at ~ 6.6 — 6.7 keV. The simultaneous study of the
detected features offers the possibility to check the hypothesis of a common origin, as
reflection component, and to infer information on the accretion disk. Moreover, the
detection of the Fe line in the BeppoSAX and RXTE spectra enables the verification
of the conclusions drawn from the XMM-Newton spectrum, and above all, the test
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of validity of reflection models on a large energy range.

The emission Fe line

A strong Fe line is clearly visible in the EPIC-pn spectrum of 4U 1705-44 in the
soft state. This is the highest signal /noise ratio ever detected to date in a neutron
star LMXB. It represents a great opportunity to test different models and to obtain
important information on the system with high precision.

I first applied a simple Gaussian to fit this feature. The corresponding line
centroid and equivalent width are 6.70 £ 0.02 keV and 42 eV, respectively. Then, I
replaced the Gaussian with the diskline model. The line is better fitted with this
model, and peaks at 6.66 £+ 0.02 keV. The associated equivalent width is 57 V.

Since the iron line at ~ 6.7 keV very likely corresponds to the Ka transition
of Fe XXV, I fitted it with the single components of the triplet, which include the
forbidden line at 6.64 keV, the intercombination lines at 6.67 keV and 6.68 keV, and
the resonance line at 6.70 keV. I added a line at 6.95 keV to check whether a contri-
bution of the Fe XX VT is also detected. To do so, five Gaussians were used (instead
of a single component at 6.7 keV), whose centroid energies were fixed at the ex-
pected rest-frame energies. The lines at 6.67 keV and 6.68 keV are indistinguishable
with XMM-Newton; the differences in the centroid energies are comparable with the
fitting errors on the line energy. I therefore considered only one Gaussian at 6.67
keV to represent the intercombination lines. This line clearly dominates the triplet,
although the lines at 6.64, 6.70, and 6.95 keV contribute slightly to the emission.

The BeppoSAX data were studied separately, using the same continuum than
the one used for the XMM-Newton data. An iron line is distinctly visible in the
residuals and is well fitted by a simple Gaussian. The fit is improved by replacing
the Gaussian with a diskline profile at ~ 6.8 KeV (an F-test gives a probability of
chance improvement of about 107%). Thus the iron line profile appears similar in
both instruments, although the observations are not simultaneous.

The emission lines at low energy

When the continuum is applied to the Epic-pn data, three emission lines are present
in the residuals at 2.6 keV, 3.31 keV, and 3.39 keV, in addition to the Fe line.
Associated with S XVI, Ar XVIII, and Ca XIX, respectively, these lines have been
detected in other sources such as GX 34040 [D’Ai 2009], GX 349+2 [laria 2009],
and GX 3+1 [Piraino 2012].

The simultaneous detection of these lines is of great interest to test and support
the reflection scenario, stipulating they would be all produced by reflection in the
inner part of the accretion disk, as the Fe line.

I first applied a Gaussian on each of these lines. Using the values of the line
width o and the line centroid energy F, it is possible to infer the velocities associated
with the different lines by the relation:

= (5.1)
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with ¢ the light celerity.

For instance, as regards the iron line, Fr, = 6.70 4+ 0.02 keV and ope ~ 0.25
keV. The associated velocity is about vp ~ 11100 km/s. In the case of Ar, the
line is detected at Ea, = 3.39 4+ 0.02 keV and the corresponding oa, is ~ 0.13 keV.
Thus the velocity of the Ar line is ~ 11400 km/s. In conclusion, the lines having a
very similar velocity, they are consistent with coming from the same region of the
accretion disk. This is in agreement with the reflection model since the lines are
expected to be produced by reflection of the hard X-ray spectrum on relatively cold
matter in the accretion disk.

Note that it is also possible to determine the velocity from the full width height
maximum (FWHM), that is different from the velocity inferred by using the standard
deviation o.

FWHM _ VFWHM
E c

However the FWHM considers the width caused by positive and by negative veloc-

(5.2)

ities. Therefore, to estimate the Keplerian velocity, it is better to use the o, which
is more similar but not equal to the half width height maximum (HWHM), rather
than the FWHM.

Then, I added a smearing component (rdblur) to the previous model to take the
relativistic distortions induced by the presence of the compact object into account.
The same smearing model is applied to all of the Gaussian profiles, to test the
common origin of the emission lines. The data are very well fitted and give very
interesting information on the system, such as the inclination of the system with
respect to the line of sight 7 = 39°£2, and the inner radius of the disk R;, = 14£3 R,.

The iron absorption edge

An iron absorption edge is clearly identified at ~ 8.6 keV in the EPIC-pn data (see
Fig 5.7). By adding an edge component to the model, the residuals appear much
better. However, there are still a few features left at ~ 9 keV, as presented in
Fig 5.11. The addition of another edge at 9.1 keV improves significantly the fit.

As a consequence, using 2 edges and 4 disklines in addition to the continuum,
the data are very well fitted. The resulting X?ed is 1.0026 for 407 dof. Both edges
are most likely associated with Fe XXV (8.83 keV in the rest frame energy) and Fe
XXVI (9.28 keV).

Fig 5.11 illustrates the comparison of the residuals obtained when no edge is in-
cluded in the model, when one edge is added, and then when two edges are included.

5.2.3 Reflection models

Different emission lines and absorption edges have been detected in the XMM-
Newton/EPIC-pn spectrum of 4U 1705-44 in the soft state. Since the ability of a
model to describe the data is the main observational support, it is very important
to use models that are as self-consistent as possible.
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In order to test the validity of the reflection scenario on these data, I used
different reflection models, that include most of the reflection components. To cover
a wider energy range and to have better constraints on the parameters, I added the
BeppoSAX and RXTE data together with the XMM-Newton ones. In this way, all
the data are fitted simultaneously with a same reflection model. Of course, some
parameters needs to be let free to obtain a good fit, but in general they are all
consistent with each others.

Reflionx

Reflionx contains both the reflection continuum and the corresponding discrete fea-
tures |[Ross 2005|. In addition to fully-ionized species, the following ions are incor-
porated to the model: C III-VI, N III-VII, O III-VIII, Ne ITI-X, Mg III- XII, Si
IV-XIV, S IV-XVI, and Fe VI-XXVI. However it does not include Ar XVIII and Ca
XIX, that is why I added two Gaussians to the model to take these two elements
into account.

I multiplied reflionx by a high-energy cutoff where the folding energy is fixed
to be 2.7 times the temperature of the electrons, according to the expectation for
saturated Comptonization in the soft state. Nthcomp [Zdziarski 1996, Zycki 1999]
was used to model the Comptonization continuum instead of comptt in order to
have the photon index I' as fitting parameter of the continuum. Its value is fixed to
be equal to the photon index of the illuminating component in the reflection model.
I convolved the reflection model and the two Gaussians with the same blurring
component to take the smearing of the reflection component into account. The
most interesting results inferred from the reflionx models are:

e the ionization parameter & ~ 3500 is fully consistent with the presence of an
iron line at 6.7 keV produced by Fe XXV

e for the first time, there are evidences of an iron overabundance by a factor
2.5 with respect to its solar abundance

e the reflection component does not seem to fit correctly the iron edge, since
some features are still present in the residuals at about 8.6 keV.

I added an edge to the model, also convolved with the same rdblur component,
under the assumption that the edge is also produced in the same region of the
accretion disk as the reflection component. The edge is found at 8.7 keV and the
associated depth is 0.06.

In order to evaluate the significativity of the edge, two methods are applicable.
The first one consists in using the F-test to compare the x? when the edge is included
in the model, to the one when the absorption depth is frozen at 0. The edge at 8.6
keV is highly significant since the F-test gives a probability of chance improvement
of 10717.

The second method consists in checking how many o the depth is from 0. Given
that the error bars with Xspec are given at the 90% confidence level, the 1-o error
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corresponds to the error estimated by Xspec divided by 1.64. By dividing the best
value of the edge depth by the 1-o error, it indicates how many o the depth is far
from zero. The significance so calculated is 11.6 o, supporting the evidence of the
edge.

Pexriv

To check the consistency of the edge with the reflection continuum, I used the pexriv
reflection model [Magdziarz 1995]. This model consists of an exponentially cutoff
power-law spectrum reflected by ionized material, and in principle it should include
the iron edge and the Compton bump of the reflection component. However this
model does not contain any emission line, so four Gaussians corresponding to S, Ar,
Ca and Fe were added and convolved with the rdblur component, together with the
pexriv component.

The values of the parameters are in agreement with reflionx, in particular the
inclination of the system (i = 38 —41°) and the inner radius of the accretion disk
(Rin = 12—17 R,). Moreover, the features at about 8.6 keV are not visible anymore
in the residuals. Therefore, the edge is well fitted by pexriv and is most likely a
reflection feature.

Xillver

I also applied another reflection model, called xillver [Garcia 2010]. This model con-
tains among other Compton broadening and emission lines from the same ions than
those included in reflionx, in addition to the Ar and Ca emission lines. Moreover,
xillver lets vary the abundances of Ar and Ca with respect to solar abundances.

The addition of the edge at 8.6 keV is needed to improve the fit. The obtained
fit is not as good as the one obtained with reflionx, but the values of the parameters
are still consistent with each others. An overabundance of Ar and Ca seems to be
detected with a factor of 1.5 — 2 with respect to their solar abundances. One may
note that a similar overabundance is also observed for Fe with reflionx. However the
statistical significance of the overabundance of Ar and Ca is not very well established.
In any case, xillver demonstrates that the Ar and Ca lines are well fitted and are
most likely produced by reflection.

5.3 The hard state

The study of the hard state is less complex than that of the soft state. The source
being less bright, the statistics is less important. As a consequence, there is no
problem of pile-up in the XMM-Newton data.

I first studied the spectra from XMM-Newton, BeppoSAX, and RXTE, sepa-
rately. I applied the same continuum model than in the soft state (a black body
plus a Comptonized component, modified by the photoabsorption). The values of
the parameters are similar for the different sets of data, and clearly confirm that
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4U 1705-44 was in the hard state during these obervations (the photon index of the
power-law I" = 1.84 + 0.01).

Then I combined all the data together to cover a broad-band energy, to better
constrain the reflection models, and to have a direct comparison with the parameters
obtained in the soft state. An iron line and a Compton hump at ~ 30 keV are easy
to see in the residuals of the spectra.

5.3.1 The iron line

I added a simple Gaussian to fit the excess at ~ 6.4 keV, most likely associated with
the iron line. I substituted the Gaussian with the diskline component, to see if any
asymmetry can be inferred on the iron line profile. Because of the high uncertainties
on the inclination of the system and on the outer radius of the disk, I fixed their
values to those obtained in the soft state: i = 37° and R;, = 3500 Ry, respectively.
The resulting x2 is very similar in both cases; the Fe line is equally well fitted by a
Gaussian or a diskline component.

5.3.2 The reflection models

By including a Gaussian or a diskline profile in addition to the continuum, some
features are still present at ~ 20 — 40 keV in the residuals corresponding to the
BeppoSAX and RXTE data. In order to fit this hard excess, probably ascribed to
the Compton bump, I simultaneously applied the self-consistent reflection model
reflionx to the whole dataset. Some parameters are left free to vary between the
instruments of the different observatories such as the column density and the black-
body temperature.

I convolved the reflection model with the rdblur component, which includes
Doppler broadening caused by the motion of matter in the inner disk. This makes
the x? decrease from 1126/981 to 1097/980. The corresponding F-test gives a prob-
ability of improvement by chance ~ 10~7. This result confirms that the iron line and
the whole reflection component are significantly broadened also in the hard state,
and are consistent with being produced in the accretion disk.

The reflection model provides interesting constraints on the inner disk radius,
which appears to be truncated farther from the neutron star surface Ry, = 19 —
59 R,. The electron temperature is rather high KT, ~ 22 £2 keV and the ionization
parameter attains a quite low value £ ~ 210 erg cm s~ 1.

Because in the soft state an iron overabundance is detected by at least a factor 2
with reflionx, I fixed this parameter to 2 in order to evaluate the change in the whole
spectrum and its effect on the other parameters. The obtained y? is slightly higher
(1109 for 981 dof), nevertheless the values of the parameters remain very similar.
The inner disk radius is found to be at a slightly larger distance from the compact
object Ry, = 24—79 R, again in agreement with an accretion disk truncated farther
from the neutron star than in the soft state.

To measure the significance of the Compton bump, I substituted the reflionx
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model with a simple Gaussian line smeared by relativistic and/or Doppler effects,
using the rdblur component. The x? is 1299/981 ~ 1.32. The F-test gives a proba-
bility of chance improvement of the reflionx model with respect to the Gaussian one
equals to ~ 10738, This means that the Compton bump is significantly detected in
these data.

Also, I tested the xillver model on the whole dataset. The parameters are all
perfectly consistent with those found with reflionx.

5.4 Results

To summarize, I performed a broad-band and high-energy resolution spectral anal-
ysis of 4U 1705-44 using data from XMM-Newton, BeppoSAX, and RXTE, both
in the hard and in the soft state. The different models applied on the data give
interesting information on the source in both states.

In the following sections, I compare the results obtained with the different mod-
els. In particular, I discuss the observed changes regarding the iron line and the
spectral parameters of the reflection models.

5.4.1 The iron line

The iron line is an invaluable spectral feature which brings precious information on
the system. However its origin and nature are still matter of debate in neutron star
LMXBs [Ng 2010, Cackett 2010, Cackett 2012].

After having minutiously studied pile-up effects could induce on the XMM-
Newton/EPIC-pn data in the soft state, I demonstrated that the exclusion of the
two central columns is enough to get rid of any effects. This study shows that
the iron line profile is robust even with the presence of a small fraction of pile-
up, which is in agreement with [Cackett 2010] and [Miller 2010]|, while the con-
tinuum may vary more significantly. Moreover, the best fit parameters of the
iron line profile are consistent with the previous studies on 4U 1705-44 (see e.g.
[Piraino 2007, Di Salvo 2009, D’Ai 2010|, and they turn out to be independent from
any particular model neither from the different instruments used.

In the soft state, the Fe line at 6.7 keV is associated with highly ionized Fe XXV.
The line is well fitted with a diskline component or reflection models, however, a
further smearing is required to properly fit the line complex. This is consistent with
a production of the Fe line in the inner part of the accretion disk where the line
profile is distorted by Doppler and mildly relativistic effects relatively close to the
compact object.

In the hard state, the Fe emission line at ~ 6.4 keV is related to a low ionized
Fe fluorescence line. The line does not present a clear asymmetry anymore. It may
be due to the relativistic effects becoming less important farther from the compact
object since the disk is found slightly at a higher distance from the neutron star
surface, and/or simply to the lower statistics in the hard state.
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Figure 5.8: Comparison of the Fe line in the soft and in the hard state, represent-
ing the ratio of the data to the continuum model for XMM/EPIC-pn (black) and
BeppoSAX/MECS (red) in the energy range 5 — 8 keV. The broad iron line clearly
visible in both spectra, although the statistics is much better in the case of the soft
state. The continuum consists of a blackbody and a Comptonization component,
modified by the photoelectric absorption.

5.4.2 Main changes in the spectral parameters

Using the data from XMM-Newton, BeppoSAX, and RXTE, I tested different self-
consistent reflection models on a broad-band range, from 0.3 to 200 keV. These
models allow us to check the hypothesis of a common origin for the detected reflec-
tion features, and to directly compare the changes in the spectral parameters from
one state to the other one.

In the following section, I report the main differences in the spectral parameters
for both the continuum and the reflection models. They mainly concern the photon
index of the power law, the electron temperature and the seed photon temperature
of the Comptonized component, the inner radius of the disk, and the ionization state
of the matter in the disk.

The electron temperature increases from the soft to the hard state, going from
kTe ~ 2 — 3 keV to kT, ~ 20 — 24 keV, whereas the power-law photon index and
the temperature of the seed photons decrease, from I' = 2.2 — 2.8 to I' = 1.8 and
from kTyeeq = 1.1 — 1.4 keV to kTeeq = 0.7 — 0.8 keV, respectively. The radius of
the emitting region of the seed photons Comptonized in the hot corona is estimated
at Rgeeqd ~ 9 km in the soft state and Rgeeq ~ 12 km in the hard state, assuming a
distance of 7.4 kpc (the detail of the calculations is given in the paper). Therefore,
the seed photons are probably coming from the neutron star surface in both states.

The inner radius of the accretion disk is estimated to be at Ry, = 10 — 16 R, in
the soft state, R, = 19 — 59 R, when the inclination is fixed at ¢« = 37° in the hard
state and R;, = 26 — 65 Ry when ¢ = 39°. Hence the accretion disk seems to be
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truncated farther from the compact object in the hard state. This is in agreement
with [Barret 2002, Olive 2003| who interpreted the transitions from one state to the
other one in this source with different truncation radii of the accretion disk.

I calculated the mass accretion rate in both states using the typical value of the
accretion efficiency n = 0.2, which corresponds to a neutron star of mass Myg =
1.4Ms and Rng = 10 km, and the bolometric luminosities inferred by the spectral
modeling used, with the relation:

Lacc = nachCQ- (53)

In the soft state, Mgy = 1.6 x 10~8 Mg yr~!, while in the hard state the accretion
rate decreases, Mug = 2 x 1079 Mg yr—!'. This is consistent with the changes
observed in the inner radius of the accretion disk from one state to the other one.

Another parameter very interesting to look at is the ionization state of the matter
in the inner part of the accretion disk. The matter is much more ionized in the soft
state, £ = 3600 erg cm s~!, in comparison with € = 210 erg cm s~! in the hard
state. This is consistent with the values of the energy of the Fe line found to be at
FEpe ~ 6.7 keV and Ege ~ 6.4 keV in the soft and hard states, respectively. Moreover,
the ionization state of the accretion disk seems to have a strong influence on the
iron line profile, as already reported in [Reis 2009a).

5.4.3 A possible scenario

How to explain all the changes observed in the spectral parameters? The hypothesis
of the truncated disk in the hard state proposed for black hole binaries seems to be
relevant also in the context of neutron star LMXBs.

When the source is observed with a low luminosity, the accretion disk is truncated
farther from the neutron star. As a consequence, the soft photons emitted are not
efficient enough to cool hot electrons forming the corona, thus electrons remain at
high temperature. This results in a hard spectrum and a low-ionization reflection.
The source is said in the hard state. The iron line produced in such spectra is
associated with the fluorescent line at 6.4 keV coming from Fe [-XVII.

When the mass accretion rate increases, the inner radius of the disk moves closer
to the compact object; the source becomes brighter in X-rays. The soft photons from
the disk are much more efficient in cooling the corona, resulting in a low temperature
of the electrons and a softer spectrum. The source is said to be in the soft state.
In such a configuration, reflection increases due to a stronger irradiation of the
disk, and the matter becomes much more ionized. Moreover, the emission lines are
broadened by stronger Doppler effects as the disk approaches the compact object.
The most prominent feature of the reflection spectrum is the highly ionized iron
line detected at ~ 6.7 — 7 keV, associated with Fe XXV (He-like) and/or Fe XXVI
(H-like).

This scenario is generally well supported by the timing analysis through power
density spectra, where correlations are observed between the characteristic frequen-
cies of the fast time variability and the position of the source in the CD or its spectral
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Figure 5.9: Left panel: Color-color diagram of a typical atoll source, where IS,
LB and UB indicate the island state (hard state), the lower and upper banana
(soft state), respectively. The arrow on the left of M indicates the evolution of the
mass accretion rate, which increases from the island to the banana. The right panels
illustrate the changes in the source in both states, in particular the disk is truncated
farther from the neutron star in the hard state, which has direct influences on the
temperature of the corona and on the luminosity of the source.

state (e.g. [Olive 2003, with characteristic frequencies increasing with increasing the
inferred mass accretion rate.

Some questions

There are still a lot of questions it would be very interesting to answer, among
them, questions about the mass accretion rate, such as: what is really at the origin
of changes in the mass accretion rate? Why the time scale is different from one
state to the other one for different sources? Could the activity, variability and/or
the evolution of the companion star be responsible of these changes? Additionally,
there are many questions about the vicinity of the neutron star surface. Is there
an accretion flow of particles when the disk is truncated farther from the compact
object?

5.5 Paper

The work presented above has been published in Astronomy & Astrophysics.
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ABSTRACT

‘We use data from the bright atoll source 4U 1705-44 taken with XMM-Newton, BeppoSAX, and RXTE both in the hard and in the soft
state to perform a self-consistent study of the reflection component in this source. Although the data from these X-ray observatories
are not simultaneous, the spectral decomposition is shown to be consistent among the different observations, when the source flux is
similar. We have therefore selected observations performed at similar flux levels in the hard and soft states to study the spectral shape
in these two states in a broad-band (0.1-200 keV) energy range, with good energy resolution, and using self-consistent reflection
models. These reflection models provide a good fit for the X-ray spectrum both in the hard and in the soft state in the whole spectral
range. We discuss the differences in the main spectral parameters we find in both states, providing evidence that the inner radius of
the optically thick disk slightly recedes in the hard state.

Key words. line: formation — line: identification — stars: neutron — stars: individual: 4U 1705-44 — X-rays: binaries — X-rays: general

1. Introduction

The X-ray emission in low-mass X-ray binaries (LMXBs) comes
from the gravitational potential energy released from accretion
processes onto black holes or neutron stars. The X-ray spec-
trum is generally described well by a soft-thermal component
such as a blackbody or a multicolor-disk blackbody, originating
in the accretion disk, and a hard X-ray component that usually
dominates the spectrum. This hard component can be fitted ei-
ther by a power law with a high-energy cutoff or a unsaturated
Comptonization spectrum, when the source is in the so-called
hard state, or by a blackbody or a saturated Comptonization
spectrum, when the source is in the soft state, where the temper-
ature of the photons is very similar to the electron temperature.
The hard component is generally explained in terms of inverse
Compton scattering, where soft thermal photons get Compton
upscattered by hot electrons forming a corona or a boundary
layer between the neutron star surface and the accretion disk,
or forming the base of a jet (at least in the hard state, Markoff &
Nowak 2004; Markoft et al. 2005).

In addition to this, a broad iron line (associated to the
Fe Ko emission) is often detected in the spectra of X-ray
binaries. However, the nature of its large width and the
(a)symmetric profile of the line are still being debated. In
analogy with systems containing stellar mass or supermassive
black holes, which show remarkably similar phenomenology

Article published by EDP Sciences

(e.g. Martocchia & Matt 1996; Walton et al. 2012), it can be
produced by reflection in the accretion disk (Reynolds & Nowak
2003; Fabian & Miniutti 2005; Matt 2006), or it can arise from
an accretion disk corona (Kallman & White 1989; Vrtilek et al.
1993).

The first scenario implies that the iron line is produced in
the inner part of the accretion disk. Hard X-rays coming from
the corona or from the base of the jet irradiate the relatively
cold accretion disk. As a consequence, a broad and asymmetric
line is expected due to Doppler and relativistic effects produced
close to the compact object. Depending on the ionization state
of the disk, this leads to the emission of several emission lines
and absorption edges that are more or less strong in the spec-
trum, depending on the relative abundance of the correspond-
ing ion and/or its fluorescence yield (Kaastra & Mewe 1993).
The Fe Ka line at 6.4-7 keV is the most prominent feature
(Fabian et al. 2000). It results in a fluorescent line at 6.40 keV
from Fe I-XVII or in the recombination lines at 6.67—-6.70 keV
and 6.95-6.97 keV associated with highly ionized species of
Fe XXV (He-like) and Fe XXVI (H-like), respectively. In this
scenario other reflection signatures are also expected, such
as the emission and/or absorption from several elements at
lower energy, and a Compton reflection hump at higher energy
(George & Fabian 1991; Ballantyne et al. 2001; Ross & Fabian
2007) if the X-ray continuum spectrum is sufficiently hard.

A5, page 1 of 18
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D’Ai et al. (2009), Iaria et al. (2009), Di Salvo et al. (2009),
and Piraino et al. (2012) detect emission lines in GX 340+0,
GX349+2,4U 1705-44, and GX 3+1 at 2.6, 3.31, and 3.90 keV
associated with S XVI, Ar XVIII, and Ca XIX, respectively,
and an absorption edge from ionized iron. Moreover, a reflec-
tion hump peaking at nearly 30 keV has been found in several
sources, such as 4U 1705—-44 (Fiocchi et al. 2007). To con-
firm the common origin of these features, it is important to
use self-consistent models that include all the reflection com-
ponents in order to distinguish among the proposed production
mechanisms.

Alternative scenarios explain the line broadening by
Compton scattering if the line is emitted in the inner parts of
a moderately optical thick accretion disk corona (ADC), formed
by evaporation of the outer layers of the disk (White & Holt
1982). Another possibility is that the line profile is red-skewed
due to Compton upscattering by a narrow wind shell launched
at mildly relativistic velocities at some disk radii where the local
radiation force exceeds the local disk gravity (Titarchuk et al.
2009).

Thanks to the good energy resolution capabilities of
Chandra and to the large effective area of XMM-Newton and
Suzaku, the number of significant detections of these lines is
increasing, giving the possibility to study their profile in more
detail. Recently, two studies have been performed by Ng et al.
(2010) and Cackett et al. (2010) to investigate the nature of the
iron line with a large sample of neutron star LMXBs spectra.
Using XMM-Newton observations of 16 neutron star LMXBs,
Ng et al. (2010) conclude that there is no statistical evidence
that the iron line profile is asymmetric, and they propose that
the observed large width of the line is caused by Compton scat-
tering in the corona. It should be noted that, to eliminate the
effects of photon pile-up in the XMM-Newton data, Ng et al.
(2010) decided to reject up to 90% of the source photons for
the brightest sources. Conversely, by studying ten neutron star
LMXBs with Suzaku (which is less affected by photon pile-up
because of a broad point spread function) and XMM-Newton,
Cackett et al. (2010) confirm that the Fe line is asymmetric, rel-
ativistic, and produced by reflection in the inner part of the ac-
cretion disk. This result was also achieved by comparing CCD-
based spectra from Suzaku with Fe K line profiles from archival
data taken with gas-based spectrometers Cackett et al. (2012). In
general, they find good consistency between the gas-based line
profiles from EXOSAT, BeppoSAX, RXTE, and the CCD data
from Suzaku, demonstrating that the broad profiles they see are
intrinsic to the line and not because of instrumental issues.

The low-mass X-ray binary system 4U 1705—44 contains a
weakly magnetized neutron star. In such systems the accretion
disk can extend down to the neutron star surface. This implies
a similar configuration with respect to the one envisaged for ac-
creting black holes, since the radius of the neutron star is close to
the size of the innermost stable circular orbit (ISCO) of matter
around a black hole. Similarities have been observed between
these systems (e.g., Maccarone 2012, and references therein),
suggesting common physical processes producing X-ray emis-
sion and similar properties of the accretion flow around the com-
pact object. Clear observational evidence exists that a neutron
star has a solid surface, such as the observations of type I X-ray
bursts, which are thermonuclear explosions in the surface layers
of the neutron star, or of coherent pulsations, resulting from the
magnetic field anchored on the neutron star surface. However,
not all systems containing a neutron star show one or more of
these characteristics (Done et al. 2007).
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4U 1705-44 is a persistent bright source that shows type 1
X-ray burst (Langmeier et al. 1987) and kHz quasi-periodic
oscillations (Ford et al. 1998; Olive et al. 2003). From some
bursts that show photospheric radius expansion, its distance is
estimated at 7.4 kpc, toward the Galactic ridge (Forman et al.
1978; Galloway et al. 2008).

LMXBs containing a neutron star are divided into two cat-
egories (Hasinger & van der Klis 1989) according to the path
the source describes in the X-ray color-color diagram (CD) or
hardness-intensity diagram (HID): atoll sources (C-like, low lu-
minosity, about 0.001-0.5 Lggq) or Z-sources (Z-like, high lumi-
nosity, close to the Eddigton limit). 4U 1705—44 is classified as
an atoll source. In the classical CD pattern of these sources, two
branches are usually distinguished: the island and the banana. In
the island branch, the source presents a low count rate, proba-
bly associated to a low-mass accretion rate, and the source is in
the low/hard state (low is relative to the X-ray flux, and hard to
the spectrum). In this state, it is thought that the accretion disk is
truncated relatively far from the compact object. This results in a
very hot corona and in a hard spectrum. On the other hand, when
the source is in the banana branch, the accretion disk approaches
the compact object, the temperature of the corona decreases due
to Compton cooling, and the source is in the high/soft state. The
mass accretion rate is therefore expected to increase from the
island to the banana branch. The Z-sources usually emit persis-
tently at high luminosity and are thought to have a larger mag-
netic field and/or higher mass accretion rate than atoll sources.

The system 4U 1705-44 has recently been studied thor-
oughly with the particular objective of understanding the origin
of its iron line. A broad Fe line was clearly visible with Chandra
(Di Salvo et al. 2005), confirming previous studies performed
at low-energy resolution by White et al. (1986) and Barret &
Olive (2002). The HETG onboard Chandra excluded that the
large width of the line could be caused by the blending of lines
from iron in different ionization states, although it was not pos-
sible to distinguish between the two possible origins of the line
width (relativistic smearing or Compton broadening). The broad
band BeppoSAX spectrum of 4U 1705—-44 taken during a soft
state again showed a broad iron line that could be well fitted by a

component with very reasonable smearing parameters
(Piraino et al. 2007), and the INTEGRAL spectrum showed clear
evidence of a Compton reflection hump (Fiocchi et al. 2007),
as well as the BeppoSAX spectrum taken during the hard state
(Piraino et al., in prep.).

The observations with XMM-Newton and Suzaku were es-
sential for studying the iron line profile in detail because of
their large effective area and good energy resolution. Indeed,
Reis et al. (2009b) found a broad (skewed) and asymmet-
ric Fe Ka emission line during a Suzaku observation of
4U 1705—44. Both Compton broadening and relativistic smear-
ing were needed to account for the large width of the iron line.
The best fit value of the inner radius was R, ~ 10.5 R,, with R,
being gravitational radius (Ry = GM/ ¢?), and the correspond-
ing inclination angle was i ~ 30°. Using the observations from
BeppoSAX and Suzaku, Lin et al. (2010) obtained constraints
on the broad-band spectrum of 4U 1705—-44 and find that the
strength of the Fe line correlates well with the boundary layer
emission in the soft state, while the Fe line is probably due to
illumination of the accretion disk by the strong Comptonization
emission in the hard state. An XMM-Newton observation per-
formed in 2008 when the source was in a soft state confirmed the
results obtained with Suzaku, showing a high-statistics Fe line
profile and spectrum consistent with a disk-reflection scenario
(D1 Salvo et al. 2009; D’ Ai et al. 2010). The best fit value of the
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Fig. 1. Light curve of 4U 1705-44 obtained with RXTE/ASM from
November 1999 to October 2001. The two arrows show the observa-
tions performed by BeppoSAX in August and October 2000.
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inner disk radius was Ri, ~ 14 R, and the corresponding incli-
nation angle and index of the emissivity law profile were i ~ 39°
and —2.3 respectively, in agreement with the Suzaku results. In
addition, the XMM-Newton spectrum shows the presence of sev-
eral emission lines from elements lighter than iron, such as S, Ar,
and Ca at 2.62 keV, 3.31 keV, and 3.90 keV, respectively, and an
absorption edge at 8.5 keV probably from ionized iron. All these
features were broad and consistent with being produced in the
same region where the iron line was produced.

Here we present the spectral analysis of 4U 1705-44 us-
ing data from XMM-Newton, BeppoSAX, and RXTE when the
source was both in the hard state and in the soft state. Using the
same spectral models to describe the source spectrum in both
states, we aim at highlighting the differences in the spectral pa-
rameters to find that the accretion disk is truncated farther (but
not far) from the compact object in the hard state. Since several
reflection features have been detected in 4U 1705—-44, we use
self-consistent reflection models to fit the broad-band, multimis-
sion, X-ray spectrum of this source. We also discuss possible ef-
fects of pile-up distortion in the XMM-Newton spectrum during
the high-luminosity, soft state.

2. Observation and data reduction

The light curve produced from the All-Sky Monitor onboard
RXTE allows following the evolution of the source flux for a
period of ~16 years. The source shows clear spectral transitions,
from the hard (3 counts/s) to the soft state (25 counts/s). A total
of four observations were performed with BeppoSAX (see Fig. 1)
and XMM-Newton (see Fig. 2) when the source was in the soft
and hard states. The spectral transitions are associated with vari-
ations in the X-ray flux, which are most likely proportional to the
accretion rate. We select RXTE observations, both in the hard
and soft states, as shown in Fig. 2. In this way, the joint spec-
tra from the three satellites cover the full 0.1-200 keV energy
range. We explain in detail our methods in the following.

2.1. XMM-Newton

The source 4U 1705—-44 was observed twice with XMM-Newton.
The first observation was performed on 2006 August 26 for an
effective exposure of 34.72 ks, when the source was in the hard
state. The corresponding RXTE/ASM count rate was 1 c/s. The
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Fig.2. RXTE/ASM light curve of 4U 1705-44 from May 2005 to
November 2010. The arrows mark the two XMM-Newton observations
performed in August 2006 and 2008. The black crosses and the blue
triangles represent the RXTE observations selected in the hard and soft
states, respectively.

second time, 4U 1705-44 was observed during the soft state
(target of opportunity), on 2008 August 24 for a total on-source
observing time of 45.17 ks (see Di Salvo et al. 2009, for more
details on this observation). The RXTE/ASM was 19 c/s during
this observation.

During both observations, the European Photon Imaging
Camera pn (EPIC-pn; Struder et al. 2001) and the Reflection
Grating Spectrometers (RGS1 and RGS2; den Herder et al.
2001) were used to observe the source. The EPIC-pn camera
operated in timing mode to minimize the photon pile-up and
telemetry overload that may occur at high count rates, with a
thick filter in place, which further reduced the number of low-
energy photons. In timing mode only the central CCD is read out
with a time resolution of 30 us. This provides a one-dimensional
image of the source with the second spatial dimension being re-
placed by timing information. The EPIC-MOS and the optical
Monitor were off during the second observation in order to avoid
telemetry drop-outs in the EPIC-pn.

We produced a calibrated photon event file using the SAS!
processing tool . Before extracting the spectra we
checked for contamination from background solar flares by pro-
ducing a light curve in the energy range 10—12 keV. No solar
flare was registered. However, during the first observation (cor-
responding to the hard state), the EPIC-pn camera registered a
type-I X-ray burst at about 11 ks after the start of the observa-
tion. We applied temporal filters by creating a good time interval
(GTI) file with the task in order to remove the burst.

We used the task to correct rate-dependent CTT ef-
fects in the event list. The source spectra were extracted from
a rectangular area covering all the pixels in the Y direction and
centered on the brightest RAWX column (36 in the hard state, 38
in the soft state) with a width of 16 pixels, which corresponds to
65.6 arcsec. We selected only events with PATTERN < 4 (single
and double pixel events) and FLAG = 0 as a standard proce-
dure to eliminate spurious events. We extracted the background
spectra from a box similar to the one used to extract the source
photons but in a region away from the source (RAWX = 47-63
and RAWX = 4-12 in the hard and soft states, respectively).

' The XMM-Newton data were processed using the Science Analysis

Software v.10, following the XMM-Newton ABC guide.
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During the first observation, the average count rate registered by
EPIC-pn CCDs is around 48 c¢/s, and 19 c/s in the 2.4-11 keV
range, excluding the burst interval. In the soft state, the count rate
is much higher: the mean count rate of around 770 count/s, and
425 count/s in the 2.4—11 keV range, slightly increasing in time
(by 5%). We also checked for the presence of pile-up using the
task . While the first XMM-Newton observation of the
source taken in the hard state does not show any significant pile-
up, a few percent pile-up affects the second observation taken
during a soft state. We discuss the pile-up issue concerning the
soft state in the next section. We grouped the EPIC-pn energy
channels by a factor of 4 in order to avoid oversampling of the
energy-resolution bin of the instrument.

The two RGS units were set in the standard spectroscopy
mode.The RGS data were processed using the pipeline
to produce calibrated event list files, spectra, and response ma-
trices. The RGS data were rebinned to have at least 25 counts
per energy channel.

2.2. BeppoSAX

BeppoSAX performed two observations of 4U 1705-44 in
August and October 2000, for total on-source observing times
of 43.5 ks and 47 ks, respectively. The count rates registered by
the RXTE/ASM associated to these observations were 18 ¢/s and
3 ¢/s, respectively.

The four BeppoSAX narrow field instruments were on
during both the observations. The Low Energy Concentrator
Spectrometer (LECS, 0.1-4 keV; Parmar et al. 1997) and the
Medium Energy Concentrator Spectrometer (MECS, 1-10 keV;
Boella et al. 1997) data were extracted in circular regions cen-
tered on the source position using radii of 8" and 4’, respectively,
corresponding to 95% of the source flux. Identical circular re-
gions were used in blank field observations to produce the back-
ground spectra. The background spectra of the High Pressure
Proportional Gas Scintillation Counter (HPGSPC, 8-50 keV;
Manzo et al. 1997) and of the Phoswich Detection System (PDS,
15-200 keV; Frontera et al. 1997) were produced from Dark
Earth data and during off-source intervals. The HPGSPC and
PDS spectra were grouped using a logarithmic grid.

We did not use data from PDS during the first observation,
which corresponds to the soft state, in order to avoid the extra
complication of the spectral fit caused by the presence of a hard
(power law) spectral component (see Piraino et al. 2007). During
the low/hard observation, 6 X-ray bursts were removed from the
data.

2.3. RXTE

There was no simultaneous observation performed by RXTE
during the XMM-Newton and BeppoSAX observations. However,
the archive has provided us with hundreds of RXTE observa-
tions of 4U 1705-44 since RXTE was launched. Therefore,
we considered all the observations of 4U 1705-44 collected
since 2000 May (corresponding to the 5th epoch of RXTE?) and
selected RXTE observations during which the source showed
the same spectral state of the two XMM-Newton observations
as mentioned above. To do so we produced a color-color dia-
gram (CD) from all the RXTE observations and a time-resolved
CD from the two XMM-Newton observations (we separated

2 We only considered data from the 5th epoch to avoid fluctuations
due to the differences in the instrument gain that can be observed in
data coming from different epochs.
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Fig.3. Color—color diagrams (CDs) of 4U 1705-44 produced by
RXTE/PCA and XMM-Newton/EPIC-pn, in red and black, respectively.
See text for the details.

the XMM-Newton observations in intervals 512 s long, and
for each of them, we produced a spectrum and measured the
colors) using the same energy bands for the two instruments
(i.e. 2.47-3.68 keV and 3.68-5.31 keV for the soft color and,
5.31-7.76 keV, 7.76—10.22 keV for the hard color). Since from
the RXTE data it is clear that the shape of the CD of 4U 1705-44
remains constant during the period considered, we could directly
compare the CD coming from the two instruments. The CDs
were normalized to the Crab colors, but an additional correc-
tion was needed to precisely match the two diagrams and to take
the differences in the gain of the two instruments into account.
Figure 3 shows the XMM-Newton CD corresponding to the two
observations performed in the hard and in the soft state super-
posed to the RXTE CD. Starting from the two CDs, we selected
the RXTE observations that matched the XMM-Newton observa-
tions. The detail of the RXTE observations selected is given in
Table 5.

The RXTE data were obtained in several simultaneous
modes. STANDARD 2 mode for PCA and STANDARD for the
HEXTE instrument were used to create background and dead-
time-corrected spectra. We extracted energy spectra from PCA
and HEXTE for each observation using the standard RXTE soft-
ware within HEAsoft v.6.9 following the standard procedure de-
scribed in the RXTE cookbook to produce source and back-
ground spectra, as well as response matrices. Only Proportional
Counter Unit 2 from the PCA was used, since only this unit was
on during all the observations. As regards HEXTE data, we used
only data coming from HEXTE/Cluster B, which were correctly
working in our period of interest.

Then we produced RXTE/PCA and RXTE/HEXTE spec-
tra for each RXTE observation, and we averaged them to ob-
tain a PCA+HEXTE spectrum in the island state (matching
XMM-Newton observation made in 2006 August 26) and a PCA
spectrum in the banana-state (matching XMM-Newton observa-
tion made in 2008 August 24). In the soft state we did not use
RXTE/HEXTE data due to the lack of counts in the HEXTE
working enery range (20—200 keV). A systematic error of 0.6%
was added to the PCA-averaged spectra to account for residual
uncertainties in the instrument calibration’.

3 http://www.universe.nasa.gov/xrays/programs/rxte/
pca/doc/rmf/pcarmf-11.7 for a detailed discussion of the PCA
calibration.
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3. Spectral analysis

Data were fitted by using Xspec (Arnaud 1996) v.12.6. All
uncertainties are given at the 90% confidence level (Ay? =
2.706). The data analysis of the XMM/EPIC-pn spectrum was
restricted to 2.4—11 keV to exclude the region around the detec-
tor Si K-edge (1.8 keV) and the mirror Au M-edge (2.3 keV) that
could affect our analysis. This problem has already been noticed
for the EPIC-pn observations performed in timing mode (e.g.,
D’Ai et al. 2010; Papitto et al. 2010; Egron et al. 2011). The
energy bands used for the other instruments are: 0.3—4 keV for
the LECS, 1.8—10 keV for the MECS, 7-34 keV for HPGSPC,
15-200 keV for PDS onboard BeppoSAX, and 4-22 keV for
PCA, and 15-100 keV for HEXTE onboard RXTE.

The following sections concern the analysis of data asso-
ciated to the soft and to the hard state of 4U 1705—-44. In the
first one, we report investigation of the pile-up effects on the
XMM-Newton data of the soft state to demonstrate that the iron
line is always broad and gives consistent spectral parameters that
are independent of the extraction region. Then we applied reflec-
tion models to fit the XMM-Newton data in this state, and finally
we included the BeppoSAX and RXTE data to extend the analy-
sis to the broad-band, 0.1-200 keV, energy range. In the second
one, we applied the same continuum and reflection models to
the XMM-Newton, BeppoSAX, and RXTE data in the hard state,
in order to evaluate which spectral parameters change from one
state to the other.

4. Soft state
4.1. Pile-up in XMM-Newton /EPIC-pn data?

Pile-up is an important concern for CCD data and may affect the
spectral results. It occurs when more than one X-ray photon hits
the same pixel or an adjacent one in the same read-out frame.
If this happens the CCD will be unable to resolve the individual
photon events and instead record a single event with an energy
that is roughly the sum of the individual event energies. It re-
sults in a shift of the photons to higher energy, which produces
an energy-dependent distortion of the spectrum. It is possible to
assess the pile-up effects by checking the fraction of single, dou-
ble, triple, and quadruple events (depending on how many pixels
are involved) using the task (see Appendix).

Di Salvo et al. (2009), D’Ai et al. (2010), and Ng et al.
(2010) have studied the iron line in 4U 1705—-44 using the same
XMM-Newton data in the soft state, but considering different ex-
traction regions for the spectra and therefore accepting different
pile-up fraction in their spectral analysis. Di Salvo et al. (2009)
consider that pile-up effects on spectral results were negligible
and thus decided to keep all the central columns of the CCD,
whereas D’ Al et al. (2010) excluded the brightest CCD column,
and Ng et al. (2010) excluded seven central columns (corre-
sponding to ~90% of the source counts). In all these cases, the
iron line detected in the pn spectra of 4U 1705—44 consistently
remains broad, with a Gaussian sigma ~0.3—0.4 keV. However,
the conclusions coming from the spectral analysis differ. While
Di Salvo et al. (2009) and D’ Ai et al. (2010) deduce that the iron
line is clearly asymmetric and compatible with a relativistic line,
using the (Fabian et al. 1989) and the reflection model

(Ballantyne 2004), respectively, Ng et al. (2010) find that
the iron line can be fit equally well by a Gaussian or using the
model (Laor 1991), concluding that there was no statis-
tical evidence of any asymmetry of the line profile. It is thus
important to assess the effects of pile-up in the EPIC-pn spec-
trum of 4U 1705-44 in the soft state, which shows the highest
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Fig. 4. Comparison of the ratios of the data to the best fit continuum
considering all the rows of the CCD (black; Di Salvo et al. 2009), with-
out the brightest CCD column (red; D’Ai et al. 2010), and excluding
seven central columns (green; Ng et al. 2010). The continuum model
consists of a blackbody and a Comptonization model (comptt) modi-
fied by photoelectric absorption (phabs).

signal-to-noise ratio (S/N) iron-line profile ever detected to date
in a neutron star LMXB.

To evaluate the pile-up effects on the XMM-Newton/pn spec-
trum, we applied an empirical model that is similar to the
one used in Di Salvo et al. (2009), to compare the results
obtained when we consider different extraction regions in the
CCD. In particular, we consider the extraction region described
in Sect. 2, where we exclude from zero up to seven central
brightest columns before extracting the pn spectrum. Figure 4
shows the ratios of the data to the continuum obtained for three
cases: excluding none, one, and seven of the central brightest
columns. The continuum model consists of a blackbody and a
Comptonization component ( TT; Titarchuk 1994), modi-
fied at low energy by the photoelectric absorption ( ; pho-
toelectric cross-sections of Balucinska-Church & McCammon
1992 with a new He cross-section based on Yan et al. 1998; and
standard abundances of Anders & Grevesse 1989). This model
is often used for atoll sources and gives a good fit for the contin-
uum of this source (Barret & Olive 2002; Di Salvo et al. 2005;
Piraino et al. 2007; Di Salvo et al. 2009).

Three emission lines are visible at low energy, at 2.62 keV,
3.31 keV, and 3.90 keV, identified by Di Salvo et al. (2009) as
highly ionized elements corresponding to S X VI, Ar XVIII, and
Ca XIX, respectively. In addition to these lines, an iron emis-
sion line and an absorption edge are present. The detection of
the iron line is at about 100 above the continuum when all
the columns are considered, whereas it becomes only 5o~ when
seven columns are removed. In the three cases, the iron line ap-
pears broad and the shape is very similar. To fit these residuals
we add four Gaussians and an edge to the continuum model,
all modified by the same relativistic blurring (modeled with

, the kernel, in Xspec) component to consider
the relativistic and/or Doppler effects produced by the motion in
the inner disk close to the compact object. This model describes
the relativistic effects due to the motion of plasma in a Keplerian
accretion disk, immersed in the gravitational well of the com-
pact object, in terms of the inner and the outer radius of the disk,
Rin and Ry (in units of the gravitational radius, Ry = GM/ 2,
where M is the mass of the compact object), of the index of the
assumed power-law dependence of the disk emissivity on the
distance from the NS, and of the system inclination, i. In this
way, all the discrete features present in the model are smeared
by the same disk parameters. The only difference with respect
to the model used by Di Salvo et al. (2009) is that the
component is now also applied to the iron edge, as it should be
if the edge is also produced by reflection in the same disk region
as the other emission lines.
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As expected, we note a variation in the parameters of the
continuum when we exclude the columns from O to 7, the most
affected parameter being the interstellar absorption column den-
sity. Its value, and the associated error, progressively increase
from (1.8 + 0.1) x 10*?> cm~2 when no central columns are ex-
cluded (pn-all) to (3.5 + 0.5) x 10> cm~ when seven central
columns are excluded (pn-7). It should be noted here that the
best fit value for this parameter obtained with BeppoSAX was
(1.9 + 0.1) x 10?2 cm™2 (Piraino et al. 2007), compatible with
the results obtained for spectra pn-all to pn-2. Other significant
changes in the parameter values are in the temperature and nor-
malization of the blackbody component, with the temperature
decreasing and the normalization increasing from pn-all to pn-7.
Also in this case, the best fit values of these parameters ob-
tained with BeppoSAX are compatible with the results obtained
for spectra pn-all to pn-2. The temperature of the seed photons
of the TT component is quite stable, while some scattering
is observed in the values of the electron temperature and opti-
cal depth of this component, although the errors are also very
large. Regarding the discrete features and the disk-smearing pa-
rameters, all the values are compatible with each other within the
errors, which of course increase significantly with the decreas-
ing counts. The inclination angle is the parameter that is mostly
affected by the choice of the extraction region, with values rang-
ing from 38° + 1 to 58°f%3 going from pn-all to pn-7 (the largest
increase occurring starting from spectrum pn-4).

To assess whether the exclusion of some central columns of
the CCD has noticeable effects on the spectral shape or sim-
ply induces a lack of statistics, we carried out the same anal-
ysis as described above, but also considering the RGS spec-
trum, together with the pn spectrum. The uncertainties on the
column density and on the inclination decrease strongly. While
the value associated to the column density remains constant,
Nu = (1.6 £0.1) x 10*? cm™2, the inclination goes from 38° = 1
when no central column is excluded to 40°f§, when seven central
columns are excluded. Also, the values of the parameters such
as the blackbody temperature, its normalization, and the elec-
tron temperature become much more stable, with the error bars
considerably reduced. The results are summarized in Table 6.
In conclusion, we checked the effect of pile-up in the EPIC-pn
spectrum but excluding from none up to seven of the brightest
central columns and comparing the best fit spectral parameters.
The parameters seem to depend on the extraction region when
looking at the EPIC-pn spectra alone. However, the addition of
the RGS data clearly stabilizes the values of the parameters. This
means that the variation in the parameters and in the correspond-
ing error bars we obtain fitting the EPIC-pn spectra alone are
caused by a decrease in the statistics when excluding the cen-
tral columns of the CCD, hence by a lack of constraints on the
parameters.

Moreover, if we look at the plots presented in Appendix, we
can see that the deviation of single and double events at the iron
line energy has a minimum in correspondence of the pn-2 spec-
trum, and it increases again when we exclude more than two
brightest central columns. This may be ascribed to a mismod-
eling of the instrumental response and, in particular, of the rate
of double events (which involve more than one pixel, and prob-
ably more than one column) when too many central columns
are excluded. Although most continuum parameters obtained for
spectra pn-all to pn-2 are perfectly compatible to those previ-
ously obtained with BeppoSAX (Piraino et al. 2007), we adopt
a conservative approach for the present analysis, to minimize
any residual pile-up source of uncertainty. We therefore chose to
work with spectrum pn-2.
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Table 1. Iron line complex in the XMM/EPIC-pn data fitted by four
Gaussians corresponding to the Fe XXV triplet and the Fe XX VI line.

Fe line Energy o Norm
(keV) (keV) (103 em™2 s7h)
Fe XXV F 6.64 0.11*3% 0.670
I 6.67 0.36 £ 0.06 2+0.5
R 6.70 0.09792 0.279%
Fe XXVI Lya, 6.95 0.14*5 42 03+02

We therefore considered the spectrum pn-2, whose contin-
uum emission is fitted by a blackbody and a comptonized com-
ponent ( TT), both modified at low energy by photoelec-
tric absorption. We first added four Gaussians and an edge to
the continuum model to take the emission lines at low energy
(S, Ca, Ar), the iron line, and the iron edge at 8.6 keV into ac-
count. In this case, the iron line was found at 6.70 (+0.02) keV,
and its equivalent width was 42 eV. The corresponding sze 4 was
1.14 (408).

We also tried to fit the iron line at 6.7 keV, which very likely
corresponds to the Ka transition of Fe XXV, with the single
components of the triplet (composed of the forbidden line at
6.64 keV, the intercombination lines at 6.67 keV and 6.68 keV,
and the resonance line at 6.70 keV). We also added a line at
6.95 keV associated with emission from Fe XXVI. To do so, we
used five Gaussians (instead of a single Gaussian at 6.6 keV)
whose centroid energies are fixed at the expected rest-frame en-
ergies. The lines at 6.67 keV and 6.68 keV are indistinguish-
able with XMM-Newton, since the difference in the centroid
energies is comparable to the fitting errors on the line energy.
We therefore considered only one Gaussian at 6.67 keV to rep-
resent the intercombination lines. This line clearly dominates
the triplet, although the lines at 6.64, 6.70, and 6.95 keV con-
tribute slightly to the emission. The results are summarized in
Table 1. Accordingly, we used a single Gaussian to describe the
Fe complex.

Then we added a smearing component to this model to take
relativistic and/or Doppler effects into account close to the com-
pact object, in the hypothesis of a disk origin of the iron line.
This component was convolved with all the four Gaussians (as-
sociated with S, Ar, Ca, and Fe) and with the edge. We froze
the sigma of the Gaussians to zero and applied the same rela-
tivistic relativistic smearing parameters to all these features. The

iron line is found at 6.66*)) keV. The equivalent width is 57 eV.

The inclination and the inner radius are 39°*2 and 1473 Ry, re-
spectively. The corresponding X?e 4 18 1.03 (409 degrees of free-
dom, hereafter d.o.f.), and the X2 decreases by A/\/2 = 44 for one
parameter more with respect to the model without the smearing
component. Therefore the addition of a mildly relativistic smear-
ing improves the fit, favoring the interpretation of the discrete
features in the pn spectrum of 4U 1705-44 as produced by re-
flection in the inner accretion disk. To support this interpretation,
in the next section we fit the broad band (0.3-200 keV) spectrum
of 4U 1705—44 in the soft and in the hard state to self-consistent
reflection models.

4.2. Reflection models on pn-2

To test that the iron line, the edge, and the three low-energy emis-
sion lines (S XVI, Ar XVIII, and Ca XIX) are consistent with
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a reflection scenario, we applied the self-consistent reflection
model on the XMM-Newton/pn spectrum. R

is a self-consistent model that includes both the reflection con-
tinuum and the corresponding discrete features (Ross & Fabian
2005). In addition to fully-ionized species, the following ions are
included in the model: C III-VI, N III-VII, O III-VIIIL, Ne III-X,
Mg II-XII, Si IV-XIV, S IV-XVI, and Fe VI-XXVI. However,
it does not include Ar XVIII and Ca XIX. We therefore added
two Gaussians to take the emission lines from these two ele-
ments into account. We multiplied by a high-energy
cutoff (modeled with in xspec), where the cutoff en-
ergy was frozen to 0.1 keV and the folding energy was fixed to be
2.7 times the temperature of the electrons. In fact, for a saturated
Comptonization, a Wien bump is formed at the electron tempera-
ture, whose peak is at about three times the electron temperature.
We used (Zdziarski et al. 1996; Zycki et al. 1999) to
model the Comptonization continuum instead of TT in or-
der to have the photon index I" as the fitting parameter of the
continuum. Its value was fixed to be equal to the photon index of
the illuminating component in the reflection model. The y?/d.o.f.
obtained with this model is 577/413 (~1.40).

To take the smearing of the reflection component induced
by Doppler and relativistic effects into account in the inner disk
close to the compact object, we convolved the reflection model
and the two Gaussians with the same component. This
gives as best fit parameters the inclination of the system (3 8°f%),

the inner and outer radii of the accretion disk (R;, = 13’:2 and
Rou 1s fixed at 3500 R,), and the index of the emissivity law
profile (=2.2 + 0.1). We froze the width of the Gaussian lines at
0 keV to apply the same smearing parameters applied to the -
component. The y?/d.o.f. is 523/412 (Ay*> ~ 54 for the
addition of 1 parameter; the corresponding F-test probability of
chance improvement is 2 x 10710). This attests that the
component is statistically required to improve the fit. However,
the reflection component does not seem to fit the iron edge cor-
rectly, since some features are still present in the residuals at
about 8.5 keV. We added an edge to the model, also convolved
with the same component (under the assumption that
the edge is also produced in the same region of the accretion
disk as the reflection component). The edge is found at 8.7 keV
and the associated depth is 0.06. The y? decreases by 83 for the
addition of two parameters, resulting in a Xfe 4 = 1.07 (410).

To check the consistency of the edge with the reflection con-
tinuum, we used another reflection model, (Magdziarz
& Zdziarski 1995), which includes the iron edge and the
Compton bump of the reflection component. This model con-
sists in an exponentially cutoff power-law spectrum reflected by
ionized material; however, this model does not include any emis-
sion lines, so four Gaussians (S, Ar, Ca and Fe) were added and
convolved, together with the pexriv component, with the -

component. The photon index of is fixed to the
one obtained with the C model, and the cutoff energy
is 2.7 times the electron temperature obtained with C .
The normalization of the model was fixed to the one of
the cutoff power-law model included in C . To do so, we
applied a cutoff power-law model to the data and calculated the
normalization in such a way that the bolometric flux is the same
as with C . The sze 4 obtained with this model is 1.06
(410 d.o.f.). The values of the smearing parameters agree with
the previous model, and the features at about 8.5 keV are no
longer visible in the residuals, so the edge is well fit by
and is likely a reflection feature. However, it is not well fit by the

component.
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Fig. 5. Ratio of the data to the continuum model for XMM/EPIC-pn
(black) and BeppoSAX/MECS (red) in the energy range 5—8 keV show-
ing the broad iron line clearly visible in both spectra, although the statis-
tics are much better in the case of the pn spectrum. The continuum is
described by the spectral model phabs (bbody + compTT) in Xspec.

4.3. Reflection models on the XMM-Newton, BeppoSAX,
and RXTE data

Considering the data of XMM-Newton and BeppoSAX sepa-
rately, the continuum of these spectra is well fit by a black-
body plus a thermal Comptonized model ( TT or -
) modified at low energy by the interstellar photoelectric
absorption ( ). In both cases, the fit is improved by adding
a broad iron line, fitted by a Gaussian line or, even better, by a
. The best fit parameters, obtained by fitting the spectra

from the two different X-ray observatories separately, are sim-
ilar to each other and agree with previous results reported by
Piraino et al. (2007) and Di Salvo et al. (2009) on 4U 1705—44.
Regarding the BeppoSAX data, the absorption column density is
Ny = 1.4 x 10*? cm™2, the blackbody temperature is 0.56 keV,
and the temperatures of the electrons and of the seed photons of
the Comptonized component are 3.5 keV and 1.2 keV, respec-
tively. A diskline is found at 6.8 keV, the inclination of the sys-
tem is 28°*%, and the inner radius is about 8*3 Ry. The x?*/d.o.f.

corresponding to this fit is 584/503 Q\/fed ~ 1.16). This is better

than using a Gaussian to fit the iron line (v*/d.o.f. is 618/505,

X?e 4 ~ 1.23; an F-test gives a probability of chance improvement

of about 107%). These results agree perfectly with the results we
obtain from the XMM-Newton spectrum, independently of the
particular model we used to fit the reflection features; however,
the uncertainties on the inner radius and on the inclination an-
gle are larger than in the case of XMM-Newton. This can be ex-
plained by the quality of the data, which is better in the case
of XMM-Newton thanks to its larger effective area and higher
resolution capabilities. In Fig. 5 we show the ratio of the data
to the best-fit continuum model in the energy range 5-8 keV
to compare the residuals at the iron line as observed by the
XMM-Newton/EPIC-pn and by the BeppoSAX/MECS. The iron
line profile appears very similar in the two instruments, although
the observations are not simultaneous.

Since the values of the parameters obtained by fitting the
XMM-Newton and BeppoSAX spectra in the soft state are very
similar, we fitted these data simultaneously, adding the RXTE
data. The different cross calibrations of the different instruments
were taken into account by including normalizing factors in the
model. This factor was fixed to 1 for pn and kept free for the
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Table 2. Parameters left free to vary between XMM-Newton, BeppoSAX,
and RXTE spectra in the soft state.

Parameter XMM BeppoSAX RXTE
Nu (X102 cm™2)  2.08+0.02 1.96+0.02 3.64+0.02
r 26+0.1 22+0.1 24+0.1
kT. (keV) 3.0+0.1 29+0.1 B

kT sea (keV) 1.30 £ 0.02 1.13*500 B
Normymcomp 0.14+£0.01 0.19+0.01 B

Notes. The whole model is presented in Table 7. B: corresponding pa-
rameter has the same value as in the BeppoSAX spectrum.

other instruments. We used the self-consistent reflection model

, and instead of TT, to describe the
thermal Comptonization component in order to have the photon
index as a parameter of the fit. To take the disk smearing into
account, which is necessary to obtain a good fit of the reflection
component, we convolved the reflection model, the edge, and
the two Gaussians used to fit the Ar and Ca lines with the same

component.

Since the spectra are not simultaneous, we find small differ-
ences in the best fit values of some parameters of the continuum
model. We therefore left these parameters free to vary from one
instrument to the next, when necessary (see Table 2). These pa-
rameters are the column density, the parameters of
(the photon index, the temperature of the electrons and of the
seed photons, and the normalization) and the fold energy of the
high-energy cutoff (that is fixed at 2.7 times the electron temper-
ature in the soft state, according to the expectation for saturated
Comptonization), which are slightly different for BeppoSAX and
XMM-Newton. As regards RXTE, only the column density and
the photon index are left free to vary. The other parameters
coincide very well with those found for the BeppoSAX spec-
trum, so they are constrained to have the same values. All the
other parameters are perfectly consistent with those obtained for
XMM-Newton, and were forced to have the same values. The to-
tal x*/d.o.f. obtained in this way is 1839/1573 (x%, ~ 1.17).

We note that the component is not statistically re-
quired to fit the whole dataset in this case. Indeed, if we delete
this component from the model, we obtain )(2 = 1835/1574
(~1.17), which is very similar to the one we get when the
relativistic smearing is included in the model (y?/d.o.f. =
1839/1573). However, if we exclude the relativistic smearing
from the model, the ionization parameter gets an extremely high
value, ~8000 erg cm s~!, that appears to be unphysical. At such a
high ionization parameter, Fe XX VI would be the most abundant
Fe ion and this would produce a line at 6.97 keV. On the other
hand, in the XMM-Newton spectrum the iron line is clearly de-
tected at 6.7 keV, suggesting it is produced by Fe XXV. With the
inclusion of the relativistic smearing described by the
component, the ionization parameter attains a more reasonable
value of 3500, fully consistent with the presence of an iron line
at 6.6 keV produced by Fe XXV. Moreover, all the smearing pa-
rameters are perfectly coherent with those previously obtained
(e.g. Di Salvo et al. 2009; D’ Ai et al. 2010; Piraino et al. 2007).
An additional iron edge is found at 8.7 keV with a significance
of 11.6 . Finally, we report here, for the first time, evidence of
an iron overabundance by a factor 2.5 with respect to its solar
abundances. The results of this model are presented in Table 7.
To evaluate the statistical significance of the iron overabundance,
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Fig.6. Top panel: XMM/RGS1 (magenta), XMM/EPIC-pn
(black), BeppoSAX/LECS (red), BeppoSAX/MECS (green),

BeppoSAX/HPGSPC (blue), RXTE/PCA (cyan) data points in the
range 0.3-30 keV, when 4U 1705-44 was in the soft state. Bottom
panel: residuals (data-model) in unit of o~ when the model is
used to describe the reflection component. The parameters associated
to this model are indicated in Table 7. The XMM/RGS1 data have been
rebinned for graphical purpose.

we fixed this parameter to one. The y? increases by 48 for the
addition of 1 d.o.f. ()(fe 4 ~ 1.20) and the associated probability
of chance improvement is 2 X 10719, 50 the iron overabundance
is statistically significant.

The EPIC/pn absorbed flux obtained from the XMM-Newton
best fit spectral parameters is 6.19x 10~ erg cm™2 s~! and the un-
absorbed flux is 7.39 x 10~ erg cm™2 s~! in the 2—10 keV band.
We extrapolate this model in the 0.1-150 keV range to estimate
the bolometric unabsorbed flux, Fx = 2.7(1)x 108 ergcm=2s7!.
The bolometric luminosity associated to the soft state is Lx ~
1.8 x 10% erg s™!, assuming a distance to the source of 7.4 kpc.
This value is very close to the Eddington luminosity for a 1.4 Mg
neutron star.

We also apply another reflection model, (Garcia &
Kallman 2010), to our dataset of 4U 1705-44 from the three
satellites. This model includes Compton broadening, and the il-
lumination spectrum is a power law with a photon index of two,
similar to . In this model, the redistribution of the pho-
ton energy is achieved by a Gaussian convolution, whose sigma
is a function of the energy and the temperature of the gas. The
gas temperature changes when going deep inside the disk, and
is calculated self-consistently by solving thermal and ionization
balance. This model also includes emission lines from the same
ions included in and, in addition, emission lines from
Ar and Ca. It also allows fitting the abundances of these two
elements with respect to the solar abundance. In this case, to ob-
tain a stable fit, we were forced to freeze the photon index I
associated to the XMM-Newton data to the value obtained with

(" = 2.6). The addition of the edge at 8.5 keV is again
needed to improve the fit, with a significance of 11.10". The sze d
associated to this fit is 1.26 for 1576 d.o.f. The fit obtained with
this model is a bit worse than obtained with , but the
values of the parameters are still consistent with those obtained
with . We note a lower value of the inclination an-
gle of the system (i = 25-27°), while the value of the inner
disk radius (R;, = 10-13 R,) is perfectly consistent between
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Fig.7. Ratio of the data to the best-fit continuum model for
XMM/EPIC-pn (black) and BeppoSAX/MECS (red) in the hard state, in
the energy range 5—8 keV. The broad iron line is visible in both spectra,
but is not as well defined as in the soft state (see Fig. 5). The continuum
is described by phabs (bbody + compTT).

the two cases*. We find an overabundance by a factor 1.5-2 of
Ar and Ca with respect to their solar abundance; a similar over-
abundance is also observed for iron (see Table 7). However, the
statistical significance of the overabundance of Ar and Ca is not
very well established. Indeed, fixing this parameter to 1, we find
x?/d.o.f. = 1992/1577, the corresponding probability of chance
impovement is 2 X 1072 In any case, this model allows us to
demonstrate that the Ar and Ca lines are probably produced by
reflection.

As seen in the previous section, also gives a very
good fit of the pn data. We apply this model plus four Gaussians,
all convolved with the same rdblur component, to the whole
dataset. The results are very similar to , in particular
the inclination of the system (i = 38—41°) and the inner radius
of the accretion disk (R, = 12-17 R,). The szed associated is
1.16 for 1570 d.o.f. The best fit parameters corresponding to this
model are summarized in Table 7 and compared to
and

5. Hard state

In this section we apply the same procedure used for the soft
state to the 4U 1705—-44 data in the hard state, using the three
satellites: XMM-Newton, BeppoSAX, and RXTE. Regarding the
XMM-Newton data, we excluded a type-I X-ray burst before per-
forming the spectral analysis. The study of the burst is described
by D’Ai et al. (2010).

We use the same continuum model in order to determine the
differences in the spectral parameters from one state to the other.
The temperature of the electrons is about 14—16 keV, the tem-
perature of the seed photons is 1.0—1.2 keV, the optical depth
of the Comptonized component is 5—6, and the blackbody is

* We use here a test version of the model, specifically devel-
oped to include Ar and Ca lines. In this version of the model, the illu-
minating flux is integrated over a different energy range with respect to
that used for the model, and this results in a different, lower
value of the ionization parameter, which also affects the estimate of the
inclination angle (Garcia, priv. comm.). We have checked that, integrat-
ing the illumination flux over the same range used for the

model, we obtain best-fit parameters that are all compatible with those
obtained with

Table 3. Parameters left free to vary between XMM-Newton, BeppoSAX,
and RXTE in the hard state.

Parameter XMM BeppoSAX  RXTE
Ny (X102 cm™2)  2.0+0.3 1.9+0.1 B
kT, (keV) 0.58+903 0.24+52 B
Normy, (x1073) 2.6 £0.5 20+04 B

r B 1.84+£0.01  2.0770%
kT. (keV) B 2272 7939

Notes. The complete model is given in Table 8. B: corresponding pa-
rameter is fixed to have the same value as in the BeppoSAX spectrum.
kTvy, Normyy, : temperature and normalization of the com-
ponent. I, kT,: photon index and electron temperature of the C
component.

found at 0.55-0.58 keV. The addition of a Gaussian improves
considerably the fit. A broad iron line is present in all the data
at 6.4-6.6 keV (see Fig. 7). Using a instead of a
Gaussian profile to fit the iron line, we have to freeze the val-
ues of the outer radius to 3500 R, and the inclination of the sys-
tem to 37°, as in the soft state and in agreement with Di Salvo
et al. (2009). The y? in this case is the same as using a simple
Gaussian line. While for the XMM-Newton data, the y?/d.o.f. is
407/419 (~0.97) using a Gaussian, there are still some residuals
at high energy (>10 keV) in the case of BeppoSAX and RXTE.
The associated szed are 1.24 (484 d.o.f.) and 1.15 (65 d.o.f.) for
the BeppoSAX and the RXTE spectra, respectively.

To fit this hard excess, probably ascribed to the Compton
bump of the reflection component, we apply the self-consistent
reflection model , with the aim of comparing the val-
ues of the parameters in the hard state and in the soft state. In this
case we fix the folding energy of the high-energy cutoff to the
electron temperature of the component, as expected
for unsaturated Comptonization. We simultaneously fitted the
three datasets following the same method as described in pre-
vious section. Some parameters are left free to vary between the
instruments of the different observatories, such as the column
density and the blackbody temperature. Moreover, in the case of
the RXTE spectrum, we have to leave the photon index of the
power law and the electron temperature free to vary in order to
obtain a good fit. These parameters are listed in Table 3. The in-
clination angle is not well constrained so we freeze its value to
37°, which corresponds to the best fit value obtained in the soft
state using to fit the reflection component. The outer
radius of the accretion disk is also frozen to 3500 R,. This value
corresponds to the best estimate obtained using the
model to fit the soft state of 4U 1705—44 and is consistent with
the results reported by Di Salvo et al. (2009).

We convolve the reflection model with the compo-
nent to include Doppler broadening caused by the motion of
matter in the inner disk. The addition of this component de-
creases the )(z/d.o.f. from 1126/981 to 1097/980. The F-test is
~4 x 1077, This demonstrates that the iron line and the whole re-
flection component are also significantly broadened in the hard
state, and are consistent with being produced in the accretion
disk. Since only the iron line is significantly detected, we do
not add any other emission line or edge. To measure the signif-
icance of the Compton bump in these data, we replace the -

model with a simple Gaussian line smeared by relativis-
tic and/or Doppler effects, by using the component. The
x? is 1299/981 ~1.32. We compare this result with the previous
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Fig.8. Top panel: XMM/EPIC-pn (cyan), BeppoSAX/LECS (black),
BeppoSAX/MECS (red), BeppoSAX/HPGSPC (green), BeppoSAX/PDS
(blue), RXTE/PCA (magenta), RXTE/HXTE (yellow) data points in the
range 0.4-200 keV, corresponding to the hard state of 4U 1705-44.
Bottom panel: residuals (data-model) in units of o when the

model is applied. The parameters associated to this model are shown in
Table 8.

model where the reflection component is included instead of the
simple Gaussian associated to the iron line. The F-test gives a
probability of chance improvement equal to 10738, This shows
that there is a reflection signature in the spectrum besides the
iron line in the hard state, meaning the Compton bump is signif-
icantly detected in these data.

We obtain a good fit of the whole dataset; the best fit param-
eters are listed in Table 8, where we just show those obtained
for the BeppoSAX spectrum. (There are small differences in the
best-fit parameters related to the fact that the observations are not
simultaneous as described above.) From all the instruments, we
obtain a constraint on the inner disk radius, which appears to be
truncated farther from the neutron star surface (R, = 19-59 R,)
with respect to the soft state. We obtain a high temperature of
the electrons (about 22 keV) in the hard state, and a low value of
the ionization parameter (¢ ~ 210 erg cm s™!).

The absorbed flux associated to this model obtained from
the BeppoSAX best fit parameters in the range 0.1-150 keV is
2.09 x 107 erg cm™2 s7!, and the unabsorbed flux is 2.99 x
107 erg cm~2 s~!. The bolometric luminosity associated to the
hard state is Lx ~ 2 x 10%’d2, erg s™!, which corresponds
to ~11% Lgqq.

Because in the soft state, an iron overabundance has been
detected by at least a factor 2, we fixed this parameter to two in
order to evaluate the change in the whole spectrum and its effect
on the other parameters. The values of the parameters are very
similar, even if the y? is a bit higher (1.13 for 981 d.o.f.). The
inner disk radius is found at a slightly larger distance from the
compact object (R, = 24-79 Ry), again in agreement with a
geometry where the accretion disk is truncated farther from the
neutron star than in the soft state. These results are summarized
in Table 8.

6. Discussion

We performed a spectral analysis in the broad band and
with high energy resolution of 4U 1705-44 using data from
XMM-Newton, BeppoSAX, and RXTE, both in the hard and in
the soft state. We described a method of fitting unsimultaneous
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data, which we applied using self-consistent reflection models.
Thanks to the good spectral coverage from the low (0.3 keV) to
the high (200 keV) energy band, we have obtained good con-
straints on the continuum emission and on the reflection compo-
nent, marking the most significant changes in the spectral param-
eters from the hard state to the soft state. The agreement between
the results obtained with different instruments and the possibility
of fitting most of the reflection component with self-consistent
models, provides further evidence that the broad iron line ob-
served in 4U 1705—44 may be produced by reflection at the inner
accretion disk, and indicates that the reported inner disk param-
eters are indeed reliable. In the following we discuss the main
results from this analysis.

6.1. The iron line

The origin of the iron line in neutron star LMXBs is still be-
ing debated (Ng et al. 2010; Cackett et al. 2010, 2012). In
this paper, we have compared the iron line profile observed by
XMM-Newton with the one observed by other instruments, and
in particular by BeppoSAX. We find perfect agreement between
the results from these instruments, although the observations
were not simultaneous, both in the soft and in the hard state of
the source.

We carefully studied the pile-up effects in the XMM/EPIC-
pn spectrum of 4U 1705-44 during the soft state, when the count
rate was the highest. We demonstrated that the exclusion of the
two central columns of the CCD is enough to get rid of pile-
up effects, while excluding more CCD rows may underestimate
the number of double events with respect to the expected value
(see Appendix). In addition to this, we showed that the addition
of the RGS data is important to constrain the overall continuum
shape well. We find that the iron line parameters are not signifi-
cantly affected by pile-up. This agrees with Cackett et al. (2010),
who also conclude that the iron line profile is robust even if there
was a small fraction of pile-up affecting the data, while the con-
tinuum may vary significantly. This also agrees with a compre-
hensive study performed by Miller et al. (2010), who found that
severe pile-up may distort disk lines and the continuum shape,
whereas a modest pile-up fraction does not noticeably affect the
line shape. This is probably the case of 4U 1705-44.The best
fit parameters of the iron line profile we find in this way agree
perfectly with what has been previously found (see e.g. Piraino
etal. 2007; Di Salvo et al. 2009; D’ Ai et al. 2010), independently
of the particular model used to fit the reflection component.

In the soft state, the Fe line at 6.7 keV is associated with
highly ionized Fe XXV, which is a triplet consisting of the fol-
lowing components: at » = 6.700 keV, i, = 6.682 keV, i} =
6.668 keV, and f = 6.637 keV. We also included a Gaussian to
consider the H-like Fe XX VI contribution of the Lye transitions
at Lya; = 6.973 keV and Lya, = 6.952 keV. Unfortunately, the
resolution of XMM-Newton and BeppoSAX does not allow us to
resolve the structure of the resulting line, which appears to be
dominated by the intercombination line of the triplet, and this
is why a single Gaussian or a diskline has been used to take all
these components into account. These lines were resolved, for
example, in the case of the bright Z-source Cyg X-2 observed
with the High Energy Transmission Grating Spectrometer on-
board the Chandra satellite, which offers very high spectral reso-
lution (Schulz et al. 2009). Also in that case the Fe complex was
dominated by the intercombination line of the Fe XXV triplet,
and therefore the line was fitted by a single Gaussian. Also a red-
skewed wing of the iron line was discovered in a Suzaku observa-
tion of Cyg X-2 (Shaposhnikov et al. 2009). It should be noted,
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Table 4. XMM-Newton and BeppoSAX journal of observations.

Satellite Obs. ID Obs. date Exp. time (ks)  Count rate ASM (c¢/s)  State source
XMM-Newton 0402300201  26/08/2006 34.72 1 Hard
0551270201  24/08/2008 45.17 19 Soft
BeppoSAX 21292001 20/08/2000 43.5 18 Soft
03/10/2000 48 3 Hard
Table 5. Selected RXTE observation journal.
Source state Obs. ID Obs. date (MJD)  Count rate (c¢/s)  Hardness
SS 93060-01-15-00 54332.3 642.4 0.613
93060-01-16-00 54336.4 804.4 0.647
93060-01-19-01 54 348.7 1049.0 0.620
93060-01-19-02 54349.0 1011.0 0.621
93060-01-25-00 54372.5 834.5 0.630
93060-01-76-00 54576.5 726.9 0.620
93060-01-84-00 54 608.5 833.7 0.628
93060-01-91-00 54 636.8 7324 0.625
93060-01-95-00 54 652.6 785.0 0.617
93060-01-01-10 54 668.1 832.2 0.646
93060-01-02-10 54672.3 849.8 0.637
93060-01-07-10 54692.5 761.5 0.614
93060-01-10-10 54704.4 768.4 0.632
93060-01-12-10 54712.2 791.4 0.617
93060-01-19-10 54740.3 782.5 0.631
94060-01-20-00 54942.5 805.5 0.609
94060-01-22-00 54950.6 834.7 0.622
95060-01-71-00 55478.6 879.0 0.620
HS 91039-01-01-41 53541.0 79.7 0.760
91039-01-01-42 53543.0 78.1 0.749
91039-01-01-43 53544.8 82.6 0.751
91039-01-01-50 53546.0 91.3 0.767
91039-01-02-40 53658.3 64.9 0.736
93060-01-07-00 54300.4 70.6 0.747
93060-01-52-01 54 480.6 67.1 0.746
94060-01-08-00 54894.9 52.1 0.738
95060-01-19-01 55270.5 69.6 0.749
95060-01-33-00 55326.4 52.5 0.733
95060-01-46-00 55378.7 57.7 0.750

however, that these lines are all included in the reflection mod-
els we used in our spectral analysis, and a further smearing was
required to properly fit the line complex. Consequently, the iron
line is consistent with being produced in the inner part of the ac-
cretion disk where the line profile is distorted by Doppler and by
mildly relativistic effects relatively close to the compact object.
At the inner disk radii we find, R;, ~ 10—17 R,, the Keplerian
velocities become mildly relativistic, and the Doppler boosting
effect yields the blue-shifted horn (produced by matter coming
in our direction) brighter than the red-shifted one (produced by
receding matter).

In the hard state, the Fe emission line at 6.4—6.6 keV is re-
lated to a low ionized Fe fluorescence line. The line does not
present clear asymmetry anymore and is equally well fit by a
Gaussian or with the diskline model. The apparent symmetry
of the line may be due to the relativistic effects becoming less
important farther from the compact object and/or to the lower
statistics in the hard state. In both states, the broadening of the
line is not as extreme as in the case of some black hole X-ray
binaries or AGNs (see e.g. Reis et al. 2009a; Fabian et al. 2009).
The Compton hump of the reflection component, however, is re-
quired with a very high confidence level to get a good fit of the
data in the hard state.

6.2. Reflection models

We wused data of 4U 1705-44 from three satellites
(XMM-Newton, BeppoSAX, and RXTE) in order to test self-
consistent reflection models on a broad-band range from 0.3
to 200 keV. The reflection models we used are calculated for an
optically-thick atmosphere (such as the surface of an accretion
disk) of constant density illuminated by a power-law spectrum.

In the soft state, we conclude that the reflection model

is able to fit the iron edge with smearing parameters

that are very similar to those obtained for the iron line profile;
the model is able to self-consistently fit the iron line
profile and the S XVI line at 2.6 keV; the model is
able to fit the iron line profile self-consistently with the S XVI,
the Ar XVII, and Ca XIX lines. The model suggests
an iron overabundance by a factor of about 2 with respect to
its solar abundance. A mildly relativistic smearing of the re-
flection component, described with the component, is
statistically required to fit the XMM-Newton data with the -
model, because these data have the best statistics at the

iron line energy. Nevertheless, this component is not statistically
required when we fit all our dataset with the model.
However, if we exclude the component from the model,
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Table 7. Comparison of three different self-consistent, relativistically smeared reflection models (reflionx, xillver and pexriv) applied to the

XMM-Newton, BeppoSAX, and RXTE spectra of 4U 1705—44 in the soft state.

Component  Parameter Reflionx Xillver Pexriv
phabs Ny (x10%% cm™2) 2.08 +0.02 2.04 +0.01 1.91 +0.02
bbody kT (keV) 0.56 + 0.01 0.67f8:g? 0.52 +0.01
bbody Norm (x1072) 2.58 +0.01 1.7+0.01 2.94 +0.01
nthComp r 2.6+0.1 2.6 (frozen) 23+0.1
nthComp kT, (keV) 3.0+0.1 29+0.1 2.6 +0.1
nthComp kT seea (keV) 1.30 £ 0.02 1.39:’8:8‘1‘ 1.18‘:8:8;
nthComp Norm 0.14 £ 0.01 0.11 +£0.01 0.17 £ 0.01
rdblur Betor -2.1+0.1 -2.1+0.1 -23+0.1
rdblur Rin (GM/c?) 13+£3 11’:% 15‘_’%
rdblur Rou (GM/c?) 3500 (frozen) 3500 (frozen) 3500 (frozen)
rdblur i(®) 37+2 26+ 1 403
edge E (keV) 8.7+0.1 8.5+0.1 -
edge Max 7 (x1072) 42 +0.6 34+0.5 -
gauss E (keV) - - 2.6 (frozen)
gauss Norm (x1073) - - 1.4+02
gauss E (keV) 3.31 +£0.01 - 3.31%50
gauss Norm (x1073) 1.4+0.2 - 1.9+0.2
gauss E (keV) 3.92 +0.02 - 3488’:818;
gauss Norm (x1073) 1.4+0.2 - 2.0+0.2
gauss E (keV) - - 6.63 = 0.01
gauss Norm (x1073) - - 4.1+0.1
highecut cutoffy (keV) 0.1 (frozen) 0.1 (frozen) -
highecut foldg (keV) 8.1 (2.7#kT, of nthComp) 7.7 (2.7*kT. of nthComp) 7.0 (2.7%kT. of nthComp)
reflection r 2.6 (=I" of nthComp) - 2.3 (=TI of nthComp)
reflection Norm 8+1)x10™° (1.5+0.1)x 1073 1.218 (frozen)
reflection Fe/Solar 2.5704 1 (frozen) 1496
reflection Ar, Ca Abund 1 (frozen) 1.8+92 1 (frozen)
reflection &(ergems™) 3578+45 1349%3) 3081+3:58
pexriv Rel-refl - - 1700
Total)(rzed (d.o.f.) 1.17 (1573) 1.26 (1576) 1.16 (1570)

Notes. The model used is const*phabs*rdblur*edge*(bbody+nthcomp+gauss+gauss+ gauss+gauss+highecut*reflection). For the pexriv model,
the disk inclination is fixed to cos i = 0.78 and the disk temperature to 10° K. Here we present the best fit parameters we obtain for the XMM-Newton
spectrum. A few parameters of the continuum got different best fit values for the nonsimultaneous BeppoSAX and RXTE spectra, as detailed in

Table 2.

we find that the ionization attains very high (unphysical) values.
It should be noted here that both and include
Compton broadening, which is higher for higher ionization pa-
rameters (Reis et al. 2009b). This means that to adequately fit
the width of the line with Compton broadening alone, we have
to dramatically increase the ionization parameter to values that
appear too high to be compatible with the observed energy of
the iron line. This is why we decided to include the relativistic
smearing in the reflection model. The smearing parameters are
determined well and appear very similar regardless of the partic-
ular reflection model adopted. They are congruent with previous
results reported for this source (Piraino et al. 2007; Di Salvo
et al. 2009; D’Al et al. 2010), and are very similar for all the
datasets used here (from XMM-Newton, BeppoSAX, and RXTE
satellites).

In the hard state, we significantly detect the iron line at
6.4 keV and the Compton bump of the reflection component,
while the other low-energy emission lines and the iron edge were
not significantly detected. We just used the model to
fit the reflection component self-consistently (i.e. just the iron
line and the Compton bump in this case). As before, we obtain
a very good fit of the whole spectrum in the broad-energy band
between 0.4 and 200 keV. We note that the relativistic smearing

is statistically required for the hard state. In fact the iron line
is found to also be broad in this state (although not as broad as
in the soft state), but in that case the ionization parameter has
a particularly low value, and Compton broadening is negligi-
ble so cannot explain the width of the line. Our results for the
hard state of 4U 1705-44 coincide with the results obtained by
Piraino et al. (in preparation). These authors fit the BeppoSAX
data in the hard state with an alternative reflection model, where

PS (Poutanen & Svensson 1996) is used to model the pri-
mary Comptonization spectrum. Their results are consistent with
the disk-reflection scenario we favor in this paper.

Our results agree with Reis et al. (2009b), who applied -

on three datasets of 4U 1705—-44 obtained by Suzaku
at different periods. A relativistic broadening was also required
to obtain a good fit, as in our analysis. Therefore different in-
struments get similar values for the reflection component in
4U 1705—-44, indicating that the iron line shape as seen by these
instruments is similar, and demonstrating that pile-up is not re-
sponsible for the observed iron line shape.

D’Aietal. (2010) and Cackett et al. (2010) also applied a re-
flection model, (Ballantyne 2004), to fit the spectrum of
this source, restricted to the XMM-Newton data in the energy
range 2—12 keV. In this model a blackbody component, very
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Table 8. Self-consistent, relativistically smeared reflection model (reflionx) applied to the 4U 1705-44 spectra from the three satellites
(XMM-Newton, BeppoSAX, and RXTE) when the source was in the hard state.

Component  Parameter Reflionx (Fe/sol = free)  Reflionx (Fe/sol = 2)
phabs Ny (x10?2 cm™2) 1.9+0.1 1.9+0.1
bbody kT, (keV) 0.24’:8:8% 0.26 +0.02
bbody Norm (x1073) 20+04 1.7+0.3
nthComp r 1.84 £ 0.01 1.83 £ 0.01
nthComp kT, (keV) 2272 21+ 1
nthComp kT geeq (keV) 0.69%002 0.70 £ 0.02
nthComp Norm (x1072) 3.97%07 40+0.2
rdblur Betor -3 (frozen) —3 (frozen)
rdblur Rin (GM/c?) 31f§ 39f‘1“5)
rdblur Rou (GM/c?) 3500 (frozen) 3500 (frozen)
rdblur i(°) 37 (frozen) 37 (frozen)
highecut cutof fr (keV) 0.1 (frozen) 0.1 (frozen)
highecut foldg (keV) 22 (=kT. of nthComp) 21 (=kT. of nthComp)
reflionx Fe/Solar 1.1*93 2 (frozen)
reflionx r 1.84 (=I" of nthComp) 1.83 (=I" of nthComp)
reflionx &(ergems™) 209+ 204
reflionx Norm (x1073) 1.7+03 1.879¢
Total)(rzecl (d.o.f) 1.12 (980) 1.13 (981)

Notes. The model consists of const*phabs*(bbody + nthComp + rdblur*highecut*reflionx). The inclination angle is fixed at 37°, while the Fe/sol
ratio is left free to vary or is fixed to 2. Here we show the best fit parameters we obtain for the BeppoSAX spectrum. A few parameters of the

continuum got different best fit values for the nonsimultaneous XMM-Newton and RXTE spectra, as detailed in Table 3.

likely associated to the boundary layer, provides the illuminat-
ing flux. In this energy band, the reflection model parameters
are mainly determined by the shape of the iron line and are per-
fectly compatible with the results described in this work. In other
words, the inner disk parameters we obtain for this source un-
der the hypothesis that the line is produced by reflection of the
primary Comptonization spectrum on the inner accretion disk,
are always compatible with each other, independently of the
particular model used to fit the reflection component (such as
) s s ’ ) .

To support this disk-reflection scenario, all the reflection
component should be fitted by a self-consistent reflection model.
Unfortunately, no reflection model includes all the reflection fea-
tures. In the case of , two emission lines are needed to
reproduce Ar XVIII and Ca XIX emission lines detected in the
soft state. We also needed to add an edge at ~8.5 keV. To check
whether the edge was consistent with a disk origin, we used an-
other reflection model: . The edge is taken into account
correctly by this model, but the model does not include any emis-
sion line. The model includes S, Ar, Ca, and Fe lines,
but the addition of an edge at ~8.5 keV was again necessary to
obtain a good fit.

As shown by our analysis, the quality reached by today’s ob-
servatories is such that it is now compelling to calibrate the re-
flection broad band spectrum better, because important features
are clearly present (like emission lines from low Z-elements) and
others are not accounted for well enough (as absorption edges of
highly ionized elements).

6.3. The continuum parameters

The main differences between the spectral parameters obtained
from the soft and the hard states are discussed in the follow-
ing. They concern the electron temperature and the seed photon
temperature of the Comptonized component, the inner radius of
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the disk as derived from the smearing of the reflection compo-
nent, and the ionization of the reflection component. We note
here that we had to fix the parameters of the continuum of the
reflection component to the parameters of the compo-
nent used to represent the primary Comptonization spectrum. In
this case, to obtain a good fit, we had to fix the folding energy pa-
rameter to 2.7 times the electron temperature in the soft state and
to the electron temperature in the hard state, in agreement with
the fact that the peak of a saturated Comptonization spectrum
is at 2.7 kT., while the peak of an unsaturated Comptonization
spectrum is at k7.

We observe a clear difference in the spectral parameters from
the soft to the hard state. The electron temperature increases
from kT, = 2-3 keV in the soft state to ~20—24 keV in the
hard state, whereas the power-law photon index and the temper-
ature of the seed photons decrease fromI' = 2.2-2.8to ' = 1.8
and from kT eeq = 1.1-1.4 keV to 0.7-0.8 keV, respectively.

To evaluate the changes in the optical depth and the region
of the seed photons from one state to the other, we use the pa-
rameters obtained by the C model. This model specifies
the Comptonization via the electron temperature in the corona
kT., the temperature of photons injected in the corona k7 seeq,
and the spectral slope I'. These parameters are related to the op-
tical depth 7 as

12

F=—1+F+ ! ()

2 14 Esra+d

(Lightman & Zdziarski 1987). We use the values of the

C components reported in the first column of Tables 7
and 8, which correspond to the model for the reflec-
tion component in both states. The optical depth decreases from
the soft to the hard state, from  ~ 7 to T ~ 3. Moreover, we
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compute the Comptonization parameter y defined by

€

5 X max (T, 72)
c

k
y=4 @)
m,

€
and obtain y ~ 1 and y ~ 2 in the soft and hard states, respec-
tively. To estimate the radius of the emitting region of the seed
photons that are Comptonized in the hot corona, we assume their
emission as a blackbody and the bolometric Comptonized flux as
Fcompt = Fseed (1 +y) since we have to correct for energy gained
by the photons in the inverse Compton scattering. As a result,
Fgeeq 1s defined by

Rgee 2
Fyeeq = O-T:teed( : d) P 3)
; d
so the region of the seed photons is obtained by
Fompe/(1 + y)]'?
Ry = 3 x 10°q Lo/ A+ T @)

(k Tseed)2

(see in’t Zand et al. 1999) with d the distance in kpc, Fcompt
in ergem™?s7!, and kTeeq in keV. By considering the Fcomp
obtained with BeppoSAX that is 8.84 x 107 and 2.09 X
107 erg cm™2 57! in the soft and hard states, respectively, and a
distance of 7.4 kpc, we obtain Rseq ~ 9 km in the soft state and
Rycea ~ 12 km in the hard state, so the seed photons are com-
patible with coming from the neutron star surface in both states.
These results are consistent with a corona above the disk and/or
between the disk and with the stellar surface that is hotter in the
hard state than in the soft state. This is likely due to the inter-
actions with the soft photons from the disk that are more or less
intense depending upon the geometry of the disk-corona system.
It can also be connected with the energetic balance between the
Compton cooling provided by the soft photons (which acts as
the photon number, so with the fourth power of the temperature)
and the coronal heating (maybe through shock dissipation).

For the blackbody component, in the soft state kTyy, is
0.57 keV. Assuming a distance of 7.4 kpc, the region associated
with the blackbody has an apparent radius ~Ry, = 30 km, in
agreement with the emission coming from the hottest part of the
accretion disk, which corresponds to the inner part of the disk
close to the neutron star. In the hard state, the blackbody tem-
perature is kT, = 0.25 keV for all the instruments except for
XMM-Newton, for which kT, = 0.57 ke V. The radius associated
to the first value is ~Rpp, = 160 km, again compatible with a trun-
cated accretion disk, whereas the second one is ~Ry, = 30 km. It
is not clear whether the temperature of the blackbody component
changes between the soft and the hard states, since for this pa-
rameter we find a very similar value for the hard state to what is
found for the soft state for the XMM-Newton dataset, while the
other instruments suggest a lower value. However, in the hard
state, we note similar values of the blackbody normalization for
different temperatures. The reason XMM-Newton gives a much
higher blackbody temperature than BeppoSAX and RXTE may
be a contamination from the boundary layer emission visible
during the XMM-Newton observation and not during the other
ones (of course the boundary layer emission may be directly vis-
ible when it is not completely comptonized in the corona).

6.4. The inclination of the system

The inclination angle of the system with respect to the line of
sight, the inner radius of the disk, the emissivity index, and the
centroid energy of the line are determined by the profile of the

lines (Fabian et al. 1989). These parameters are mutually cor-
related, and it may be difficult to disentangle their contribution
to the overall line shape. For example, as discussed by Cackett
et al. (2010), the inclination and the emissivity index play sim-
ilar roles in determining the line profile. A high value of these
parameters makes the line broad and less peaked, so a high value
of the inclination and a low value of the emissivity index will
give a similar profile to one with a low value of the inclination
and a high value of the emissivity index.

In the soft state the observed emission lines, especially the
iron line profile, allow us to obtain a good constraint on the
inclination angle of the system. Using ,we find i =
35-40°. Applying instead of to the data, we
obtain i = 25-27°. (The difference between the best fit values
of the inclination angle and the ionization parameter obtained
with and are caused by the different en-
ergy range used to extrapolate the illuminating flux in the two
models, Garcia, priv. comm.) However, using other models on
the XMM-Newton data, which are the best-quality data obtained
on 4U 1705-44, such as and , the inclination
is found at 38—41°, in agreement with . Because the
x?/d.o.f. is higher in the case of and because all the
other models indicate the same range of values for the inclina-
tion, we conclude that the inclination of 4U 1705—44 is between
35—-41° with respect to the line of sight.

6.5. Geometry of the accretion disk

In all the models, the component was needed to im-
prove the fit. The mildly relativistic blurring was applied to the
entire reflection spectrum, confirming the common origin of the
reflection features in the inner part of the accretion disk, where
strong relativistic effects broaden emission and absorption fea-
tures. This component gives us information on the inner radius
of the accretion disk, R, = 10-16 R, in the soft state, and
Rin = 19-59 R, (R;, = 26—65 R, for the inclination fixed at
39°) in the hard state, so we have an indication that the accre-
tion disk is close to the neutron star surface in the soft state and
truncated farther from the compact object in the hard state. This
agrees with Barret & Olive (2002) and Olive et al. (2003), who
interpret the transitions from one state to the other in this source
with different truncation radii of the accretion disk. This is also a
possible interpretation for black hole binaries that show clearer
transitions from the soft to the hard state and vice versa (e.g.
Done et al. 2007).

The spectral state transitions are also associated with vari-
ations in the overall X-ray luminosity. We calculated the ac-
cretion rate in both states using the typical value of the ac-
cretion efficiency n = 0.2, corresponding to a neutron star
(Mns = 1.4 My and Rys = 10 km), and to the bolometric lu-
minosities inferred by our spectral modeling. In the soft state,
Mss = 1.6 x 1078 M, yr~!, while in the hard state the accre-
tion rate decreases, Mys = 2 X 10™° M, yr‘l. This difference
in the accretion rate is consistent with changes in the flow ge-
ometry, hence with a different inner radius of the accretion disk.
The evaporation of the inner part of the accretion disk may lead
to a truncated disk at low-mass accretion rates (e.g. Meyer et al.
2000).

We therefore infer a similar geometry to what has been pro-
posed for black hole binaries where the accretion disk is trun-
cated at low luminosity (Barrio et al. 2003; Done & Diaz Trigo
2010); however, some differences should be observed between
these systems, especially in the soft state, because of the bound-
ary layer in the case of the neutron star binaries. And in fact we
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find that the disk is truncated in 4U 1705—-44 relatively far from
the compact object (at more than 10 R, both in the soft and in the
hard state) as is inferred by the fact that the observed distortion
of the iron line profile is never extreme.

6.6. The ionization parameter

Reflection models give an indication of the ionization state of
the matter in the inner part of the accretion disk: & = 4nFx/ny,
where F is the total illuminating flux (erg cm™2 s™!) and ny is
the hydrogen number density. We note that the matter is much
more ionized in the soft state, £ = 3600 erg cm s7!in compari-
son with & = 210 erg cm s~ in the hard state. This again agrees
with the disk-reflection scenario for a truncated disk and with a
lower illuminating flux in the hard state. When the accretion rate
is high, the disk penetrates the hot flow, favoring the interactions
between the inner disk and the illuminating flux and resulting
in a high ionization and of the matter in the disk and, possi-
bly, in a high reflection amplitude (e.g. Poutanen et al. 1997).
In contrast, when the accretion rate is low, the disk is truncated
farther from the compact object, disk matter is less ionized, and
the amount of reflection is intrinsically low (e.g. Barrio et al.
2003). This is consistent with the observed energy of the iron
line found in the soft state, Eg. = 6.6—6.7 keV, and in the hard
state, Eg. = 6.4—6.5 keV (see also Reis et al. 2009b, who em-
phasize the influence of the ionization state of the accretion disk
on the iron line profile).

6.7. Overabundance of some elements

Determination of the abundances of heavy elements is impor-
tant for inferring how they originated. Most heavy elements from
Si to Fe develop from explosive nucleosynthesis in supernovae.
Type Ia supernovae, which correspond to the explosion of an ac-
creting white dwarf in a binary system when its mass becomes
superior to 1.4 M., via mass transfer, mainly provide Fe, whereas
core collapse supernovae (SN II, Ib, IIb) associated to the grav-
itational collapse of the iron core of a massive star after suc-
cessive stages of hydrostatic burning, provide intermediate ele-
ments, from Si to Ca.

In the soft state of 4U 1705-44, XMM-Newton detected
emission lines corresponding to S, Ca, Ar, and Fe. Using reflec-
tion models we have investigated a possible overabundance of
some elements with respect to their solar abundance. Applying

we have an indication of an iron overabundance by a
factor 2—3, probably responsible for the apparent large edge ob-
served in the soft state (Ross & Fabian 2005). This result agrees
with D’Ai et al. (2010), who evaluated the iron overbundance
by a factor ~3 by using , in addition to an overabundance
of S with respect to the other elements (or solar abundance).

In the hard state, the lower statistics do not allow us to detect
other emission lines than Fe, so it is difficult to estimate any
overabundance. When this parameter (Fe/sol) is free to vary in

, its value is close to 1, and the inner radius of the disk
is found at about R;, = 19-59 R,. When we fix the abundance of
iron to a factor 2 with respect to the solar abundance, the inner
radius is found at a slightly greater distance from the neutron star
Rin = 24-79 R,, confirming the evidence of a truncated disk in
the hard state. It is therefore important to obtain good constraints
on the abundance of Fe and other elements, if possible, because
this parameter also has a direct effect on the estimate of the inner
radius of the disk.
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6.8. Comparison with Cyg X-2 and GX 3+1

Both Cygnus X-2 and GX 341 are bright neutron star
LMXBs showing spectral features similar to those observed in
4U 1705—-44. The Z-source Cyg X-2 is one of the rare persistent
LMXB whose secondary star is easily observed. It appears to
be a high-inclination system (i > 60°) since short-duration dips
have been detected in its light curve (Vrtilek et al. 1988; Orosz &
Kuulkers 1999). The width of the brightest spectral lines of Mg
XII, Si XTIV, S XVI, Fe XXV, and Fe XX VI resolved by Chandra
indicate velocity dispersion ranging from 1000 to 3000 kms™!
(Schulz et al. 2009), and they are consistent with a stationary,
dense, and hot accretion-disk corona. Moreover, a Suzaku obser-
vation reveals the presence of a red-skewed wing of the Ke iron
line in this source (Shaposhnikov et al. 2009), possibly explained
by reflection of X-ray radiation from a cold accretion disk or
by Compton down-scattering in a mildly relativistic wind out-
flow (Laurent & Titarchuk 2007). In the case of 4U 1705-44,
the observed emission lines could not be resolved into blending
of different lines, whether with XMM-Newton (Di Salvo et al.
2009) or with the Chandra High Energy Transmission Grating
(Di Salvo et al. 2005). We infer velocities associated with the dif-
ferent emission lines of ~11 000 kms™! (Eg. = 6.69 + 0.01 keV,
ore ~ 025 keV; Ear = 331 £ 0.02 keV, oar ~ 0.13 keV)
and a red-skewed Ka iron line, with a line width similar to
the one observed in Cyg X-2 (ope ~ 0.22-0.25 keV). In both
sources, the intercombination line dominates the Fe XXV triplet.
However, the width measured for the 6.68 keV line is much
more in 4U 1705-44 than in the case of the Chandra obser-
vation of Cyg X-2, but it is similar to the line width measured
in the Suzaku observation of Cyg X-2. Because of the lower
statistics of Chandra grating spectra, it may be possible that
the red wing of the line is not easily observed by Chandra and
is better detected by the large-area instruments of Suzaku and
XMM-Newton.

Another peculiar system presenting very similar fea-
tures to those observed in 4U 1705-44 is the type-I X-ray
burster GX 3+1. Recently, a broad and asymmetric iron line, in
addition to Ar XVIII and Ca XIX lines, has been detected with
XMM-Newton in this persistent and bright atoll source (Piraino
etal. 2012). The iron line profile is well fitted by a relativistically
smeared profile and is thought to come from reflection in the in-
ner parts of the accretion disk. As in 4U 1705-44, the line profile
does not depend upon the photon pile-up fraction in the EPIC-pn
spectrum, in agreement with Miller et al. (2010). The parame-
ters obtained from the line profile modeled with a Gaussian or a
diskline, such as the emission line width, the inclination of the
system with respect to the line of sight, 35° < i < 44°, and the
inner disk radius, are remarkably similar to those we find for
4U 1705—-44, indicating similar geometry and physical parame-
ters of the disk-corona system in these bright sources.

7. Conclusions

Reflection features present complex profiles that mainly depend
on the relativistic blurring, caused by Doppler effects of the high
Keplerian velocities and, possibly, gravitational redshift at the
inner disk radius, on the incident flux, on the ionization state of
the matter in the disk, on the abundance of the elements, and on
the inclination of the system with respect to the line of sight. The
study of these features gives invaluable information on the sys-
tem. We performed a broad band (0.4-200 keV) and moderately
high-energy resolution spectral analysis of the X-ray burster
4U 1705—-44 both in the soft and in the hard states using data
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from XMM-Newton, BeppoSAX, and RXTE observatories. This
source is particularly interesting since it shows several reflection
features observed at a high S/N. We fitted these features with
several self-consistent reflection models in order to test the com-
mon origin of all these features, which are all compatible with
being produced by reflection of the primary Comptonization
spectrum on the inner accretion disk. In this scenario we in-
ferred the main parameters of the inner accretion disk. In par-
ticular, we found (i) the inclination of the system with respect
to the line of sight that is constrained in the range 35-41°, (ii)
the inner radius of the disk that increases from 10—16 R, in the
soft state up to 26—65 R, in the hard state, and (iii) the ion-
ization parameter that decreases from ~3600 erg cm s~! in the
soft state to 210 erg cm s~! in the hard state. We also find an
indication of an iron overabundance by a factor 2—3 with re-
spect to its solar abundance. All these results appear to be strong
against the particular reflection model used to fit these features
and against possible distortion caused by photon pile-up in the
XMM-Newton/EPIC-pn CCDs.

We have also discussed the differences in the spectral pa-
rameters between the soft and the hard states. The results found
are consistent with the following scenario. At low luminosity,
the accretion disk is truncated farther from the neutron star, so
the interaction efficiency of the disk photons with the hot elec-
trons of the corona is lower. The rate of photons coming from
the disk is also lower because of the cooler temperature of the
disk. This results in a hard spectrum and a low-ionization reflec-
tion. At higher luminosity, the mass accretion rate increases and
the inner radius of the disk moves closer to the compact object.
The soft photons from the disk are much more efficient at cool-
ing the corona, resulting in a softer spectrum. In addition to this,
reflection increases due to a stronger irradiation of the disk, and
the matter becomes more ionized. Moreover, the emission lines
are broadened by stronger Doppler effects as the disk approaches
the compact object.

This scenario is generally well supported by the timing anal-
ysis through power density spectra where correlations are ob-
served between the characteristic frequencies of the fast time
variability and the position of the source in the CD or in its spec-
tral state (e.g. Olive et al. 2003), with characteristic frequencies
increasing when increasing the inferred mass accretion rate.
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Appendix A: Pile-up

The task offers the possibility to check whether an
observation suffers from pile-up. Here we compare the follow-
ing different cases, when all the columns of the CCD are used
(pn-all), when the brightest central column is excluded (pn-1),
when the two brightest central columns are excluded (pn-2),
and finally when the seven brightest columns are excluded (pn-
7, as proposed by Ng et al. 2010) in order to determine if the
4U 1705-44 spectra were affected by significant pile-up dur-
ing the XMM-Newton observation in the soft state. We note the
presence of some pile-up below 2 keV and above 10 keV, un-
less 7 central columns are excluded. We specify that we have
restricted our spectral analysis between 2.4 and 11 keV, which is
the range of interest for the study of the iron Ka line complex.

he] r
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(7]
(7]
Tl Model
T 05 [Frawy = 191.0
6.0—7.0 keV observed—to—model fractions:
s: 0.983 +/- 0.001
d: 1.114 +/— 0.002
-
0
I

n n n MR | n n TR R R
100 1000 10%
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Fig. A.1. Estimation of the pile-up fraction in the EPIC-pn through the
epatplot tool at the 6—7 keV iron line energy range when all the columns
of the CCD are considered. The plot represents the spectra of the single
(red) and double (blue) events. Solid lines indicate the expected fraction
from the model curves.
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Fig. A.2. Same as in Fig. A.1 for pn-1, in which the brightest central
column of the CCD has been excluded.

Moreover, it is possible to quantify the amount of pile-up in a
given energy range. By default this range is from 0.5 to 2 keV,
which corresponds to the softest part of the spectrum, which is
where it is the most sensitive to pile-up. We estimate the amount
of pile-up in the energy band of the iron emission line (6—7 keV).

When we use all the columns of the CCD, we note a devia-
tion between the observed and the expected distribution that tes-
tifies to the presence of pile-up in the spectrum (Fig. A.1). The
observed-to-model fractions of the single and double are 0.98
and 1.11, respectively, in the 6—7 keV band. If we exclude the
central column, the deviation is less important, especially for the
single events (Fig. A.2). The observed-to-model fractions cor-
responding to the single and double events are 0.99 and 1.07.
When we exclude two central columns, the single and double
distributions follow the expected models, meaning that the ob-
servation no longer suffers from pile-up (Fig. A.3). The corre-
sponding ratios are 1.00 and 1.04. Finally we exclude the seven
brightest columns. The single and double distributions are over-
estimated in comparison to the models (Fig. A.4). The associ-
ated ratios are 1.03 and 0.91, respectively, in the 67 keV energy
band. We therefore conclude that the best solution is to exclude
two central columns of the CCD in order to avoid pile-up and to
have the most correct distribution of single and double events at
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Fig. A.3. Same as in Fig. A.1 for pn-2, in which the 2 brightest central
columns of the CCD have been excluded.
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Fig. A.4. Same as in Fig. A.1 for pn-7, in which the 7 brightest central
columns of the CCD have been excluded.

the iron-line energy band. Note also that the range below 2 keV
is covered by the RGS, and it is therefore not necessary to elimi-
nate more central columns in the pn CCD with the aim to reduce
the pile-up fraction below 2 keV. In other words, we prefer to
exclude from our spectral analysis the softer energy range in the
pn spectrum, which is covered by the RGS, in order to maximize
the statistics of the pn spectrum and the quality of the instrumen-
tal response reconstruction in the range of interest for iron line
studies.
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Figure 5.10: The left panels represent the expected pattern distribution functions
(smooth solid lines) superposed to the observed ones for single (red) and double
events (blue) in three different cases: a) when the central raws are used (upper
panel), b) without the central raw (second panel), ¢) without the 2 central raws
(lower panel). The rectangulars on the right show the image of the CCD of the
EPIC-pn in timing mode corresponding to the three cases previously described.
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At present, it does not exist a full, self-consistent model able to fit the whole
reflection component in X-ray binaries and AGN. The current models present some
limits. As seen in the previous chapter, a) reflionx does not include all the emission
lines and the Fe edge is not well taken into account (although this may be caused by
small differences in the emission region of the emission lines and absorption edges),
and b) pexriv does not contain any emission lines. Many other models do exist
to account for the reflection component, but none contains all of the parameters
necessary to perfectly fit the data. Therefore, models need to be improved in order
to better reconstitute the reality of what happens in X-ray sources.

Xillver [Garcia 2010] is a relatively new model for which I performed some tests,
in order to help its author, J. Garcia, to adapt it in order to match the soft spectra
observed in neutron star LMXBs and to fit all the observed discrete features. After
a brief presentation of the model, I discuss the main parameters on which I focused.
To test the tables, I used the 4U 1705-44 data in the soft state, since they present
many reflection features of high quality. Moreover, thanks to the work performed
on these data with the other reflection models, I have a direct comparison between
xillver and these models.
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6.1 Xillver

6.1.1 Brief description of the model

Xillver is a recent model that seeks to reproduce reflected spectra from X-ray illu-
minated accretion disks. It assumes that the density is constant along the vertical
direction of the disk. The theory used to conceive this model is based on the ra-
diation transfer equation, ionization equilibrium, energy conservation, and atomic
data. The structure of the gas is determined by the photoionization code XSTAR
[Kallman 2001], considering different states of the gas, defined by its temperature
and the level of ion population. The vertical structure of the gas is found by solving
ionization and thermal balance for different zones, using XSTAR.

The xillver model proposes a grid of parameters, which can take a certain range
of values. Some parameters are fixed, such as the photon index of the power law
I' = 2, the other ones are free to vary, like for instance the ionization parameter &.

The energy resolution associated with the reflection spectra is higher than that
of the previous models, as well as the resolution of the detectors on current X-
ray observatories, such as XMM-Newton, Suzaku and Chandra; it is comparable
to the expected resolving power of the new generation of X-ray missions (as IXO
for instance). Fig 6.1 shows the comparison between xillver and reflionx, for three
different values of the ionization parameter. Most prominent lines are identified on
Fig 6.2.

6.1.2 Differences between xillver and reflionx, pexriv

Some differences have been highlighted between xillver and other reflection models
(reflionx and pexriv), from the spectral analysis performed on the 4U 1705-44 data
in the soft state [Egron 2012|. In this study, four emission lines were detected at
2.62, 3.31, 3.90 and 6.66 keV, probably associated to S XVI, Ar XVIII, Ca XIX, and
Fe XXV respectively, in addition to an iron aborption edge at ~ 8.6 keV. Different
reflection models (reflionx, xillver and pexriv) were applied to the data to confirm
the common origin of these features. All of them were convolved with the rdblur
component to take the relativistic effects into account close to the compact object.
The main conclusions on the analysis are:

e the inner radius of the disk is found to be between 10 and 17 R, with all the
models

e the edge at 8.6 keV is not well included in reflionx and xillver

e an overabundance of Fe is detected with reflionx and also of Ar, Ca with
xillver.

e there is a difference in the inclination between xillver (26°) and reflionx /pexriv
(37° and 40° respectively).
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e the ionization parameter is found to be higher with reflionx, including higher
error estimates than xillver

e a blackbody is found to be at a slightly higher temperature in the case of xillver
(0.67 keV) in the continuum. By comparison, the temperature associated is
0.56 keV and 0.52 keV, for reflionx and pexriv respectively.

6.2 Parameters tested

I tested different tables built by J. Garcia on the 4U 1705-44 data, in order to
understand which parameters can improve the xillver reflection model. We note
that the creation of a new table requieres a lot of time and cpu to be produced.

In the following, I present the main parameters on which I focused. They con-
cern the Ar, Ca, and Fe abundances, and the Fe absorption edge. Furthermore, I
introduce a new version of xillver, which includes a new treatment of the illumi-
nation of the accretion disk, and the first tests I performed with these new tables.
Then, I mention some changes that need to be taken into account in the future,
such as the ionization parameter for instance.

6.2.1 The abundance parameter

Reflionx and xillver show an overabundance of Ar, Ca, and Fe with respect to
the solar abundance in the 4U 1705-44 data. In the version of xillver used, the
iron abundance is set to 1, whereas the Ar and Ca abundances constitute a single
parameter free to vary [Egron 2012|. The total x2, obtained is 1.26 for 1576 dof.
An Ar and Ca overabundance is detected with a factor of 1.8Jj8:§. The Ca and Ar
lines are quite well fitted but some residuals are still present at ~ 6.7 keV in the
EPIC/pn data, corresponding to the iron line energy.

I tested different tables where the Ar, Ca, and Fe abundances are all grouped in
a unique parameter, and then, when the Fe abundance is free to vary whereas the Ar
and Ca abundances are fixed to 1 (solar abundances). The results are summarized
in Table 6.1, where they are compared with the initial version of xillver (Ar and Ca
abundances are free to vary as a unique parameter).

In the first table, the Ar, Ca, and Fe elements are forced to have the same
abundance. An overabundance of these elements is found with a factor of 2.8 £0.1.
However the S and Ar lines are still visible in the residuals. The x2 ; obtained using
the XMM-Newton, BeppoSAX, and RXTE data is higher than in the previous case
(1.38 for 1576 dof). The residuals corresponding to the XMM-Newton/EPIC-pn
data are shown in the upper panel of Fig 6.4.

In the second table, where only the iron abundance can vary, the Ar and Ca
abundances being fixed to 1, the result should be in principle very similar to that of
the reflionx model. The iron is detected with an overabundance of a factor 4.0f8€’.
The x?2,4 associated to the fit is better than in the previous cases (1.24 for 1579 dof).
The iron line is fitted in a nice way but some residuals are still apparent at ~ 3.3 and
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3.9 keV, which means that the Ca and Ar lines are not well fitted. However, the X?ed
is still higher than that obtained with reflionx, where two Gaussians were added at
3.31 and 3.9 keV to fit the Ar and Ca lines, respectively. The corresponding residuals
associated with the EPIC-pn data are illustrated in the upper panel of Fig 6.5.

I proposed to create another table that considers two different parameters for
the element abundances: one for Ar and Ca, and another one for Fe. Indeed, these
elements should not necessarily have the same abundance, since they do not have
the same origin. Type la supernovae, which correspond to the explosion of an
accreting white dwarf in a binary system when its mass becomes superior to 1.4
My, via mass transfer, provide mainly Fe, whereas core collapse supernovae (SN
I1, Ib, IIb) associated with the gravitational collapse of the iron core of a massive
star after successive stages of hydrostatic burning, provide intermediate elements,
from Si to Ca. Therefore, it seems judicious to produce another xillver table which
includes 2 different parameters: one for Fe abundance and the other one for Ar and
Ca abundance, in order to let vary these parameters separately. These tables are
currently under construction.

6.2.2 The Fe edge

As seen in the case of 4U 1705-44, the iron absorption edge is not well fitted whether
it be with reflionx or xillver. Pexriv is the only model who does it correctly.

I tested different xillver tables in order to understand whether the influence of
the abundance parameter could have direct effects on the iron edge. I only used
the XMM /EPIC-pn data to better see the comparisons. For each xillver table, I
compared the residuals, with and without the addition of an edge (cf Fig 6.3, 6.4,
and 6.5), and the x? associated. The values are reported in Table 6.2.

From this analysis, we note that the addition of an Fe absorption edge is nec-
essary in the models to obtain a better fit. The only table that fits quite well the
iron edge is the one which includes the Fe abundance parameter (Fe overabundance
~ 3) as a free parameter. Thus, the Fe edge seems to be correctly fitted only when
the iron emission line is perfecty fitted (see Fig 6.5).

Additionally, the line at 2.6 keV probably associated to S XVI is not really well
fitted by the different xillver tables. We suggest an overabundance of this element
with respect to the solar abundance. This element could perhaps be added to the
Ca and Ar in a same parameter, which could vary independently from the iron
abundance parameter.

6.2.3 A new treatment of the illumination

The new xillver tables contain some modifications with respect to the previous ones,
in particular concerning the treatment of the illumination of the accretion disk. In
the previous versions, the incident power law illuminating the disk was used for all
energies in the spectrum, down to 0.1 eV. For any photon index I' larger than 2,
this induced too many photons in the low energy part of the spectrum, which was
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Table 6.1: Comparison of the three versions of xillver (Xillver 1, Xillver 2, and
Xillver 3), applied on the XMM-Newton, BeppoSAX, and RXTE data of 4U 1705-
44 in the soft state. The abundance parameter differs from one version to other
ones, such as a) Xillver 1: Ca and Ar abundances are grouped in one parameter,
b) Xillver 2: Ca, Ar, and Fe abundances constitute one parameter, and c¢) Xillver
3: only the Fe abundance can vary, the Ca and Ar abundance are fixed to 1.

Component Parameter Xillver 1 Xillver 2 Xillver 3
phabs Ny (x10%22em=2)  2.0440.01 2.35+£0.01 1.99+0.01
bbody kT (keV) 0.677007  0.51+£0.01  0.59+0.01
bbody Norm (x1072) 1.7040.01  0.36+0.01 1.95+0.01
nthComp kT, (keV) 2.9+0.1 3.240.1 3.2+40.1
nthComp kT (keV) 1397090 1434001 1.317992
nthComp Norm 0.11£0.01 0.099£0.003 0.14+0.01
rdblur Betor —2.1+0.1 —2.8+0.1 —-2.3+0.1
rdblur R, (GM/c?) 1172 1173 1141
rdblur i(°) 26+ 1 22+1 22+1
edge E (keV) 8.5+0.1 9.140.1 9.2+0.1
edge Max 7 (x1072) 3.4+0.5 6.9755 2.7
highecut foldg (keV) 7.7 8.8 8.6
xillver r - 2.6 (fixed) 2.6 (fixed)
xillver Norm (x1079) 15+1 8417 8.4+0.3
xillver Fe/Solar 1 (frozen) 2.840.1 4.0193
xillver Ar, Ca Abund 1.8703 = abund Fe 1 (frozen)
xillver log ¢ (erg cm s71) 3.13J_r8:8i1,) 3.50+0.01 3.20+0.01
Total x24 (dof)  1.26 (1576)  1.38 (1576)  1.24 (1579)

Notes. The model is const*phabs*rdblur*edge* (bbody-+nthcomp+highecut*xillver). The
fold energy is fixed at 2.7 times the electron temperature given by the nthcomp component.
The outer radius is frozen to 3500 Rg. The photon index I' of the nthComp component is
fixed to 2.6, and the high-energy cutoff to 0.1 keV.
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Table 6.2: Comparison of the three versions of xillver, applied on the XMM-Newton
data of 4U 1705-44 in the soft state. The model is the same than the one used in
the first part: phabs*rdblur*edge*(bbody+nthcomp-+highecut*xillver). We report
only the values relative to the edge, the y? associated, and the y? when we delete
the edge from the model. We also compute the F-test in order to check whether the
addition of the edge is statistically significant.

Table edge edge max x2?/ d.o.f. x?/ d.o.f. F-test
E (keV) 7 (x1072) with edge without edge

Ar, Ca 86+0.1 940.1 503/415 656,/417 1x10724

Ar, Ca, Fe 8.6 +0.1 9+0.1 565/414 665/416 2x 1071

Fe 9.1+0.1 44+0.1 618/415 644/417 2x 1074

somehow unphysical. This had important consequences on the ionization balance
calculations, and thus on the final predicted spectrum. In the reflionx model, the
incident power law is cut at ~ 100 eV to avoid this issue. The new xillver models
take this modification into account and contain the latest version of the atomic
database (the newest XSTAR version). Moreover, the energy has been extended to
1 MeV (as in reflionx). The old and new versions of xillver, referred as versions 1
and 2, are shown in Fig 6.6.

The new xillver tables are currently re-calculated. For the moment, the abun-
dances of S, Ar, Ca and Fe are all grouped in a single parameter, since producing
a table in which the Ar and Ca abundance varies independently from the Fe abun-
dance wouldl take too much time. Until now, we do not obtain a better fit compared
to the previous xillver tables applying this new table to the XMM-Newton data of
4U 1705-44. The Ca line (at ~ 3.9 keV) does not seem to be well fitted and they

are still some residuals at the Ar and Fe line energies (see Fig 6.7).

Interestingly, the S line seems to be well taken into account. We note that
the abundance of S, Ar, Ca and Fe tends to reach the maximal value authorized
(~ 9—10) and the inclination of the system with respect to the line of sight becomes
very similar to that obtained with reflionx (about 39°+2). However, by constraining
the abundance parameter to be between 1 and 5 (to be physically possible), its value
is found to be at 4.1f?'5, but the inclination increases: i = 65°f; The associated
ionization parameter is & = 3.5f8:§. The edge is found to be at 8.8f8:§ and the
blackbody temperature at 0.4340.03 keV. The other parameters are fully consistent
with the reflionx model. The total x2 , is 596/414 = 1.44. When we delete the iron
absorption edge at ~ 8.8 keV the x2; slightly increases (607/416 = 1.46), and the
F-test = 2 x 1072 indicates that the edge is not statistically required in the model.
Consequently, the iron absorption edge seems to be quite well fitted with this xillver
table, although several problems appear still present in this table model, as shown
by the mismatches still visible with respect to the reflionx model. We note that
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the two models are very similar, the only differences are the presence of Ar and Ca
emission lines and the intrinsic energy resolution.

6.3 Conclusions

The X-ray spectral analysis of 4U 1705-44 has allowed us to show an overabundance
of Ar, Ca, and Fe with reflionx and xillver, with a higher factor for Fe (2.51‘8:;
against 1.8f8:§ for Ar and Ca). This statement seems to be confirmed by the tests
we performed on new xillver tables, where these three elements were forced to have
the same abundance. The overabundance is estimated at 2.8+0.1, but some features
are still visible in the residuals corresponding to the S, Ar, and Ca line energies.
Another test performed when only the Fe abundance is free to vary whereas the Ar
and Ca abundances are fixed to the solar abundances, shows the S, Ar, and Ca lines
are still apparent in the residuals. By consequence, it would be interesting to test
new tables where the abundance of these elements are independently treated, to see
if the fit is improved.

At present, xillver uses a new treatment of the illumination of the disk that
should be more similar than reflionx. The first results obtained from the new tables
are inconclusive. Nonetheless, some features in the residuals at the Ca line energy
seems to indicate the line is not correctly fitted. By contrast, the Fe edge is well
taken into account.

New tables are currently tested for variable photon index I' and Fe abundance,
and for fixed I' = 2.6 and where the abundances of S, Si, Ar, Ca and Fe are grouped
to form a single variable parameter. We are also trying to combine different tables,
however, the ionization parameter in all these fits is too large (log(§) > 3). For
those values the gas is too ionized and thus all the lines from low Z elements, like
the ones we are looking for, get diminished a lot. For example, in the case of the
Ca line, a much sensitive value will be around log(§) ~ 2.8, where the line is more
intense.

Therefore, the separation of the Fe abundance with the S, Ar, and Ca abundance
and to leave the spectral photon index free to vary would probably improve the fit.
Then, it should be interesting to see whether the Ca line is better fitted when its
abundance is independent from A and Ar.

Furthermore, the ionization parameter is considered as a constant parameter in
the current reflection models. However, this parameter should vary with the radius
of the accretion disk, the ionization being more important at a smaller distance of
the compact object.
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Figure 6.1: Comparison of xillver (black) and reflionx (red) using the same input
parameters, for three different ionization parameters [Garcia 2010]. The prominent
emission lines appearing on these spectra are identified on Fig 6.2.
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Figure 6.6: Comparison of the previous version of xillver (v-1.0) with the new one
(v-2.0), which includes a new treatment of the illumination of the disk (appearing

in green on the figure). Figure from J. Garcia.

Xillver S, Ar, Ca, Fe abund — with edge at 8.8 keV

Energy (keV)

Figure 6.7: Residuals with the edge in the XMM /EPIC-pn data, including the new
treatment of the illumination of the disk. The Ca line at 3.9 keV is not correctly

fitted.






Part 111

Conclusion






CHAPTER 7

(GGeneral conclusions

Contents
7.1 Conclusions on the sources studied . . . . . ... ... .... 159
7.2 Comparison between NS LMXBs and BHXBs . . ... ... 161

This chapter is devoted to the conclusions drawn from the work performed on
the two neutron star LMXBs studied, and more generally on the differences and
similarities between neutron star LMXBs and black hole X-ray binaries, deduced by
X-ray spectral analysis.

7.1 Conclusions on the sources studied

The aim of my PhD was to perform a spectral comparison of neutron star LMXBs
with the better-known black hole binaries, specifically by studying the reflection
component in neutron star LMXBs. The observation of the two atoll sources MXB
1728-34 and 4U 1705-44 with different X-ray telescopes allowed me to investigate
the inner parts of the accretion disk and to obtain interesting results about the
nature and the origin of the iron line, for which a debate is still on-going, and
more generally concerning the reflection component. Also, I inferred physical and
geometrical information on the systems when the sources were in different states,
such as the inner radius of the disk, the inclination angle of the system, the state of
ionization of the disk, and the electron temperature forming the corona.

By performing the spectral analysis of the XMM-Newton data of MXB 1728-34, 1
showed that the Fe Ka line is broad and asymmetric, contrary to a previous analysis
performed on part of these data by [Ng 2010]. Different reasons can explain this
divergence: a) the previous analysis was done using only the EPIC-pn data, whereas
I used these data in addition to the MOS1, MOS2, RGS1, and RGS2 data in order
to better constrain the models; b) different models were used to fit the continuum
and the Fe line. I carefully compared the different applied models, which are all
consistent with a relativistically smeared Fe line. These models give first estimates
of the inclination of the system: 44° < i < 60°, and the inner radius of the accretion
disk: 25 < R;, < 100 km from the neutron star center, assuming the neutron star
mass to be 1.4 Mg.

The second neutron star LMXB I studied is the well-known X-ray burster 4U
1705-44. The main objectives of this study were: a) to study the pile-up effects
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on the iron line detected with the XMM-Newton/EPIC-pn; b) to fit the reflection
features with a self-consistent reflection model in order to prove their common origin;
and ¢) to study the changes in the spectral parameters when the source was in two
distinct states, the so-called soft and hard states.

For this purpose, I selected a sample of data in both states by using XMM-
Newton, BeppoSAX, and RXTE observations, so as to cover a high-energy range
from 0.1 to 200 keV and to have a high-spectral resolution close to the iron line
energy. This last point is important, since a well-determined profile of the iron
line constitutes a fantastic tool for inferring information on the inner part of the
accretion disk, like the ionization state of matter in the disk, the estimate of the
inner radius of the disk, or the inclination angle of the system with respect to the
line of sight.

I first studied with caution the effects that pile-up could have on the Fe line
and more generally on the XMM-EPIC/pn spectrum when the source was in the
soft state. I showed that the iron line profile is robust even with the presence of
a small fraction of pile-up, while the continuum may vary more significantly. The
broad Fe Ka line detected at 6.7 keV, associated with highly ionized Fe XXV, is
consistent with produced in the inner part of the accretion disk, where Doppler
and mildly relativistic effects relatively close to the compact object participate in
the distortions of its profile. Other emission lines are detected at lower energy,
corresponding to S XVI, Ar XVIII, and Ca XIX, in addition to iron absorption
edges. All of these components are well fitted with self-consistent reflection models,
which supports their common origin in the inner parts of the accretion disk, via the
process of X-ray reflection of the power-law continuum illuminating the cold gas. An
overabundance of Fe and possibly Ar and Ca is highlighted. Work on the reflection
model xillver is still in progress to improve the fit.

In the hard state, the Fe emission line detected at ~ 6.4 keV is related to a
low ionized Fe fluorescence line. The line does not present any clear asymmetry
anymore. Furthermore, a Compton hump which peaks at ~ 30 keV is visible in
the BeppoSAX data and is well fitted with the reflection models. The spectra from
XMM-Newton, BeppoSAX, and RXTE were then simultaneously fitted with the
same reflection models as those used in the soft state, in order to allow a direct
comparison of the parameters.

The source 4U 1705-44 shows clear changes in the spectral parameters when the
source resides in the hard and in the soft state. These changes concern mainly the
ionization parameter, the energy of the Fe Ko line, the power-law photon index T,
the electron temperature of the corona, and the inner radius of the accretion disk.
The scenario proposed for black hole X-ray binaries seems relevant also in the case
of this system: the disk would be truncated at a larger distance from the compact
object in the hard state. When the source moves to the soft state, the mass accretion
rate increases, and the inner radius of the disk approaches closer to the neutron star
surface. The disk becomes hotter and more ionized, which has direct consequences
on the temperature of the corona, since the soft photons from the disk are very
efficient in cooling the electrons. It would be interesting to perform a similar study
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on other neutron star LMXBs to see if this scenario is valid for all of these systems.

To conclude, the study of the two neutron star LMXBs shows that their spectra
are very similar to those of black hole X-ray binaries, in particular the reflection
component. Moreover, it shows that the deformations of the iron line profile, and
so the fact that the Fe line is relativistic, strongly depends on the state of the
source. The Fe Ka line present in the MXB 1728-34 data, when the source was in
an intermediate state, shows a slightly asymmetric profile. The Fe line in 4U 1705-
44 is clearly asymmetric in the soft state, whereas it is not asymmetric anymore in
the hard state. Two main hypotheses can explain this: a) depending on the state in
which the source resides (soft or hard state), the accretion disk approaches more or
less the compact object, thus the deformations of the line profile from the neutron
star are more or less strong; b) when the source is in the hard state, fewer photons
are received on the X-ray detectors of the telescopes because the source is less bright.
In this case, since the statistics is lower, the line profile seems symmetric and the
relativistic nature of the line is more difficult to prove since the models are not very
well constrained.

Whereas the relativistic nature of the Fe line seems clear when a source is ob-
served in the soft state, where the accretion disk approaches the compact object,
hence where relativistic effects are stronger, the mystery of the (a)symmetric Fe Ka
line in the hard state will probably be solved with the next generation of X-ray satel-
lites which will offer a higher effective area to collect more photons and a higher
energy resolution. Moreover, it will likely be possible to detect clearly and inde-
pendently the asymmetry of the other emission lines at lower energy. This would
constitute the ultimate proof that all of these components are produced with the
same reflection processes in the inner parts of the accretion disk. Last but not least,
it is of crucial importance to continue the development and improvement of full,
self-consistent reflection models, including all of the emission lines with different
abundance parameters for each elements, so as to better reproduce the data with
more precision.

7.2 Comparison between NS LM XBs and BHXBs

This section is devoted to a more general conclusion on the comparison between
neutron star LMXBs and black hole X-ray binaries, based on their X-ray spectral
properties. This comparison aims to answer the following question: is it possible to
identify the nature of the compact object from the X-ray spectral analysis?

A common way to determine whether the compact object is a black hole or
a neutron star is based on the determination of the dynamical mass; for a mass
M > 3Mg, the accreting object is believed to be a black hole. However, the optical
counterpart has to be visible in order to calculate the mass function. In many X-ray
binaries, it is impossible to get this information, therefore other methods seek to
answer it. Spectral and timing analyses are expected to show unequivocal signatures
of these systems. Until now, only a few characteristics have been found. The major
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signature revealed by timing analysis is the presence of twin kHz QPOs in 26 neutron
star LMXBs. What about the spectral analysis? Are there any differences between
black hole and neutron star X-ray binaries?

Depending on the type of neutron star (atoll or Z-source), the magnetic field does
not have the same intensity, which has direct consequences on the accretion flow.
Atoll-type neutron star LMXBs share many X-ray spectral and timing properties
with black hole X-ray binaries. Because of the low magnetic field of the neutron
star in such systems, the accretion disk approaches very close to the neutron star
surface, hence the accretion flow is expected to be very similar to that of black hole
binaries. Furthermore, these systems exhibit similar luminosities when the sources
are in the soft state (corresponding to the banana branch of the atoll color-color
diagram) and hard state (island state of the atoll source).

Two dominant components are generally observed in the spectra of these sys-
tems, whose relative strengths vary according to the state of the source. One is a
power law characterized with a photon index ranging from ~ 1.5 to ~ 2.5, which
dominates the high-energy part of the spectrum (E > 10 keV). The other component
is approximately described by a blackbody, with a photon temperature of kT, < 1
keV. In addition, a reflection component is often detected and allows one to inves-
tigate the structure and the properties of the innermost part of the accretion disk.
To this date, reflection spectra have been found to be extremely similar in these
systems; a small difference resides in the Fe Ka line profile, whose distorsions are
stronger in the case of black hole accreting systems, especially in fast-rotating ones.

Therefore, the similar configuration in these sources, with apparently identical
processes involved, leads to very similar spectra. Such tight analogies complicate
the identification of the compact object with the spectral analysis. However, there
is a major difference between these systems, due to the fact that a neutron star
has a solid surface. A direct consequence is the emission of type I X-ray bursts,
which corresponds to thermonuclear flashes when a sufficient amount of matter is
accreted on the neutron star surface. These have never been observed in black hole
binaries, favoring the evidence for an event horizon in such systems. Furthermore,
the presence of the neutron surface is expected to have some effects on the X-ray
spectra of neutron star LMXBs. It provides an important source of seed photons,
in addition to those coming from the boundary layer (located between the accretion
disk and the neutron star) and from the disk, to cool the corona of high energy
electrons. This explains why the corona in neutron star LMXBs is, in most cases,
less hot than in black hole binaries. These observed differences may help to show
that the accreting object is a black hole or a neutron star, in particular in the soft
state. The new generation of X-ray observatories will probably help to infer more
differences in these systems.

We note that another important difference between systems hosting a black
hole or an old neutron star is due to the presence of a magnetic field in a neutron
star. If strong enough, the magnetic field can affect the accretion flow because of
interaction with the neutron star magnetosphere. Coherent pulsations, which are
signals resulting from the dipolar magnetic fields anchored in neutron stars, may be
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observed and give another criterium to show the presence of a neutron star.

Many questions still remain unanswered about these mysterious X-ray accreting
systems, in particular about the origin of the state transitions, the geometry of the
corona/accretion disk, and the behavior of the accretion flow close to the compact
object. Is the accretion disk truncated in the hard state? By which processes?
Additionally, multiwavelength studies of these sources reveal the presence of radio
jets in some systems, in particular in black hole accreting systems (the so-called
microquasars). What is the role of jets? How are they formed? Some jets have
also been detected in a few neutron star accreting systems. Why do we observe jets
in a small fraction of neutron star LMXBs compared to black hole binaries? Why
is the radio luminosity of atoll sources much lower than Z-sources and black hole
binaries? The jet emission could simply be weaker in the case of a neutron star.
The understanding of accretion/ejection processes and the role of magnetic field is
very important in this context.
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The end of my PhD marks the beginning of new research projects, which I began
in November 2012 as a post-doctoral fellow at the Observatory of Cagliari, with
Alberto Pellizzoni. My current research is mainly focused on the X-ray spectral
analysis of the double pulsar system PSR J0737-3039, as observed with XMM-
Newton. In parallel, I am pursuing tests for the xillver model with Javier Garcia,
and the study of the iron line in other neutron star LMXBs such as 4U 1735-
44. Moreover, I will perform work in collaboration with Sera Markoff (University
of Amsterdam) and Marion Cadolle Bel (ESAC, Madrid) on the multi-wavelength
spectral study of black hole binary systems. In the following, I present a brief
description of these projects.

8.1 X-ray analysis of the double pulsar

Nowadays, six double-neutron-star binaries have been detected. They provide
wonderful laboratories for the study of relativistic gravity, gravitational radia-
tion, equations of state, but they are also fantastic systems for the understand-
ing of evolutionary scenarios of binary systems. Among these rare objects, an
amazing system was recently discovered: the double radio pulsar PSR J0737-3039
[Burgay 2003, Lyne 2004]. The properties of these two neutron stars (such as
their masses, spin periods, etc) are being constrained with unprecedented precision
[Kramer 2008]|.

High-energy observations of such a system are very interesting to study the
physics of the magnetospheric emission and dissipative shocks in the close environ-
ment of the two neutron stars [Pellizzoni 2008]. T am currently working on the PSR
J0737-3039 data obtained with XMM-Newton.
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8.2 Tests on the xillver model

I continue to test new xillver tables in order to try to perfectly fit the reflection
features in 4U 1705-44. 1 am mainly focused on the S, Ar, Ca, and Fe abundances,
to understand if vaying the different elements independently can improve the fit.

Moreover, I would like to apply this reflection model to the data of other neu-
tron star LMXB systems, where different emission lines were detected, in order to
compare the abundances of the different elements. For instance, GX 3+1 would be
a very interesting candidate, since an XMM-Newton observation shows the presence
of a relativistically smeared Fe line at ~ 6 — 7 keV, in addition to Ar XVIII and
Ca XIX lines. We note that this source is surprisingly similar to 4U 1705-44; the
inclination of the system is estimated at 35° < ¢ < 44°, and the inner radius of the
disk was inferred at 25 R, [Piraino 2012].

8.3 Proposal on 4U 1735-44

I wrote a Suzaku proposal on the neutron star LMXB 4U 1735-44, which was ac-
cepted as priority C in 2012. For the time being, the observation has not yet been
performed. It will be done if there is enough time remaining on the X-ray telescope
after having observed the sources accepted as priority A and B.

The idea behind this proposal is to study the iron line and possibly other re-
flection features, such as the S, Ar and Ca lines, and either a Compton reflection
hump at 20—40 keV or a hard tail at energies above 25 keV depending on the state
of the source, using the broad-band capabilities of Suzaku. This will allow us to
increase the sample of broad, relativistically smeared iron lines in neutron star X-ray
binaries, and to prove the common origin of all these reflection features.

8.4 Multiwavelength spectral study of BHXBs

Black hole X-ray binaries (BHXBs) show a strong correlation between the radio
and X-ray fluxes during the hard state, which takes the form of F,q o< F )b(, where
b ~ 0.5 —0.7 [Coriat 2011|. This is interpreted as evidence that the compact jets
are strongly connected with the accretion disk and/or corona, and that a dominant
fraction of the X-ray spectrum of the hard state is due to optically thin synchrotron
emission from the jet base [Markoff 2003, Corbel 2003, Rodriguez 2008|. A similar
correlation exists for neutron star X-ray binaries, but with a steeper correlation
coefficient (b ~ 1.4) than that seen in black holes [Migliari 2006].

Recently, an increasing number of outliers lying well outside the scatter was
identified. Therefore, two distinct tracks seem to reflect different accretion regimes
within the hard state [Gallo 2012]. T will perform a spectral analysis of black hole
X-ray binaries data obtained simultaneously in radio, IR, and X-rays. The aim is
to see whether a spectral analysis can help us understand what is really changing
in the physics of these objects.
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B.1 The accretion flow to the intermittent accreting ms
pulsar, HETE J1900.1-2455, as observed by XMM-
Newton and RXTE

Papitto A., DaAt A., Di Salvo T., Egron E., Bozzo E., Burderi L., laria R., Riggio
A., Menna M.T. 2013, MNRAS

We present a study of the accretion flow to the intermittent accreting millisecond
pulsar, HETE J1900.1-2455, based on observations performed simultaneously by
XMM-Newton and RXTE. The 0.33 — 50 keV energy spectrum is described by a
hard Comptonised component originated in an optically thin 7 ~ 1 environment,
by a soft thermal kT3, ~ 0.2 keV component, interpreted as accretion disc emission,
and by disc reflection of the hard component. Two emission features are detected
at energies of 0.98(1) and 6.58(7) keV, respectively. The latter is identified as
Ka transition of Fe XXIII-XXV, while origin of the former is less certain. A
simultaneous detection in EPIC-pn, EPIC-MOS2, and RGS spectra favours an
astrophysical origin, and energy of the feature suggests a Fe-La line and/or
helium-like Ne-Ka line. Broadness of these features, 7/E ~ 0.1, is compatible
with reflection in an accretion disc extending down to R = 25'_%? gravitational
radii from the compact object. Pulsations at the known 377.3 Hz spin frequency
could not be detected, with an upper limit of 0.4 per cent at 3-o confidence level
on the pulsed fractional amplitude. We interpret the inner disc radius estimated
from spectral modelling as an indication of a disc accretion flow truncated by some
mechanism connected to the overall evolution of the accretion disc, rather than
by the neutron star magnetic field. This is compatible with the extremely close
similarity of spectral and temporal properties of this source with respect to other,
non pulsing atoll sources in the hard state.

B.2 Sub-arcsecond location of IGR J17480-2446 with
Rossi XTE

Riggio A., Burderi L., Di Salvo T., Papitto A., Egron E., Belloni T., D’Ai A.,
laria R., Floris M., Motta S., Testa V. and Menna M. T. 2012, ApJ, 754, L11.
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On 2010 October 13, the X-ray astronomical satellite Rossi XTE, during the
observation of the newly discovered AXP IGR J17480-2446, detected a lunar
occultation of the source. From knowledge of lunar topography and Earth, Moon,
and spacecraft ephemeris at the epoch of the event, we determined the source
position with an accuracy of 40 Milliarcseconds (1o c.l.), which is astonishing,
given the very poor imaging capabilities of RXTE (~ 1 degree). For the first time,
using a non-imaging X-ray observatory, the position of an X-ray source with a
sub-arcsecond accuracy is derived, demonstrating the amazing capabilities of a
technique that can be fruitfully applied to current and future X-ray missions.

B.3 A relativistic iron emission line from the neutron
star low-mass X-ray binary GX 3+1

Piraino S., Santangelo A., Kaaret P., Muck B., D’Ai A., Di Salvo T., laria R.,
Robba N. R., Burderi L., and Egron E. 2012, A6A, 542, L27.

We present the results of a spectroscopic study of the Fe Ka emission of the
persistent neutron-star atoll low-mass X-ray binary and type 1 X-ray burster
GX 3+1 with the EPIC-PN on board XMM-Newton. The source shows a flux
modulation over several years and we observed it during its fainter phase, which
corresponds to an X-ray luminosity of Lx ~ 1037 ergs s7'. When fitted with a
two-component model, the X-ray spectrum shows broad residuals at ~ 6 — 7 keV
that can be ascribed to an iron Ka fluorescence line. In addition, lower energy
features are observed at ~ 3.3 keV, ~ 3.9 keV and might originate from Ar XVIII
and Ca XIX. The broad iron line feature is well fitted with a relativistically smeared
profile. This result is robust against possible systematics caused by instrumental
pile-up effects. Assuming that the line is produced by reflection from the inner
accretion disk, we infer an inner disk radius of 25 R, and a disk inclination of
35° < i < 44°.

B.4 A complete X-ray spectral coverage of the 2010
May-June outbursts of Circinus X-1.

D’Ai A., Bozzo E., Papitto A., laria R., Di Salvo T., Burderi L., Riggio A., Egron
E., and Robba N.R. 2012, AEA, 543, A20.

Circinus X-1 is a neutron star accreting X-ray binary in a wide, eccentric,
orbit. After two years of relatively low X-ray luminosity, Circinus X-1 went into
outburst in May 2010, reaching 0.4 Crab flux. This outburst lasted for about
two orbital cycles and was followed by another, shorter and fainter outburst in
June. We focus here on the broadband X-ray spectral evolution of the source as
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it spans about three order of magnitudes in flux. We aim at giving a description
that relates luminosity, spectral shape, local absorption, and orbital phase. We
use multiple Rossi-XTE/PCA (3.0 — 25 keV), Swift/XRT (1.0 — 9.0 keV) and
a 20 ks long Chandra/HETGS observation (1.0 — 9.0 keV), to comprehensively
track the spectral evolution of the source during all the outbursting phases. PCA
data mostly cover the major outburst, XRT data cover the declining phase of the
major outburst and all the phases of the minor outburst, Chandra data give an
essential snapshot at the end of this overall outbursting phase. The X-ray spectrum
can satisfactorily be described by a thermal Comptonization model with variable
neutral local absorption in all the phases of the outburst. No other additive
component is statistically required. The first outburst has a clear linear decay,
showing a knee as the source flux goes below 5 x 10710 erg cm™2 s~!. At the same
time, the source shows a clear spectral state transition from an optically thick to
an optically thin state. While the characteristics of the first, bright, outburst can
be interpreted within the disk-instability scenario, the following, minor, outburst
shows peculiarities that cannot be easily reconciled in this framework.
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Tables: spectroscopy

C.1 Fluorescent emission lines

Table C.1: Fluorescent emission lines (in keV), from [Krause 1979).

Element Koy Koy Kpq Lo Lj
C 0.277

N 0.3924

O 0.5249

Ne 0.8486 0.8486

Na 1.0410 1.0410 1.0711

Mg 1.2536  1.2536 1.3022

Al 1.4867 1.4863 1.5575

Si 1.7400 1.7394 1.8359

S 2.3078 2.3066 2.4640

Ar 2.9577 2.9556 3.1905

Ca 3.6917 3.6881 4.0127 0.3413

Fe 6.4038 6.3908 6.4905 0.6374 0.6488
Ni 7.4782 7.4609 8.2647 0.8515 (.8588
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C.2 He-like and H-like lines

Table C.2: Helium-like R, I, Iy, F lines (in keV) from |Drake 1988|. "R" refers to
resonance line, "I" to intercombination lines and "F" to forbidden lines.

Spectral line R I I F

CV 0.3079 0.3044 0.3044 0.2990
N VI 0.4307 0.4263 0.4264 0.4198
O VI 0.5739 0.5687 0.5686 0.5610
Ne IX 0.9220 0.9150 0.9148 0.9051
Na X 1.1268 1.1190 1.1187 1.1078
Mg XI 1.3522 1.3435 1.3431 1.3311
Al XII 1.5983 1.5888 1.5881 1.5750
Si XIII 1.8650 1.8547 1.8538 1.8395
S XV 2.4606 2.4488 2.4471 2.4303
Ar XVII 3.1396 3.1262 3.1238 3.1043
Ca XIX 3.9025 3.8879 3.8830 3.8612
Fe XXV 6.7000 6.6823 6.6676 6.6365
Ni XXVII 7.8053 7.7865 7.7660 7.7316

Table C.3: H-like Ly« lines (in keV) from [Johnson 1985| and Lyg lines (in keV)
from [Erickson 1977]

Spectral line Lya; Lyas Lyp; LyfBs

C VI 0.3675 0.3675 0.436 0.436
N VII 0.5004 0.5002 0.593 0.593
O VIII 0.6537 0.6535 0.775 0.775
Ne X 1.0220 1.0215 1.211 1.211
Na XI 1.2370 1.2363 1.466 1.465
Mg XII 1.4726 14717 1.745 1.745
Al XIII 1.7290 1.7277 2.036 2.036
Si XIV 2.0061 2.0043 2.377 2.376
S XVI 2.6227 2.6197 3.107 3.106
Ar XVIII 3.3230 3.3182 3.936 3.934
Ca XX 4.1075 4.1001 4.864 4.862
Fe XXVI 6.9732 6.9520 8.252 8.246

Ni XXVIII 8.1017 8.0731 9.586 9.577
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Spectral comparisons of neutron star low-mass X-ray binaries to
black hole X-ray binaries

Abstract:

The study of high-resolution X-ray spectra of neutron star low-mass X-ray bina-
ries (LMXBs) allows the investigation of the innermost parts of the accretion disk
and immediate surroundings of the compact object. The weak magnetic field of old
neutron stars present in such systems allows the accretion disk to approach very
close to the compact object, like in black hole X-ray binaries.

Using data from X-ray satellites such as XMM-Newton, RXTE, and BeppoSAX,
I studied the reflection component in two neutron star LMXBs: MXB 1728-34 and
4U 1735-44. I showed that the iron line at 6.4 — 7 keV is broad and relativistically
smeared, as in black hole binary systems and active galactic nuclei. This is com-
patible with an interpretation where the line is emitted in the innermost part of
the accretion disk. Moreover, I studied the changes in the spectral parameters in
4U 1705-44, in both the hard and soft states of the source. I derived physical and
geometrical parameters for the system in both states, such as the state of ionization
of the disk, the inner radius of the disk, the inclination angle of the system, and the
temperature of the electrons composing the corona.

This research work has been supported by the ITN 215212: Balck Hole Universe.
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