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Zusammenfassung

gendoppelsterne. Neutronensterne sind die Uberreste massiver Sterne und be-

sitzen eine extreme Dichte und extreme Magnetfelder. Sie haben typischerweise
Massen von etwa 1.4 Sonnenmassen und dabei einen Radius von nur etwa 10 km, wiahrend
ihre Magnetfelder eine Stirke im Bereich von 102G und mehr erreichen koénnen. In
einem Rontgendoppelstern umkreisen sich ein Neutronenstern und ein optischer Begleit-
er, ein Stern, welcher seine Energie durch nukleare Fusion erzeugt. Durch seine immense
Gravitationskraft akkretiert der Neutronenstern Materie von diesem Begleiter. Die poten-
tielle Energie der akkretierten Materie wird in Strahlung, hauptsichlich im Bereich der
Rontgenstrahlung, umgewandelt. Die hohe Rontgenleuchtkraft ist auch der Grund fiir
den Namen Roéntgendoppelstern. Die Rontgenstrahlung wechselwirkt mit dem umgeben-
den Medium, welches grofStenteils aus dem Wind des Begleiters stammt. In diesem Medi-
um werden die Rontgenstrahlen absorbiert und erzeugen Fluoreszenzlinien. Daher kann
man mit ihrer Hilfe sowohl Informationen iiber den Neutronenstern als auch iiber das
absorbierende Medium erhalten.

D AS Thema dieser Arbeit sind Neutronensterne in Bindrsystemen, sogenannte Ront-

In dieser Arbeit werden Rontgendaten von den satellitengestiitzten Observatorien XMM-
Newton, Suzaku, INTEGRAL, RXTE und Swift benutzt, um drei Rontgendoppelsterne
zu untersuchen: 3A 19544319, 4U 1909+07 und GX 301—2. Durch die Messung der
zeitlichen Verdnderung und der Energieverteilung ihrer Strahlung kénnen Erkenntnisse
iiber die physikalischen Zustinde nahe am Neutronenstern gewonnen werden. Dort sind
Gravitationskrifte und elektromagnetische Kriafte am Werk, deren Stérke um viele Gros-
senordnungen iiber die hinausgeht, die in Laboren erzeugbar ist. Untersuchungen von
Neutronensternen erlauben es daher, physikalische Theorien unter extremen Bedingun-
gen zu testen.

Die Analyse von regelméfligen Beobachtungen von 3A 1954+319 zwischen 2006 und
2010 ergibt, dass die Periode des Neutronensterns, sichtbar als regelméaf3iger Puls in der
Rontgenlichtkurve, sich in Zeiten geringen Flusses kontinuierlich vergrof3ert. Dagegen
verringerte sie sich sehr schnell wiahrend eines Ausbruchs im November 2008. Diese
Veranderungen der Periode an sich sowie ihre Stirke konnen durch einen besonderen
Akkretionsprozess, der quasi-sphéarischen Akkretion, erklart werden. Das Breitbandspek-
trum von 3A 19544319 kann sehr gut mit einem Comptonisierungs-Modell beschrieben
werden, welches auch die Spektren vieler anderer Neutronensterne in Réntgendoppel-
sternen beschreibt.

Die Pulsperiodenentwicklung von 4U 1909+ 07 verlauft anders als die von 3A 1954+319.
Statt eines kontinuierlichen, flussabhingigen Verlaufs verdndert sich die Periode von
4U 1909+ 07 zuféllig und folgt einem “Random Walk”, wie man in regelméfigen Beobach-
tungen zwischen 2003 und 2011 sieht. Dieses Verhalten weist klar auf eine direkte Akkre-
tion des Sternwindes des Begleiters hin. Das Spektrum von 4U 1909+07 kann ebenfalls
mit bekannten phdnomenologischen Rontgenpulsarmodellen beschrieben werden. Durch
pulsphasenaufgel6ste Spektroskopie kann eine starke Verdnderung der spektralen Param-
eter, besonders in der Schwarzkorperkomponente, sichtbar gemacht werden. Diese Veran-
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derungen konnen durch Geometrien der Akkretionssdule erkldrt werden, bei denen ihr
heiRer Boden nur zu bestimmten Phasen sichtbar ist.

Zur Untersuchung von GX 301—2 werden sehr hochaufgeldste Daten von Beobachtungen
aus den Jahren 2008 und 2009 verwendet. In diesen Daten wurden starke Fluoreszen-
zlinien von Eisen und Nickel gefunden, so wie zum ersten Mal in Rontgendoppelsternen
auch eine Fluoreszenzlinie von Chrom. Der Fluss und die Spektren von GX 301—2 sind
hochvariabel. Durch Spektroskopie von einzelnen Pulsen wurden starke Anderungen der
Absorptionssdule sowie des Flusses der Fluoreszenzlinien auf Zeitskalen von wenigen
100 Sekunden gefunden. Die Lichtkurve weist einen Zeitraum mit stark verringertem
Fluss auf, in der keinerlei Pulsationen zu sehen sind. Dieser Abfall ist vermutlich darauf
zuriickzufiihren, dass der Neutronenstern eine sehr diinne Stelle im Wind passierte und
dass dabei die Akkretion zusammenbrach.

Zusammenfassend lasst sich sagen, dass obwohl alle drei untersuchten Systeme wind-
akkretierende Neutronensterne sind, sie doch alle ihre Besonderheiten haben. Ein Ver-
gleich der Systeme zeigt das breite Spektrum an Helligkeiten und Verhalten auf, welche
stark durch den optischen Begleiter und die orbitalen Parameter beeinflusst werden.



Abstract

Neutron stars are remnants of massive stars and have extreme densities and mag-

netic fields. They have typical masses around 1.4 times the solar mass and radii
of only 10km and their magnetic fields can reach values of 10'2 G and more. In an X-ray
binary the neutron star is in orbit with an optical companion, a star powered by nuclear
fusion. From this companion the neutron star accretes matter due to its very strong grav-
itational pull. The potential energy of the accreted matter is transferred into radiation,
mainly in the X-ray regime, hence the name X-ray binary. The X-rays interact with the
surrounding medium, which originates mainly from the stellar wind of the companion.
In this medium the X-ray radiation gets absorbed and gives rise to fluorescence lines. X-
rays can therefore be used to obtain not only information about the neutron star itself,
but also about the surrounding medium. In the vicinity of neutron stars gravitational
and electro-magnetic powers are at work, which can not be reproduced in a laboratory.
Investigations of neutron stars allow therefore to test physical theories under extreme
conditions.

T HE topic of this thesis are neutron stars in binary systems, so-called X-ray binaries.

In this work X-ray data from the satellite-based observatories XMM-Newton, Suzaku,
INTEGRAL, RXTE, and Swift are used to analyze three X-ray binaries: 3A 19544319,
4U 1909+07, and GX 301—2. By measuring the temporal variance and energy depen-
dence of the X-ray flux, knowledge about the physical conditions close to the neutron
star is gained.

The analysis of monitoring data of 3A 1954+319 between 2006 and 2010 shows that
the period of the neutron star, visible as regular pulses in the X-ray lightcurve, increases
continuously during phases of low flux. Contrary to that, an analysis of a bright flare in
2008 shows a rapid decrease in the pulse period. These changes and their magnitudes
are explainable using a specific accretion process, the quasi-spherical accretion. The
broadband X-ray spectrum of 3A 19544319 can be very well described by a thermal
Comptonization model, commonly used to describe the spectra of neutron stars in X-ray
binaries.

4U 1909407 shows a different pulse period evolution than 3A 1954+319. Instead of a
continuous, flux-dependent variation, 4U 1909+07 shows a random walk like behavior,
as visible in the analysis of monitoring data taken between 2003 and 2011. This behav-
ior is a clear indicator that the source accretes matter directly from the stellar wind of its
companion. The spectrum of 4U 1909+07 can also be described by standard phenomeno-
logical X-ray pulsar models. In pulse phase resolved spectroscopy a strong change of the
spectral parameters is evident, especially in the blackbody component. This behavior is
used to constrain the geometries of the accretion column, so that its hot bottom is only
visible at specific phases.

For the investigation of GX 301—2 very highly resolved data, taken in 2008 and 2009,
is used. In these data, strong fluorescence lines from iron and nickel are found, as well
as for the first time in an X-ray binary a fluorescence line from chromium. The flux and
the spectra of GX 301—2 are highly variable. By performing pulse-to-pulse spectroscopy
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large changes in the absorption column and the flux of the fluorescent lines on timescales
of a few 100 seconds are found. The lightcurve includes an epoch of drastically reduced
flux, during which no pulsations are measured. This dip is likely due to the neutron star
passing through a thin area of the wind, which led to a cessation of accretion.

In conclusion it becomes clear that despite all three systems being wind-accreting neutron
stars, they all have their own peculiarities. In comparing the systems the broad range of
luminosities and behavior becomes evident, which are strongly influenced by the optical
companion and the orbital parameters.
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Obey Gravity. It's the law!

(The Gravity Police)

Introduction

LBERT Einstein once said: “The laws of gravity cannot be held responsible for

people falling in love.” This statement is of course true, but only in a very direct

way. Without gravity, any two people will have a rather hard time falling in

love with each other, as all our lives depend on the laws of gravity. A romantic
dinner for example is only romantic as long as the candles stay on the table and the table
on the floor, which only happens because table and candles are pulled gravitationally
down to the ground. Without gravity they would be floating around, like seen on the
International Space Station (ISS) where the gravitational force is canceled out by the
centrifugal force resulting from the fast movement of the station around Earth. Not only
would all furniture be floating around, but also the atmosphere we need to breathe would
not stay close to the surface of our planet and instead dissipate freely into empty space.
Furthermore, watching the sun set over the ocean would be impossible, not only because
there would be no ocean but also because the earth would not be in orbit with the sun
but drifting lonely through the vastness of space. Even more, the sun itself would be
non-existent. It is only the large gravitational force of the atoms it consists of that makes
it dense and hot enough to produce enough heat and radiation that we on Earth can
live a happy life. All stars and celestial bodies owe their existence to the laws of gravity,
even our own galaxy, Milky Way, and all other galaxies and clusters of galaxies exist only
because of gravity. So that “The laws of gravity cannot be held responsible for people
falling in love” might be true at first glance, but without gravity nobody would fall in
love.

Even though everything in the universe depends upon gravity, the gravitational force is
very weak compared to the other basic forces of nature, namely the strong, the weak, and
the electromagnetic force. The strong and weak force act only on the scales of atomic
nuclei and atoms, but gravity and the electromagnetic force have an infinite action range.
However, the electromagnetic is a factor of 10%° stronger than gravitation. So why is
gravity even measurable and more, so important for the stability of the universe? One
part of the answer lies in the fact that the electromagnetic force only acts on electric
charges and neutral bodies are not affected by it. Furthermore the electric charge knows
two opposite signs, plus and minus. Only charges of opposite signs are attracted to
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each other, while particles with the same sign are repelled. These effects mean that the
electromagnetic force can work in two directions, and that as soon as equal amounts
of positive and negative charges are put together, they become neutral and no force is
present anymore. Gravity on the other side is a much more global force, as it acts on all
matter with mass, including all baryonic and dark matter. Furthermore no signs exits for
gravity and it is always attractive. Consequently gravity is acting always and everywhere
and there can be no neutralization of “gravitational charges”.

In Einstein’s theory of relativity (Einstein, 1916) gravitation and mass become even more
fundamental, as masses are assumed to influence space and time. Space is warped close
to bodies of mass, which means that even massless particles, like photons, feel the influ-
ence of large masses nearby and change their path and energy compared to an Euclidean
geometry. This effect leads to the existence of gravitational lenses, where light from a
source behind a large mass is bent around this mass and the observer sees a distorted
image of the source (see Walsh et al., 1979, and references therein).

The electromagnetic force is nonetheless very important for many processes in the world
and the universe. The most direct evidence of the importance of it is light, describable as
photons, the carriers of the electromagnetic force. Light is what enables us to perceive
the world in the way we do, and at energies not visible to humans, such as radio waves
or X-rays, modern detectors allow us to enhance our view of the world surrounding us.
The electromagnetic force is also an important motor in any living organism and drives
molecules and cells. Computers and modern society depend strongly on electricity, the
macroscopic emanation of the electromagnetic force. Stars and planets have magnetic
fields, influencing their physical appearance and interaction with the world.

It is these two forces, gravity and the electromagnetic force, which keep everything run-
ning and in place and are uniquely important throughout the universe, form the smallest
to the largest scales. Even on Earth their strength stretches over many magnitudes, from
barely measurable, like the mass of an atom or the charge of an electron?, to extremely
powerful like the mass of Earth itself or the charge of a lightning?. Understanding these
forces and their influence on the world in every detail is one of the major questions of
physics. Many experiments are carried out to answer this question. However, even the
most powerful gravitational and electromagnetic forces found on Earth are weak com-
pared to what is present in distant stars and galaxies. These objects cannot be brought
into the laboratory to be investigated in a controlled environment, but we can still learn
a lot about them thanks to the means of modern astronomy. Astronomical observations
allow us to apply and extend the theories of the forces found on Earth to powers many
orders of magnitude stronger than producible here.

One particularly interesting example, because of their extreme gravitation and magnetic
fields in a very concentrated space, are neutron stars. Neutron stars are the remaining
cores of dead stars and show magnetic fields of up to 10'> G (Rea & Esposito, 2011) and

! an hydrogen atom, for example, has a mass of only ~ 1.6 x 1072*g and is only measurable by means

of mass spectroscopy (Coursey et al., 2010), and the charge of an electron is only e = —1.602 x 1071 C
(Demtroder, 2008).

2 Currents in lightnings can reach up to 200 A, setting free up to 20 GW of electric power (Ebert, 2010).
Earth’s mass is 5.9736 x 10?” g (Williams, 2011).



densities of ~ 10> gem™2 with a typical mass of 1.4M, (Bombaci, 1996). This mass
and density results in a gravitational force at their surface which is typically 10'! times
stronger than that on Earth (Haensel et al., 2007). It also means that neutron stars very
suitable objects to study the laws of nature in regimes not accessible on Earth. To observe
them, we measure the electromagnetic radiation they emit, mostly radio waves and X-
rays. This light carries a wealth of information about their physics and by comparing the
measurement to theory we can learn about what forces are at work in these systems. By
using more and more sensitive detectors, more and more details about them are revealed.
In the future, even gravitational waves might be detectable, opening a whole new window
to the investigation of neutron stars.

In this thesis neutron stars in binary systems are investigated, which show up as strongly
variable and violent X-ray sources. In these systems the neutron star is in close orbit
with another star, which has not yet reached the end of its life. Due to the large gravita-
tional pull matter from the companion star is transferred to the neutron star and thereby
converted into energy, following Einstein’s theory of special relativity (Einstein, 1905).
These systems consequently allow us to see the influence of the strong gravitation on
mass directly, for example they allow to investigate how the presence of the neutron star
changes the physics of the companion star. As the matter surrounding the two stars is
ionized, i.e., charged, it also interacts with the strong magnetic field of the neutron star
and thereby provides insight how this interaction works. Neutron stars in binaries are
therefore the ideal objects to study how gravity and the electromagnetic interaction work
when pushed to extreme powers. This thesis deals with three of these objects, namely
3A 19544319, 4U 1909+07, and GX 301-—2, all very similar but still showing distinct
properties.

Before presenting the analyses, Chapter 2 deals in more detail with the physics of neu-
tron stars, how they are born, and what makes X-ray binaries so special. The Chapter
concludes with an outlook on the main results of the analyses. In Chapter 3 the satellites
and instruments used for the investigations are introduced. A very brief discussion of
the data analysis methods applied is also given. Starting with Chapter 4 the scientific
analysis begins. In this Chapter 3A 1954+319 is presented, the system with the smallest
companion star. Chapter 5 deals with 4U 1909+07, a relatively unknown X-ray binary.
Last but not least, Chapter 6 presents a detailed analysis of GX 301—-2, a very famous
source with a very massive companion star. All three of the scientific Chapters are based
on publications accepted in or submitted to peer-reviewed journals. Concluding this the-
sis is Chapter 7, in which the results are summarized, their implications discussed, and
an outlook to future investigations given.

As common in astrophysics throughout this work the cgs system of units will be used.






Binary pulsars. The gravitational forces between
them are so intense that everything within 50
million kilometers is getting pulled in.!

(Capt. K. Janeway on Star Trek Voyager —
“Scientific Experiments”)

Neutron Stars in X-ray Binaries

EUTRON stars are the remaining cores of massive stars which have exploded

violently at the end of their life. They exhibit extreme physical conditions

not found anywhere else in the universe. The most obvious one is their high

density, which is on the order of 10'*gecm™3. This compactness results in a
very steep gravitational well in which potential energy can be very effectively transferred
into radiation. Another most special feature are their strong magnetic fields, which can
be on the order of 10'2-10'°> G (Haensel et al., 2007). The geometry of these fields can be
approximated by a dipole, resulting in two very powerful magnetic poles on the neutron
star’s surface which influence strongly the surrounding material. The effects of these
extreme gravitational and magnetic forces are what makes the investigation of neutron
stars so fascinating.

More than 1800 neutron stars are known, most of them are located in our galaxy (Manch-
ester et al., 2005). Isolated, magnetized, and quickly rotating neutron stars can be ob-
served as radio pulsars.? Through their co-rotating magnetic field, electromagnetic radi-
ation is generated which produces a torque on the neutron star and thus slows it down.
Depending on the strength of the spin-down compared to the rotational period, the neu-
tron star’s characteristic age 7, and magnetic field B can be estimated via

P :
=3 and B=3.2x10YVPPG , (2.1)

respectively, assuming a dipole magnetic field (Gaensler & Slane, 2006).

The main radiation is emitted at radio wavelengths, but through the interaction with
the surrounding plasma, radio pulsars are also able to produce radiation in the X-ray

INote: Assuming that the binary pulsars encountered by Voyager have each a canonical mass of 1.4 M,
the gravitational force on the ship (having a mass of 7 x 10" g, Star Trek Voyager — “Phage”) at a distance
of r = 5x 10" cm will be F,,, ~ 10"*dyn. The warp core of Voyager is capable of delivering ~ 4 x
10" dyn (Star Trek Voyager — “One”) so that she can easily escape on a direct path, contradictory to Capt.
Janeway’s statement. If moving on an orbit around the system she could escape with even less effort,
using the centrifugal force of its movement.

2often referred to only as “pulsars” but I would like to stress the difference to X-ray pulsars, which are the
topic of this work.
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Figure 2.1.: Distribution of HMXBs in the galactic plane. Sources with unknown dis-
tances (69) are shown as open triangles and placed at 7.6 kpc from the sun, which is
indicated by the star in the upper half of the figure. Sources with known distances
(108) are shown as filled triangles. The spiral arms are based on the model by Vallée
(2008). The sources discussed in this thesis are labeled. 3A 1954+319 is a LMXB
instead of a HMXB, but anyway indicated in the plot. Plot courtesy of A. Bodaghee
(2011).

regime and can even accelerate photons up to several tera electronvolts (TeV). Besides
these standard radio pulsars, other types of isolated neutron stars exist, such as Soft
Gamma-Ray Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs). These objects are
thought to be magnetars, neutron stars with magnetic field strengths B > 10'*G and
are not yet fully understood theoretically (see, e.g., Mereghetti et al., 2002; Gotz et al.,
2007).

Other neutron stars are found to be in orbit with a normal companion star, forming a
binary system. The term “normal stars” will be used throughout this thesis for stars
drawing their energy from nuclear burning. These stars are usually bright at optical
wavelengths, so that they are often also referred to as “optical companion” if in orbit
with a neutron star. In these binary systems the neutron star is emitting large amounts of
energy because it accretes matter from its companion and transforms it into X-rays. Three
examples of those X-ray binaries are discussed in this thesis. The accreted matter forms
accretion columns above the neutron star surface, following the magnetic field lines. The
X-ray radiation is mainly produced and up-scattered to high energies in these accretion
columns (see Section 2.3).



2.1. The Optical Companions

X-ray binaries can be separated into two groups, according to the mass of their optical
companions: Low Mass X-ray Binaries (LMXBs) and High Mass X-ray Binaries (HMXBs).
Around 190 LMXBs and 130 HMXBs are known, respectively (Liu et al., 2000, 2007).
Bodaghee et al. (2011, priv. comm.) give an updated number of 177 HMXBs, the
drastic increase mainly due to the detection of many strongly absorbed sources with
INTErnational Gamma-Ray Laboratory (INTEGRAL) (see also Section 3.5). HMXBs are
found everywhere in the galaxy, as shown in Figure 2.1. Their distribution seems not to
be related with the spiral arms, but Bodaghee et al. (2011) could find a correlation with
the distribution of OB-associations, clusters of active and young stars.

As the masses of their respective companions are different between LMXBs and HMXBs,
mass accretion over different channels is taking place. In LMXBs Roche lobe overflow is
the main accretion channel, while HMXBs mostly accrete from the stellar wind or from
the circumstellar dis kof their companion. All systems in this thesis are wind accretors,
of which the most relevant processes, i.e., stellar winds and accretion mechanisms, are
described in Section 2.1.2 and in Section 2.3, respectively.

Normal stars play a crucial role in the physics of neutron stars and especially binaries.
For example, the angular momentum and magnetic field strength of neutron stars is a
direct consequence of their normal star progenitor. In binaries, it is only the presence
of the optical companion and its material which allows us to observe the neutron star.
Therefore, a basic understanding of normal stars and their mass loss rates is important
for the investigation of X-ray binaries. In Section 2.1 I try to give a concise overview
of their most relevant properties. Neutron stars are discussed afterwards in Section 2.2,
where I describe briefly how they come into existence and what their internal structure
and composition is.

Section 2.3 discusses the interaction between the optical companion and the neutron
star, i.e., how the accretion process works and how X-rays are produced. Following that,
Section 2.4 will discuss how the X-rays interact with the circumstellar material and how
they are altered before they reach us. Finally Section 2.5 gives a short outlook on the
sources investigated in the following Chapters and their peculiarities.

2.1 The Optical Companions

trophysicists and many good text books, introductory and otherwise, exist (e.g.,

Karttunen et al., 2007; Clayton, 1984; Kippenhahn & Weigert, 1994). How stars
produce energy by burning hydrogen to helium and the further production of heavier
elements is described in these books in detail, and I will not discuss it here. Instead,
in Sect. 2.1.1 T will give a short review of stellar classification and the main observable
distinctions between early and late type stars. These differences are important in order
to understand the individual properties of HMXBs and LMXBs. Section 2.1.2 will give
a more detailed overview about the mass loss rates of stars, a topic less extensively dis-
cussed in literature. The difference between stellar winds from early and late type stars

N ORMAL stars have been the topic of investigation for many generations of as-
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and their structure will be the main subject of this Section.

2.1.1 Stellar classification

HEN admiring the night sky, it is already clear to the unaided eye that stars have

different colors. There are very red stars like Beteigeuze in Orion («Ori) and
much bluer stars like Regulus in Leo (xLeo). These colors correspond to different surface
temperatures of the stars, with the bluer stars being much hotter than the red ones. The
connection between color and temperature comes from the fact that stellar spectra can
be approximated by blackbody radiation. In a blackbody, the temperature defines the
wavelength of the peak of the emission (i.e., the color), according to Wien’s Displacement

Law
b

Arnax =+

T

where b ~ 2.898 mmK denotes Wien’s displacement constant. This law follows directly
from Planck’s Law of blackbody radiation, which describes the energy output of a black-
body with a given temperature, taking quantum effects into account (Planck, 1900). With
increasing temperature the peak wavelength is shifted to shorter (i.e., bluer) wavelengths,
while the overall energy output is increased. Thus blue stars are much more luminous
than red ones of the same size. Due to different temperatures and surface gravities, dif-
ferent physical environments exist in the photosphere of stars. These differences give
rise to characteristic temperature dependent features in the stellar spectra, like atomic
absorption and emission lines, which are the main cause for the deviation of the stellar
spectra from a perfect blackbody. Temperatures of stars are therefore only effective tem-
peratures, i.e., they describe a blackbody of the same energy output as the observed star
(Karttunen et al., 2007).

> (2.2)

The spectral features are used in the Harvard Spectral Classification to sort the spectra
into different categories according to their effective temperature, labeled with letters.
Ordering them from high to low temperature the sequence reads as follows:

O-B-A-F-G-K-M-L-T-(Y)

The types L and T where added later, after the discovery of very cold brown dwarfs in
the 1980s and 1990s (see Kirkpatrick, 2005, for a review). The spectral class Y was
proposed by Kirkpatrick et al. (1999), if objects beyond T type stars should be discovered.
Starting with spectral type O with temperatures between 15000-35000K and shining
bright blue, the sequence goes over yellow G stars, similar to the sun, with temperatures
of ~5500K to the colder and reddish M type stars with temperatures around 3000K
(Karttunen et al., 2007). The coldest stars of spectral class T have temperatures around
750K (Kirkpatrick, 2005). The Harvard Classification was later enhanced to the Yerkes
Spectral Classification (Morgan et al., 1943; Keenan, 1985), which introduced subtypes of
the original spectral classes, donated by an Arabic numeral behind the spectral class letter.
For example, Mirfak (aPer) is an F5 star. Additionally, the Yerkes Spectral Classification
added luminosity classes, donated by roman numerals. Six luminosity classes are defined
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Figure 2.2.: An optical coronograph image from SOHO showing very large mass ejections
from the sun. The center of the sun is imaged at a wavelength of 304A using the
Extreme ultraviolet Imaging Telescope (EIT). Picture credit: NASA

from Ia being the most luminous supergiants to V describing main sequence or dwarf
stars. For Mirfak the complete classification then reads F5 Ib.

O and B stars are often referred to as “early type” stars, while the colder K and M stars are
known as “late type” stars. This historic description comes from the wrong assumption of
the late 19th century that stars would start their life as large blue objects which contract
and thereby convert gravitational energy into radiation. Stars were thus thought to get
smaller and colder as they age. Nowadays it is clear that the spectral type of a star is
independent of its age. Instead, its evolution and spectral type depend primarily on its
initial mass (see Chiosi et al., 1992, for a review of stellar evolution models). O- and
B-stars are the most massive stars, with masses > 10M, while M stars can have masses
as low as 0.1 Mg (Karttunen et al., 2007).

2.1.2 Mass loss and winds

TARS on the main sequence draw their energy from burning hydrogen to helium which
S provides enough energy for millions and billions of years. But even during this rela-
tively quiet period, the outer layers of stars are very active, as observed in the sun and
its flares and prominences (Figure 2.2). In hot O- and B-stars, as present in HMXBs,
the outer layers of the atmosphere are pushed away by radiation pressure, resulting in a
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strong stellar wind. Stars of later spectral types also show strong stellar winds, probably
caused by gas pressure or Alfvén waves. The two main characteristics of stellar winds
are the mass-loss rate, M, describing how much mass the star loses with time and the
terminal velocity, v, the velocity of the wind at a point far away from the star, where no
forces act on it anymore. A very good review about stellar winds is given in the textbook
by Lamers & Cassinelli (1999). The next paragraphs are based on this book but give only
a very short summary of the most important physics of stellar winds.

Elements such as C, N, and O, as well as the Fe group have numerous resonance lines
with large optical depths at UV energies. Photons at energies of these lines originating
from the strong UV continuum of O- and B-stars interact with these ions. Through this
absorption process momentum is transferred from the photons onto the ions. As the
UV radiation is directed away from the star’s surface, the momentum transfer will also
be in this direction, driving the ions away from the star and producing the stellar wind.
Through Coulomb coupling with the other particles in the wind, a steady outflow of mat-
ter is achieved. The wind is optically thick for photons at the resonance lines energies,
such that these photons are quickly absorbed away in the lower layers of the wind. As
the wind is moving, the Doppler effect (Doppler, 1842) shifts the wavelengths seen by the
ions and with increasing wind speed photons of shorter wavelengths can be absorbed. To
calculate the forces acting on the stellar wind at a given velocity, interaction probabili-
ties for a plethora of possible resonance lines must be calculated. Some approximations
can simplify these calculations. One assumption, for example, is the so-called Sobolev
approximation (Sobolev, 1960). Here, it is assumed that the interaction for a specific line
happens only at a specific point in the wind, i.e., the absorption line width is very small
and the absorption coefficient can be reduced to a 6-function. Furthermore, as densi-
ties in the wind are low (p < 1072 gem™2, Lamers & Cassinelli, 1999) and collisional
excitation is negligible, it is usually enough to regard only the contributions from the
ground state lines. The model mostly used to describe radiation driven winds incorpo-
rating the above approximations, is the so-called “Castor-Abott-Klein”-model or for short
“CAK”-model (Castor et al., 1975). In agreement with measurements, this model predicts
terminal velocities of the wind v, &~ 1500km s~! and mass-loss rates M ~ 10~ ®Mg yr~.
The velocity profile in the wind follows the so-called 3-law

RA\B
v(r) ~vy+ (Ve — Vo) (1 - T*) , (2.3)

where for line-driven winds § ~ 0.7.

In the early 1970s, while the theory of line-driven winds was still developed, Lucy
& Solomon (1970) already remarked that line-driven winds are intrinsically unstable.
Molecules with velocities a bit above the local wind speed see the UV continuum of the
star a bit more Doppler shifted and can interact with a less absorbed part of it. Thereby
they gain more momentum and their velocity increases further above the local wind
speed, such that they again see a less absorbed part of the UV continuum due to the
increased Doppler effect. A random velocity variation is consequently self-enhancing and
leads to the formation of clumps and shocks in the stellar wind (for detailed calculations
see Lamers & Cassinelli, 1999). Despite these early predictions, theorists and observers
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Figure 2.3.: Sketch of a very simplified clumpy wind. Clump size increases with the
distance to the star. Picture taken from Oskinova et al. (2008).

are nowadays still struggling to obtain a clear picture of the amount of wind clumping
and of the typical size scales of these structures. For a recent review and discussions on
this topic see Puls et al. (2008) and the proceedings of the “International Workshop on
clumping in Hot-Star Winds” (Hamann et al., 2008).

Simulations of the instabilities in stellar winds have been performed with 2D and 3D
Magnetohydrodynamics (MHD) codes (Dessart, 2004; Dessart & Owocki, 2005, among
others). They show that such structures appear on all length scales and travel through
the stellar wind. The amount of clumping in the wind directly influences the mass loss
rate and thereby stellar evolution (Puls et al., 2008). Simulations, however, do not yet
allow for a unique description of the amount of clumpiness or the density of the clumps.
Observational evidence for dense clumps is given by Oskinova et al. (2008) who analyzed
the X-ray spectrum of isolated O-type stars.

In binary systems, especially HMXBs and Supergiant Fast X-ray Transients (SFXTs), the
extremely variable X-ray flux is a strong indicator for accretion from a highly structured
medium (Walter & Zurita-Heras, 2007; Fiirst et al., 2010). This structure is probably orig-
inating from the clumps and structure of the stellar wind. Additionally the neutron star,
ploughing through this wind, will by itself disrupt it strongly. Simulations by Blondin
et al. (1990, 1991) and Mauche et al. (2008) show that even a smooth wind gets dis-
turbed quickly, especially when passing through the strong bow shock or the accretion
wake of the neutron star. These disruptions are able to produce clumps and density vari-
ations compatible to the estimated momentary mass accretion rate of the neutron star
(Fiirst et al., 2010). In other words, neutron stars grind down the wind of the compan-
ion star into smaller clumps. They are comparable to a galactic windmill, rotating and
milling.

11
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SFXTs are binary systems which consist of an early-type mass donor and a neutron star,
just like HMXBs. In contrast to these systems they have, however, a very low quiescence
luminosity contrasted by large outbursts, which increase the quiescence luminosity by a
factor of 1000 or more (Negueruela et al., 2008). One model to explain this behavior
assumes a strongly clumped wind from the mass donor and a very wide orbit of the
neutron star, such that a bright outburst happens only when a dense clump is accreted
serendipitously (Sidoli, 2008). There are, however, SFXT systems known, which have
relatively short orbital periods (< 10d), i.e., are close to their companion (Corbet et al.,
2006b). Their behavior is difficult to explain by a simple clumpy wind model.

A thorough understanding of the clumpiness of early type stellar winds is still not achieved.
Especially in binaries, the interaction between the stellar wind and the neutron star
makes simulations of the environment very complicated. Nonetheless, observers and
theorists agree that the winds must be highly structured and that the accreted medium
cannot be described by a common physical state. For example, high resolution spec-
troscopy of the HMXB Cyg X-1 showed that it is likely that cold clumps are embedded in
a hot and highly ionized medium (Miskovicova et al., 2011; Hanke, 2011). The sources
presented in this thesis are also accreting from a strongly structured medium, as seen by
their large brightness variability. In the case of GX 301—2 (Chapter 6) a detailed anal-
ysis of the variability of the absorption column and the fluorescence lines is presented,
which helps to understand this structure as well as the different physical conditions in
the medium.

Early type stars are not the only types of stars showing wind, but the best studied ones.
Outflows from cool, late type stars have also been observed and investigated. The UV
continuum of these stars is, however, by far too weak to accelerate measurable amounts
of matter via resonant line scattering. Therefore other mechanisms must be in place.
Measurements of K- and M-type stars show winds with v, S 100kms™! and M between
107> and 107 '* My yr~!. The large range of mass loss rates stems from uncertainties of
the measurements and from the fact that different methods lead to different rates (Judge
& Stencel, 1991; Espey & Crowley, 2008). The driving mechanism behind these winds
has been discussed for a long time. Neither line-driven winds, nor coronal winds, nor
dust driven winds seem to satisfy the measured values of M and v,, (Espey & Crowley,
2008). Belcher (1971) suggested that the stellar wind from the sun might partially be
due to Alfvén waves, a mechanism adopted by Hartmann & MacGregor (1980) to explain
the winds for cool giants and supergiants. Alfvén waves originate in oscillating mag-
netic flux tubes, which are strongly coupled to the stellar atmosphere and wind. Alfvén
wave theory predicts, however, terminal velocities on the order of v, ~ 700kms™!, i.e.,
much faster than observed. Recently, non-linear MHD simulations showed that a large
amount of energy from the Alfvén waves can be deposited in the lower layers of the at-
mosphere. Furthermore, reflection of the waves has a non negligible effect on the wind
speeds (Suzuki, 2007, 2011; Airapetian et al., 2010). Depending on the maximal wave
period allowed for the broadband spectrum in the MHD simulations, different terminal
wind velocities are predicted (see Figure 2.4). For the slowest periods (P = 16.2d and
P = 5.3d in the figure) the waves are partially reflected, while for shorter periods they
are effectively propagating freely. The partially reflected models reproduce observed ter-
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Figure 2.4.: Wind speed predictions of four Alfvén wave models with different maximal
wave periods: P = 16.2d (solid), P = 5.3d (dash-dot), P = 1.8d (dot), and P = 0.9d
(dash-double dot). Predictions of the first two models agree well with observations in
a Tau-like stars. Plot taken from Airapetian et al. (2010).

minal velocities very well (Airapetian et al., 2010).

2.2 What are Neutron Stars?

OMPARED to normal stars, neutron stars are tiny dots of matter scattered through-

out the galaxy. But it is just their tinyness which makes them so special, as they are

extremely massive compared to their size. In this Section the birth of a neutron
star is very briefly described in Section 2.2.1, introducing its most important quantities.
In Section 2.2.2 it is shown that neutron stars are more than just dots of matter, but
that they have a very complex inner structure. Even though it is near impossible to ob-
tain measurements of this inner structure, it influences the mass and size of a neutron
star drastically. These outer parameters are in turn responsible for the interaction of the
neutron star with the surrounding space, which is what determines the observable data.

2.2.1 The Birth of a Neutron Star

TARS live by burning lighter to heavier elements via nuclear fusion. In this process
S the difference in binding energy between these elements is released and transferred
into heat and radiation. The resulting pressure stabilizes the star against its own gravita-
tional force. Elements heavier than iron cannot be fused together exothermically so that
even the most massive star dies when iron starts to appear in its core. Details on stellar
evolution, which also depends on its mass, are given in many textbooks like Kippenhahn

13
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& Weigert (1994) and Unsold (2005), as well in an in-depth review by Iben (1991). The
death of a heavy star, with a mass M, > 8 M, can result in a supernova, the most violent
release of energy in the universe. The outer layers of the star are propelled away into
the surrounding medium, giving rise to beautiful Supernova Remnants (SNRs), such as
the Crab Nebula. The core of the star, on the other hand, is compressed gravitationally to
very high densities. This collapse of the core gives the “core-collapse supernovae” their
descriptive name. In the dense core, electrons and protons interact via inverse f3-decay
and are forming neutrons. If the core’s mass is above the Chandrasekhar mass limit of
1.4M,, the gravitational force is so strong that only the Fermi exclusion principle of the
neutrons can provide a pressure large enough to stabilize the star. If the mass is even
larger, above the Oppenheimer-Volkov limit, which is between 3-5 M, the core continues
to collapse to a black hole. The exact value of the Oppenheimer-Volkov mass depends on
the behavior of matter under extreme densities, which is not yet fully understood (see
also the following Section). Detailed studies on the formation of neutron stars can be
found in the textbooks by Glendenning (2000) and Haensel et al. (2007). The newly
born neutron star will have typical densities ~7 x 10'* gecm™3, which is about 2-3 times
the normal nuclear density and makes it therefore the most compact star in the universe.
With a mass of 1.4 Mg, the neutron star has a radius of only ~10km. Being so dense and
massive, a neutron star has considerable influence on space and time in the context of
general relativity. Any theory aiming to explain the physical properties and the composi-
tion of neutron stars has therefore to be in this context and has to take any effects from
superfluidity, Fermi statistics, Quantum-Chromo Dynamics (QCD), ultra-dense matter, and
many more into account (Haensel et al., 2007).

2.2.2 Structure of a Neutron Star

E have seen in the previous Section that neutron stars are complicated entities

which can only be described with state-of-the-art theories in the regime of general
relativity. The state of matter inside of these stars cannot be reproduced in the laboratory,
so that all theories describing neutron stars have to rely on an extrapolation of formula
used to describe the accessible regime of densities and temperatures. The only way to
test these theories are detailed observations. Most theories agree on an overall structure
as shown in Figure 2.5 and described below (after Haensel et al., 2007, see his book for
details):

Atmosphere: a thin plasma layer surrounding the neutron star. Due to the high surface
gravity it is only a few millimeters thick but responsible for the thermal emission
from isolated neutron stars. It provides information about the surface temperature
and the magnetic fields (see also Zavlin & Pavlov, 2002).

Outer Crust: a solid envelope consisting mainly of *°Fe and dominated by the pressure
from degenerated electrons. It is some hundred meters thick, extending down to a
density of p ~ 4 x 10!! gem ™2, at which the ions become so enriched with neutrons
via inverse [3-decay that the they start to drip out and form a free neutron liquid.
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Figure 2.5.: Sketch of the interior of a neutron star after Haensel et al. (2007). See text
for a description of the different constituents.

Inner Crust: in here free neutrons are mixed with neutron-rich nuclei and electrons.
Densities are so high that they cannot be investigated in the laboratory any more.
The inner crust is thought to be ~1km thick and extends down until the density
reaches values comparable to the nuclear density p, ~ 7 x 104 gcm™3, at which no
nuclei exist anymore.

Outer Core: a mixture of neutrons with protons, electrons, and possibly muons, but no
nuclei anymore. Densities are higher than p, and the stabilizing pressure comes
from the strongly degenerate Fermi gas of the particles. The exact physical prop-
erties of the core have to be calculated with nuclear many-body theory, but most
calculations give similar results.

Inner Core: the innermost part of the neutron star, where densities can reach up to
10-15 p,. Its properties are very model dependent as its physical conditions are far
beyond the tested regime of theory. It is very likely that hyperons will appear, but
more exotic models predict also a complete transition to quark matter composed
of deconfined up, down, and strange quarks. Determining the physical properties
of the inner core is a very crucial question of neutron star theory. The thickness of
the inner and the outer core, which contribute the largest part of the neutron star’s
mass, are not known.

The relation between density and pressure p(P), the so called equation of state (EoS), is
the most important relation to determine properties and structure of neutron stars. Today
no tested and wildly accepted physical model exists which describes the physics at the
densities inside a neutron star. Different assumptions on the behavior of matter under
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Figure 2.6.: Mass to radius diagram showing the predictions of different EoSs. The
different models are labeled according to Lattimer & Prakash (2001), who state in
their original caption: “The left panel is for stars containing nucleons and, in some
cases, hyperons. The right panel is for stars containing more exotic components, such
as mixed phases with kaon condensates or strange quark matter, or pure strange quark

matter stars. [...] Contours of constant R, = Ry/1—2GM /Rc? are shown as dotted

curve.” To differentiate between different models exact measurements of mass and
radius are necessary. Plot taken from Lattimer & Prakash (2001).

these extreme conditions have been put forward, resulting in different EoSs. The models
can be divided roughly in two classes, more classic ones where only hyperons exist in
the core, and more exotic ones which assume that quark matter or similar new states of
matter are produced (Lattimer & Prakash, 2001). Observations can help to distinguish
between different models, but neither density nor pressure can be measured directly.
Therefore, any EoS has to be put into the Oppenheimer-Volkoff equation of hydrostatic
equilibrium to obtain the mass M(p) and the radius R(p) as a function of density, two
parameters which are accessible by observation. By plotting the mass-radius-relation
M(R) observations can be compared to theory. The predictions of different EoS models
in the mass-radius space are shown in Figure 2.6.

Even though masses and radii of neutron stars are in principle measurable, the precise
determination of both quantities is a formidable task for the observer. For example, the
mass can be inferred by solving the equations of motion of a binary system, i.e. by finding
the exact orbital parameters (see, e.g., Kithnel, 2011). But this approach leads only to



2.2. What are Neutron Stars?

[ 7 7 TRotaltional T ]
25 :_ Broadening Redshift _:
2 ’
; E Eddington E
N 15 F Limit _
0 i 5
)

ot i ]
= 1 F a
- Surface ]
05 - Emission .
T I 1 1 1 1 1

0

0 5 10 15
Radius (km)

[4V]
o

Figure 2.7.: Allowed mass to radius regions as determined by different methods. In green
the relation from the surface brightness is shown, in blue the one from the Eddington
limit. Red indicates the region of possible values for a given redshift of spectral lines,
while magenta shows the allowed region as determined by the broadening of these
lines when assuming the common values of M = 1.4M, and R = 10km. The width
of the regions corresponds to a hypothetical 10% uncertainty but does not include
systematic uncertainties as discussed in the text. Plot taken from Ozel (2006).

the mass-function f (m,, m,) by using Kepler’s third law:

4n® (apsini)®  (mysini)®
G P2 (m;+my)?

f(mme) = > (24)

with m; being the mass of the pulsar, m, the mass of the companion, and a; and P
the semi-major axis of the pulsar and the orbital period, respectively (Hilditch, 2001).
This formula implies that for an accurate mass measurement of the neutron star the
mass of the companion and the inclination must be known. The companion’s mass on
the other hand can also only be inferred from stellar models and thereby brings in a
systematic uncertainty. The radius can be estimated from thermal radiation from the
neutron star atmosphere, but thermal luminosity of neutron stars is usually very weak.
It might also not be uniformly distributed over the surface, especially in young neutron
stars, where the strong magnetic field and the strong gravity induce inhomogeneities. In
binary systems radiation produced through accretion is responsible for the major part of
the luminosity. This radiation is usually produced above the neutron star surface, so that
only upper limits for the neutron star radius can be given (see also Section 2.3). Most
ways to measure either radius or mass depend on many different assumptions and rarely
both quantities are accessible at the same time. For an overview of different methods to
determine mass and radius see Lattimer & Prakash (2001).
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Recently some success was made in determining the mass and the radius of a neutron
star in X-ray bursters by Ozel (2006). She could measure the surface brightness of the
blackbody spectrum in large thermonuclear bursts of EXO 0748—676, a LMXB. These
bursts occur when the matter accreted onto the neutron star surface gets hot and dense
enough to ignite nuclear fusion of heavy elements, which increases the temperature of
the surface burning layer dramatically and heats up the photosphere to ~ 3keV (Lewin
et al., 1993). The blackbody luminosity increases as well and can reach the Eddington
luminosity, at which the radiation pressure equals the gravitational pressure (see Sec-
tion 2.3, Equation 2.6). Both, the Eddington luminosity and the persistent surface bright-
ness depend on the mass and the radius of the neutron star. A measurement of both
quantities therefore limits the possible combinations of R and M and thereby the num-
ber of applicable FoSs, assuming that the surface of the neutron star emits isotropically
(see also Lewin et al., 1993). Ozel (2006) claim that she could additionally measure the
gravitational redshift independently, using absorption lines in the X-ray spectrum of the
LMXB and thereby narrowing down the possible models even further. Figure 2.7 shows
the relation between mass and radius for each of these measurands. Additionally, as a
consistency check, the allowed area as determined by the rotational broadening of the
lines is shown, when assuming a M = 1.4M, and R = 10km neutron star. The results
of Ozel (2006) indicate that very soft EoSs do not describe the physics of the neutron
star in EXO 0748—-676. Similar investigations with comparable results have been carried
out for other LMXBs as well, see, e.g., Ozel et al. (2009) and Giiver et al. (2010). For
this method, however, the distance to the system has to be known accurately as well as
assumptions on the neutron star atmosphere have to be made, inducing large systematic
uncertainties (Steiner et al., 2010). Nonetheless, detailed investigations of these bursts
provide very interesting insight in the composition of neutron stars by limiting the num-
ber of applicable theoretically models (see also Kusmierek et al., 2011).

2.3 Accretion & X-ray Production

only very faint throughout the electromagnetic spectrum. Even though they are hot

(~10°K) , they are so small that they are not bright enough to be visible to an ob-
server far away. The case is completely different if the neutron star is in close orbit with a
normal companion star. By transforming the potential energy of matter from the compan-
ion falling down the deep gravitational well of the neutron star, i.e., by accreting matter,
it can get very bright, especially in X-rays. The amount of released gravitational energy
Egray, which is transferred into kinetic energy and, in the accretion column and finally on
the solid surface of the neutron star, into radiation, can be easily calculated to be

I SOLATED neutron stars, which do not show up as radio pulsars or SGRs/AXPs, are

GM 20 -1
Egray = = ~1.8x 10“ergg (2.5)

using typical values for a neutron star of M = 1.4Mg and R = 10km. For typical X-ray
luminosities of 10%°-10%7 ergs™! in HMXBs, this means that ~1078 M, yr~! need to be
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accreted, if we assume that 10% of the gravitational energy is radiated away as X-rays.
These mass accretion rates can be easily realized in the dense winds of early type stars.

If infinite amounts of material were present, there would still be a limit to the accretion
rate, as soon as the radiative pressure on the material exceeds the gravitational force. As-
suming spherical symmetric accretion of a fully ionized hydrogen plasma, this maximal
luminosity is called the Eddington luminosity. The main radiative pressure will be exerted
on the material via Thomson scattering of the photons with the electrons, whose scatter-
ing cross-section o is a factor ~ 108 larger than for protons (Frank et al., 2000). The
main gravitational force is exerted on the more massive protons with mass m,. Through
electromagnetic coupling, electrons and protons appear as closely connected pairs, so
that the Eddington luminosity is reached at equilibrium between the radiative pressure
on the electrons and the gravitational force on the protons. It can then be written as
(Frank et al., 2000):

4nGMm,c 38 1
Legd = — ~ 1.3 x 10°° (M /My)ergsec , (2.6)
T

which is about an order of magnitude higher than observed in flares from HMXBs. How-
ever, as neutron stars are highly magnetized and the accreted material is ionized, accre-
tion does not happen spherically symmetric® but is collimated onto the magnetic poles of
the neutron star. The resulting accretion columns and the hot spots have a typical radius
on the order of 1km (Becker & Wolff, 2005b), reducing the local Eddington luminosity
by a factor of ~ 200. It is therefore possible that the Eddington luminosity is exceeded
locally, changing the behavior of the material in the accretion column drastically and
leading to the formation of a shock front in the column (see Becker & Wolff, 2005a, and
Section 2.3.1). This luminosity is called the critical luminosity L. It is not a hard limit
like the Eddington luminosity is for spherical symmetric accretion, as radiation can also
escape to the sides of the accretion column (Harding, 1994).

In order to sustain the observed luminosity ~ 10! g sec™! need to rain down the accretion
columns.* It is immediately clear that enormous amounts of energy are released in there
and physical processes in the high energy regime can be studied, which are not easily
accessible in the laboratory.> The energy is emitted over a broad range of the electromag-
netic spectrum, with the most flux typically between 2-20 keV. The time dependence of
the flux (i.e., lightcurves) and its energy distribution (i.e., spectra) are unique tracers of
the object and its underlying physics.

Since the discovery of neutron star binaries, theorists have tried to provide physical mod-
els which can describe the observed spectra and lightcurves. Most famous is the classic
series by Ghosh et al. (1977), Ghosh & Lamb (1979a), and Ghosh & Lamb (1979b) which,
for the first time, gave a concise picture over the formation of accretion disks and the in-
fluence of the strong magnetic fields on the accretion geometry. Basko & Sunyaev (1976)
calculate the maximal luminosity L., before the radiation pressure stops the infalling

3even without magnetic fields the conservation of angular momentum would prevent that
“this is roughly equivalent to the mass of 2 giant ocean liners per second
>the total annual energy consumption on Earth is only ~ 5 x 10*” erg (Gruenspecht, 2010)
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material. This critical luminosity has a major influence in determining the possible struc-
tures in the accretion column. In the last years a series of papers by Becker & Wolff
(2005a,b, 2007) dealed in detail with these structures and the production of X-rays in the
column. I will very briefly summarize the main concepts presented in these papers in the
following paragraphs. For more details the interested reader is referred to the textbook
by Frank et al. (2000).

2.3.1 The continuum spectrum

ATERIAL falling down the gravitational potential bears angular momentum with re-
M spect to the neutron star and is strongly ionized, i.e., it is a plasma. The angular
momentum will be dissipated through viscous friction in an accretion disk, which is form-
ing around the neutron star. This disk will not reach down to the surface of the neutron
star, but is disrupted at the so-called Alfvén radius. Inside the Alfvén radius the plasma
follows the magnetic field lines closely. This tight connection between material and field
lines leads to the formation of accretion columns above the poles of the neutron star®. The
most simple geometry of these accretion columns would be a filled cylinder, but whether
this corresponds to reality is uncertain. The geometry depends strongly on the way the
material couples to the magnetic field lines and other geometries like hollow cylinders
or even multiple small cylinders (“spaghetti geometry”) are thinkable (Mészaros, 1984).
The geometry is also influenced by the accretion rate and the luminosity. If the luminos-
ity increases above a critical luminosity L., the radiation pressure of the photons on the
infalling electrons will effectively slow down the plasma to subsonic velocities above the
neutron star surface. L.;; can be regarded as a local Eddington luminosity, scaled with
the size of the column. The shock will move farther away from the neutron star surface
with a higher accretion rate, as the radiative pressure increases. In this geometry, X-rays
can only escape through the walls of the accretion column, in a so-called “fan beam”. If
the luminosity is below L, no radiation dominated shock forms, and X-rays escape the
column primarily parallel to the magnetic field lines, forming a “pencil beam” (Becker,
1998). The exact determination of L. is still under debate and different theoretical mod-
els are investigated (Harding et al., 1984, and Becker, 2011, priv. comm). The geometry
as depicted by Becker & Wolff (2007) is shown in Figure 2.8. Here a filled cylinder is
assumed and a luminosity above L, so that a sonic shock is formed. The model devel-
oped by Becker & Wolff (2005a,b, 2007) is based on this geometry of which the main
aspects are briefly outlined in the following paragraphs.

Inside the accretion column, the material will be heated up to temperatures on the order
of 107 K. It will be stopped completely at the bottom of the accretion column by the
solid surface of the outer crust of the neutron star. There a hot-spot is formed which
emits photons as a blackbody, resulting in typical photon energies ~1keV. Additionally
the plasma in the accretion column will produce photons via bremsstrahlung, i.e., through
the interaction of its electrons with its ions. These photons carry away some of the energy
of the electrons and thereby cool the plasma. The bremsstrahlung energy spectrum has

bassuming that the magnetic fields of neutron stars can be approximated by dipole fields
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Figure 2.8.: Sketch of the accretion column in a fan-beam geometry. Figure taken from
Becker & Wolff (2007).

an exponential cutoff characterized by the temperature of the plasma. That means that
the plasma emits many soft photons, but almost no X-ray photons with energies > 3 keV.

The photons interact with the hot electrons in the plasma, but the interaction cross section
is influenced by the strong magnetic field, which leads to a quantization of the electron
energy perpendicular to its field lines. The electron momentum distribution is thus only
continuously in the direction parallel to the magnetic field but constrained to specific
energy levels, the so-called Lan